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RADIO AT ULTRA -HIGH FREQUENCIES 

Volume II 

(1940 -1947) 

PREFACE 
RADIO AT ULTRA -HIGH FREQUENCIES, Volume II, is the 

eighth volume in the RCA Technical Book Series and the second on the 
general subject of radio at the higher frequencies. RADIO AT 
ULTRA -HIGH FREQUENCIES, Volume I, covered the period 1930- 
1939. The present volume includes the years 1940 -1947. 

Papers are presented in seven sections: antennas and transmission 
lines; propagation; reception; radio relays; microwaves; measure- 
ments and components; and navigational aids. As additional sources 
of reference, the appendices include a bibliography in the field of 
ultra -high -frequency radio, and summaries of all papers appearing in 
RADIO AT ULTRA -HIGH FREQUENCIES, Volume I, which is now 
out of print. 

While it is realized that the ultra- high- frequency band is often 
limited to the frequencies 300 -3,000 megacycles, the editors have taken 
some liberties with this concept. In certain cases, techniques applicable 
to U -H -F are discussed in papers covering V -H -F or microwave fre- 
quencies; such papers are included in this volume. Consequently, the 
title of this book indicates a limitation not strictly observed by the 
subject matter; it has been retained, however, in the interests of con- 
tinuity and simplicity. 

The bibliography has been included to insure that applicable 
material on U -H -F is available in this volume -at least in reference 
form. Papers concerning tubes and circuits which relate to specific 
applications such as television, frequency modulation, or facsimile, are 
listed in the bibliography; they are covered, however, in other volumes 
of the Technical Book Series. 

* * * 

RCA REVIEW gratefully acknowledges the courtesy of the Institute 
of Radio Engineers (Proc. 1.R.E.), the McGraw -Hill Publishing Com- 
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pany, Inc. (Electronics), the American Institute of Electrical Engineers 
(Elec. Eng.), The American Institute of Physics (Jour. Appl. Phys.), 
the Bryan -Davis Publishing Company (Communications), and the FM 
Company (FM and Tele.) in granting to RCA REVIEW permission to 
republish material by RCA authors which has appeared in their publi- 
cations. The appreciation of RCA REVIEW is also extended to all 
authors whose papers appear herein. 

* 

The importance of the U -H -F portion of the radio -frequency spec- 
trum may be clearly understood when it is realized that research and 
development work in the higher radio frequencies underlies many of 
the recent advances in a score of widely different fields. Furthermore, 
overcrowding in the frequencies below 300 megacycles points to the 
need for utilization of the higher frequencies. While, in many cases, 
the characteristics of these higher bands raise problems of some 
magnitude, they frequently make possible the existence of services 
which could operate only with reduced effectiveness, if at all, in the 
lower bands. 

RADIO AT ULTRA -HIGH FREQUENCIES, Volume II, is, there- 
fore, being published for scientists, engineers, and others interested in 
the field of ultra- high- frequency radio, with the sincere hope that the 
material here assembled may help to speed developments in the higher 
radio -frequency bands. 

The Manager, RCA REVIEW 
RCA Laboratories, 
Princeton, N. J. 
May 18, 1948 
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EXPERIMENTALLY DETERMINED IMPEDANCE 
CHARACTERISTICS OF CYLINDRICAL 

ANTENNAS'* 
BY 

GEORGE H. BROWN AND O. M. WOODWARD, JR. 

Research Department, RCA Laboratories Division. 
Princeton. N. J. 

Summary- Measurements of resistance and reactance of cylindrical 
antennas operated against ground have been made, with a wide variation of 
both antenna length and diameter. These data are displayed by means of 
a series of graphs. 

The maximum values of resistance encountered are displayed. The 
shortening effect near the quarter -wave resonance point is also shown. 

Terminal conditions, such as capacitance of the base of the antenna to 
ground, are briefly considered, and a series of measurements shows the wide 
variation in impedance for varying terminal conditions. 

Measurements made in the course of the investigation show that the 
impedance of the antenna is independent of whether the top of the radiator 
is open or closed. The measured impedance data are also directly applicable 
to the case of a center -fed dipole. 

I. INTRODUCTION 

AKNOWLEDGE of the base impedance of vertical antennas as a 
function of antenna length and diameter is very helpful in 
devising terminating networks for antenna systems. Much has 

been written concerning the mathematical difficulties of rigorously 
solving the antenna problem, and several methods of approximation 
have been proposed. Very little information of an experimental nature 
has been published. A number of years ago, the writers decided to 
undertake a systematic investigation of the problem. Other projects 
of a more pressing nature have seriously impaired our plans. However, 
the work of measuring the resistance and reactance of simple cylinders 
has been completed and the data compiled. The purpose of this paper 
is to present these data in a form that may prove useful. 

II. METHOD OF MEASUREMENT 

The physical arrangement for making the measurements is shown 
in Figure 1. A large circular metallic screen 12 feet in diameter and 
15 wires to the inch was placed on the surface of the earth. A concen- 

Decimal classification : R241.1 X1/320. 
f Reprinted from Proc. 1.R.F.., April, 1945. 
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2 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

tric transmission line ran below this screen back to a slotted section of 

measuring line. Here a sensitive probe indicated the ratio of minimum - 
to- maximum voltage on the line as well as the position of a voltage 
minimum on the line. These two quantities together with the charac- 
teristic impedance of the feed line establish the impedance that exists 
at the end of the line. The inner diameter of the outer conductor of 

the feed line was 0.785 inch, while the diameter of the inner conductor 
was 0.25 inch. The cylinder which formed the antenna was closed at the 
bottom with a circular metal plate. 

The writers rather like the method of notation which expresses 
dimensions in electrical degrees. For instance, in Figure 1, the dimen- 
sion a which is the physical length from the ground plane to the top of 
the antenna may be used to compute the length A in electrical degrees. 

Fig. 1- Physical arrangement used in nicking impedance measurements. 

A (degrees) = 360a ',l ( 1) 

where A is the free -space wavelength measured in the same units in 
which a is measured. The actual diameter d may be used in the same 
way to express the diameter D in electrical degrees. 

Two simple and useful formulas for computing A are 

and 

A (degrees) - arrfk,'2725 (2) 

A (degrees) = aocnesfne/32.7. (3) 

Measurements were made on wires and cylinders of various diam- 
eters, with D ranging from 0.1 degree to 20 degrees. This range was 
chosen with an eye to practical considerations, for a 3 -inch diameter 
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IMPEDANCE OF CYLINDRICAL ANTENNAS 3 

mast at 1 megacycle represents a value of D close to 0.1 degree, while 
a diameter of 1.3 inches at 500 megacycles is approximately 20 degrees. 

The spacing h between the ground plane and the metal plate closing 
the bottom of the cylinder was chosen so that this electrical spacing H 

was one degree. 
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Fig. 2- Measured resistance curves versus antenna length in degrees, for 
a number of fixed diameters. Here the frequency is held constant and the 

physical length of the antenna is changed. 

III. RESISTANCE AND REACTANCE VARIATION, WITH DIAMETER AND 

FREQUENCY CONSTANT, AND THE ANTENNA LENGTH VARIABLE 

A complete series of measurements was made by choosing a cylinder 
of a certain diameter, maintaining a fixed frequency of 60 megacycles, 
while the physical length of the antenna was changed. The resulting 
resistance curves are shown in Figure 2, while the corresponding 
reactance values are presented in Figure 3. 

From Figure 2, we see that the maximum value of resistance for 
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4 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

each diameter becomes greater and occurs closer to A = 180 degrees 

as the diameter becomes smaller. This point is illustrated strikingly 
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Fig. 3- Measured reactance curves versus antenna length in degrees. Again 
the frequency is held constant and the physical length of the antenna 

is changed. 

by Figure 4. This diagram was constructed from Figure 2. The top 
curve in Figure 4 shows the antenna length A at which maximum 
resistance occurs for each value of D. The corresponding value of the 
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IMPEDANCE OF CYLINDRICAL ANTENNAS 6 

maximum resistance is shown by the lower curve. The upper curve 
extrapolates. very nicely and shows that as D approaches zero, for 
maximum resistance, A approaches 180 degrees. The lower curve shows 
that there is a good chance of the resistance approaching infinity as 
the diameter approaches zero. 

Figure 3 shows that as the antenna becomes very short, the re- 
actance approaches a definite limiting value. The effect is particularly 
striking in the case where I) is 20 degrees. Actually, in our measure- 
ments, the antenna length did not go down to zero degrees, for when 
the antenna has been trimmed entirely away, the plate which formed 
the bottom of the cylinder still remained, so that we measured the 
reactance of this disk hung on the end of the measuring line. It should 
be realized that all of our measurements shown in Figures 2 and 3 are 

al1111111111 01111 \2\1111 /1111PMEM01111.. frL'i%6019\ 1111111111C\11 1\10 \111111111 \\ \\11 11i \ IS11111 1111\'2\I.r7,/11 \411G1111 
iiiiií11iiiiii=iiiiiii iiíi 

o (OtGAII» 

Fig. 4- Maximum resistance versus antenna diameter D and the antenna 
length A at which the maximum resistance occurs versus antenna diameter. 

the combined impedances of the antenna proper in parallel with the 
base reactance. Theoreticians may well object that this prevents com- 
parison between theoretical and experimental results. It is entirely 
possible to imagine a cylinder with the base removed and excited by a 
number of tiny generators connected between the periphery and the 
ground plane. Then a knowledge of the relationship between the 
generator voltage and the current delivered by the generators would 
give an answer closer to the ideal, since the base charging current 
would not be present. However, a realistic consideration of the problem 
soon indicates that these measurements taken under true existing con- 
ditions are likely to be of more value from a design standpoint. 

It might be added that the effect of this base capacitance only makes 
itself felt where D is larger than one degree. 

www.americanradiohistory.com

www.americanradiohistory.com


6 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

It may be observed from Figures 2 and 3, that the reactance curve 
crosses through zero close to the point where the resistance is maxi- 
mum. There is, however, some slight departure from true correspond- 
ence. The solid curve in Figure 5 shows the antenna length for zero 
reactance as a function of the diameter, D. By calculation from Figures 
2 and 3, the writers determined the zero reactance point when the base 
reactance was removed. The resulting values of antenna length are 
shown by the broken curve of Figure 5. 

woo SAW ADC 
MOOD. 

OS 

11S 

70 

40 

,O. 

° . . . .i 
W. 

Fig. 5 -The solid curve shows the antenna length A for zero reactance 
(near the maximum resistance point) as a function of the diameter D. This 
information is taken from measured data. The broken curve shows the same 

quantities when the base reactance is removed by calculation. 

IV. RESISTANCE AND REACTANCE VARIATION, WITH DIAMETER AND 

LENGTH CONSTANT, AND WITH VARIABLE FREQUENCY 

The curves of Figures 2 and 3 show the impedance variation when 
the antenna length is varied. Often, it is of interest to know the action 
for a fixed antenna as the frequency is varied. By working through 
the curves of Figures 2 and 3, and by cross -plotting much of the experi- 
mental data, the writers were able to build up Figures 6 and 7. Here 
the resistance and reactance variation is shown for a fixed ratio of 
antenna length to diameter, and the variation of the electrical length 
of the antenna is secured by varying the frequency. 

It may be noted that the reactance curves approach infinite values 
as the antenna length approaches zero, since the approach to zero 
antenna length is secured by approaching zero frequency. 

Figures 6 and 7 may prove to be useful in designing antennas to 
cover a wide frequency range. 

Figure 8 presents the data of Figure 6 in a somewhat different 
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IMPEDANCE OF CYLINDRICAL ANTENNAS 7 

fashion. Here each curve shows the antenna resistance as a function 
of the ratio of antenna length to diameter (A /D) for a fixed antenna 
length. Since the antenna length is fixed for each curve, large values 
of A/D represent very thin wires, while small values of A/D correspond 
to fat antennas. It is interesting to note that the resistance of a wire 
whose length A equals 90 degrees and whose A/D value is greater than 
100 is very close to the theoretical value of 36.6 ohms obtained from the 
assumption of a simple sine -wave distribution of current. 
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Fig. 6- Antenna resistance versus antenna length A, when a constant 
ratio of length to diameter A/D is maintained. Here the length and 

diameter are held constant while the frequency is changed. 

200 225 

Reactance curves as a function of A/D are given by Figure 9. Many 
of these curves would be altered remarkably by removing the shunting 
reactance at the base, or by altering the terminal conditions. 

Reference to Figure 6 helped in the preparation of Figure 10, where 
the maximum resistance as a function of A/D is shown. 

Another interesting bit of information may be extracted from the 
data shown in Figure 7 and Figure 9. It is generally known that the 
first resonance in a vertical antenna occurs close to a length of A equal 
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8 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

to 90 degrees, and it is also general knowledge that the antenna should 
be shortened slightly from the 90- degree length to obtain this resonance 
or zero -reactance condition. By cross -plotting the data of Figures 7 

and 9, the writers obtained Figure 11, which shows the shortening 
(expressed in per cent of 90 degrees or one -quarter wavelength) neces- 
sary to secure zero reactance for each value of A /D. 
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Fig. 7- Reactance curves corresponding to the resistance curves of Fig. 6. 

V. REACTANCE OF THE BASE -PLATE 

As has been stated, the disk which closes off the bottom of the 
radiator forms a shunt capacity across the terminals of the radiator. 
We may estimate the amount of the base shunting reactance by calcu- 
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IMPEDANCE OF CYLINDRICAL ANTENNAS 9 

lating the capacitance of the disk, neglecting fringing at the edges, 
and assuming that all displacement currents flow from the bottom of 
the disk to the ground plane. Then the shunt reactance is 

pc2h 
Xa = 

to Ord2/4) 
(4) 

where p. = permeability of free space = 47r X 10 -9 

c= velocity of radio waves in free space = 3 X 1010 centimeters 
per second 

h= spacing of disk from plane (centimeters) 

d= diameter of disk (centimeters) 

w =2af 
j = frequency in cycles per second 
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Fig. 8- -Resistance versus the ratio A/D with :uitcnna length :1 

as a parameter. 

Then we may rewrite (4) as 

480 (.,h/c) 
X4= (5) 

(.(1/02 

However, if we express the spacing in electrical degrees H and the 
diameter in the same way D, (5) becomes 

Xs = 27,500H 'D2. (6) 
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10 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

In making the measurements shown in Figures 2 and 3, we kept H 

equal to 1 degree. Thus, for D equal to 20 degrees, we see that the 
shunt capacitive reactance is 68.3 ohms, a quantity which is not at all 
negligible. However, when D is 1 degree, the shunt reactance is 27,500 
ohms, a rather high value compared to any value of impedance encoun- 
tered during the course of measurement. 

a 

1 

Hirt--=°1119: .... _ ..1.11/!_ ;Urn M ..111 _.../111r .. _:/ ..Ol...1811 rl- -:.. IIIIIIlllls/!.:I:íii 

1111/1.. /-_. .1/ __....n. U111.: ,..r\11111_...Uli1 UI Lli..uC!1.../ 11 11111111II11 11111 

i 
..111__1111_...111_._ ..111 
IÌÁÌIÌÌ.%i1 MIMEOS!". 

1, i ii 

20 1 40 50 CO 200 1. 3/0 1003 

I 

. 
im dJbm inn 1 gl11111 
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liviIíitliIiiIiiiìIiII 
![ II111101 1111 11 41111mo!11111 r. ' i11;u i un=N..I!.0 L. \\, í. .m..uu -- °, .ÿ 111 

70.. ..4-=51: 
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I1III ` c'1cii > .1111ì:_1, iiI1iìi MN...II\... W\W4' _....111 m.i m =ii1 1 _uu _7 -..1111111. 0000._1...01111111_ Or. Ilia -.OG:::i= 0LZ-_ . 

Fig. 9- Antenna reactance versus the ratio A/D for a number of values 
of antenna length A. 

VI. COMPARISON OF IMPEDANCE MEASUREMENTS WITH VARYING 

TERMINAL CONDITIONS 

For the previously disclosed measurements with large diameters, 
the experimental arrangement looked something like that shown in 
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Fig. 10- Maximum resistance as a function of the rato A, D. 

Figure 12(a). Another experimental arrangement used for comparison 
purposes was that shown in Figure 12(b). Here the inner conductor 

of the measuring line was the same diameter as the antenna. In fact, 

the antenna was simply the extension of the inner conductor. The 

system was so arranged that no insulators were in the measuring line 

between the point of measurement and the antenna. In these com- 

parative measurements, the antenna diameter was maintained at 20.6 

degrees. Three sizes of tubing were chosen for the outer conductor 

of the transmission line. The diameters of the transmission line as 

well as the charcacteristic impedance are given in the captions for 

Figures 13 and 14. 

Figure 13 shows the measured resistance values for the arrange- 
ments, while Figure 14 shows the corresponding reactance curves. 

Curve A in both figures shows the measured values for the arrangement 
of Figure 12(a), with a diameter of 20.6 degrees. For this diameter, 

r III.. 
II 

Mill Ill li 
Il 11 

. Ill 
E 

Q 

1111111.. km 
1111111 E or 

1 i I.. _ 
s 

Fig. 11- Shortening effect near the quarter -wave point. 
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12 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

(a) (b) 
Fig. 12- Experimental arrangement for obtaining curves in Figs. 13 and 

14. (a) For curve A. (b) For curves B, C, and D. 

(6) shows that the shunt capacitive reactance is 65.0 ohms. To knock 
out the effect of this shunting reactance, we may imagine an inductive 
reactance in shunt with the antenna, where this auxiliary reactance 
has a value of 65.0 ohms. Curve E on Figures 13 and 14 was computed 
in exactly this fashion. 

For instance, with an antenna length of 100 degrees, curve A shows 
that R, is 42.0 ohms and XA is -39.5 ohms. Then to find the impedance 

6 

47,N 

MMEMMM,I. 
...ICCC...C....O....... mmmmAsu\\mmum imimummw mmmmmm MEMMEMME/MEM\\MOM OMMUMMIUIMEMEO M\IME CC:::M:.M ..i 4111111161=1 

. _ fN .NO i 1i0 W W M i .A INN lA IN l0 
ANTENNA LENGTH - DEGREES 

Fig. 13- Resistance as a function of antenna legnth A. The diameter D 
is 20.6 degrees. 

Curve A -The arrangement shown in Fig. 12(a). 
Curve B -The arrangement of Fig. 12(b), with the diameter of the outer 

conductor equal to 74 degrees. The characteristic impedance of the 
transmission line is 77.0 ohms. 

Curve C -The outer conductor diameter is 49.5 degrees, and the trans- 
mission line has a characteristic impedance of 52.5 ohms. 

Curve D -The diameter of the outer conductor is 33 degrees. The char- 
acteristic impedance is 28.3 ohms. 

Curve E -This curve was obtained by tuning out the base reactance with 
an inductive reactance of 65.0 ohms. 
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without the shunt capacitance, we calculate the parallel circuit con- 

ditions. 

j65.0 (42.0 - j39.5) 
RE + jXE _ = 74.0 + j20.5 ohms. 

42.0 + 525.5 

Examination of Figures 13 and 14 shows that curve E fits in with 

the group formed by curves B, C, and D, particularly with regard to 

reactance values. This illustrates the point that the excessive base 

shunting reactance materially effects the measured impedance values. 

The difference between curves B, C, and D may be attributed again to 

changing terminal conditions. 

y 
Z 
< 

f 

Ñ O 

N 

N - 
M 

N 

-.N 
W 

-.N 

ANT( MN LENGTH CCGOICü 
to Y t N 10 ib ue W 

' 

t 

N tm 

Fig. 14- Reactance curves corresponding to the resistance 
curves of Fig. 13. 

The fact that curve E does not conform better to the curves B, C. 

and D is probably due to the fact that the simple conditions postulated 
in setting up (6) do not take full account of conditions near the termi- 
nals, and in addition to the fact that curve A was measured at 60 

megacycles, while curves B, C, and D were obtained at a frequency of 

540 megacycles. 

VII. COMPARISON OF IMPEDANCE WITH TOP OF RADIATOR 

CLOSED AND OPEN 

Some workers in the field have suggested that results obtained with 
the radiator closed at the top would be different than when the radiator 
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is open.' The writers continually checked this point throughout the 
course of the experiments. A great number of measurements were 
made with an open radiator, and then repeated with a disk soldered 
into place at the top of the radiator. Particularly careful observations 
were made with a radiator 20 degrees in diameter. 

It was originally planned to display these experimental data. This 
plan was abandoned when it was discovered that opening or closing 
the top of the radiator made not the slightest difference in the measured 
impedance. 

VIII. APPLICATION OF THE MEASURED CURVES TO CENTER -FED DIPOLES 

All the data presented in this paper have applied to an antenna fed 
against ground. In case a center -fed dipole is to be considered, the 
antenna length A throughout this paper becomes the half length of the 
dipole, while all values of resistance and reactance shown in this paper 
must be doubled to give the proper values for a dipole. Due considera- 
tion must also be given the terminal conditions. 

IX. CONCLUSION 

Measured values of resistance and reactance of cylindrical antennas 
operated against ground have been displayed in a number of ways. It 
has been demonstrated that the exact conditions at the terminals are 
extremely important in determining the impedance conditions. 

' L. Brillouin, "The Antenna Problem," Quart. Appl. Math., Vol. I, 
p. 214; October, 1943. 
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RADIO -FREQUENCY RESISTORS AS UNIFORM 
TRANSMISSION LINES'° 

BY 

D. ROGERS CROSBY AND CAROL H. PENNYPACKER 

Engineering Products Department. RCA Victor Division, 
Camden, N. J. 

Summary -A theoretical study is made of the behavior of resistors, 
particularly the type where the resistance element is in the form of a film 
so there is negligible skin effect. When the electrical length of the resistor 
is a small fraction of a wavelength, it is shown that certain optimum pro- 
portions of the resistor exist in order best to terminate a radio -frequency 
transmission line. 

INTRODUCTION 

THE theoretical and experimental behavior of resistors employed 
as transmission lines has been discussed frequently.' 2 The mate- 
rial presented here is largely in the form of curves intended to 

give an easily grasped perspective of the subject. These curves are also 
suitable for design purposes. The dimensionless parameters used in 
plotting these curves are thought to be particularly convenient for 
engineering use. The existence of certain optimum values of the param- 
eters is shown. 

This paper is an analysis of the classical transmission -line equa- 
tions. We thus assume that the resistors employed as transmission lines 
are long compared to the diameter of the shields surrounding them, so 
that the current flowing in the short circuit at the far end has an 
electromagnetic field which is small compared to the total electro- 
magnetic field surrounding the resistor. It is further assumed that 
the resistance per unit length is independent of frequency. This is 
substantially true in the film -type resistors used at radio frequencies, 
since the current penetration through the film is substantially com- 
plete for the usual resistance values. Particular attention has been 
given to the case where the resistor is intended to terminate or "match" 
a coaxial transmission line. A family of curves showing standing -wave 

' Decimal classification: R383 X R144. 
f Reprinted from Proc. I.R.E., February, 1946. 
t G. H. Brown and J. W. Conklin, "Water- Cooled Resistors for Ultra - 

High Frequencies," Electronics, Vol. 14, pp. 24 -28; April, 1941. 
"J. A. Fleming, THE PROPAGATION OF ELECTRIC CURRENTS 

IN TELEPHONE AND TELEGRAPH CONDUCTORS, D. Van Nostrand 
Co., Inc., New York, N. Y., 1911, Chap. III, Eq. (51). 
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ratio for various values of line resistance, as a function of frequency, 
has been plotted. 

Consider the most common radio -frequency transmission line, made 

of copper. As the frequency of such a short -circuited line is raised 
from zero, the input resistance rises, reaching a maximum when the 
line is about a quarter wave long. For higher frequencies, the resist. 
ance oscillates with maxima slowly decreasing in amplitude. When the 
transmission -line conductor consists of a resistance that is not negli- 
gible compared to the characteristic impedance of the transmission 
line, the above impedance function is not obtained, since, as the fre- 
quency increases from zero, the input resistance may increase or 
decrease from the direct -current value. For frequencies a few times 
greater than the first resonant frequency, the input resistance may 
have a negligible amount of oscillation. 

Consider a resistance employed as a transmission line and short - 
circuited at the far end (Figure 1). 

Z R jXr 

Fig. 1- Resistance employed as a transmission line. Far end 
is short -circuited. 

l = length of line in inches 

D = diameter of inside of outer conductor in inches 

d= diameter of resistor in inches 

Zs= input impedance to line in ohms 

Z= characteristic impedance of line in ohms when R is zero 

R = total value of series resistance of line in ohms 

L = inductance of line in henries 

C = capacitance of line in farads 

f,,,,, = operating frequency in megacycles 

a = free -space wavelength in inches 

w = 2rrf = 2,rf,,,,. X 108 

From the classical theory 
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D 
Z=1381ogio- (1) 

d 

l 1 i Zo C=-X (3) L=-X- 
A ZXf A f 

i i X f,, 
(4) 

A 11,800 

R + jwL 
Z = tanh (R + jwL) (G + jwC). 

G+jwC 
(6) 

We consider only the case where G is negligibly small. From the 
above equations, we obtain 

4/1 -rn - - - Z Z 2a 
tanh 4 

(i /A) (A) +j2ar -. (7) 
A Z 

Two independent parameters are now involved, R /Z and l /A. The 
term R /Z is independent of frequency, and is fixed by the proportion 
of the resistor to the jacket diameter. The term i/A is proportional to 
frequency, so the plot of the impedance versus this term gives the 
frequency characteristic of the resistor. 

The plot of (7) is given in Figures 2, 3, 4, 5, 6, 7, 8, 9, and 10, 
and shows: 

1. For values of R /Z appreciably less than unity, both the resist- 
ance and reactance oscillate over a wide range of values. 

2. For values of R /Z much greater than unity, the oscillations 
are of minor amplitude. 

3. For larger valucs of R /Z, the reactance is always negative. For 
some short resistors, the reactance is positive, and for others it is 
negative. 

Three special values of 1/A are of interest: 

Z. R 1 l 3 
i R 

i/A very small; i/A very large; 1/A = 1/4. 

SMALL VALUES OF 1/A 

Expanding ( 7) in powers of 27rí /A we obtain 

R R 

Z0 

R 2 2 R 3 

= Z0 
+ ( 27r/ /A ) - ( 

/ 2 15 C Z ) ) + ( 27ri/A ) 4 ( ) 
Z0 

+ . . . 
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1 

lA 
/ 

) I 1-(-).-) R 
+ (2(277././A)3( ) +... \ Z 3 

(8) 

nth derivative of a function expressed in a power series is 
n the variable is zero, the coefficient of the nth term in the 

.ust be zero. 
,pince the expression for R6 /Z , the term involving (l /A) to the first 

power is missing, we conclude that the slope of all the resistance curves 
will be zero at I A = 0. Figures 2, 3, 4, 5, 6, 7, 8, 9, 10, and 11, illus- 
trate this. For R, Z= the coefficient of the second term in the 
expression for R -'Z vanishes. Thus for this value the curvature of the 
resistance characteristic will be zero at //A - O. 

r )+4 uu ioiuuo a_. 
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Fig. 11- Resistance of short -cir- 
cuited transmission line. All slopes 
are zero at 1/X = 0. For RIZ,. = VT, 

curvature is zero at /ix = O. 
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Fig. 12 - Reactance of short -cir- 
cuited transmission line. For RIZ.. - V slope is zero at l/X = 0. 

Since in the expression for X "7,, the term involving 11A to the 
second power is missing, we conclude that the curvature of all the re- 
actance curves (Figure 12) will be zero at 1/A = O. For R, /Z _ 
the coefficient of the first term in the expression for R/Z0 vanishes. 
Thus, for this value, the slope of the reactance curve will be zero at 
1 /A =0. 

When resistors are used for terminating transmission lines, the 
principal cause of standing waves is the presence of reactance. Thus 
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the derived relation R/Z0 = gives the widest frequency t 

for a fixed minimum standing -wave ratio. The RCA patent 
called to our attention U. S. patent No. 2,273,547 filed in 1939 by 

inger of Berlin, Germany, which also gives the f ratio as bei 

optimum. Radinger refers to German patent No. 618,678 filed in 193 

by Roosenstein. Roosenstein disposes the method of finding the opti- 
mum value. Due to an error in an expansion, he arrived at in- 

sted of f. 
A plot has been made in Figure 13 to show how the standing -wave 

ratio varies with frequency when a coaxial line is terminated with a 

resistor. The value of R is taken equal to the characteristic imped- 

011111110 MMMMM 

Fig. 13- Standing -wave ratio versus RIZ, for constant l /X. Note as l/X 

increases, the standing -wave ratio is minimum for R /Z, = V. 

ance of the line to be terminated. This insures that the line will be 

matched at low frequencies. 
The value of R/Z0 is determined by the ratio of the resistor diam- 

eter to the diameter of the transmission -line jacket in which the re- 
sistor is mounted. Thus the value Z0 is independent of the character- 
istic impedance of the line to be terminated. From Figure 13 it can 

be seen that the standing -wave ratio nearest unity occurs for R/Z0 

Suppose we have a resistor 12 inches long and plan to use it up to 

100 megacycles. Using (5) we obtain 
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l/a = 0.1. 

From the curves of Figure 13, we see that if the jacket is chosen 
so R /Zo = f, the standing -wave ratio at 100 megacycles will be 0.9. 

From this plot, we see that with the proper jacket, the standing - 
wave ratio will be 0.97 for i/A = 0.05. Putting this value in (5) 

or approximately 

l X f,, 
0.05 = 

11,800 

600 

I 

(9) 

This rounded constant 600 is convenient for quick design. Thus a re- 
sistor 1 inch long can have good characteristics up to 600 megacycles, 
and a resistor 12 inches long up to 50 megacycles. 

Fig. 14- Equivalent lumped circuit of resistor. 

The curves of Figure 13 were computed using the formulas 

Zs 
1 

1 -1K! Ro 
standing -wave ratio = K = 

1 +1K Z 
1 +- 

Ro 

(10) 

where K is the reflection coefficient. 
That the resistance may either increase or decrease as the frequency 

is raised from zero can also be shown from an equivalent lumped circuit 
of the resistor." The equivalent circuit of the resistor is shown in 
Figure 14, where Zo = /C and Q = Zo /R. 

It can be shown that the reactance slope for the above circuit is 
zero at zero frequency for 

3 D. B. Sinclair, "The Type 663 Resistor -a Standard for Use at High 
Frequencies," Gen. Rad. Exper., Vol. 13, pp. 6 -11; January, 1939. 

a R. G. Anthes, "Behavior of Resistors at Radio Frequencies," Electronic 
Industries, Vol. 3, pp. 86 -88; September, 1944. 
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R -=1. 
Zo 

The condition at which the resistance begins to decrease as the 
frequency is raised is 

R -= VI 
Zo 

The corresponding two values from the transmission -line analysis 
are VI and N/5. Thus the lumped- circuit analysis gives only an ap- 
proximate answer. 

When resistors of the order of 10,000 ohms or higher are employed, 
it is not practical to mount them so that the Z0 of the circuit is near 
the optimum value of 

R -= Nrg, 
Zo 

When such resistors are mounted near a ground plane, R/Z0 is 
usually several hundred. When such resistors are mounted well above 
a ground plane, the connecting leads to the resistor violate the assump- 
tion of this analysis. 

LARGE VALUES OF 1/A 

To study the impedance characteristic for large values of l /A, it 
is convenient to consider separately the two terms in our exact equa- 
tion (7). The first term approaches a limit as 1/A becomes large. 

R 1 R 1 1-j- =r1-j 
( 
- -...1 

Z0 2x. WA) L Zo 4r(l/A) J 

This term gives the normalized characteristic impedance of the line, 
and approaches unity in the limit as 1/A increases. Since the total re- 
sistance of the line is held constant, we should expect from physical 
reasoning that the impedance angle of the characteristic impedance 
would approach zero as the line length increases. 

The second term of (7) does not approach a limit as i/A increases, 
but oscillates between values dependent on R /Zo. For l/A large, 
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R l 
tanh -+ j tan 27r - 

1 R 2Z0 A 
tank - 4.r2 (l /A) 2 + j27r = . (12) 

A Zo R l 
1+ j tank - tan 27r - 

2Z0 A 

As l/A increases, the real part of this expression oscillates between 
tanh R /24 and the reciprocal, 

1 

R 
tanh - 

2Z0 

The amplitude of the oscillation of the j part is much smaller, being 

1 R 1 - tanh - - 
2 2Z0 R 

tanh - 
2Z0 

This behavior is in contrast to the common case in which the 
frequency is held constant and the line length is increased. The total 
line resistance then increases indefinitely, and the input impedance 
of the line approaches a limit, which is the characteristic impedance 
of the line. 

Consider the example plotted in Figure 6. 

R R -=2 tanh -= 0.762. 
Z0 2Z0 

The normalized resistance oscillates for large i/À between 0.76 and 
1.31 while the reactance oscillates between ± 0.28. These values are 
obtained by substituting in the above expressions. The plot in Figure 
6 shows how the oscillation approaches a finite limit for its amplitude. 

The oscillations of the plot of Figure 10 are negligible since R /Z0 
= 10 and tanh R /2Z0 = 0.9999. 

DISCUSSION OF l/À = 1/4 

For small value of R /Zo, the resistance maximizes nearly l/À = 1/4. 
The value of this maximum resistance is approximately 
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R 2Z0 

C Zo ma R 

In Figure 2, R /Zo = 0.5 and the first maximum is approximately 4, as 

the plot shows. This situation has been discussed by Terman.' 

5 F. E. Terman, "Resonant Lines in Radio Circuits," Elec. Eng., Vol. 53, 
pp. 1046 -1053; July, 1934. 
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COMPARATOR FOR COAXIAL LINE 
ADJUSTMENTS':`f 

BY 

O. M. WOODWARD, JR. 

Research Department, RCA Laboratories Division. 
Princeton, N. J. 

Summary- High -frequency line impedance measurements in laboratory 
or field can be simplified by this compact comparison instrument that essen- 
tially replaces the slotted coaxial line and sliding -probe voltmeter technique 
for checking match or determining standing -wave ratio and reactive com- 
ponent. The paper discusses the use of the device in the measurement of 
standing -wave ratios, use of fixed loop for matching, and the absolute 
magnitude of load impedance and the resistive component of load impedance. 
An example of one application is included. 

I{N 

MATCHING a load with several adjustable elements, such as an 
antenna array, to coaxial transmission lines the process may prove 
to tedious using the conventional slotted line and probe indicator. obet d u gt ec p 

At low frequencies such lines become long and inconvenient to con- 
struct. 

The simple instrument illustrated in Figure 1 is a comparator con- 
sisting of a coaxial T- junction with a current pickup loop symmetrically 
placed to couple magnetically to the center of the junction. The 
T- junction joins the generator, the load whose characteristics are to 
be obtained, and a line terminated with a resistance or reactance equal 
to its characteristic impedance. 

Electrostatic shielding between the coaxial lines and the loop is 
provided by a number of slots cut in each of the three lines near the 
center of the junction. The loop may be rotated in the plane of the 
junction to assume the various positions shown in Figure 2. The output 
of the loop is fed to an indicator such as a linear receiver. Assembled 
and exploded views of the completed comparator are shown in Figures 
3 and 4. 

STANDING -WAVE RATIO 

Referring to Figure 5 the three lines have a common voltage Ê at 
the center of the T- junction. Hence the impedance of the load line at 
the junction L is 

* Decimal Classification: R244.3. 
f Reprinted from Electronics, April, 1947. 

27 

www.americanradiohistory.com

www.americanradiohistory.com


28 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

TO LOAD 
i LOOP 

TO GENERATOR 

TO MATCHED 
RESISTOR 

Fig. 1- Simplified drawing of T- junction, showing connections and the 
pickup loop that can be rotated to couple to them. 

Since the opposite line is matched, 

and 

TO LOAD 

zc _ E/ia 

iL = ia (Ze/ZL) 

45' 

TO MATCHED 
RESISTOR 

TO GENERATOR 

(1) 

Fig. 2- Detail of the pickup loop positions with relation to the junctions, 
and the notation used in designating position. 
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Fig. 3 -The shorted one -eighth wave coaxial line at the top replaces the matched resistor when determining the algebraic value of the load reactance. 

The impedance at a voltage minimum is a pure resistance equal to 
the product of the standing -wave ratio P and the characteristic im- 
pedance Z,. of the line, where P is taken to be the ratio of the minimum 
voltage to the maximum voltage. 

By means of the usual impedance transfer equation the impedance 
may be determined in terms of the resistance at a voltage minimum X 
located a distance of p electrical degrees on the load line. 

Fig. 4- Exploded view. Slotted openings in the T- junction cover provide 
electro- static shielding between the junction (upper center) and the rotating 

loop at right. 
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PZ, +jZ, tan p 
Z = Z,. 

Z,, +jPZ,. tan p 

Combining Equations 3 and 4 

I, IC /I 
P + j tan p 

(4) 

(5) 

With the loop in position D (Figure 2) parallel to the load and matched 

lines, a voltage will be induced in the loop producing a current I,, 
proportional to the vector difference of the load and matched line 

currents. 

á 

L C 

1 
I 

ATO LOAD 

TO GENERATOR 

zC 

TO MATCHED' 
RESISTOR 

Fig. 5- Graphical representation of the standing wave formed on one arm 
of the T-j unction when the load is not matched. 

I-T (I,,-I.) = (TI,.) 
C1+jP 

tan p- -1 

(1 - P) (1 - j tan p) 
= (Tl,.) (6) 

(P + j tan p) 

where T is a proportionality constant depending upon the frequency, 
physical dimensions of the comparator components, and the input im- 

pedance of the receiver. 
After rectification in the receiver the output current I' will be 

proportional to the absolute magnitude of Equation 6, or 
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+ tan' p 

1I'D - TIII 
C 

1 - (1 - P) 
P' +tan'p 

(7) 

where the proportionality constant T' also includes the receiver gain 
factor. Similarly, with the loop in position S parallel to the generator 
line a voltage will be induced. in the loop producing a current Is pro- 
portional to the vector sum of the load and matched line currents. 

(1 + P) (1 + j tan p) 
= +l,.) _ (Tl,.) (8) 

(P + j tan p) 

The receiver output current will then be 

/1+ tan' p 1 
I',,, = T'I,. 1 (1 + P) (9) 

P''+ tan' p 

1',, 1 -P 
- -_----=1: (10) 
I's 1+ P 

The ratio of the receiver output currents for the two coil positions is 
equal to the magnitude of the reflection coefficient K on the load line. 

In practice, the loop is placed in position S and the receiver gain or 
generator power adjusted to produce full -scale reading on the receiver 
output meter. The loop is then rotated to position D and the reflection 
coefficient is directly indicated on the meter as the percentage of full - 
scale reading. Equation 10 shows that the reflection coefficient reading 
obtained is independent of the relative position of the standing wave 
with respect to the comparator. If the receiver is not linear, suitable 
correction of the meter calibration must be made. 

This relationship also may be shown in another manner. The loop 
currents for the two positions D and S are 

and 

lo=T(lL- _- TE 
( 1- XL) 

Z1, Z 

TE Z, I,,-Tl,+l,.) --- 1 + - - 
Z 1 Z,, C Z. 

(12) 

The well -known transmission line equation expressing the current at 
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a point down the line in terms of the load characteristics and line con- 
stants is 

II r 
71' 

IL 
IL IP = -r 1 _ -1 EYP + - r 1 + -1 E P7 (13) 

2 L Ze 2 L Z, 
'Y" _ 

Reflected wave Main wave 

Hence the ratio of the receiver output currents for the two loop posi- 
tions D and S is seen to be the ratio of the reflected wave to the main 
wave, or the coefficient of reflection. 

LO 

0.8 
FREQUENCY 60 MC 

O 0.2 OA 0.6 0.8 1.0 

COMPARATOR 

Fig. 6 - Standing -wave ratios ob- 
tained with a slotted line inserted 
between adjustable load and com- 

parator at 60 megacycles. 

l' 
I R 

1.0 

0.8 

í~- 

W z 0.6 

o 

04 o - 1 

Q2 

O 0.2 0.4 0.6 0.8 1.0 

COMPARATOR 

Fig. 7 -Good agreement is found 
at 500 megacycles between slotted - 
line and comparator measurements 

of standing -wave ratios. 

1 
Z1 --- 
Z, 

ZA 
1 +- 

Z,, 

Assuming that a matched line may be provided, correct operation 
is independent of frequency up to the range where the loop couples to 
an appreciable fraction of a wavelength on the lines. In this region 
the loop current will not be a function of the currents flowing in the 
lines at the immediate T- junction only. 

To obtain an experimental check on the accuracy of operation, a 
slotted measuring line was inserted between an adjustable load and the 
comparator. Standing -wave ratio readings obtained from the two 
instruments for various loads and frequencies are comparable as shown 
in Figures 6 and 7. 

(14) 
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FIXED LOOP FOR MATCHING 

For certain applications, such as final matching adjustments of 
antennas in the field, the comparator may be simplified by fixing the 
loop in position D. In use, the load matching elements are adjusted in 
rotation for a null on the receiver output meter. Referring to Equation 
7 it is seen that a null is obtained only when P is unity. 

A comparator of this type covering the frequency range of 400 
megacycles to 1,700 megacycles, in which the receiver is replaced by a 
fixed crystal and microammeter for simplicity, is shown in Figure 8. 
The loop consists of an adjustable quarter -wave tuning stub to which 
is coupled the fixed crystal. The matched load is a selected resistor 
equal to the characteristic impedance of the lines used. The exploded 
view (Figure 9) shows the construction of the electrostatic screen and 

Fig. 8 -A comparator designed for use in the frequency range 400 to 1,700 
megacycles, using a self -contained fixed crystal detector and microammeter. 

other component parts. Although simpler in construction, this modifi- 
cation of the comparator does not indicate the degree of mismatch. 

For a given standing wave on the load line the load current and 
hence the loop current will be a function of the relative position of the 
standing wave with respect to the T- junction. If the line between the 
load and the comparator is of such a length as to give a voltage mini- 
mum at the T- junction (p= 0) the loop current from Equation 7 is 
seen to be proportional to (1 -P) /P. For the same load a change in line 
length of one -quarter wavelength will result in a voltage maximum 
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appearing at the T- junction (p = 90), and the loop current will be 

proportional to (1 -P) . 
The ratio of the minimum loop current to the maximum loop current 

for a given load and a variable shift of the standing -wave along the 
load line is seen to be equal to the standing -wave ratio. 

/D min. (1 -P) =P 
ID max. (1 -P) /P 

(15) 

Thus, as a match is approached on the load line by adjustment of the 
matching elements, the possible meter deflection diminishes rapidly. 

Using a square -law crystal detector the relative meter deflection as 
a function of the standing -wave ratio and its position on the load line 

Fig. 9- Exploded view of the uhf comparator. 

is plotted in Figure 10. The shaded area indicates the possible deflec- 
tion change for any shift of the standing wave along the line. A 

constant T- junction voltage E is assumed for these calculations. 

ABSOLUTE MAGNITUDE OF LOAD IMPEDANCE 

Other load characteristics may be obtained from the comparator 
with the rotating loop. The absolute magnitude of the load impedance 
IZJ at the T- junction is found by taking the ratio of the linear receiver 
output readings for two additional loop positions. From Figure 2 it is 

seen that with the loop in position B the loop current is 
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1c 

)---= /2 
l 

IB = T C+ T 1,. (16) 

since the loop is at an angle of 45 degrees and couples equally with both 
of the T lines. Components of the load current in the loop are equal 
and opposite in this case. Similarly, with the loop rotated 90 degrees 
to position A, the current is 

0 
04 0.5 0.6 0.7 0.6 0.9 ID 

STANDING-WAVE RATIO 

Fig. 10- Relative meter deflection shown as a function of standing -wave 
ratio and its position on the load arm and of the T- junction. 

14= T 
IL IL 

+ 
( /2 N/2 

Forming the ratio and combining with Equation 3, 

I'E I 
ZL 

I 

Ze 

(17) 

(18) 

where 1Z,,I is expressed in terms of the characteristic impedance of the 
lines. In practice the receiver output meter is set to full scale at the 
loop position giving the larger reading. The loop is then rotated 90 

degrees to the other position and the ratio of 1ZLI /Zc, or Zc/IZLI as the 
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case may be, is read directly on the meter as the percentage of full scale 
deflection. 

RESISTIVE COMPONENT OF LOAD IMPEDANCE 

Having obtained the reflection coefficient K and the absolute mag- 
nitude of the load impedance IZLI from the four loop positions, the 
resistive component RL of the load impedance may be found. From 
Equation 4 

P+jtanp RL+jXL 

Zo 1+ j P tan p Zc 

Equating the real terms and imaginary terms respectively 

and 

RL - XLP tan p=ZeP 

(19) 

(20) 

RL P tan p+ XL= Z, tan p (21) 

Eliminating tan p and solving for RL /ZC 

RL P I I 2 

r( l + 1 

Zc P2 + 1) LA Zo / 
since P= (1- K) /(1 +K) 

RL (1-K2) ZL Z 

+1 
Zo 2 (1 + K2) [ Z, ) ] 

(22) 

(23) 

Although the arithmetic value of the reactive component XL may 
be derived knowing RL and IZLI, the algebraic sign of XL is not found 
since the same loop reading of p and IZLI will be obtained whether the 
reactive component is positive or negative. Also for some values of 
the load impedance having a small phase angle, low accuracy is obtained 
in determining the arithmetic value of XL. 

To obtain the algebraic value of the reactance, the matched resistor 
(Figure 5) is replaced with a shorted coaxial line one -eighth wave- 
length long having the same characteristic impedance Zc as the 
T- junction lines. Since the reactance of the eighth -wave shorted stub 
is + jZ,,, 

le= É/+ (24) 
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RL) 
Hence i, = i,, -j - 

Zo Z0 

With the loop in position D, 

ID= T -I L 

X L L / 
(IL ) =Tl 

\ R 
1--+j- 

Z, Z, 

Likewise, with the loop in position S, 

Is= T(IL+I,) =TiL 

(25) 

(26) 

XL RL C1+--j- (27) 
Z, Z, 

Designating the ratio of the receiver output currents in this case by K' 

=FD \ L I ZL 1 2 y 2X1. /. I 

z J % K'=-= 1- + 1+ + 
I's H c Z02 c 

Solving for XL/Z,, 

XL (1-K'2) I Z, I 

2 

}1 
Z, 2(1+K) C Z, ) ] 

(28) 

(29) 

The ratio of the receiver currents for the loop positions B and A 
will be the same whether the stub or the matched resistor is used. It 
is seen that the equations for the resistive component and the reactive 
components are identical in form. The adjustable stub may be cali- 
brated in terms of frequency for convenience in use. 

Since the reactance of a shorted line O electrical degrees in length 
is given by 

X=+jZ, tan B (30) 

it is seen that the stub may be somewhat shorter than an eighth -wave 
in length if its characteristic impedance is raised, the only requirement 
being that its reactance be equal to the characteristic impedance of the 
load line. 

For a particular frequency of operation the stub length to give the 
required reactance may be found quite easily without the use of the 
slotted measuring line equipment. The load line is replaced by the 
stub, and the matched resistor connected to the opposite side of the 
comparator. Since it was shown in Equation 18 that the absolute 
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magnitude of the load impedance in terms of the characteristic 
impedance was equal to the ratio of the loop currents for loop positions 
B and A, the stub is simply adjusted until this ratio is unity. 

A chart is given in Figure 11 from which the resistive and reactive 
components of the load impedance may be obtained from the various 
loop positions of the comparator. 

a 

2.0 

1.5 

XL R, 

Zc ZG 

I.0 

0.5 

O 

0 20 0 25 

À 

rjr,1_, in 11 

filtigrag 
firArdpipoi 
fir jrAPP4011 s 
E.4 --0_ 

' _%/.,-...r.: - 
" 
osi 

01 

-'%-- ! r - 

10 0.9 0.8 0.7 0.6 
(MATCHED RESISTOR) D/5 

48(REACTANCE) % FOR + XL./Z 
G 

05 0.4 03 

S/D FOR -XL /z 
G 

OSO 

0.55 

A 

e 
0.60 

0.65 

0.70 

0.75 

0.80 
0.85 
0.90 
0.95 
1.00 --I- 
0.90 
0.80 
0.70 
0.60 
0 50 
0 30°4° 
0 020 

9 
A 

02 0.10 
. 

Fig. 11 -Chart showing resistive and reactive components of the load 
impedance as obtained from various loop positions and detector voltage 

readings. 

EXAMPLE 

As an example of its use, an unknown load and the matched resistor 
are connected as shown in Figure 2. The loop is rotated in the four 
positions to give the current ratios of D'S and A/B (or B /A). For a 
D/S ratio of 0.46 and a A 'B ratio of 0.65 the resistive component of 
the load impedance in terms of the characteristic impedance is found 
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to be 1.10. The matched resistor is then replaced by the eighth -wave 
stub and the current ratio D/S (or S'D) determined. Using the same 
A/B value of 0.65 previously found, it is seen that the reactive com- 
ponent of the load impedance in terms of the characteristic impedance 
is equal to - 0.75 for a S/D ratio of 0.62. For a characteristic 
impedance equal to 52 ohms the load impedance is then equal to 

(1.10 -j 0.75) (52) =57.2 ohms - j 39 ohms (31) 

An adjustable impedance was measured with the comparator and 
the slotted line apparatus at a frequency of 200 megacycles to provide 
an experimental check of the accuracy of the comparator. The results 
are tabulated below. 

Comparator Slotted line 

18.3 -F j 6.5 18.2 + j 6.5 

44.7 - j 70.4 44.8 -j 67.2 

36.2 - j 20.3 38.4 - j 19.3 

58.3 - j 100.0 56.8 - j 101.0 
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PHASE -FRONT PLOTTER FOR CENTIMETER 
WAVES i 

BY 

HARLEY IAMS 

Research Department. RCA Laboratories Division, 
Princeton, N. J. 

Summary -In the centimeter -wave range it is not unusual to have an 
antenna, dish, or horn across which the phase of the radiation should be 
constant, or should vary in some predetermined manner. To test such 
behavior a machine was evolved which is capable of recording on a sheet 
of paper lines showing the regions in space which have the same phase. 

This plotter can be used to test centimeter -wave antennas, to demon- 
strate principles of physical optics, or to measure the refractive index of 
dielectrics. The recordings are equivalent to pictures of radio waves. 

IRECTIONAL patterns of antennas are determined by both the 
amplitude and phase of the radiated energy. The need for 
improved methods of measuring relative phase across aper- 

tures many wavelengths wide arose in connection with the testing of 
rapid- scanning antennas for centimeter waves. A machine was devel- 
oped to record on a sheet of paper lines showing the regions in space 
having the same phase. This device has proved useful for many pur- 
poses in addition to the one for which it was originally built. 

One of the uses of the phase -front plotter is the making of pic- 
tures of radio waves as they pass through space. These pictures can 
be used by an antenna designer to determine the electrical center of 
a horn, to observe the relative phase at different parts of a structure, 
and to study the operation of a new antenna. Workers in the field of 
propagation can observe refraction, diffraction and reflection of radio - 
frequency energy. Another use is the measurement of the refractive 
index of dielectrics at radio frequencies; this does not require the 
preparation of special specimens nor involved computation. 

OPERATION 

The principle of operation of the plotter may be explained with 
the aid of Figure 1, which is a photograph of one form of the device. 
A centimeter -wave transmitter (not shown) keyed at audio frequency 

Decimal Classification: R246. 
f Reprinted from RCA REVIEW, June, 1947. 
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supplies power to the horn H, which is being tested. The small mov- 
able probe A picks up some of the radiated energy, which is trans- 
ferred by means of wave guides and rotary joints to the crystal 
detector D. Some of the transmitter power is also conveyed directly to 
the detector through a wave guide and an attenuator R (which is used 
to control the amplitude of this reference signal). The signals which 
reach the detector over the two routes may or may not be in the 
same phase, depending upon the position in which the probe is placed. 
The detector output is a maximum when the phase is the same, and a 
minimum when it differs by 180 degrees. This output is carried by . 
cable E to an amplifier, the output of which is connected to stylus S 
placed directly below the probe. A sheet of current -sensitive paper on 
which the stylus rests is darkened in proportion to the detector output. 

Fig. 1- Automatic plotter. 

A motor M causes the probe to scan the area in front of the horn; 
through link L the waveguide is rocked back and forth, and it is moved 
in a second direction by the motion of carriage C. 

In a few minutes a complete record is made, showing which parts 
of the scanned area have the same phase. The degree of darkening is 
an indication of the amplitude. Such a record may be said to be a 
picture of the radio waves; a photograph of ripples on a pond is also 
a record of the regions which vibrate in the same phase. By means of 
"line stretcher" P (in Figure 1) a line of maximum darkening of the 
paper can be made to pass through any desired point; this corresponds 
to the selection of the time at which water waves are photographed. 

Wavelengths in the neighborhood of one centimeter are particu- 
larly suitable for phase -front plotting, since they are short enough to 
include a number of wavelengths in even a small scanned area and 
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long enough that the construction of models of typical antennas is 

not difficult. The use of 11/4- centimeter wavelength in the plotter of 

Figure 1 led to the selection of a combination of rigid wave guides 
and rotary joints to transfer the radio -frequency energy to the 
detector. At this wavelength there is, as far as it is known, no suit- 
able transmission line or flexible wave guide which does not change 
its electrical length when flexed. Fortunately, the rotary joints which 
were tested proved very satisfactory in this respect. 

When numerical data are to be taken, as is sometimes necessary 
in testing an antenna, the position of the phase fronts can be deter- 
mined most accurately by moving the probe by hand, following lines 
along which the detector output is a minimum. To record the posi- 

Fig. 2 -Self- plotting probe. 

ELECTRIC 
FIELD 

Fig. 3 -Phase front near the 
open end of a waveguide. 

tions, a self -plotting probe such as the one shown in Figure 2 is very 
convenient. When care is taken, it is possible to repeat readings to 
within ± 0.010 inch, which is ± 1/50 of a wavelength at the frequency 
used. A sample of such a plot is given in Figure 3. 

When records are to be made at longer wavelengths than those 
mentioned it may be desirable to reduce the scale at which the plotting 
is done. This can be done by moving the stylus or plotting device by 
means of a pantograph attached to the probe, or by using a facsimile 
recorder synchronized with the motion of the probe. 

APPLICATIONS 

An example of the testing of a "pillbox" antenna is given in 
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Fig. 4 -Phase fronts from a "pillbox." 

Figures 4 and 5. Such an antenna focuses the radiation from a wave 

guide by reflecting it from a parabolic surface; the emerging waves 

should be straight. As Figure 4 shows, one such "pillbox" did produce 
nearly straight phase fronts - and some curved ones, as well. An 

examination of the curved waves shows that they are centered in the 
area masked by the wave guide. They are the result of the masking; 
one explanation is that the interrupted part of the wave could also 

have been produced by energy from another transmitter, equal in 

Fig. 5-Intensity pattern near a "pillbox." 
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amplitude and opposite in phase to the energy supplied in this region 
by+ the reflector. Figure 5 is an intensity pattern from the same "pill- 
box" recorded by cutting off the reference signal. It shows how the 
interference between the straight and curved phase fronts acts to 
produce side lobes. Because the recording was made near the antenna 
the lobes have not assumed their final angular positions. 

The phase fronts can be recorded in a series of layers when it is 
desired to obtain information in three dimensions. Also, the plane 

Fig. 6-Phase fronts at right 
angles to horn axis. 
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Fig. 7 -Waves from a long -wire 
antenna. 

which is scanned may be at right angles to the direction of propaga- 
tion, as it was in Figure 6. A plot of this kind is, to a first approxima- 
tion, a contour map of the lens which would be required to focus the 
radiation into a parallel beam. 

Models of antennas usually used at longer wavelengths can also be 
tested. Figure 7 shows the recording which was made by scanning in 
a plane just grazing a single wire antenna about ten wavelengths long. 

Problems in physical optics can be investigated in similar fashion. 
Figure 8 shows how radiation was focused by a pair of polystyrene 
lenses. While these lenses were not designed to give perfect focus, 
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the recording is illustrative of the limit to attainable spot size which 
is set up by the wavelength and angle of convergence of the radiation. 

Fig. 8 -Waves focused with lenses. 

The refractive index of a dielectric (which is the square root of 
its dielectric constant) can be measured very easily. A sheet of the 
material is placed between the source and the probe, and the resulting 
displacement of a phase front is measured. The refractive index is 
1 + S /T, where S is the added phase delay and T is the thickness of 
the sample. When care is used in making the adjustments, it is pos- 
sible to observe even the small phase shift resulting from interposing 
a sheet of paper, or blowing one's humid breath into one of the wave - 
guides. 
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CIRCULARLY -POLARIZED OMNIDIRECTIONAL 
ANTENNA'` 

BY 

GEORGE H. BROWN AND O. M. WOODWARD, JR. 

Research Department. RCA Laboratories Division, 
Princeton, N. J. 

Summary -This paper describes a circularly -polarized antenna which 
has been developed specifically for ground station use in airport -to- airplane 
communication. After briefly considering the necessary field conditions in 
space to bring about circular polarization, a combination of a vertical dipole 
and a horizontal loop antenna is treated theoretically. An equivalent 
arrangement using four dipoles is also studied and a number of factors 
influencing the performance are displayed. 

The theoretical treatment is followed by a description of an antenna 
which was constructed according to the principles outlined. Test results 
show that the antenna produced a substantially circularly- polarized wave 
over a rather wide frequency range without readjustment. 

INTRODUCTION 

in airport -to- airplane communication has indicated 
a need for more reliable communication, free from random 
polarization changes caused by banking of the aircraft and 

from amplitude variations due to ground reflections. It has been sug- 
gested that a circularly -polarized antenna at the ground station would 
help to stabilize signal transmission, and permit maximum freedom of 
choice of antenna location on the aircraft. 

The antenna described in this paper is the result of an extensive 
investigation which included experiments with slotted cylinder radia- 
tors, dipole and loop combinations, and spiral radiators. 

THEORETICAL CONSIDERATIONS 

(a) A Circularly -Polarized Wave 

A circularly -polarized wave may quite properly be considered as 
made up of a vertically -polarized wave imposed on a horizontally - 
polarized wave with both waves traveling in the same direction. At 
any chosen point, the fields of the two waves are in time quadrature 
with one another. 

The electric field intensity of the vertically -polarized wave is repre- 
sented by the expression ey = A sin wt (1) 

This field intensity component is vertical. 

* Decimal Classification: R320. 
f Reprinted from RCA REVIEW, June, 1947. 
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The electric field intensity of the horizontally -polarized wave has 
the same peak value, but differs in phase by 90 degrees. This com- 

ponent, which is horizontal, is given by en = A cos wt (2) 

At any given instant of time, the resultant field intensity vector has 
a magnitude equal to V eve + eN2 = A, and this vector makes an angle 

ey 
a with the horizontal where tan a = -= tan (,t (3) 

ey 

The field intensity vector is seen to be constant in magnitude and 
rotates in the plane of the wave at synchronous speed. 

When the observer looks in the direction of travel of the wave and 
sees the vector rotating clockwise, the wave is said to be right -hand 
circularly polarized. When the vector rotates counterclockwise, the 
wave is left -hand circularly polarized.' 

(b) The Combination of a Vertical Dipole and a Horizontal Loop 

A horizontal loop antenna, with a vertical half -wave dipole piercing 
the center of the loop, may be used to produce a circularly -polarized 
wave. 

At a remote point in the horizontal plane, the vertical half -wave 
dipole produces a vertical electric field given by 

j60Iy 
Ey = E-jkr 

r 
(4) 

The horizontal loop produces a horizontal electric field at the same point. 

- G07rkR Jl (kR) 

r 

IH E-/ka ' 

where Iy = the current at the center of the dipole, 

Ill= the current in the loop, 

= the wavelength, k = 27r /À, 

r = he distance from the antenna to the remote point, 

(5) 

Standards on Radio Wave Propagation, (Definition of Terms -p. 2), 
Institute of Radio Engineers, New York, N. Y., 1942. 
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R= the radius of the loop, 

J, (kR) = the Bessel function of the first kind and first order. 

It may be seen from equations (4) and (5) that the vertical and 
horizontal fields are in phase quadrature, when the currents in the loop 
and the dipole are in phase. 

To make the two field components be equal to achieve circular 
polarization, the following relation must be satisfied : 

Iv/IH=akR J,(kR) (6) 

Fig. 1- Current flow relationships in a horizontal loop and a vertical dipole 
which radiate a right -hand circularly -polarized wave. 

Typical values of this ratio, as a function of the radius of the 
loop, are given below: 

RIA Iv/IH 

0.05 0.152 
0.10 0.587 
0.15 1.25 
0.20 2.02 
0.25 2.8 

When the currents in the loop and dipole flow as shown in Figure 
1, the resultant wave is right -hand circularly polarized. 
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While this combination of a loop and a dipole appears to be a simple 
arrangement, one soon finds that the necessary plumbing to achieve 
the proper current division while maintaining the currents in phase is 
quite elaborate and the adjustments are critical. This is particularly 
true when a wide band of frequencies is used. 

(e) An Equivalent Arrangement 
An arrangement which produces the same result but which is not 

difficult to attain has been proposed by Lindenblad.2.3 His plan may 
be described best in two steps. First, several vertical dipoles are dis- 
posed uniformly about the periphery of a circle which lies in the 

Fig. 2 -The effective- current components in the slanted -dipole antenna 
arrangement. 

horizontal plane. Then each dipole is rotated about its center point, 
with the rotation taking place in a vertical plane which is tangent to 
the imaginary circle. Each dipole is rotated in the same angular 
direction. Figure 2 may help to clarify the description. Here four 
dipoles are used and the heavy arrows represent the direction of cur- 
rent flow iri the dipoles. The vertical components of these currents 
are shown, all pointing upward and acting somewhat as a single ver- 
tical radiator. The horizontal components may be seen to flow just as 
the currents in a continuous loop antenna flow. 

2 N. E. Lindenblad, "Antennas and Transmission Lines at the Empire 
State Television Station ", Communications, Vol. 21, No. 4, pp. 13 -14, April, 
1941. 

3 N. E. Lindenblad, U. S. Patent 2,217,911. 
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Figure 3 shows the plan view with the vertical current components 
all in phase, and the lower part of the same diagram shows the plan 
view for the horizontal current components. 

PLAN VIEW -VERTICAL POLARIZATION 

PLAN VIEW- HORIZONTAL POLARIZATION 

Fig. 3 -Plan views showing the relative disposition of the vertical and 
horizontal components of antenna current. 

Using the four radiators shown in Figures 2 and 3, we may write 
the expressions for the vertical and horizontal components of electric 
field at a remote point P thus: 

120 Ic-1kr 
Er= j sin a cos 9 [cos (kS cos 43 cos B) 

r 
+ cos (kS sin ¢ cos 01 (7) 

- 120 /c-1kr 
and Ed= cos a [cos ¢ sin (kS cos ¢ cos 9) 

r 
+ sin ¢sin (kS sin ¢ cos e)] (8) 

where S = the radius of the circle on which the antennas are located 

a = the angle between each radiator and the horizontal plane 
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¢ = the angle that locates the point P in the horizontal plane 

0= the angle which locates the point P in the vertical plane. 
(When this angle is zero, the point lies in the horizontal 
plane.) 

I = the current in each radiator. 

The symbols k ant r have been defined earlier in this paper. 

Digressing for a moment, the case is considered where the dimen- 
sion S is very small compared to a wavelength. Then the following 
approximations may be used: 

cos (kS cos 4 cos 0) = 1 

cos (kS sin 4) cos 0) = 1 

sin (kS cos 4) cos 0) = kS cos 4 cos 0 

sin (kS sin 4 cos 0) = kS sin ¢ cos 0 

and (7) becomes ED = j 

while (8) takes the form 

120 /e-/kr 

r 
2 sin a cos 0 (9) 

- 120 le- jkr 

EH= cosa [kS cos' 4) cos 0-}-kS sin' 4) cos OI 
r 

- 120 It-Jkr 

r 
kS cos a cos 0 (10 ) 

Equations (9) and (10) show that, for small values of S, both the 
vertical and horizontal components of electric field are independent of 
the angle 0. In other words, the radiation pattern is uniformly ciercular. 
Both vertical patterns vary simply as cos O. Hence, if we satisfy the 

condition 

or 

2 sin a=kS cos a 

tan a = kS /2 (11) 

the radiated field will be circularly polarized at all points in space. 
When the dimension S is not sufficiently small, perfect circular 

polarization will not be achieved at all points. However, elliptical 
polarization which closely approaches circular polarization may be 
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readily obtained. For example, if it is desired to insure true circular 
polarization in the horizontal plane at positions corresponding to values 
of ¢ equal to 0, 90, 180, and 270 degrees, it is merely necessary to 
satisfy the relation 

sin a [ 1 + cos (kS) ] = cos a sin (kS) 

or tan a = tan (kS /2) (12) 

To obtain circular polarization at points corresponding to / equal to 
45, 135, 225, and 315 degrees, it is necessary to satisfy the relation 

1 

j 

kS 
tan « = tan /I 

VI v2 
(13) 

The relation between the tilt angle of the dipoles and the dimension 
S may be seen in the following tabulation. 

S 
(wavelengths) 

kS 
(degrees) 

« (degrees) 
From equation (12) From equation (13) 

0 0 0 0 
0.0833 30 15° 15° 22' 
0.166 60 30° 32° 55' 
0.25 90 45° 55° 

DESCRIPTION OF A CIRCULARLY- POLARIZED ANTENNA 

An antenna has been constructed, following the basic design prin- 
ciples established by Lindenblad, and is shown in Figure 4. The 
antenna consists of four in -phase dipoles arranged on the circumfer- 
ence of a circle having a diameter of approximately one -third wave- 
length. Hence kS is 60 degrees, so from Equation (12) it is found 
necessary to incline each dipole at an angle of 30 degrees from the 
horizontal plane. 

Eaçh of the four dipoles is fed with a RG -11U solid -dielectric coaxial 
cable placed inside one of the two tubular support legs, with the cables 
each one -quarter wave in length at the mid -band frequency of opera- 
tion. The inner conductor of the cable extends through a protecting 
end seal to the end of the other support leg, providing a balanced feed 
to the dipole. This method of securing balanced feed is illustrated in 
Figure 5. 

The impedance offered to the transmission line at this point con- 
sists of the antenna impedance shunted by the inductive reactance of 
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Fig. 4 -The development model designed to operate over the frequency 
range from 110 to 132 megacycles. (This model radiates a left -hand 

circularly -polarized wave.) 

the parallel -bar support legs. The dipoles are made somewhat less 

than a half wave, so the antenna impedance consists of a resistive 
component and a capacitive reactance. The dimensions were so chosen 
that the inductive reactance of the support legs just parallel- resonated 
the dipole. In addition, at resonance the resistance of the combination 
is 100 ohms. The RG -11U cable has a characteristic impedance of 72 

ohms. Hence, the impedance looking into the quarter -wave section 
which feeds the dipole is approximately 52 ohms. It is of interest to 

Fig. 5 -The method used to secure balanced feed of the dipole from a 
concentric transmission line. 
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note that the velocity in this solid -dielectric cable is two -thirds of 
the velocity of radio waves in free space so the quarter wavelength of 
cable has an actual physical length of one -sixth of a free -space wave- 
length and thus just reaches from the end -seal of the dipole to the 
center of the large cylinder shown in Figure 4. The four cables join 
in this cylinder. Since they are all in parallel, they offer a resistance 
of 13 ohms. A quarter -wave transformer with a characteristic impe- 
dance of 26 ohms is contained in the central vertical support post. 
This transformer steps the 13-ohm resistance up to 52 ohms. Thus 
an impedance match is offered to the 52 -ohm feed line which leads 
from the transmitter to the antenna. The result is a well- matched 

Fig. 6 -A very small model of the circularly -polarized antenna. (This model 
radiates a right -hand circularly -polarized wave.) 

antenna radiating a substantially circularly- polarized wave. Equal 
currents in the dipoles, all in phase, are obtained simply from the 
symmetrical construction and depend in no way upon the method of 
securing an impedance match. 

While it is true that the central support pole lies in the field of 
the antenna, tests proved that it was not necessary to use a quarter - 
wave sleeve around the support pole to secure the desired radiation 
characteristics. 

The weight of the completed antenna is less than 30 pounds, 
exclusive of the mounting pole and feed line. 

An inspection of Figures 1 and 4 reveals that the antenna shown 
in Figure 4 will radiate a left -hand circularly -polarized wave. A small 
model of this type of antenna is shown in Figure 6. This model is 
constructed to yield a right -hand circularly -polarized wave. 
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FREQUENCY MEGACYCLES 

Fig. 7 -The measured standing -wave ratio as a function of frequency. 

TEST RESULTS 

The antenna was designed to cover a band of frequencies lying 
between 110 and 132 megacycles. The standing -wave ratio on the main 
feed line, as a function of frequency, is shown in Figure 7. It may be 
seen that the standing -wave ratio is better than 0.5 over the entire 
band. 

To learn how well circular polarization had been achieved, a trans- 
mitter was connected to the antenna and a dipole at the receiver was 
rotated on a horizontal axis. This test was made at many points around 
the antenna and at several frequencies. Figure 8 shows typical results. 
A possible explanation of the departure of the measured curve from a 
perfect circle is the slight shading or shielding effect experienced by 

Fig. 8- Experimental data showed the close approach to a true circularly - 
polarized wave. 
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the radiators or portions of radiators farthest from the receiver, 
behind the central pipe support and cable connector box. 

Vertical radiation patterns were found to obey the cos O law rather 
well throughout the band of frequencies. 

Radiation patterns in the horizontal plane were measured at a 
number of frequencies. The patterns were found to be essentially cir- 
cular for all frequencies in the band. Typical measurements taken at 
122 megacycles are shown in the tabulation below. The theoretical 
values were calculated from Equations (7) and (8). 

Angle gS 

(degrees) 

Horizontally- polarized 
field 

Vertically -polarized 
field 

Theoretical Measured Theoretical Measured 
o 1.0 1.0 1.0 1.02 

22.5 1.05 0.992 
45 1.095 1.015 0.976 1.042 
67.5 1.05 0.992 
90 1.0 0.98 1.0 1.042 

135 1.095 1.015 0.976 1.065 
180 1.0 1.0 1.0 1.075 
225 1.095 1.015 0.976 1.052 
270 1.0 0.98 1.0 1.032 
315 1.095 1.015 0.976 1.032 

CONCLUSION 

The antenna described in this paper produces a substantially cir- 
cularly- polarized wave over a rather wide frequency range without 
readjustment. In fact, the initial adjustments are far from critical. 

The signal radiated by this antenna may be received on a dipole or 
loop antenna. The receiving antenna may be oriented in any position, 
with the reservation that the receiving antenna does not have a null in 
its pattern at this position. For example, a dipole could be rotated 
about a horizontal axis and receive a substantially constant signal if 
this axis coincides with the line from the transmitter to the receiver. 
However, if the rotation were such that the receiving antenna assumed 
a position which coincided with the axis mentioned above, no signal 
would be received. 

If a circularly -polarized antenna is used to receive the circularly - 
polarized wave, it is necessary that both antennas be capable of pro- 
ducing a right -hand circularly -polarized wave or that they both be 
capable of producing a left -hand circularly -polarized wave. For exam- 
ple, if the transmitting antenna were the one shown in Figure 4 and 
the receiving antenna similar to the antenna of Figure 6, the receiving 
antenna would be blind to the transmitter. 
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SLOT ANTENNAS'° 
BY 

N. E. LINDENBLAD 

Research Department, RCA Laboratories Division, 
Rocky Point, L. I., N. Y. 

Summary -The development of flush -type radiators of the slot and 
pocket type is described. Special emphasis is given to types applicable to 
aircraft. Specific solutions to altimeter and marker beacon pickup antennas 
are described. Reference to application in other fields is also made. 

The general aspects of the phenomena which are involved are examined, 
and it becomes evident that workable solutions, in the majority of cases, can 
be obtained only by means of actual experiment, since variations in the 
surroundings have first -order influence upon such vital characteristics as 
radiation patterns, slot impedance, and bandwidth. 

Progress before and during the war is described in somewhat chrono- 
logical manner. It is pointed out that, while this progress has been consid- 
erable, an appreciable amount of skillful investigation remains to be done 
before slot antennas can be brought to maximum usefulness. 

INTRODUCTION 

iiVOR a number of years, extending throughout the war, the engi- 
neers of the RCA Laboratories Division at Rocky Point, L. I., 
N. Y., have been engaged in the study of such fundamental 

antenna problems as bandwidth, and the effect of surroundings and 
location of antennas upon their radiation characteristics. 

During this development period the speed of aircraft has been 
greartly increased. Consequently, streamlining became a necessary 
consideration. An all -out effort to provide for efficient radiation from 
flush surfaces was made in order to meet this increasing need. The 
result of this work is the slot antenna. It comprises slots in the 
metal surface of an aircraft. These slots are backed by metal cavi- 
ties inside the surface. Impedance regions exhibiting stability over 
widest possible frequency bands are chosen or arranged within the 
cavity for connection to the feed lines. 

It is the purpose to briefly review the general aspects of the prob- 
lems involved in such designs and to describe somewhat chronologi- 
cally the steps of development. It is hoped this description will serve 
as a stimulant to further developments. 

* Decimal Classification: R326.81 X R525. 
t Reprinted from froc. I.R.E., December, 1947. 
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GENERAL CONSIDERATIONS 

An early idea that may be considered associated with so- called 
slot antennas was a scheme devised in 1939 by G. L. Usselman, of the 
RCA Laboratories Division at Rocky Point, L. I., N. Y., to feed an 
array of dipoles by a slotted wave guide. The dipoles were distributed 
along the slot and attached to its edges. By choice of phase -velocity 
characteristics of the wave guide thus loaded, either broadside or 
end -fire excitation could be achieved. Usselman also suggested that 
arrays of closely spaced dipoles may be replaced by continuous sheets 
of widths corresponding to the length of the dipoles. 

Fig. 1- Open -ended and 
streamlined, slotted cylin- 
der antennas mounted in 
front of leading edge of 
airplane wing. Polariza- 
tion perpendicular to cyl- 
inders. Polar radiation 
diagrams for one antenna 

element are included. 

This latter method had special merits worthy of further develop- 
ment, which was undertaken in a joint effort by the U. S. Navy, Radio 
Test, under Lieutenant Commander A. S. Born (now Captain, U.S.N.), 
and the Rocky Point Section of RCA Laboratories, beginning in 1941. 

The primary purpose was to apply the slot -feed principle to air- 
borne antennas. Slotted wave guides having teardrop or streamlined 
cross section were used in some of the early experiments (Figures 1 

and 2). No special antenna elements were attached to this streamlined 
body, but by arranging for co- operative coincidence of internal and 
external characteristics, its own exterior served as a radiator. While 
having great usefulness in other fields of application, the limited use- 
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Fig. 2(a) -Combination of four slots across the leading edge of a wing, 
each pair having a common quarter -wave deep- backing cavity. Polarization 

in plane of the wing. 

fulness of slotted cylinders for airborne purposes became quickly 
evident in view of the advancing speeds of aircraft. 

Antennas for a high -speed aircraft must not add external structure. 
The designer must consider the possibilities of providing for the 
emergence of radiation from the surface of the plane. The least radical 
procedure is, perhaps, to mount a conventional radiation element in 
an indentation in the plane surface which is then covered with a dielec- 
tric window. The primary radiation fields thus originate with a 

Q D/RECT/V/TY /N 
1 PLANE OF W/NG ,' 

V , Ayr , I /,.` ¡ kald 
DIRECT/Vie IN PLANE _I 

PERPENDICULAR 
Of W/NG/ju17171 

Fig. 2(b) -Same combination as in Fig. 2(a) with paras.tic radiators 
added proximity one -quarter wave in front of each slot pair. 
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ventional radiation element. The cavity is open and nonresonant. The 
aperture, however, may be made smaller and the cavity itself be made 
resonant, eliminating the need of a distinct radiation element. The 
aperture may be in the form of a slot of sufficient dimensions for 
emergence of radiation from the interior of the cavity. A surface 
section may be electrically uncoupled from the rest of the skin by 
means of cavity- backed slots. In this case the currents, in the sepa- 
rated area, isolated by the high -impedance slots, may be considered 
the origin of radiation. Actually, it is difficult to draw any definite 
lines of distinction between these various methods, since surface 
currents are always part of the diffraction phenomenon around aper- 
tures. Only when the apertures are very large relative to the wave- 
length, or when the aperture is isolated, by surrounding high - 
impedance slots, may the adjacent surfaces be considered as possessing 
a high degree of nonparticipation in the radiation phenomenon. The 
dimensions of the total metal area thus very often has considerable 
influence upon the radiation pattern, and may sometimes become the 
antenna itself. 

It is now evident that the most controllable method is the one where 
an aperture or an area is isolated by high- impedance cavity -backed 
slots. Of these, the least cumbersome appears to be that of isolating 
an area. In cases when complete flush mounting is not required, it is 
possible to mount the isolating cavities like external pockets. They 
can also be made in the form of a sheet, rolled up like a jelly roll, form- 
ing a spiral cavity. 

DEVELOPMENT 

One of the earliest attempts to utilize this idea was to cut pairs of 
half- wave -spaced vertical slots across the leading edge of an airplane 
wing. The resulting half -wave ribbon, which then was part of the 
leading edge, was backed by an approximately quater- wave -deep cavity. 
Each side of the ribbon was connected at its maximum voltage point 
to a transmission line. These lines were then connected together in 
series or in parallel. This arrangement provided a rather wide, for- 
ward- spreading radiation pattern. When spaced coupled parasitic 
radiators or "directors" were placed a quarter -wave outside and in 
front of the strip between the paired slots, higher gain was obtained, 
as shown in Figure 2(b). This method, however, introduced difficult 
wing design and aerodynamic conditions, and was not continued. 

The practical possibilities of isolating an area had been indicated, 
and experiments were directed toward flat surfaces. Figure 3 shows 
the cross section of one of these early forms of double -slot antennas, 
affectionately dubbed "bathtubs" by the Navy. In Figure 4 is shown 
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a photograph of an antenna consisting of a pair of double -slot antennas. 
As can be seen, the spacing between adjacent slots of different pairs 
is less than a half -wave. This spacing was determined experimentally 
with the aim in view of obtaining the cleanest radiation pattern. Fig- 
ures 5, 6, and 7 show typical radiation patterns and the standing -wave- 
ratio curve as measured by the Navy Radio Test group. Figure 8 

shows a form by means of which it was possible to obtain wider fre- 
quency response. As may be noted, the center conductor of the trans- 
mission line here expands gradually as a flat wedge before connecting 
to the slot edge. 

It should be of interest to notice that the double -slot antennas pos- 
sess a natural characteristic which is of advantage to lobe switching. 

FEfO 

r ( J 
1 

CAVITY 

D/RECT/V/TY /N PLAN[ 
PARALLEL SLOTS ,. ., 

-- / 
011101 / 
Arlf a.a. .: 

DIRECTIVITY ItIPLANE 
, PERPEND/CU A TO SLOTS //I\\\ l 

Fig. 3- Simple double -slot antenna. 

If only one of the two slots is fed, the radiation pattern will lean toward 
the fed slot. In this way the same antenna can be used for both lobes 
by simply shifting the feed. This makes it equivalent to one slot per 
lobe (Figure 9). 

A particular use was made of this phenomenon in a double -slot 
antenna used as the focal primary in a parabolic- reflector -type antenna 
at 1250 megacycles. It was found, however, that this design could be 
further simplified to permit the omission of a spark or contact switch. 
It was only necessary to provide a rotating patch of very small dimen- 
sions relative to the wavelength, which would alternately cover a portion 
of one or the other of the slots (Figure 10) . In order to provide up and 
down switching, the vertical slot was divided in two sections, parallel 
fed, but having high coupling impedance. In this way, the patch, which 
was a piece of foil cemented in an eccentric position to an insulating 
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rotatable disk, would cover the upper and the lower half of one slot, 
and then in sequence the lower and the upper half of the other slot. 
In this way the same effect as that obtained with the mechanically 
more difficult type of nutating dipole was obtained. A simplified form 
of nutating antenna energized by either a single- or by a double -slot 
primary was, however, also developed. It consisted of a diametrically 
resonant disk rotated eccentrically at a distance of about one -quarter 

Fig. 4 -Pair of double -slot 
three -quarter by half -wave 
antennas. This is the Navy 
"bathtub." Note close spac- 
ing between pairs for elim- 
ination of secondary lobes. 

Design by U. S. Navy. 

of a wave or less in front of the double -slot antenna to which it was 
thus space -coupled (Figure 11). 

The work so far described served the useful purpose of proving the 
practical possibilities of nonprotruding radiators. It had been shown 
that the slot principle was sound and workable and that it furnished 
tools for a new approach to radiator problems. The development was, 
however, insufficient to meet some of the applications for which it was 
most needed. 

Thanks to the interest shown by other researchers who would from 
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HORIZONTAL PATTERN /AUG. /8,1912 ̀  
Fig. 5 - Slot -crosswise pattern 
of antenna of Fig. 4. This data 

taken by U. S. Navy. 
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Fig. 6- Slot -lengthwise pattern 
of antenna of Fig. 4. Data by 

U. S. Navy. 

now on contribute toward both the general and the special develop- 
ment of the slot principle, it was felt that the work could be directed 
toward specific applications. Slot antennas for altimeter and marker 
purposes were chosen as subjects of these efforts. These antennas 
would have to be applicable to all plane types, including the smallest 
and fastest. The operating frequencies are relatively low, especially 

/6 

/I FREQUENCY 
VS 

PERCENT OF REFLECTION 
AUG /e, /912 

6// SI? SIS 5 I 515 5/6 
FREQUENCY IN MC. 

Fig. 7- Standing -wave -ratio curve taken from antenna of Fig. 4. 
Data by U. S. Navy. 
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Fig. 8- Expanding wedge feed for single -slot antenna and the standing - 
wave -ratio curve for wedge antenna as shown. 
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Fig. 9- Shiftable, single -slot feed for lobe switching. Note the application 
of this slot antenna to the curved contour of the model of the nose of an 

airplane. 
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Fig. 10- External pocket - 
border type, one by one - 
half -wave surface radia- 
tor. As the primary in a 
parabolic reflector, the lobe 
switching is performed by 
90- degree - displaced rota- 
ble shading patches. Note 
electrical sectionalizing of 
pockets and feeders to fa- 
cilitate "pull" by shading 
patches, a very practical 
arrangement. A single 
patch provides diagonal 
and a double patch verti- 
cal- horizontal lobe pulling. 
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in the case of the marker antenna. Altimeter antennas must be so 
arranged that transmitter and receiver may be operated simultaneously. 
The frequency- response band required by the altimeter equipment is 
also relatively considerable. All such considerations which have a direct 
bearing upon the antenna dimensions must, in the practical applica- 
tion of slot antennas to aircraft, be accommodated without sacrifice of 
structural strength. Careful search for minimum dimensions must, 
therefore, be made. 

Fig. 11- External pock- 
et- border type, one by 
one - half - wave surface 
radiator. The m a j o 
radiating "area" is lo- 
cated between slots. 
The diametrically reso- 
nant disk in front, ec- 
centrically rotable, acts 
as a nutating facility 
for lobe switching when 
the combination serves 
as a focal radiator in a 
parabolic reflector sys- 

tem. 

www.americanradiohistory.com

www.americanradiohistory.com


66 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

As a general rule, a cavity with generous cross- section dimensions 
make it easier to meet wide -frequency -band requirements. The slot 
and corresponding cavity length does not contribute in the same way 
and can, therefore, be reduced to the order of magnitude of a half -wave 
before it becomes a serious band limiting factor. 

The view taken here is that it is always well, in antenna develop- 
ments, to aim at as much "self " -bandwidth as possible, since it elimi- 
nates or reduces either the need or the complexity of impedance - 
correcting networks. The power of the network method in practical 
application is, reversely, greatly facilitated by good primary frequency 
response, especially in cases of exacting requirements of low reflection. 

In view of the substantial reduction in bulk that could be obtained 
by the use of single slots, it was decided that these be given careful 
consideration. Although future equipment developments may not per- 
mit the use of the less exactly shaped radiation patterns obtained by 
single slots, their other virtues made them appear as the most practical 
expedients at the present stage of development. 

At first, bandwidths greater than needed were aimed at. The 
opening of a longitudinally elliptic cavity was partitioned by means of 
a longitudinal strip to form two closely located, parallel slots (Figures 
12 and 13). The cavity was likewise partitioned by a longitudinal wall. 
Point connections were made between this partition and the narrow 
strip between the slots. Thus a certain amount of internal coupling was 
maintained between the two half- sections. Each cavity half- section 
was again partitioned. The transmission line entering the cavity at 
bottom center connected to the top edge of one of the side partitions 
by means of an elliptic tongue. This multiple partitioning was an 
expedient by means of which a region of frequency -flat impedance 
balance could be obtained which was suitable for direct connection 
to the transmission line. A bandwidth of 30 per cent at 2:1 reflection 
tolerance was obtained (Figure 14). These experiments were done 
with a slot length of 0.75 wavelength and a maximum cavity depth 
of 0.2 wavelength. The cavity width was 0.135 wavelength. 

Further reduction of size, however, continued to be very desirable. 
It appeared that, this would then have to be done at the expense of 
bandwidth. In the case of the altimeter antenna, a search was made 
for the minimum dimensions required for the maintenance of the 
necessary 10 per cent bandwidth. A series of tests were carried out 
in which the influence of varying size and parameters was carefully 
noted. The partitions were eliminated. The tongue feed was main- 
tained, but the tongue was now bent over itself and shape and posi- 
tion determined empirically for best conformity with region of flat 

www.americanradiohistory.com

www.americanradiohistory.com


SLOT ANTENNAS 67 
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Fig. 12- Elliptic- cavity, wide -band, twin -slot antenna. The slots are 
spaced one -tenth of a wave -length. 

r.l 

impedance balance (Figure 15 and 16). In the illustrated example the 
slot and cavity length was 0.575 wavelength, the cross section was 
0.1 by 0.135 wavelength. The bandwidth at 2:1 reflection standard 
was above 14 per cent. 

As may be anticipated, further reduction of size calls for capaci- 

Fig. 13 - Showing cavity 
sections of the antenna of 
Fig. 12. Note the hole in 
the feed tongue which 
divides it into two curved, 
parallel- connected expand- 

ed wedges. 
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tance loading of the cavities at their open end. This was first done by 

using narrowed slots and eventually by adding capacitances across the 
slots. In these continual attempts to reduce the cavity dimensions it 
became necessary to revise the feed methods from time to time, since 
their operation is subject to certain parametric conditions. 

In the model which was considered sufficiently small to be practical, 
the attempts to establish a suitably broad impedance zone within the 
antenna proper into which the feed system may be introduced had not 
been entirely satisfactory. It was found that a simpler expedient 
could be had by resorting to external compensation by means of a line 
stub. This, however, was convenient only because such relatively high 
standing -wave ratios as 2:1 or 1.5:1 were considered permissible so 

J 

s 

A 

.1/0 400 I00 440 460 400 500 510 !IO 
FR[OUCNCY N MC. 

Fig. 14- Standing- wave -ratio curve of the antenna of Fig 12 as compared 
with the standing- wave -ratio of the antenna without subdivided cavity. 

that the resulting hump in the s.w.r. curve, often unavoidable with such 

circuits, would not be objectionable. More complicated networks can, 
of course, be provided which will subdivide or level off such bumps. 

The antenna of Figure 17 has a slot length of 0.4 wavelength. The 
cross section is 0.1 by 0.1 wavelength. Figure 18 shows a typical s.w.r. 
curve for this model. The tail stub which forms a continuation of the 
feed conductor across the cavity has an approximate length of three - 
quarters of a wavelength. Its characteristic impedance is 50 ohms. 
Line stubs of other impedance values can be used if the feed coupling 
is correspondingly adjusted. This coupling is varied by changing the 
distance from the coupling rod to the bottom of the cavity. It should 
be noted, however, that the rod must be located empirically to find the 
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Fig. 15 - Rolled - feed 
tongue, keyhole -slot an- 
tenna. Slot length, 
0.575 wavelength. The 
rolled tongue can be 
seen inside the cavity. 
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position where the electric and magnetic field parameters co- operate 
in optimum fashion at a given characteristic line impedance and 
standing -wave ratio. Otherwise, considerable bandwidth is easily lost. 
Using a stub having a characteristic impedance of 50 ohms appeared 
satisfactory and aided in simplifying the system by being of the same 

410 IJO 440 450 
MC. 

Fig. 16- Standing- wave -ratio curve of the antenna of Fig. 15. 
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Fig. 17 -Three-point 
capacitance - loaded H- 
slot altimeter antenna. 
Slot length, 0.4 wave - 

length. 

value as that of the feed line. The cavities are pressed from a single 
aluminum sheet. The cover consists of Formica. The total weight of 
a complete antenna and stub combination to operate at a midfrequency 
of 440 megacycles is one pound. 

In applying such antennas to altimeter equipment, where trans- 
mitter and receiver must operate simultaneously, it has been found that 
the coupling between transmitter and receiver antennas is generally 
about twice as high as that encountered with dipoles. It appears, how- 
ever, that this does not exceed the coupling tolerance of the equipment. 

Fig. 18 - Standing -wave- 
ratio curve for the an- 

tenna of Fig. 17. 
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MC 
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In such cases where smaller tolerance must be provided, these antennas 
can be arranged in series or parallel to form double -slot antennas, 
which then, due to the nature of such a combination, provides lesser 
coupling. 

The marker beacons of the airways operate at present on a fre- 
quency of 75 megacycles. The conventional external antennas for 
receiving these signals are cumbersome and inefficient due to this rather 
low frequency. A slot antenna of such small dimensions as 20 X 4 X 5 

inches has been developed. The slot length of this antenna is only 0.125 
wavelength. The slot is heavily capacitance loaded. As can be under- 
stood, an antenna of such dimensions relative the wavelength must of 
necessity have a very high Q. The s.w.r. curve obtained by the aid of 
a series stub line is shown in Figure 19. The signals obtained are 
better than equal to those obtained with external wire antennas located 

Fig. 19 - Standing -wave- 
ratio curve for marker - 

beacon antenna. 

71.0 74.9 75.0 ß./ 75.0 
MC. 

75.3 

close to the ship. Greater bandwidth would be desirable, but it is grati- 
fying at this stage of slot- antenna development to be able to report that 
antennas of such small dimensions relative to the frequency will work 
at all. 

The marker -beacon signals do not call for any large bandwidth. 
The chief reason for not wishing to apply antennas of too narrow band- 
widths is their sensitivity to moisture and ice. A sharply tuned an- 
tenna is easily detuned by small reactance variations. Trimming ca- 
pacitors or inductances can, of course, be used, but they are not very 
satisfactory. It appears better to rely on means for preventing internal 
condensation of moisture, as well as both internal and external ice 
formation. Danger of external icing can be greatly reduced by proper 
location. The problem of eliminating internal condensation is more 
formidable. The antenna has either to be kept perfectly sealed to all 
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the pressure variations to which it is subjected as an airplane changes 
altitude or it must be thoroughly ventilated. The latter is the easiest 
but does not at times appear entirely adequate, unless heating elements 
or moisture- absorbing substances be added. This again is, of course, 
not very attractive. 

It has been suggested that the dimensions of a cavity antenna may 
be decreased by filling it with a dielectric. When analyzing this pro- 
posal relative to radiation resistance and bandwidth, there appears to 
be nothing to gain by such procedure. A magnetic material operable 
at very -high frequencies would, on the other hand, provide a filler by 
which the circulating currents in the cavity could be reduced and 
bandwidth gains could be made. No such material is known at the 
present. 

Dielectric fillers have, however, been considered for the purpose 
of keeping out the moisture of cavities. Desirable characteristics for 
such material are: low dielectric constant, low loss, homogeneity, and 
low weight. Foam is unsuitable, due to surface losses throughout the 
material. Boundary losses appear to be difficult to avoid even with 
the use of very solid materials. 

CONCLUSION 

An attempt has been made to describe the general aspects of slot 
antennas. Such antennas are a "must" in high -speed aeronautics and 
in radio -controlled missiles. 

It has been shown that many of the tasks performed by external 
antennas can be performed by this flush -type radiator. Subjected to 
careful scientific investigation, as is possible in peacetime, their use- 
fulness should eventually be greatly extended. 
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AN ULTRA -HIGH -FREQUENCY ANTENNA 
OF SIMPLE CONSTRUCTION0t 

BY 

GEORGE H. BROWN# AND J. EPSTEIN# 

RCA Manufacturing Company, Inc.. 
Camden, N. J. 

Summary 

Two difficulties present in most of simple and popular types of U -H -F 
antennas are discussed with reference to the design of a new type of 
U -H -F antenna, the first model of which was tested and built in 1938. The 
paper covers the electrical and mechanical details of the new antenna, a 

vertical quarter -wave radiator supported above four horizontal ground 
rods. Subsequent structural modifications growing out of experience in the 
use of the new antenna resulted in a simplification of the construction 
which gave much greater matching flexibility. The frequency characteris- 
tics of the antenna are presented. Laboratory and field tests show that 
the antenna is efficient and of practical design. The chief advantages may 
be summed up as follows: equipment is mechanically simple and rugged; 
field adjustments are not required; transmission line is properly terminated; 
the concentric feed line is not exposed to high frequency fields; and the 
antenna is grounded. 

(3 pages; 8 figures) 

Decimal Classification: R326.7. 
f Communications, July, 1940. 
# Now with the Research Department, RCA Laboratories Division, 

Princeton, N. J. 

WATER- COOLED RESISTORS FOR ULTRA -HIGH 
FREQUENCIES *t 

BY 

G. H. BROWN# AND J. W. CONKLIN 

RCA Manufacturng Company, Inc.. 
C:unden, N. J. 

Summary 

Television transmitter development and other u-h -f services require 
the use of resistors capable of dissipating large amounts of power over a 

Decimal Classification: R383.22. 
. Electronics, April, 1941. 

# Now with the Research Department, RCA Laboratories Division, 
Princeton, N. J. 
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wide band of frequencies, without displaying inductive or capacitive effects. 
A water -cooled coaxial design which serves the purpose adequately is here 
described. Some of the applications in television transmission where high - 
power, water- cooled resistors are used are: circuit- loading resistors for 
damping or broadening tuned circuits; "dummy" antennas for testing and 
power measuring; terminating resistors in antenna filter networks; and 
coupling resistors for video -frequency circuits. 

(6 pages; 14 figures) 

THE RCA ANTENNALYZER -AN INSTRUMENT 
USEFUL IN THE DESIGN OF DIRECTIONAL 

ANTENNA SYSTEMS*t 
BY 

GEORGE H. BROWN AND WENDELL C. MORRISON 

Research Department, RCA Laboratories rratories Division, 
Princeton, N. J. 

Sun/mat y 

The equations for the radiation patterns of directional antenna sys- 
tems are well known, but the arithmetical work necessary to secure a plot 
of the radiation pattern is tedious and time- consuming. Several mechanical 
plotting devices to assist with the problem have been described in the litera- 
ture. A brief review of a few of these instruments is presented. These 
mechanical devices yield the radiation pattern for a given choice of con- 
figuration and antenna constants. In general, however, the designer of a 
directional antenna for broadcast -station use knows the pattern required 
and is faced with the problem of determining the antenna configuration 
which will yield this pattern. The RCA Antennalyzer was developed to 
synthesize or to analyze. The instrument is entirely electrical, with no 
moving parts except the potentiometers which change the various parame- 
ters. Developed specifically for the design of directional antennas for 
broadcast use, the Antennalyzer, as constructed, will yield the radiation 
pattern of directional antennas which have as many as five towers or 
sources of radiation. Each source is characterized by four parameters: 
(1) the distance from a reference point; (2) the azimuth angle with re- 
spect to a base line; (3) the amount of current in the antenna; and (4) 
the phase angle of this antenna current. Thus the Antennalyzer has four 
potentiometers associated with each antenna, with one exception. One 
antenna is located at the reference point and carries unit current at zero 
phase. Hence, no controls are required for this antenna. The radiation . 
pattern is displayed directly on the face of a cathode -ray tube either in 
polar or rectangular co- ordinates. The Antennalyzer may be used in two 
ways. The dials may be set to correspond to a given antenna configuration. 
Then the resulting pattern is observed on the cathode -ray tube. However, 
when a given pattern is the goal, the dials may be twiddled until the proper 

Decimal Classification: R221. 
Proc. I.R.E., December, 1946. 
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pattern is obtained.. Then the dial settings are recorded. These dial set- 
tings tell where to locate the towers, as well as the current ratios and phase 
angles to use. With a little practice, this operation of analysis may be 
performed in a few minutes. Metering devices are included in the Anten- 
nalyzer so that the ratio of maximum field intensity to root- mean -square 
field intensity is obtained. Some of the unusual circuit details are discussed. 

(8 pages; 15 figures) 

INPUT IMPEDANCE OF A FOLDED DIPOLE*t 
BY 

W. VAN B. ROBERTS 

Research Department, RCA Laboratories Division, 
Princeton, N. J. 

Summary 

The folded dipole has become a familiar expedient to provide increased 
input impedance over that of a dipole antenna and permit more efficient 
transmission line matching. The input impedances of standard configura- 
tions are well known; however, there has been no convenient way of deter- 
mining the actual input impedance in the general case of elements of arbi- 
trary size, shape, number and arrangement. This paper presents an 
analysis which attempts to provide necessary formulas and a physical pic- 
ture of the operation of the folded dipole. The presentation is in two parts - folded dipole with equal elements, and folded dipole with unequal con- 
ductors. 

(12 pages; 10 figures) 

* Decimal Classification: R321.3. 
RCA REVIEW, June, 1947. 
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PROPAGATION OF ULTRA -HIGH -FREQUENCY 
WAVES 1`t 

BY 

DUDLEY E. FOSTER 

RCA License Laboratory, New l rk, N. Y. 

Summary -The increased use of frequencies above 25 megacycles, 
particularly for television and frequency- modulated wave broadcasting, has 
led to more general interest in the propagation characteristics of such 
waves. It has been recognized for a number of years that the U -H -F waves 
have certain peculiarities in propagation which differ from those for lower 
frequencies. The characteristic most commonly emphasized is that the 
useful U -H -F wave transmission is essentially limited to line -of -sight 
distances. In this respect, as in many others, such waves are quasi- optical 
in character and many of the principles applying to light waves, such as 
reflection, refraction and diffraction, are applicable to the ultra short 
radio waves. 

PRINCIPLES OF U -H -F PROPAGATION 

A complete and exact treatment of the theory of U -H -F propa- 
gation is an involved process and has been the subject of many tech- 
nical papers. For the use of those engineers interested in an extended 
treatment a bibliography is given at the end of this bulletin. A brief 
mathematical treatment of the theory is given in the appendix to 
this bulletin, but in this section the emphasis will be placed on physical 
principles and the simplified quantitative treatment. 

TRANSMISSION OVER A PLANE EARTH 

Before considering the influence of the earth's curvature on the 
received signal, let us investigate the conditions of transmission 
over a plane surface. 

The radiation field from a dipole in free space is given by the 
expression 

60aH1 
Eo= d 

where E0 is field intensity at distance d 

H is the effective height of the antenna 

* Decimal Classification: R111 X R113.706. 
f Material prepared February 9, 1940. 
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I is the antenna current 

is wave length 

77 

Now a half wave doublet has an effective height of 2,1/7r and a resist- 

ance of 73 ohms. Substituting in expression (1) gives us the field 

from a half wave doublet as 

7 V W 
E = 

d 
(2) 

where W is power delivered to the antenna. 

Thus, in free space, the field intensity from a half wave doublet 

Fig. 1. 

varies directly as the square root of the radiated power and inversely 

as the first power of the distance. 

The presence of the surface of the earth considerably changes the 

conditions. The earth acts as a reflector so that we must consider both 

the direct and the reflected rays. The wave undergoes a change in both 

magnitude and phase on reflection, the phase angle change and the 

magnitude of change on reflection depending upon the nature of the 

reflecting surface, and also on whether the wave is horizontally or ver- 

tically polarized. As may be seen from Figure 1, the signal arriving at 

the receiving antenna R from the transmitting antenna T, is due to 

the vector sum of the direct and reflected rays. The direct ray travels 

a distance r1 and the reflected wave a distance r_. The difference 

between horizontal and vertical polarization reflection characteristics 

depends not only upon the nature of the reflecting surface (the earth) 

but also upon the angle of incidence /3 (as in optical reflection, the 

angle of incidence is equal to the angle of reflection.) Therefore the 
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relative phase and magnitude of the direct and reflected rays at the 
receiver depend upon the heights of the two antennas h1 and h2 and 
the distance between them, as well as upon the polarization sense and 
earth coefficients. In the generalized case the reflection coefficient is 
a complex quantity, having both real and imaginary components. 

Under the conditions usually encountered in practice the conditions 
are simplified. At ultra- high- frequencies, dry ground acts essentially 
as a perfect dielectric. When the angle of incidence is small, that is 
when the distance is large compared with the antenna heights, both 
horizontally and vertically polarized waves undergo no loss at reflection, 
but do undergo a 180- degree phase reversal. This means that the direct 
and reflected waves arrive at the receiver with equal amplitudes and, 
except for difference in path lengths, would be out of phase 180 degrees, 
so that the resultant field intensity would be zero. However, distance 
r2 of Figure 1 is greater than r1 so that the direct and reflected waves 
do not arrive 180 degrees out of phase. The path difference r2 - r1 is 
approximately 

1t1 h2 
2 

d 

so that the phase lag is 2,r /A times as great or 

47r h1 h2 

Ad 

(3) 

The resultant of two equal voltages nearly 180 degrees out of phase is 
given by 

S E-Eo2sin- 
2 

(5) 

4,r h1 112 where S is 180 degrees plus the angle between them or . The 
field then is given by 

Ad 

2,r h1 h2 
E=2Eosin 

Ad 
(6) 

When the angle is small, the sine is equal to the angle, so with that 
limitation (6) becomes 
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47r h1112 
E = Eo (7) 

Ad 

Substituting the value of E, from (1) gives 

hl h2 
E= 24070 HI 

Ad2 

For a half -wave doublet this becomes 

h1h, 
E=88VW- - 

,V12 

(8) 

(9) 

Where the units are volts per meter, watts in the transmitting antenna, 
heights in meters, distance in meters and wavelength in meters. 

Converting h, and h, into feet and d into miles gives 

h1h,f 
E = 0.0105 i li' -- microvolts per meter 

d2 
(10) 

when f is in megacycles. 

This expression is in a very useful form but in using it the condi- 
tions under which it is valid must be borne in mind. These conditions 
are: 

1. The transmitter dipole is a half -wave doublet. 

2. The angle of incidence is small. For horizontal polarization at 
U -H -F, angles up to about 10 degrees are permissible. For verti- 
cal polarization, over earth or fresh water the angle should be 
less than 1 degree and for sea water less than 0.15 degree. 

3. The antennas are at least one and one half wave lengths above 
the earth plane. 

With these restrictions, the expression applies for either vertical or 
horizontal polarization. 

It may be seen that under these conditions the signal intensity 
varies directly with the elevation of both transmitting and receiving 
antennas, directly as the frequency, and inversely as the square of the 
distance. 
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EFFECT OF CURVATURE OF THE EARTH 

The foregoing expressions have been derived on the basis of a plane 
earth. In actual cases the effects of the curvature of the earth must be 
taken into account. The expressions derived may be used within the 
distance where the direct ray does not intersect the earth, that is where 
the receiving antenna is not below the line of sight from the transmit- 
ting antenna. 

At distances less than the electrical horizon, the curvature of the 
earth necessitates a correction to the heights h1 and h_ for use in 
expression (10). This may be visualized by considering the situation 
when the distance is exactly the optical horizon. Then the line -of -sight 
is tangent to the earth and the effective height of the transmitting and 
receiving antennas above this tangent plane is nil. 

Under such conditions the angle of incidence is zero and direct and 
reflected rays coincide and, under the assumptions made for a plane 
earth, the received field would be zero at that distance and for any 
greater distance. 

There are two effects, however, which permit reception beyond the 
optical horizon, namely, refraction and diffraction. 

Refraction causes a bending of the rays, and is due to the effect of 
the earth's atmosphere. Diffraction causes some signal intensity 
beyond the distance where the rays intersect the earth's surface. The 
diffraction phenomenon for radio waves is analogous to the same 
phenomenon in optics. 

In the case of light rays, if an object is interposed between the 
light source and a plane, the shadow region is not perfectly dark but 
receives some light from the rays passing the edge of the shadowing 
object. Similarly the field intensity of a radio wave does not drop 
suddenly to zero beyond the horizon but decreases gradually with dis- 
tance although much more rapidly than for distances within the 
horizon. 

In optics the sharpness of shadow is greater for short wavelength 
light than for long wavelength light. Likewise in radio transmission, 
the signal drops off beyond the horizon more rapidly for the higher 
frequencies. 

The effect of diffraction for a given frequency is constant whereas 
the effect of refraction varies with atmospheric conditions. The signal 
beyond the horizon is therefore not constant but, because of varying 
refractive effect, varies with atmospheric conditions. An effect is 
present then in U -H -F propagation at distance greater than the hori- 
zon, similar to the effect of fading on the longer waves. 
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The distance to the horizon is given by the expression 

D,, =1.225 v'1 
where D,, is in miles 

h is in feet 

This expression is calculated for the mean diameter of the earth at 
approximately 40 degrees latitude. 

It has been stated that refraction causes a bending of the rays and 
this bending is equivalent to an increase in the earth's diameter in its 
effect on the electrical horizon. The average refraction has been found 
to be equivalent to an increase in the diameter of the earth of 33 per 
cent. With refraction taken into account the distance to the electrical 
horizon becomes 

D,, = 1.41 N/h (12) 

where the units are the same as for expression (11). 
T 

h\. 
d A 

4 

2. EARTH 

Because of the variation of refraction with the condition of the 
earth's atmosphere, signal intensity at distances beyond the optical 
horizon varies considerably with time. The signal intensity may vary 
under these conditions plus or minus 15 or 20 decibels. 

Let us consider how to apply the relations expressed in formula 
(10) taking into account the earth's curvature and the average re- 
fraction. 

The conditions are then as shown in Figure 2. As in Figure 1 the 
transmitter and receiver are designated T and R respectively and the 
distance between them by d. The reflected ray has an angle of inci- 
dence, and an equal angle of reflection 13, which determines the ratio 
of distance c to distance g. The tangent plane through the point of 
reflection P intersects the transmitting and receiving antenna supports 
so that the effective elevation becomes only the portion h1 and h2 above 
the tangent plane intersection. 

The height of the tower at the transmitter is h1 + a and at the 
receiver h_ + b. Knowing the tower heights the effective elevations 
h, and h.. may be determined from the expression for the optical hori- 
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zon. If we take into account the average effect of refraction, a and b 

may be expressed by 

cz 
a = - 

2 

g2 b=- 
2 

(13) 

where, as before, c and g are in miles and a and b in feet. 

Subtracting these heights from the tower heights gives the effective 
elevations hl and h2 which may then be substituted in (10) to find the 
received field intensity. 

Expression (10) indicates that the field intensity varies directly 
with frequency so that as the frequency is increased less radiated 
power is required for a given field intensity for a given height and 
distance. Beyond the horizon conditions are materially different how- 
ever, because it has been found that the signal then varies inversely 
as some power of the distance increasing rapidly with frequency. 

Beverage has found empirically that the attenuation of signal 
beyond the horizon follows the law shown by Figure 3. It may be seen 
from this figure that at 40 megacycles the signal field intensity de- 
creases inversely as the 3.6th power of the distance, whereas at 90 
megacycles it decreases as the 5th power of distance. Since this is an 
experimentally determined curve it takes into account diffraction and 
average refraction. In applying this empirical law of variation of 
received field with distance the optical horizon rather than the elec- 
trical horizon should be used, as the electrical horizon, which is on the 
average 15 per cent greater than the optical horizon, is based on 
refraction effects. Likewise in using these experimental data the 
heights of the antennas used are those for plane earth. If the modifi- 
cations for the earth's curvature were used the received signal would 
drop to zero at the electrical horizon since no account is taken in that 
case of diffraction, refraction only being considered. Therefore for 
reception near or beyond the optical horizon the expression for received 
field intensity becomes 

where 

0.0105 VW hl h, f Dr' 2 

E _ (14) 
DN 

E is received field in microvolts per meter 
W is radiated power in watts 
h1 is transmitting antenna height in feet 
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h_ is receiving antenna height in feet 

Ph is distance to the horizon in miles 

D is distance in miles 

f is frequency in megacycles 
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Fig. 3-Law of attenuation beyond the horizon for U-H-F transmission. 

ss 
1 

11 1 

/00 

1 
E « - where D = distance 

DN 

N is the exponent given in Figure 3 as a function of frequency. Within 
the horizon exponent N is equal to two regardless of frequency so that 
DhN-2 equals unity 

D,, = 1.225 V hl + 1.225 VE; (15) 
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In Figure 4 the calculated variation of received field intensity 
with distance has been plotted for the case of 1 kilowatt radiated, a 

transmitter antenna height of 500 feet, a receiving antenna height of 
30 feet and a frequency of 40 megacycles. This curve illustrates the 
more rapid attenuation of signal beyond the horizon as well as the 
inverse square law variation within the horizon. 
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Fig. 4- Calculated field intensity variation 
W = 1 kw. h Trans. = 500 ft. h Recvr. = 30 ft. f = 40 mcs. 

Measured field intensities frequently equal but seldom exceed the 
calculated values because of surface irregularities. The transmitter 
is usually located in an urban territory so that the effects of build- 
ings are present at short distances and at longer distances hills fre- 
quently enter the picture to cause variations from the idealized 
smooth attenuation curve. The field intensity rises, often above the 
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calculated value, on the front slope of hills and drops below the calcu- 
lated value behind the hill. 

APPENDIX 

It has been mentioned above that the simplified expressions are 
valid only for small angles of incidence and for earth with poor con- 
ductivity. For larger incidence angles, and in general over sea water 
for vertical polarization, more rigorous expressions are required be- 
cause of the complex nature of the reflection coefficient. 

The general expression for received field intensity is: 

where 

-E-E, (16) 
2 

Eo is the free space field given by (1) or (2) 

K is the magnitude of the reflection coefficient 

¢ is the phase difference in direct and reflected 
rays 

The angle ¢ includes phase change due to path difference, 8, given by 
(4) and the phase rotation on reflection a. 

That is 

=S-a±a (17) 

The complex reflection coefficient B being - Ker° 

The complex reflection coefficient may be calculated from the follow- 
ing for vertical polarization: 

eo sin ß-VFo-1+sin-ß 
BV- (18) 

F. sin ß+ Veo -1 +sin -ß 

= at, +jby 

For horizontal polarization 

sin /I- V 00- 1 + sin" ß 
Br, = 

sin VI- Veo - 1 + sin- ß 
(19) 
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Fig. 5- Reflection Coefficient for Sandy Soil 

E =9 a =1X106 f= 50mcs. 
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Then, K= V a2 + b- (20) 

a 
a= tan -1- 

b 
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Fig. 6- Reflection coefficient for sea water. 

E = 80 a = 40 X 109 e.s.u. f = 50 mcs. 

For horizontal polarization Kt= 1.0 a = 180° 

/0 
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2a 
eo =e -- (22) 

f 
/3 = angle of incidence 

Where 

e = dielectric constant of reflecting surface 

Cr = conductivity of reflecting surface in e.s.u. 

f = frequency in cycles per second 

Some typical values for e and u are: 

Type of Ground e O' 

Sea Water 80 40 X 10° e.s.u. 

Fresh Water 80 45 X 106 

Sandy Soil 9 1 X 106 

Dry Soil 4 0.1 X 10° 
Fertile Farm Land 15 -25 50 -150 X 106 

The complex reflection coefficient for the two cases of special inter- 
est, dry sandy soil and sea water, are plotted in Figure 5 and 6 
respectively. 

It may be seen that for vertical polarization under the dry ground 
condition changes from 180 degrees to 0 degrees at an angle of in- 
cidence of 18.5 degrees. This is the polarization or Brewster's angle 
in optics and is the angle at which cot ß =\/s. 
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ULTRA -HIGH -FREQUENCY PROPAGATION 
THROUGH WOODS AND UNDERBRUSH *t 

BY 

B. TREVOR# 
Engineering Department, RCA Communications, Inc., 

Riverhead, L. I., N. Y. 

Summary- Measurements of the attenuation of field strength through 
500 feet of woods and underbrush on a frequency of 500 Mc showed a loss 
of approximately 17 to 19 db in summer and 12 to 15 db in winter as com- 
pared with the propagation over level ground. No great difference was 
found between horizontal and vertical polarization. 

At 250 Mc the attenuation through the same section of woods in winter 
showed a 10 db loss with horizontal and a 14 db loss with vertical polariza- 
tion. 

Transmission of 500 -Mc signals over low scrub pines compared with 
that over sand ground showed a reduction of signal due to vegetation which 
can be interpreted as showing reflection rather than absorption of the 
indirect ray from a level considerbly above ground or near the top of 
the vegetation. 

INTRODUCTION 

S 
INCE the use of frequencies above three or four hundred mega - 
cycles is finding increased usefulness the question naturally 
arose concerning the effect of foliage on the propagation of these 

frequencies. We might ask two questions: 

1. What is the attenuation introduced by woods and underbrush 
by transmission through such a mass? 

2. What effect does the foliage have on the indirect ray reflected 
from ground when the direct ray is in the clear above the underbrush? 

MEASUREMENTS 

A few experiments have been made in an attempt to partially 
answer these questions. A square patch of woods 500 feet per side 
on level ground was found whcih allowed a small 500- megacycle oscil- 
lator to be set up at one corner of the woods. The radiating antenna 
was nearly six feet above ground. The receiver in a car was driven 
from the remote corner of the woods along its edge, passing the corner 
of the woods 500 feet from the transmitter, and emerging in the clear 
in order to observe the difference in signal intensity as propagated 
over flat ground as compared with propagation through the trees and 
undergrowth. The receiving antenna was about 7 feet above ground. 

* Decimal Classification: R113.5. 
f Reprinted from RCA REVIEW, July, 1940. 
# Now with the Research Department, RCA Laboratories Division, 

Riverhead, L. I., N. Y. 
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Measurements were made in July with full foliage out and again in 
November with no foliage present. Figure 1 shows a photograph of 
this patch of woods under winter conditions. 

The results of these tests showed no appreciable difference between 
vertically and horizontally polarized transmissions in summer and an 
attenuation of 17 to 19 db due to the trees as compared with trans- 
mission over plain ground. 

In November somewhat lower attenuations were obtained since 
the foliage had dropped off. Using vertical antennas the attenuation 
was approximately 15 db and with horizontal antennas 12 db. 

Fig. 1 

The growth of vegetation was sufficiently dense to obstruct the 
view of the transmitter even with no foliage present. 

Also in November a similar test was made on a frequency of 250 
Mc. In this case the attenuation was measured to be 14 db with 
vertical and 10 db with horizontal antennas. Summer measurements on 
this frequency have not been made. 

It should be pointed out that the accuracy of these measurements 
is not very great due to the bad standing wave patterns in space which 
were observed on the far side of the woods. The values shown above 
represent the best average that could be obtained. 

In July 500 -Mc transmissions were observed over a 500 -foot span 
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of level ground and compared with transmissions of 500 feet over 

low scrub pines. The antennas were above 81/2 feet above ground and 
the height of the undergrowth was approximately 5 or 6 feet. The 
ground at this location was nearly pure sand. With vertical antennas 
transmission over the vegetation showed a loss of 8 db compared with 
transmission in the clear. With horizontal antennas the attenuation 
was 6 db. Figure 2 is a photograph showing a portion of the scrub 
pine area. 

Fig. 2 

CONCLUSION 

From these measurements we conclude that there is considerable 

attenuation of ultra- high- frequency waves in passing through woods 

and underbrush and that there is little difference between vertically 

and horizontally polarized waves. And there is a noticeable difference 

in the attenuation between summer and winter conditions due to the 

absence of green foliage in winter. There is an indication that the 

horizontally polarized waves are attenuated somewhat less, particularly 
under winter conditions. 

Since the signal was attenuated with transmission over low scrub 

pines we are led to conclude that the indirect ground ray was reflected 

from a level above that of the sand ground rather than absorbed by the 

vegetation. Under the conditions of measurement an absorption of the 

ground ray by the vegetation would have given an increase in signal. 
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PROPAGATION STUDIES ON 45.1, 474, AND 2800 
MEGACYCLES WITHIN AND BEYOND 

THE HORIZON' ̀ t 

BY 

GILBERT S. WICKIZER AND ARTHUR M. BRAATEN 

Research Department, RCA Laboratories Division, 
Riverhead, L. I., N. Y. 

Summary -Continuous recordings of field strength on 474 and 2800 
megacycles, over a period of 18 months, revealed maximum values three to 
four times the free -space field at distances of 42.5 and 70.1 miles from the 
transmitting site atop the Empire State Building, New York City. Record- 
ings on 45.1 megacycles during the same period, on a reduced schedule, did 
not exhibit the large variation found on the higher frequencies. Refraction 
was found to be greater in the summertime, the strongest periods occurring 
at night or in the early morning. Refraction greater than normal was not 
evident when the average wind velocity was above 13 miles per hour. A 
study of weather conditions during the periods of strongest refraction indi- 
cated that roughly 60 per cent of the gradients were of the frontal type, 
involving different air masses, and approximately 60 per cent of the 
gradients were higher than 100 feet above the earth's surface. 

INTRODUCTION 

PROPAGATION studies in the very- high- frequency region (30 to 
300 megacycles) have been reported by a number of investi- 
gators. The effects of reflection, diffraction, and refraction 

were outlined in an early paper by Schelleng, Burrows, and Ferrell.' 
As the laws governing propagation within the horizon became better 
known, more interest was focussed on the subject of variations observed 
at greater distances. Burrows, Decino, and Hunt have reported on the 
stability and fading characteristics of 150 megacycles over a nonoptical 
path? Analysis on a statistical basis and correlation with atmospheric 
conditions require continuous observations for extended periods to 
attain worth -while results. The relatively early work of Hull on this 
subject was a valuable contribution in explaining the nature of refrac- 
tion and revealing the magnitude of its effects.' 5 Englund, Crawford, 

Decimal classification: R113.501. 
f Reprinted from Proc. I.R.E., July, 1947. 
1J. C. Schelleng, C. R. Burrows, and E. B. Ferrell, "Ultra- short -wave 

propagation," Proc. I.R.E., vol. 21, pp. 427 -463; March, 1933. 
C. R. Burrows, A. Decino, and L. E. Hunt, "Stability of two-meter 

waves," Proc. I.R.E., vol. 26, pp. 516 -528; May, 1938. 
' R. A. Hull, "Air -mass conditions and the bending of ultra -high- 

frequency waves," QST, vol. 19, pp. 13 -18; June, 1935. 
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and Mumford suggested that seasonal variation in refraction was due 

to corresponding changes in water -vapor content of the air, and they 
were able to verify the existence of dielectric- constant gradients 
through frequency -sweep methods.8.7 MacLean and Wickizer demon- 
strated that fading was random and increased with distance.8 

The rapid extension of the frequency spectrum in the centimeter 
region as a result of wartime research opened up a new field for propa- 
gation studies. The application of new techniques permitted construc- 
tion and operation of equipment at frequencies far above the range of 
previous propagation studies. Thus a need was suddenly created for 
information on the propagation of signals in the ultra- and super -high- 
frequency bands (300 to 30,000 megacycles). The present paper de- 
scribes the results of simultaneous field -strength measurements on 45.1, 

474, and 2800 megacycles at two distant points, one of which was 
beyond the horizon. The more important meteorological factors influ- 
encing refraction in the lower atmosphere were studied. 

PROPAGATION PATHS AND EQUIPMENT 

Transmission Paths 
The transmitters were located in the tower of the Empire State 

Building, New York City, and the receiving locations were at Haup- 
pauge and Riverhead, Long Island, New York, 42.5 and 70.1 miles 
distant, respectively. The transmission paths 'are shown on the map 
in Figure 1. The difference in azimuth between the two paths is 3 

degrees. Although transmission was over land, the presence of large 
bodies of water on both sides no doubt influenced propagation condi- 
tions to some extent. 

The profiles along the two transmission paths are depicted in 
Figures 2 and 3. Elevations above sea level are plotted vertically, while 
distances along the earth's surface are plotted horizontally. The datum 
line corresponding to sea level is in the form of a parabola, elevation 

4 R. A. Hull, "Air -wave bending of ultra- high- frequency waves," QST, 
vol. 21, pp. 16 -18, 76 -82; May, 1937. 

5 A. W. Friend, "A summary and interpretation of ultra- high- frequency 
wave -propagation data collected by the late Ross A. Hull," Proc. I.R.E., vol. 
33, pp. 358 -373; June, 1945. 

8 C. R. Englund, A. B. Crawford, and W. W. Mumford, "Further studies 
of ultra -short -wave transmission phenomena," Bell Sys. Tech. Jour., vol. 14, 
pp. 369 -387; July, 1935. 

7 C. R. Englund, A. B. Crawford, and W. W. Mumford, "Ultra- short- 
wave transmission and atmospheric irregularities," Bell Sys. Tech. Jour., 
vol. 17, pp. 489 -519; October, 1938. 

8 K. G. MacLean and G. S. Wickizer, "Notes on the random fading of 
50- megacycle signals over nonoptical paths," Proc. I.R.E., vol. 27, pp. 501- 
505; August, 1939. 
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Fig. 1 -Map of Long Island, showing locale of measurements. 
Transmission paths from Empire State Building to receiving 

sites at Hauppauge and Riverhead are indicated. 

T¡ Ant 
a- 451M.. 
b - 474 M. 
c-2600 Mc 

15 20 25 30 30 
DISTANCE - MILES 

Fig. 2- Profile along optical path between New York and Hauppauge. Earth 
radius of 4/3 assumed, for condition of standard refraction. Observe elevated 
location of transmitters as compared with that of the receivers, and absence 

of unobstructed reflecting regions. 

E.,... Std. B1I6.NYC 

h.tw 
w 

30 b 
DISTANCE - MILES 

Fig. 3- Profile along nonoptical path between New York and Riverhead, 
based on 4/3 earth radius. Note presence of relatively high ground near 

center of path. 
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falling with distance from the mid -point of the path according to the 
relation 

d2 
(1) 

2 

where h is in feet and d in statute miles. This relation is based on 

an earth's radius of 4/3 to correct for standard atmospheric refraction. 
The foregoing method of representing transmission -path profiles is 

simple and convenient. Because of the radically different scale factors 
for height and distance which must be employed to show a useful 
amount of detail, curved lines and angles will become distorted; but 
all straight lines, such as the paths taken by direct and reflected rays, 
remain straight. The accuracy with which elevations and distances can 
be read from such a profile is limited only by the respective scales 
chosen for plotting. 

The transmission path from the Empire State Building to the 
receiving site at Hauppauge was "optical" on a 4/3- earth's -radius 
profile. The clearance between the direct ray and ground level at a 
distance of 34.3 miles from the transmitter was 70 feet. This point 
is indicated by p in Figure 2. 

The transmission path to Riverhead was beyond the horizon ; the 
receiving antennas were roughly 450 feet below line -of -sight on a 
4/3- earth's- radius profile. The earth's -radius factor had to be greater 
than 2.3 to provide an "optical" path to the two lower- frequency 
antennas, and the path to the 2800 -megacycle antenna became "optical" 
when the radius factor was greater than 3. 

Transmitting Equipment 

The regular transmissions of W2XWG, the frequency -modulated 
transmitter of the National Broadcasting Company, were used for the 
propagation study on 45.1 megacycles. The radiated power from this 
transmitter was equivalent to 750 watts in a horizontal half -wave 
doublet. The transmission schedule was from 2 to 10 P.M., Eastern 
Standard Time, daily, except Thursdays and Fridays. The power output 
was maintained within 0.5 decibel. 

The transmitter on 474 megacycles was of the master -oscillator 
power -amplifier type, with a high degree of frequency stability. The 
transmitter output was 17.6 watts at the beginning of the test and 4.1 

watts at the end of the test, a decrease of 6.3 decibels. The antenna 
was a special horn having a total aperture of 7 square feet. The width 
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of the radiated pattern at half -power points was 44 degrees in the 
horizontal plane and 27 degrees in the vertical plane. The equivalent 
radiated power was not measured directly, but was expressed as the 
resulting free -space field E0. This was obtained from local measure- 
ments using the same receiving antenna as was used in the final 

installation. The voltage delivered by the receiving antenna and trans- 
mission line was measured under conditions of free -space propagation, 
at distances of 30 to 100 feet. The measured values were then extrapo- 
lated to distances of 42.5 and 70.1 miles to serve as the values of free - 
space received voltage at the distant receiving points. The output of a 

thermocouple monitor pickup in the transmitter horn was recorded 
continuously to provide a record of transmitter output. Vertical polari- 
zation was used on this frequency. 

The 2800 -megacycle transmitter contained a Westinghouse WL-410 
klystron. The transmitter output decreased from 4.2 watts at the begin- 
ning of the test to 0.7 watt at the end of the test, a change of 7.8 

decibels. The transmitter output was fed through a wave guide to a 

small horn having an aperture of 1.66 square feet. The width of the 
radiated pattern at half -power points was 14 degrees in the horizontal 
plane and 17 degrees in the vertical plane. The antenna was equipped 
with a thermocouple monitor similar to that in the 474- megacycle horn. 
Transmissions were vertically polarized on this frequency. 

Receiving Equipment 
The receiving equipment at Hauppauge was installed in a tempera- 

ture- controlled room and all supply voltages were regulated. Only the 
474 -megacycle receiver was equipped with automatic frequency control. 
The diode outputs of the three receivers were recorded individually on 
an Englehard four -color recorder, which operated at a chart speed of 
3/4 inch per hour. Calibrations of receiver gains were checked with 
standard- signal generators three times weekly. A summary of the 
antenna systems used at Hauppauge is given in Table I. 

The antenna facilities and receiving equipment at Riverhead were 
essentially duplicates of the Hauppauge installation. The receiving 
equipment was installed in two separate buildings which were tem- 
perature controlled. A small building housed the 45.1- and 474 - 

megacycle receivers, while the 2800 -megacycle receiver was located in 

one of the laboratory spaces where it could be watched more con- 
veniently. An Engelhard two -color recorder was used on 45.1 and 474 

megacycles, and a Bristol moving -pen recorder was used on 2800 

megacycles. The chart speed on the latter was 1 inch per hour. The 
antenna heights at Riverhead are listed in Table II. 
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Table I.- Hauppauge Antennas 

Antenna Transmission Line 

Frequency, 
(mega- 
cycles) Type 

Height, feet 

Above 
Above sea Loss 
ground level Type (decibels) 

45.1 X/2 doublet 82 280 Twisted pair 4.8 

474 Parabolic reflector, 
area 12.5 square feet 100 298 Coaxial 4.6 

2800 Horn, area 5.6 
square feet 90 288 Wave guide 1.3 

Table II- Riverhead Antenna Heights 

Height, feet 

Antenna 
frequency Above Above 

(megacycles) ground sea level 

45.1 132 154 

474 124 145 

2800 68 87 

DISCUSSION OF RESULTS 

General Observations 
The signal recordings from the three charts were analyzed, and 

plotted to show hourly ranges of signal strength on all frequencies at 
both receiving locations. The received fields were compared to their 
free -space values E0, and the comparison expressed in decibels. This 
method of expressing field strength provides comparative measure- 
ments on the transmission path only, since equipment factors such as 
transmitter power, antenna gain, and transmission -lie loss are meas- 
ured ad removed from the result. Thus, the quality of the transmission 
path may be quickly recognized. Sample plots illustrating the general 
performance of the three frequencies at Hauppauge and Riverhead, in 
summer and winter, are found in Figures 4 and 5. 
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local standard time. At this time of day, any atmospheric stratification 
which may have formed during the previous night has been broken up 
by convection, and transmission is through a turbulent medium. The 
amount of refraction at such times will be referred to here as "normal 
refraction," and the corresponding signal strength will be called the 
"undisturbed level." Usually, this level is easily recognized on the two 
higher frequencies, and is a convenient reference level to use as a basis 
for fading analyses. 

Transmission Within the Horizon 
As would be expected, reception within the horizon was marked by 

strong signals, with some fading present. Signal- strength variations 
were larger on the two higher frequencies, especially in the case of 
fading minimums. A summary of the measurements at Hauppauge is 
complicated somewhat by slight seasonal variations in the undisturbed 
levels. Values for the undisturbed levels contained in Table III are 
average values obtained over the period of the recording. 

Table III- Hauppauge Signal- Strength Summary 
(All compared to E,,, in decibels) 

Frequency Undisturbed Highest Lowest 
(megacycles) Level Maximum Minimum 

45.1 -21 -13 -29 
474 - 4 +10.5 Below -30 

2800 - 2 +12 Below -25 

Attempts at determining the field strengths to be expected at 
Hauppauge on a theoretical basis, on the three widely separated 
frequencies, brought to light several interesting points. It will be 
evident, by referring to Figure 2, that regular reflections of the Empire 
State transmissions reaching the receiving antennas would be expected 
to originate in a region some eight miles short of Hauppauge. As can 
be seen, the profile in the vicinity of this point is quite irregular and 
is not an ideal reflecting surface. The terrain consists of several areas 
of reasonably flat ground a few miles in extent, separated from each 
other by small ranges of hills rising to about 100 feet above the sur- 
rounding ground. At 45.1 megacycles these hills represent roughness 
in the reflecting surface of 4 to 5 wavelengths in height. Theoretically, 
such roughness should not impair reflection at angles near grazing, 

www.americanradiohistory.com

www.americanradiohistory.com


PROPAGATION AT 45.1, 474, AND 2800 MEGACYCLES 101 

provided the roughness is fairly well distributed. Such does not appear 

to be the case here, as an examination of the profile will reveal. Never- 

theless, reflection apparently is not seriously affected. The undisturbed 
level of 21 decibels below free space received on 45.1 megacycles at 
Hauppauge would be realized with a reflection coefficient of 0.9, with 

the reflection taking place on a plane coinciding with the top of the 

ridge designated by p in Figure 2. Any diffraction effect occurring on 

this frequency would appear to be masked by the relatively greater 
reflection effect. 

At 474 and 2800 megacycles, the hills at p represent roughness of 

approximately 50 and 300 wavelengths, respectively, and these orders 
of roughness are theoretically too large to allow regular reflections. 

Calculated fields on the basis of reflection theory on these frequencies 
were not in as good agreement with measured values as they were on 

45.1 megacycles. Evident y, on the higher frequencies, w'th obstruc- 
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Fig. 6- Example of synchronous fading of opposite phase over an optical 
path, transcribed from record taken at Hauppauge. 

tions of this size, the effects of diffraction predominate, and it was 

found that calculations on the basis of diffraction theory produced 
values which agreed well with measured values of undisturbed levels. 

Signal traces on the two higher frequencies were observed to move 

in opposite directions during many of the disturbed periods. This 
opposite fading usually took the form of an increase in strength on 

474 megacycles, and a slight increase, followed by a decrease, on 2800 

megacycles. In many cases the 474 -megacycle signal passed through a 
maximum at the same time that the 2800 -megacycle signal was near 
its minimum level. This condition is not easily explained on the basis 
of the same transmission path for both frequencies, since the path 
difference to produce the first maximum on 474 megacycles would be 

31.6 centimeters, while the path difference to produce the first minimum 
on 2800 megacycles would be 10.6 centimeters. An' interesting section 
of chart, illustrating opposite fading within the horizon, is found in 

Figure 6. Two distinct types of signal- strength variation are present, 
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one in which the two frequencies vary in opposite directions, and the 
other in which both frequencies more together. This suggests that, in 
this case, a distinct change in propagation conditions took place between 
midnight and 1 A.M. The weather instruments at Hauppauge indicated 
a steep surface gradient in dielectric constant from midnight to 6 A.M., 
and the weather map taken at 1:30 A.M. showed the presence of rela- 
tively dry air at the surface, with overlying maritime tropical air, so 
it is quite possible that the opposite fading in the early evening was 
due to refraction at higher altitudes, and the smooth fading after mid- 
night was due to the surface gradient. 

The Hauppauge records were inspected to determine what propor- 
tion of the time that opposite fading occurred. Each month was 
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Fig. 7 -Per cent of time in months in which opposite fading occurred on 
474 and 2800 megacycles at Hauppauge. 

analyzed separately, on an hourly basis, and the result plotted in Figure 
7. Since opposite fading on this particular path was found to be an 
indication of strong refraction, it appears from this graph that condi- 
tions were most disturbed during August, and least disturbed during 
February, 1944. 

A statistical analysis of the field- strength variation at Hauppauge 
is found in Figures 8, 9, and 10. Due to lack of time, it was not possible 
to anályze the 474- and 2800 -megacycle signals with respect to Eo. 
Referring to Figure 8, the performance of 45.1 megacycles within the 
horizon exhibits a resemblance to a normal probability distribution, 
especially the data for the month of August. The relatively sharp drop 
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Fig. 8 -Per cent of time per month that received field at Hauppauge on 45.1 
megacycles was less than indicated level, referred to free space. Summer 

and winter conditions. 

at the low end of the February curve was due to a single deep fade 
which may not have been representative, since there were three fades 
below -26 decibels during August, which were not as long nor as deep. 
It is of interest to note that the field strength was generally greater 
in the winter, by a measurable amount. The average normal- refraction 
level in February was found to be 2.5 decibels higher than in August. 
It is possible that the reduction in field strength during the summer 
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474 mc 

_ ..... --- HAUPPAUGE - 
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PER CENT OF TIME SIGNAL WAS BELOW ORDINATE 

Fig. 9 -Same as Fig. 8, but for frequency of 474 megacycles. Note that field 
here is compared to undisturbed level, rather than free space. 
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was due to improved reflection from vegetation, thus reducing the 
resultant of the direct and reflected rays. The normal- refraction level 

during August was 22.7 decibels below E0, and during February, 20.2 

decibels below E0. Note that these curves are for the daily period of 

2 P.M. to 10 P.M. Eastern Standard Time, only. 
The greater signal -strength variation on 474 megacycles is evident 

in Figure 9, as is the difference in performance during summer and 
winter. In February, 474 megacycles showed less over -all variation 
than 45.1 megacycles, but more variation was present in the summer, 
especially below the undisturbed or normal -refraction level. On this 
frequency, the undisturbed level was also higher in February, by 3.3 

decibels. The normal- refraction level in August was 5.8 decibels below 
E0, and in February, 2.5 decibels below E0. 

AUG. 

FEB. 
FEBRUARY 

1944 
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1943 

21300M. 
NAUPPAUGE 

01 10 50 90 99 999 9999 

PER CENT OF TIME SIGNAL WAS BELOW ORDINATE 

Fig. 10 -Same as Fig. 9, but for 2800 megacycles. 

Signal- strength variation on 2800 megacycles was greater than that 
on 474 megacycles, as indicated by Figure 10. Points of interest are 
the large proportion of the time that the higher frequency was below 

the undisturbed level in August, and the low minimum values of field 

strength recorded. During the summer, 2800 megacycles, within the 
horizon, was below the normal- refraction level for roughly ten times 
the length of time that 474 megacycles was. Comparison of the normal - 
refraction level in winter and summer on 2800 megacycles reversed the 
condition observed on the lower frequencies. The normal- refraction 
level in August was 0.8 decibel above E0, and in February, 3.3 decibels 
below E0, a difference of 4.1 decibels. 
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Transmission Beyond the Horizon 
Performance beyond the horizon was marked by lower signal levels 

and greater variations than within the horizon. Comparing normal - 
refraction fields within and beyond the horizon, the highest frequency 
was attenuated most in passing over the horizon, and the lowest fre- 
quency was attenuated the least. Variations generally took the form 
of an increase in field strength, with the highest frequency showing 
the largest increase. 

Curves showing the performance of 45.1 megacycles at Riverhead 
are found in Figure 11. The field strength was more variable in the 
summer, so at times there was no undisturbed level, or it was not clearly 
defined. From the available data, the undisturbed level appeared to be 
about 35 decibels below E0, both summer and winter. 

AUGUST 
1943 
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EBBUARY 
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AUG 

45.1 Mc RIVERHEAD 
2PM. TO IOPM ONLY 

801 al 10 50 90 99 999 9999 
PER CENT OF TIME SISNA1. WAS BELOW ORDINATE 

Fig. 11 -Per cent of time per month that received field at Riverhead on 45.1 
megacycles was less than indicated level, referred to free space. Summer 

and winter conditions. 

The signal on 474 megacycles was more variable than that on 45.1 
megacycles, as shown in Figure 12. The curves are approximate below 
-5 decibels (from the undisturbed level) in August, and below 0 deci- 
bels in February, due to the low signal levels received on this frequency 
beyond the horizon. The undisturbed level on this frequency was about 
3 microvolts delivered to the receiver input terminals. It is interesting 
to note that 474 megacycles beyond the horizon attained signal levels 
more than 35 decibels above the normal -refraction level. The maximum 
recorded on this frequency was 10.5 decibels above E0. The normal - 
refraction level was slightly higher in the summer, being 31.5 decibels 
below E in August and 33 decibels below E in February, a difference 
of 1.5 decibels. 
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Fig. 12 -Same as Fig. 11, but for frequency of 474 megacycles. Note that 
field here is compared to undisturbed level. 

The normal- refraction level on 2800 megacycles at Hiverhead was 
50 to 60 decibels below the free -space value, and was too weak to 
measure quantitatively. For this reason, the field -strength recordings 
were compared to E0, as shown in Figure 13. The seasonal variation is 
quite striking, as are the slopes of the curves. The maximum signal 
received was 13 decibels above E,,, and the minimum could not be dis- 
cerned, so it is quite likely that the signal level was zero at times. In 
general, field- strength levels were appreciably higher on this frequency 
in the summer. In August, the signal could be heard through the day- 

410 

AUGUST 
194 

2800 Mc 
RIVERHEAD 

FEBRUARY 
1944 

30 

C11 IO 50 90 99 
PER CENT OF TIME SIGNAL WAS BELOW ORDINATE 

99.9 9999 

Fig. 13 -Same as Fig. 11, but for 2800 megacycles. 

www.americanradiohistory.com

www.americanradiohistory.com


PROPAGATION AT 45.1, 474, AND 2800 MEGACYCLES 107 

light hours, with an average strength about 50 decibels below E0. In 
February, however, the signal could be heard at 2 P.M. only about one 
day out of ten, at a level from 50 to 55 decibels below the free -space 
value. In general, the signal levels on 474 and 2800 megacycles followed 
the same broad pattern beyond the horizon, although the 474 -megacycle 
signal showed less over -all variation. 

Since the 2800 -megacycle signal was most responsive to changes 
in propagation conditions, its performance was chosen for further 
study. The recordings were analyzed to determine the proportion of 
time that the signal was above -35 decibels from the free -space value. 
A graph showing this characteristic by months is shown in Figure 14. 
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Fig. 14-Per cent of time, by months, that the 2800 -megacycle field was 
sufficiently strong to produce a recordable signal beyond the 

horizon at Riverhead. 

This graph is very similar to Figure 7, showing opposite fading at 
Hauppauge, especially during the winter months. While there appears 
to be, over a long period of time, a general correlation between oppo- 
site fading at Hauppauge and reception of 2800 megacycles at River- 
head, comparisons over shorter periods than a month do not show as 
good correlation. Under conditions of opposite fading at Hauppauge, 
the 2800 -megacycle signal was usually received at Riverhead, but the 
converse did not hold. The seasonal nature of abnormal refraction is 
clearly demonstrated by this graph, with the most consistent strong 
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refraction occurring in the three summer months of June, July, and 
A u gust. 

The days and hours during which the 2800 -megacycle signal ex- 
ceeded 6 decibels above the free -space value at Riverhead were tabu- 
lated, and the corresponding weather conditions were analyzed. It was 
found that the signal exceeded the above level in 65 hourly periods, 
distributed over 37 days. Figure 15 shows the distribution of these 
conditions by months. The days with unusually strong refraction were 
rather uniformly distributed through the summer months, including 
the month of September. Although this graph indicates a definite 
maximum in August, 1943, the cagaries of the weather could conceiv- 
ably shift the maximum to one of the other three months in which 
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Fig. 15- Number of days and hours, by months, during which 2800 
megacycles at Riverhead exceeded twice the free -space value. 

unusually strong refraction periods occurred. Diurnally, the most 
prevalent time of unusually strong refraction was between 5:30 and 
6:30 A.M. 

WEATHER STUDIES 

Atmospheric Gradients 
The exceptionally high signal levels reached by the 2800 -megacycle 

signal at Riverhead could not fail to arouse an interest in knowing 
more about the weather conditions which produced such strong refrac- 
tion. Although very little time could be devoted to such a broad field, 
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it was hoped that some information could be obtained with the limited 
facilities available. 

Two hair -type h3grothermographs loaned by the Radiation Labora- 
tory of the Massachusetts Institute of Technology were installed at 
Hauppauge to record temperature and relative humidity of the air at 
two heights above the ground. From the measurements of temperature, 
pressure, and relative humidity, the dielectric constant of the air may 
be calculated from the following formula: 

157.5 4800e,,, 
(E-1) 106= 

T Cp+ T 
(R.H.)1 

where t = dielectric constant of the atmposphere 

T = absolute temperature in degrees Kelvin 

p = total atmospheric pressure in millibars 

em = maximum water vapor pressure in millibars 

R.H. = relative humidity (e /e,,,), in terms of pressure. 

(2) 

Knowing the value of the dielectric constant at two heights above 
ground establishes the dielectric- constant gradient, de /d /t. The labor 
of calculating the dielectric constant for continuous recording was 
shortened appreciably by neglecting the variations in atmospheric 
pressure, leaving only the constant pressure difference due to height, 
and by the construction of special nomograms which were much more 
accurate than the recording instruments. From the dielectric- constant 
gradient, the earth's- radius factor k was obtained from the relation 

1 
k= (3) 

de 
1+10.4-X106 

dh 

where de/dh= dielectric- constant gradient. 
Two plots comparing reception of signals at Riverhead with the 

equivalent earth's- radius factor measured at Hauppauge are found in 
Figures 16 and 17. There appears to be some correlation between the 
surface refraction at Hauppauge and reception of signals at River- 
head in the month of April, but refraction, in terms of k, in July is 
negative (i.e., bending greater than earth's curvature) most of the 
time. It might be pointed out that, under the circumstances, good 
agreement should not be expected. The concept of the factor k as a 
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Fig. 16- Comparison of received fields on 474 and 2800 megacycles at 
Riverhead to surface refraction near center of path at Hauppauge, 

in April in terms of equivalent earth's radius. 

k 

measure of refraction presupposes a homogeneous atmosphere in 
which uniform bending of the ray takes place throughout the path. 
For the Riverhead path, such a condition, over an extended period of 
time, would be rarely encountered; atmospheric conditions, in general, 
would not be uniform either horizontally or vertically. A sample of the 
atmosphere taken at a single point along the path, and near the sur- 
face, would obviously not be representative of conditions along the 
path as a whole. Furthermore, it is quite likely that instrument errors 
were responsible for some of the extreme values of k in Figure 17. 

The degree of accuracy required in weather instruments used for 
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measurement of dielectric- constant gradients (and consequently k) 
was found to be very great. This is due, for the most part, to the 
fact that the dielectric -constant gradient is determined from the 
difference between two values of dielectric- constant measured in a 
relatively small height interval. Working with height intervals in 
the vicinity of 100 feet, it was found desirable to be able to read 
temperature to 0.1 degree Fahrenheit, and relative humidity to 0.5 
per cent. 

In spite of the limitations of the weather instruments, it was 
hoped that some information of value could be derived from a study 
of records obtained with various height intervals, near the earth's 

Fig. 18- Atmospheric gradi- 
ent conditions at Hauppauge. 
Changes in temperature, rel- 
ative humidity, and dielectric 
constant (for a constant 
height interval of 100 feet) 
for three layers near the 

earth's surface. 
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surface. If hourly values of difference in temperature and relative 
humidity are averaged over a sufficient period of time, any existing 
diurnal trend in the related dielectric- constant gradient should be- 
come apparent. The effects of random instrument errors would be 
minimized, although, of course, constant errors would be unaffected. 

In Figure 18 will be found a comparison of gradients measured near 
the ground, at three different spacings in height. These three condi- 
tions permit inspection of a "thin" and a "thick" layer of air near the 
ground, and a fairly thick layer somewhat removed from the direct 
influence of the ground. In plotting the curves, all gradients were con- 
verted to a common height interval of 100 feet, in order to compare 
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their slopes. Unfortunately, it was not possible to conduct simultaneous 
measures at the various heights, but it was felt that the average of two 
weeks' data for each condition should be significant, especially if in- 
terpreted with the help of other weather information. Inspection of 
available weather records indicated that the general weather con- 
ditions were practically the same for the three measurment periods, 
which covered the interval from July 14 to August 28, 1943. 

The curves of temperature and relative- humidity gradients (Figure 
18) show, as might be expected, a temperature inversion and higher 
relative humidity at the surface during the night. However, the 
curves of the derived dielectric- constant gradients do not exhibit the 
definite trends of the corresponding temperature and relative- humidity 
gradients. In the diurnal heating and cooling of the same air mass, 
the relationship of the temperature and relative humidity is such as 
to result in a compensating effect on the value of the dielectric constant 
as calculated from (2). Thus it is possible to have definite changes 
in temperature and relative humidity, with little change in correspond- 
ing dielectric constant. Close inspection reveals a fairly definite in- 
crease of gradient about two hours after sunrise; this agrees with 
the early- morning increase in signal strength observed many times 
on the records at Riverhead. 

From Figure 18, it is apparent that the steepest dielectric- constant 
gradients were in the 22 -foot layer nearest the ground, followed by the 
127 -foot layer, with the smallest gradients in the 100 -foot layer which 
was above the ground. This apparent irregularity is explicable as 
follows. The 100 -foot layer was well above ground, and thus did not 
embrace gradients near the surface; the 127 -foot layer included this 
surface region. Thus, the three curves are in agreement, and indicate 
that the largest dielectric- constant gradients are found nearest the 
earth's surface. 

The general weather conditions prevailing during the periods of 
unusually strong refraction (Figure 15) were studied in an attempt to 
divide the types of gradient into three classes: (1) the frontal type, 
involving different air masses; (2) the radiation type, in which the 
lower layers of the same air mass are modified by the influence of the 
earth's temperature; and (3) a combination of the two types. Weather 
information was obtained from the daily weather maps, temperature 
and humidity recordings at two heights above ground at Hauppauge, 
and local observations at Riverhead. The Weather bureau co- operated 
by furnishing radiosonde data on days of especial interest. As a rule, 
the weather conditions to produce unusually strong refraction were 
definite enough to permit the type of gradient to be classified. The 
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analysis indicated that frontal gradients accounted for 62 per cent of 
the total number of hourly periods of unusually strong refraction; 
radiation gradients, 23 per cent; and a combination of the two, 15 

per cent. Analysis of the temperature and relative- humidity recordings 
at Hauppauge revealed that a steep surface gradient of dielectric con- 

stant was present in 39 per cent of the hourly periods of unusually 
strong refraction, and no appreciable gradient was indicated in the 
remaining 61 per cent. Although these figures appear to duplicate 
those already given, there were cases of local movements of different 
air masses which were measured in a height difference of 100 feet, 
and there were other typical examples of rediation -type gradient in 

which both instruments indicated a high value of dielectric constant. 
Under the latter condition, the gradient producing the refraction was 
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evidently above the weather instruments. 
it may be concluded that the controlling gradient is more than 100 feet 
above the ground in about 60 per cent of the cases when unusually 
strong signals are received beyond the horizon on this particular trans- 
mission path. 

Wind Effects 
Since strong refraction is dependent on more or less stratified 

layers of air, the effect of wind would be to break up this stratifica- 
tion, especially near the surface of the earth. An anemometer was 
installed above 70 feet above the ground at Riverhead, to record the 
average wind velocity. Results of a study of the effect of surface 
wind velocity on the reception of 2800 megacycles at Riverhead are 
found in Figure 19. The curves represent the number of hours during 

5 
AVERAGE WIND VELOCITY- P. M.11. 

From the above discussion, 
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which the signal was above the receiver threshold when the average 
wind velocity was greater than indicated. The "number of hours" was 
obtained from the analyzed data for convenience, and does not repre- 
sent true integrated time; the figure for wind velocity was an hourly 
average. The curves indicate a fairly definite upper limit to the surface 
wind velocity which would permit strong refraction on this radio 
circuit. This value was slightly over 13 miles per hour. The slopes of 
the separate curves are relatively constant at low velocities, suggest- 
ing that strong refraction was independent of surface wind velocity 
below 6 to 8 miles per hour. The gradual change in the slope of the 
curves for the individual months as the weather became colder is also 
of interest. The curve for August represents only 19 days; September 
was the first full month of wind -velocity recording. 11 r11 _ iiiiiii'iiiiiiiiiiiiiiiiiiiiiii=i /1111111 1111111 1111 u\ 

NORMAL r/q W11111III REFRACTION //1IV '/I tI111\ 1/\\\I11 UI 11\1\ /,aN 1/ 111M\ 'l1WN\11111 11IL\\\ II1111111111 ,.\ //!\\:::1 \N_ MU RIA 1111ì\ \0\ 
5 10 15 20 25 30 35 

AVERAGE WIND VELOCITY -M.P. H. 

Fig. 20- Comparison of surface wind velocities for months of September 
and February. Normal refraction usually obtained for wind velocities above 

13 miles per hour. 

Figure 20 contains direct plots of the average wind velocity at 
Riverhead during the months of September, 1943, and February, 1944. 
The comparison indicates the more active circulation of air in the 
winter, which prevented the formation of gradients. Another point of 
interest is that, although the wind performance below 5 miles per hour 
was practically the same for September and February, the slopes of the 
curves for these months in Figure 19 are quite different, a direct indi- 
cation that factors other than wind velocity were controlling refraction. 

The weather records during the periods of unusually strong re- 
fraction shown in Figure 15 were chosen for further study. The 
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average wind velocity, during period of wind -velocity recording at 
Riverhead, was found to be 3.3 miles per hour, a value well down on 
the curves of Figure 19. The average water -vapor content of the air, 
as measured by the specific humidity, was 11.6 grams per kilogram 
of air. This corresponds to air at 70 degrees Fahrenheit, 74 per cent 
relative humidity, and 1000 millibars pressure, typical of summer con- 
ditions on Long Island. Since refraction is dependent on both tem- 
perature and water -vapor content, these cannot be discussed sepa- 
rately. In general, strong refraction was more frequent when the 
water -vapor content was high, as indicated above. Although refrac- 
tion greater than normal was evident on rare occasions with specific 
humidities one -tenth the above value, such quantities of water vapor 
require severe temperature inversions to produce strong refraction, 
a condition seldom experienced on Long Island due to the stabilizing 
influence of the Atlantic Ocean and Long Island Sound. 

CONCLUSIONS 

Within the horizon, the normal- refraction signal level tended to 
approach the free -space value as the frequency increased. Variations 
in field strength also increased with frequency, usually taking the form 
of a reduction in field strength at the highest frequency. Maximum 
levels observed on the higher frequencies were three to four times the 
free -space value. Opposite fading between 474 and 2800 megacycles 
within the horizon was most prevalent during the summer months, and, 
in general, was accompanied by strong refraction for the signals beyond 
the horizon. 

Beyond the horizon, under conditions of normal refraction, the 
highest frequency became the weakest of the three. Variations in field 
strength were generally in the nature of an increase in field strength, 
especially at the highest frequency. Maximum values on 474 and 2800 
megacycles were three and four times the free -space value, respectively. 
Refraction, as indicated by the reception of 2800 megacycles beyond the 
horizon, was at a maximum in August, and at a minimum in February. 

In the field of weather studies, strong refraction did not take place 
when the surface wind velocity was greater than about 13 miles per 
hour. In studying gradients of dielectric constant near the earth's 
surface, the steepest gradients were found nearest the earth. Periods 
of unusually strong refraction beyond the horizon occurred most fre- 
quently in the summer, with the boundaries between different air 
masses predominating in the formation of gradients, usually at heights 
more than 100 feet above the surface of the earth. 
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FIELD STRENGTH OF MOTORCAR IGNITION 
BETWEEN 40 AND 450 MEGACYCLES *t 

BY 

R. W. GEORGES 

RCA Gnununie:Ohms. Inc., Riverhead, 1.. 1., N. Y. 

Summary -Measurements of motorcar -ignition peak field strength were 
made on frequencies of 40, 60, 100, 140, 180, 240, and 450 megacycles. Propa- 
gation was over Long Island ground and the receiving antennas were 35 
feet high and 100 feet from the road. Under these conditions, the average 
field strength varied about 2 to 1 over the frequency range. Curves show 
the ?naximum field strength versus frequency for 90, 50, and 10 per cent 
of all the measurements. Vertical and horizontal polarization are compared 
showing slightly greater field strength, in general, for vertical polarization. 
New cars, old cars, and trucks are compared showing no large differences 
of ignition field strength. 

Some of the factors involved in motorcar- ignition radiation are men- 
tioned. Theoretical propagation curves are included and the measuring 
system is briefly discussed. 

iT IS generally appreciated that motorcar ignition produces radio 
waves which are rather difficult to measure and evaluate. The 
annoyance factor of ignition interference cannot be established 

without reference to the type of communication service, the nature 
of the intelligence to be received, the over -all discrimination against, 
or tolerance for such interference, propagation factors, and the sources. 

Ignition interference can, for a large number of services, be esti- 
mated when the probable peak value of ignition field strength is known. 
It is not practical to consider in this paper all the factors involved, 
but a given application will indicate the factors, some of which may 
be evaluated from the experimentally derived peak ignition field - 

strength curves. These curves were made from data taken with the 
receiving antenna 35 feet high and 100 feet from a standard two -lane 
highway near Riverhead, L. I., N. Y. The peak ignition field strength 
of each car was measured as it passed the point nearest the antenna. 

The geometry of the propagation paths is shown in Figure 1. This 
receiving antenna height and distance were chosen as being what might 
be considered a fairly common receiving condition. If the height h 

above ground of the ignition source is assumed to be 2 feet, the angle 

* Decimal classification: R270. 
f Reprinted from Proc. I.R.E., September, 1990. 
$ Now with the Research Department, RCA Laboratories Division, 

Riverhead, L. I., N. Y. 
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of reflection O is about 20 degrees which is near the Brewster angle for 
Long Island ground. For this condition it was thought that vertically 
polarized waves would be received with a minimum of indirect -wave 
interference and therefore indicate the relative power radiated at the 
different frequencies. Apparently too many unknown transmission 
factors are involved to assume this to be true. 

MEASURING EQUIPMENT AND METHODS 

The receiver was of the superheterodyne type covering from 60 to 
500 megacycles. The input to the first intermediate -frequency ampli- 
fier of 40 megacycles was brought to terminals to permit reception of 
40- megacycle signals. The second intermediate -frequency amplifier 
at 4.1 megacycles was equipped with a relatively strong local oscillator 
to beat with incoming signals. The audio -frequency output was passed 
through a 5- kilocycle low -pass filter in order to determine the band 
width corresponding with the peak measurements. The filter output 

RCCCIVING 
ANTCNNA 

Fig. 1- Geometry of propagation paths. 

was subsequently amplified and measured by means of a peak- voltage- 
indicating instrument. The peak- indicator circuits were such that 
only one or two short impulses, the minimum lengths of which were 
determined by the band width of the audio -frequency filter, were 
required to charge the condenser in a resistance- capacitance time 
circuit to over 90 per cent of the peak voltage of the impulse. The 
charging time was on the order of 15 microseconds. A decay -time con- 
stant of 1 second was used. This gave sufficient time to read the peak 
deflection on a properly damped milliammeter which was indirectly 
operated by the voltage across the time circuit. 

Calibration of the peak indicator was obtained by reference to 
signal frequencies supplied by standard -signal generators connected 
to the transmission line in place of the antenna. Over -all equipment 
calibrations of this kind were made. at each frequency. Half -wave 
dipoles were used to provide known antenna constants. At 450 mega- 
cycles, the dipole was backed by a parabolic reflector giving 11 decibels 
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Fig. 2- Motorcar- ignition radia- 
tion, horizontal polarization. 
Peak field strength versus fre- 
quency for a 10- kilocycle band. 
90, 50, and 10 per cent of all 
cars and trucks produce less 
than the field strength indicated 
by the curves. Receiving an- 
tenna 35 feet high and 100 feet 

from road. 
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gain over a dipole in free space. This gain at 450 megacycles was 
desirable in order to provide signals strong enough to override the 
receiver noise. It is estimated that the errors of measurement were 
within plus or minus 2 decibels. 
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Fig. 3- Motorcar -ignition radia- 
tion, vertical polarization. Peak 
field strength versus frequency 
for a 10- kilocycle band. 90, 50, 
and 10, per cent of all cars and 
trucks produce less than the 
field strength indicated by the 
curves. Receiving antenna 35 
feet high and 100 feet from road. 
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Fig. 4- Motorcar- ignition radiation 
at 40 megacycles for horizontal 
polarization. Curves show per cent 
of cars or trucks giving less than 
the indicated peak field strength for 
a 10- kilocycle band. Receiving an- 
tenna 35 feet high and 100 feet 

from the road. 

PERCENT 

The equipment was set up on a level plot of ground having a front- 
age clear of obstructions for over 100 feet on both sides. A few power 
and telephone wires on the opposite side of the road were not con.- 

sidered to be objectionable. Between 22 and 50 cars of each classifica- 
tion were measured at each frequency and polarization. 

DATA 

The peak ignition field- strength data are summarized in a general 
way in Figures 2 and 3. It will be noted that all data in this paper 
are for a band width of 10 kilocycles. 

Figures 4 and 5 are for horizontal and vertical polarization, re- 

Fig. 5- Motorcar- ignition radiation 
at 40 megacycles for vertical polar- 
ization. Curves show per cent of 
cars or trucks giving less than the 
indicated peak field strength for a 
10- kilocycle band. Receiving anten- 
na 35 feet high and 100 feet from 

the road. 
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Fig. 6- Motorcar -ignition radiation A 
at 180 megacycles for horizontal x 
polarization. Curves show per cent m 
of cars or trucks giving less than d 
the indicated peak field strength for x 
a 10- kilocycle band. Receiving an- ú 
tenna 35 feet high and 100 feet 3 from the road. 
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spectively, showing the maximum field strength for 0 to 100 per cent 
of new cars (approximately 1936 to 1940 models), old cars, and trucks, 
at 40 megacycles. Figures 6, 7, 8, and 9 are data of the same type for 
the frequencies of 180 megacycles and 450 megacycles. 

Figures 10 and 11 are theoretical propagation curves based on the 
use of a transmitting antenna 2 feet high and a receiving antenna 35 
feet high. Calculations for both horizontal and vertical polarization 
are for reflection from earth having a dielectric constant of 10 and 
negligible conductivity in order to conform reasonably with the con- 
ditions under which the previous data were measured. From these 
curves the field strength at distances from 50 to 200 feet can be esti- 
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Fig. 7- Motorcar- ignition radiation 
at 180 megacycles for vertical po- 
larization. Curves show per cent of 
cars or trucks giving less than the 
indicated peak field strength for a 
10- kilocycle band. Receiving an- 
tenna 35 feet high and 100 feet 

from the road. 
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Fig. 8-Motorcar-ignition radiation 
at 450 megacycles for horizontal 
polarization. Curves show per cent 
of cars or trucks giving less than 
the indicated peak field strength 
for a 10- kilocycle band. Receiving 
antenna 35 feet high and 100 feet 

from the road. 

mated by multiplying the actual field strength measured at a distance 
of 100 feet, by the indicated factor. The height of the transmitting 
source is assumed to be 2 feet which may be reasonable, however, this 
factor is probably variable and is difficult to determine. 

CONCLUSIONS 

Although these data are not comprehensive of the subject, they 
do show that appreciable motorcar -ignition interference can be ex- 
pected at frequencies up to 450 megacycles. The height of the source 
above ground is indefinite. The radiation from the ignition system 
undoubtedly is modified by the body of the car which surrounds it. 

Fig. 9- Motorcar -ignition radiation 
at 450 megacycles for vertical po- 
larization. Curves show per cent of 
cars or trucks giving less than the 
indicated peak field strength for a 
10- kilocycle band. Receiving an- 
tenna 35 feet high and 100 feet 

from the road. 
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The polarization of the radiation can be of all kinds. Furthermore, 
these and other particulars are subject to variation even between cars 
of identical design. There are several factors which are favorable to 
the production of ignition interference at the higher frequencies. 
More or less obvious, these are improved propagation conditions due 
to increased phase difference between direct and reflected waves at 
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Fig. 10- Theoretical propagation curves for horizontal polarization. Field strength at distance d equals the field strength measured at a distance of 100 feet, times the indicated factor K. Transmitting and receiving antennas 
2 feet and 35 feet high. Propagation over ground having a dielectric con- stant of 10 and negligible conductivity. 

a given point except for short distances; and the metal sections of the 
car and the ignition leads are more comparable in size with short 
wavelengths, thus acting as less effective shields and more effective 
radiators. It will be apparent that the radio -frequency power in igni- 
tion systems could fall off considerably with increasing frequency and 
still produce substantial field strengths. 
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Fig. 11- Theoretical propagation curves for vertical polarization. Field 
strength at distance d equals the field strength measured at a distance of 
100 feet, times the indicated factor K. Transmitting and receiving antennas 
2 feet and 35 feet high. Propagation over ground having a dielectric constant 

of 10 and negligible conductivity. 
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THE DISTRIBUTION OF AMPLITUDE WITH 
TIME IN FLUCTUATION NOISEt 

BY 

VERNON D. LANDON0 
RCA Manufacturing Company. Inc., Camden, N. J. 

Summary -The purpose of this paper is to show that fluctuallon noise 
has a statistical distribution of amplitude versus time which follows the 
normal -error law. This fact is also correlated with the measurements of 
crest factor made on the noise output of band -pass amplifiers by various 
investigators. 

It is shown that the distribution of noise amplitude continues to follow 
the normal -error law, even after the noise has been passed through fre- 
quency- selective circuits. It is shown why the measurements of crest factor, 
made by various experimenters, group around the value 4, but it is pointed 
out that this is not a true crest factor because the voltage occasionally goes 
considerably higher. The ratio of the average to the effective voltage is 
shown to be 0.798. A discussion is given of the kinds of noise which do not 
follow this normal -error law. 

FLUCTUATION noise is a name applied to thermal- agitation noise 
or to shot -effect noise. Thermal- agitation noise is the noise 
caused by the thermal motion of electrons in conductors. Shot - 

effect noise is the noise caused by the granular structure of the plate 
current of a vacuum tube. The term is sometimes reserved for the 
condition of no space charge. In the presence of space charge the noise 
amplitude is reduced. For this condition the noise may be called shot - 
effect noise as before or simply tube noise. These various types of 
noise source produce noises which cannot be distinguished one from 
the other by any known test. 

Several investigators,'-4 have made experimental investigations of 
the "crest factor" of fluctuation noise. The crest factor is defined as 
the ratio of the amplitude of the highest peaks to the root -mean -square 

Decimal classification: R270. 
t Reprinted from Proc. I.R.E., February, 1941. 
I Now with the Research Department, RCA Laboratories Division, 

Princeton, N. J. 
' V. D. Landon, "A Study of the Characteristics of Noise," Proc. I.R.E. 

Vol. 24, pp. 1514 -1521; November, 1936. 
2 M. G. Crosby, "Frequency Modulation Noise Characteristics," Proc. 

I.R.E., Vol. 25, pp. 472 -514; April, 1937. 
3 Karl G. Jansky, "An Experimental Investigation of the Characteristics 

of Certain Types of Noise," Proc. I.R.E., Vol. 27, pp. 763 -768; December, 
1939. 

4 E. H. Plump, "Storverminderung durch Frequenzmodulation," Hoch - 
frequenz. und Electroakustik, Vol. 52, pp. 73 -80; September, 1938. 
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voltage. Various values have been obtained ranging from 3.4 to 4.5. 
It now appears that the required data can best be obtained from purely 
theoretical considerations. 

From the standpoint of theory the term "crest factor" would seem 
to be a misconception. It will be shown that the noise is made up of 
an infinite number of çomponents differing in frequency by infinitesi- 
mal amounts. If all these components should get in phase, the voltage 
would rise to an indefinitely large value, but the probability of this 
happening is infinitesimal. Nevertheless, if any finite crest factor is 
chosen, the probability that it will be exceeded at a given instant is a 
finite fraction. This probability is another name for the fraction of 
the time that the voltage will exceed the chosen value in a given long 
period of time. 

To make the conception clearer let it be supposed that the noise 
output of a high -gain band -pass amplifier is fed to a diode. An 
adjustable direct -current bias is applied to the diode simultaneously 
and a tape recorder is arranged to record the time during which the 
diode is drawing current. With a given direct -current bias on the 
diode it would be possible to determine, by examining the tape, the 
percentage of the time during which the diode was drawing current. 
A point -by -point curve could then be plotted of direct- current bias, 
against the probability that the bias would be exceeded at a given 
instant. 

By letting r stand for the ratio between any given direct voltage 
V and the root -mean -square value of the noise E and letting p stand 
for the probability that the noise will exceed the given direct voltage, 
it should be possible to find an analytical relationship p =F(r) which 
would determine the above curve from purely theoretical considera- 
tions. 

THE CONDITIONS OF THE PROBLEM 

Following is a review of the facts which are known about the 
problem. The energy of the noise is distributed uniformly over the' 
frequency spectrum. If the noise is passed through a frequency - 
selective network the root -mean -square value of the noises in the output 
is proportional to the square root of the effective band width of the 
network. The noise is made up of a continuous spectrum of frequency 
components. The relative phase of the various components is random. 

The last statement requires some further explanation. Consider- 
ing shot effect as a typical example of fluctuation noise, the noise unit 
is due to the arrival of one electron on the plate. This may be con- 
sidered to be an infinitesimal unit impulse. Unit impulse (the first 
derivative of the unit step) is known to have a uniform distribution 
of energy over the frequency spectrum. However, the phase of these 

www.americanradiohistory.com

www.americanradiohistory.com


DISTRIBUTION OF AMPLITUDE WITH TIME IN NOISE 127 

components is not random. The components are all in phase at the 
instant the unit impulse occurs. If two unit impulses occur at dif- 
ferent times, the frequency components add with various phases. The 
resultant components have phases differing from the phases of com- 
ponents of the same frequency in either pulse alone. Exceptions are 
the few individual frequencies where the phases are the same for the 
two impulses. When the impulses occur at random times and the 
number of impulses is increased to an indefinitely large value, the 
relative phases of the various components have no discernible rela- 
tionship and are said to be random. The term, random phase, is 
difficult to define accurately. As applied to only two incommensurable 
frequency components, the term is meaningless because the relative 
phase inevitably assumes all possible values as the two frequencies beat 
together. When speaking of a continuous spectrum of frequency com- 
ponents the phase may be said to be random if the following statement 
may be made about each frequency component. Let the phase of the 
component be observed every time the noise voltage passes through 
a certain value. The phase is as likely to have one value as another, 
regardless of what voltage is chosen for the measurements. Thus ran- 
domness of phase is seen to be a necessary condition to insure the 
accuracy of the relation that the root -mean -square value is proportional 
to the square root of the band width. 

DERIVING THE ANALYTICAL RELATIONSHIP 

The desired relation may be represented by 

p = F(r) = 
=Ft v 

where n = E2. 

Let 
P 

, dp 
dV 

where dp is the probability of the voltage lying between V and V -- dV. 
Let the mean -square value of the noise be increased by adding an 

infinitesimal frequency component A. 
This added component is assumed to be very small compared to E 

as are all the other components of the noise. The magnitude is not 
necessarily equal to that of the other components, however. The proba- 
bility p will also be changed by the addition of this component. An 
equation relating this change in p to the change in the mean -square 
voltage is derived below: 

A is the root -mean -square value of an oscillatory voltage. The 
instantaneous value is VII sin 2 rf t. At any value of the time to 
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the probability that the total resultant voltage will have the value Vo 

is the value of p corresponding to V =(V0 - N.T2A sin 27110. Since 

the added component is negative just as much as it is positive, p will 

change only if the curve has curvature at the point under considera- 
tion. 

The relationship can be seen more clearly by expanding the value 

of p as a Taylor's series. 
Let p,¡ be the value of p corresponding to Vo in the absence of A. 

Then with A added 
dp,' 

p,' = po + v 2 A sin 2rft 
dV 

d2pó 1 

-f - A sin 2rJt)2 +... . (1) 
dV2 2 

The second term does not affect the long -time value of p because 
the average value is zero. The third term does change the value of p ' 
because sine 2,rf t is always positive. The higher -order terms are negli- 
gible if A is small. Hence, 

d2p 
° 
' 1 

dpo = - 2A2 sine 2wjt 
dV2 2 

d2p' 1 - cos 2(2710 
Az 

dV2 
Averaged over a long time 

Now n =E2 

Hence 

2 

A2d2p' dp' 
2 dV2 

n dn = EZ+A2. 

(3) 

dp9' 1 d2p,' 

do 2 dV2 
This is a well -known differential equation. The solution is 

A A A 
pv' = - e -' /2n = - e- v =12E- = - exp ( V z 

( 5 ) s/n E E \ 2E2/ 
Now 

But 
J 

+ 
(6) 

A (' +°° ( V2 l A 2/ar E 

J eXp \- 2E2/dV E 
(7) 

G x 

(2) 

(4) 
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Therefore 

Therefore 

1 ir, 1 l'" 
pv 

ß/2x E 
exp (------)= 

2E2 /2irn exp -2n/ 
This solution may be checked by differentiating 

dp,' 1 l'= V' 1 \ 1 d2p,, 
exp -2n \ 2 -2 =- do /2an 2n 2n 2n 2 dV 2 

As might have been expected, the desired function turns out to 
be the probability integral. The probability that the noise amplitude 
will lie between zero and any given voltage at a given instant is 

(8) 

(9) 

(10) 

1 r2l 
pa 

ß/2a J o 

exp (- 
2 /dr = erf(r /v') (11) 

where erf means the error function. 
The probability that the given voltage will be exceeded is 

pi, 
x/22 f exp 1 

2 
)dr 

= #erfc(r /1 /2) (12) 

where erfc means the complement of the error function. 
Since the probability that the given voltage will or will not be 

exceeded in a negative direction is the same as In a positive direction 

/2 0° r2 

2(p, + Pb) =,V J exp(- )dr = 1. (13) 
2 

Functions described by the probability integral are said to follow 
the normal -error law. Other synonymous terms are the Maxwell - 
Boltzmann distribution or Maxwell distribution. 

It has previously been demonstrated that a similar function applies 
to the velocity distribution of electrons emitted from a hot cathode. " 
However, the behavior of the resultant current in an associated external 
selective circuit was not considered in any of this previous work. 

b Irving Langmuir, "The Effect of Space Charge and Initial Velocity on 
the Potential Distribution and Thermionic Current Between Parallel Plane 
Electrodes," Phys. Rev., Vol. 21, pp. 419 -435; April, 1923. 

e Thornton C. Fry, "The Thermionic Current Between Parallel Plane 
Electrodes; Velocities of Emission Distributed According to Maxwell's Law," 
Phys. Rev., Vol. 17, pp. 441 -452; April, 1921. 

7 D. O. North, "Fluctuations in Space Charge Limited Currents at Mod- 
erately High Frequencies, Part II- Diodes and Negative -Grid Triodes," 
RCA Review, Vol. 4, pp. 441 -472: April, 1940. 
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Dunn and White' relate the function to noise amplitude but give no 
theory or details. 

ADDITIVE PROPERTY OF NORMAL -ERROR LAW 

An important property of the normal -error law is expressed by 
the following theorem: 

When the normal -error law applies to each of two voltages it also 
applies to their sum. 

When the normal -error law does apply, then in any electrical net- 
work, the probability that a given voltage will be exceeded at a certain 
instant is 

1 : 

p' y á J 

/ 
exp (- 

2 )dr 

a 1 exp (- V 
)dv (14) 

EIN/2a J v \ 2E12 

where V is any direct voltage and E1 is the root -mean -square value of 
the noise. 

In a second network 

fe : 

P2 
E2\/2a J v 

exp 1 - 
2Ezz)dV. 

(15) 

When the noise outputs of the two networks are added algebraically 
the expression must retain the same form. 

That is to say 
1 ° Vz 

Ps a 
E81/2r 

exp (- 2Eiz)dV (16) 

where the subscript 3 refers to the two networks with outputs added. 
Then E3 should equal VE12 + E22 . 

This theorem is proved in the following paragraphs. 

PROOF OF THE ADDITIVE THEOREM 

Now the probability that a noise voltage will lie between any two 
finite values of voltage is a finite number. However, as one value 
approaches the other the value of the probability approaches zero. 
That is, the probability of the voltage having a certain definite value is 
zero, unless a certain tolerance or range is allowed. However, the 
relative probability of the voltage having one value or another has a 
real meaning. This is best expressed as the probability per voltage 

8H. K. Dunn and S. D. White, "Statistical Measurements on Conver- 
sational Speech," Jour. Acou8. Soc. Amer., Vol. 11, pp. 278 -288; January, 
1940. 

www.americanradiohistory.com

www.americanradiohistory.com


DISTRIBUTION OF AMPLITUDE WITH TIME IN NOISE 131 

interval. That is, of course, equivalent to the slope of the curve or 
dp /dV. 

Thus the relative probability that the voltage of network 1 will 
have a certain fixed value V within any small fixed tolerance is 

dpi -1 V=l 
dV E1/2r 

exp 
C 2E1=1 

(17) 

The relative probability that the voltage of network 2 will have a 
value V,- V is 

-1 (Vo -V)2\ 
E,v2x 

exp 
2E,' 1. 

The relative probability that both voltages occur simultaneously 
and add to the value Vo is 

1 s ' V) 

E1E,2r 
exp 

C 2E1s) 
exp 

(l 

2E,' / 
The summation of this probability for all possible values of V is 

Hence 

dQa 
I f+°' 

2 ( )! 
1 = expC 

V Vo-V 
dV. (18) 

dV E1E,2x 2Ei' 2E2' J 

Now 

V2 (V0- V)2 

2E1' 2E,' 

1 

rE12--E,' E 1: l 
F. 

: i'o' 
(19 

) 

L E12E:2 
(v_vo 

E1'-E,' / F, z+,- ] 

dp3 1 

C 

V o' \ 
exp 

E1 
J 

dV E,2 2(E1'+E,') 
4. r/ E1:+E=2 E1: \2 

J expL1 - )(v_v0 
J 

dV 
2E1'E,' E12+F.,' 

1 Va' \ 
= exp J 

E1E,2a 2(E12--Es2) 

¡ +m / E12+E=2 \ 
J exp S ( 'JdS \ 2E12E,' 

(20) 
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where 
E12 

S=V-Vo 
E12+E22 

dpa -1 
Vo2 (21) 

dV 1/E12--E22 exp (21 ( 2(E12+E9z)/ 

( ) fy0 
V 

p3 
,,/2ir./E12 

exp( 
02 

2(E12+- E22))dVo. 
22 

This is the desired form of expression and E.1 in (16) is found to 
equal ß/E12 E,2 as required. 

It has now been proved that when the normal -error law holds for 
each of two networks it will also hold for the sum of their outputs. 
(A similar theorem is proved by Scarborough.)9 

The foregoing paragraphs prove that the summation of a large 
number of small sinusoidal components follows the normal -error law, 
regardless of the relative magnitudes of the various components, pro- 
viding the phases are random. It is true, therefore, that the fluctuation - 
noise output of any frequency -selective network follows the normal - 
error law regardless of the shape of the selectivity curve. 

This should not be taken to mean that the noise output of a vacuum 
tube follows this law at all times. Deviations from the law may be 
caused by a large hum component, microphonic noises, faulty insulation, 
flicker effect, etc. Nevertheless, if the noise is primarily of the type 
called fluctuation noise or hiss then the normal -error law does apply. 

Hence in the output of any network passing fluctuation noise the 
expression 

ra0 
2 

p Er J v 
exp (- 

2E2)dV 
(23) 

is the probability that the noise voltage at any given instant will exceed 
the voltage V chosen at random. This may also be written in the form 

p = # i - erf(r/ / )1 (24) 

where r = V /E, and erf denotes the error function. 

In Figure 1 a curve is plotted of p versus r. The data for the curve 
were obtained from tables of the probability integral. The point on 
the curve at r = 0, p = 0.5 indicates that the voltage is above the zero 
axis half the time. The point at r = 1, p = 0.16 indicates that the 
voltage exceeds the root -mean -square value (in a positive direction) 

9 J. B. Scarborough, "Numerical Mathematical Analysis." Johns Hop- 
kins, Baltimore, Md., 1930. 
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16 per cent of the time. The point at r = 4, p = 0.000032 indicates 
that the voltage exceeds 4 times the root- mean -square value for a total 
of 3.2 seconds out of 100,000 seconds. The curve is for one side of the 
wave only. For the probability that the absolute magnitude of the 
voltage will exceed a certain value, the probabilities given on the curve 
should be doubled. 

AUDIO -FREQUENCY NOISE IN THE OUTPUT OF A DETECTOR 

The foregoing applies only to the output of amplifiers or filters 
containing linear circuit elements. When radio -frequency noise from 
a band -pass network is applied to a detector the distribution of noise 
amplitude in the detector output circuit does not follow the normal- 

CUZVE OF AMPLITUDE 
F02 FLUCTUATION 

DIS RIA 
NOISE 

UT ION 

.a 
F 

Fig 1 

error law. If no signal is present the deviation from the normal -error 
curve is quite marked. This is due to the fact that the audio -frequency 
output is the envelope of the peaks on one side only. The zero audio - 
frequency level corresponds approximately to the average of the radio - 
frequency voltage. The audio -frequency peaks in one direction corre- 
spond to zero radio- frequency voltage and thus are limited in amplitude 
to the value of the average radio- frequency voltage. Thus there is a 
distinct lack of symmetry. The voltage crests in one direction are 
definitely limited and in the other direction the voltage exceeds the 
values predicted by the normal -error law. 

If a continuous -wave signal is applied to the detector at the same 
time as the radio- frequency noise, the audio -frequency noise in the 
output deviates less from the normal -error curve. If the carrier is 
considerably stronger than the highest peaks of the noise, the deviation 
becomes negligible. This statement is established by the following 
argument. 
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Consider a single- frequency component, differing from the signal 
carrier wave by a frequency interval f. This component will beat with 
the carrier, producing the frequency f in the detector output. 

Now consider a group of components extending from the carrier 
frequency to the band limit. The audio -frequency output will consist 
of a group of audio -frequency components distributed from zero to 
the frequency corresponding to the difference between the carrier 
frequency and the band -limit frequency. The radio -frequency noise 
consists of a continuous spectrum of components having a random 
distribution of phase. The audio -frequency output of the. detector will 
also consist of a continuous spectrum of components having a random 
distribution of phase. Therefore, it too will have an amplitude dis- 
tribution following the normal -error law. Deviation from the law will 
occur only when the signal carrier does not exceed the noise sufficiently. 

THE NUMBER OF CRESTS EXCEEDING 4E IN ONE SECOND 

For convenience, in the following discussion, the response of an 
amplifier to unit impulse will be called a typical pulsation. In the low - 
pass case, the pulsation will have a shape of the general form of half a 
cycle of a sine wave or perhaps, roughly, the shape of the function 
sin 27rf,t /t. The exact shape depends on the attenuation characteristics. 
In the band -pass case the pulsation consists of a wave train. The inter- 
cepts of the zero line occur at the mean frequency of the pass band. 
The envelope of the wave train is the same as the pulsation wave shape 
of the low -pass case. In each case the time duration of the pulsation 
is about 1 /f,,, where f, is the cutoff frequency in the low -pass case, and 
one half the band width in the band -pass case. 

If the output of an amplifier consists of fluctuation noise, the wave 
form of the higher crests of the noise will be closely the same as the 
wave form of a pulsation due to unit impulse excitation. This state- 
ment is justified by the following reasoning. No peak can be narrower 
than a typical pulsation because this would require a wider pass band. 
The probability that a given peak will be much wider than a typical 
pulsation is small, particularly at the higher amplitudes. This is sup- 
ported by the following data taken from the curve. The probability 
that the voltage at a given instant will exceed 2E is 0.023. The prob- 
ability that it will exceed 3E is 0.001. 

Of those peaks which exceed 4E in amplitude the average height 
appears from the curve to be about 4.15E. Using graphical methods, 
this leads to the following conclusion. The average peak which exceeds 
4E, exceeds it for about 1/6 of the duration of a typical pulsation, or 
for 1/6f, second. Thus the number of crests per second in excess of 
4E is approximately 6f, times 0.00003. When the band width is 10,000 
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cycles there will be an average of about 18 such peaks in 10 seconds. 
The foregoing brings out the following curious fact. When a noise 

which follows the normal -error law has an equal distribution of com- 
ponents at all frequencies, then the value of the voltage at a given 
instant is quite independent of its values at preceding instants. On 
the other hand, when the frequency range of the noise is rimited and 
the preceding wave form is given, the wave form may be extrapolated 
into the future for a short distance. This is particularly true if the 
instant chosen coincides with the time of occurrence of an unusually 
high peak, since the peak will probably have the form of a typical 
pulsation of the circuit which was used to limit the frequency band. 
Nevertheless, the normal -error law still applies over a long period of 
time. 

It should also be pointed out that when random impulses are the 
source of noise and the frequency range is practically unlimited, the 
number of impulses must be very large if the normal -error law is to 
apply. When the frequency range is limited, then a smaller number of 
impulses will suffice. The restricted frequency band is necessary to 
cause the individual pulsations in the output to overlap adjacent pulsa- 
tions. Even ignition interference may cause a noise which approx- 
imately follows the law if the noise is coming from many cars simul- 
taneously and if the received frequency band is sufficiently restricted. 

VARIATIONS IN MEASURED CREST FACTOR 

It follows from the above that the number of peaks exceeding 4E 
in a given time is proportional to the band width of the amplifier. Some 
observers might tend to set the limit at a certain number of peaks per 
second regardless of band width. If this were done, the "crest factor" 
derived on this basis would tend to be slightly greater for wide -band 
amplifiers than for narrow. This may account for the apparent varia- 
tion in crest factor shown by Plump' (Figure 2 in his paper). 

THE VALUE OF THE AVERAGE VOLTAGE 

It may be of some interest to give the value of the average voltage 
using the error function. Sokolnikoff10 shows how the average value 
of the error function is derived. 

The mean absolute value of the voltage is twice the summation of 
all positive values of the voltage multiplied by the probability of occur 
vence of each. That is, 

'n I. S. and E. S. Sokolnikoff, "Higher Mathematics for Engineers and Physicists," McGraw -Hill Book Company, New York, N. Y., 1934, p. 393. 

www.americanradiohistory.com

www.americanradiohistory.com


136 k:ll)IO .4 T ULTRA-HIGH FREQUENCIES, l'o(ouoe II 
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Ez(26) 

= E/Tia (27) 

I 

V 
I = \/27A = 0.798. (28) 

E 
The measured value obtained by Jansky" is 0.85. 

CONDITIONS FOR VALIDITY 

As previously pointed out, the curve of Figure 1 is valid regardless 
of the shape of the selectivity curve of the band -pass amplifier under 
consideration. The only requirement is that the noise- frequency 
spectrum be continuous and that the components have random phase 
angles. 

It is well known that certain types of noise have a voltage distribu- 
tion differing widely from that of the curve of Figure 1. In any given 
case the reason for the departure can usually be found. Ignition noise 
is a prominent example and, of course, the reason for the deviation is 

at once apparent in this case. The cause of the noise is a series of 

discrete impulses. Each impulse causes its own independent wave train 
in the output. In general the wave trains do not overlap. The frequency 
components of a given wave train are not of random phase but start 
out all having the same phase. Thus the normal -error law does not 
apply. 

With other exceptions also, the reason for the failure to follow the 
law can usually be found after a moderate amount of study. For 
example, in Crosby's paper," the "crest factor" of fluctuation noise is 

shown to rise under certain conditions in a frequency -modulated re- 
ceiver. The required condition is that the root -mean -square value of 

the noise be in the neighborhood of one quarter of the peak voltage of 

the carrier. Certain noise peaks then exceed the "improvement thresh- 
old" of the receiver and come through unduly amplified. 

CONCLUSION 

It has been shown that the fluctuation -noise output of band -pass 
amplifier has a distribution of voltage versus time following the normal - 
error law. Thus a theoretical basis is established for appraising the 
measurements of crest factor made on the noise output of band -pass 
amplifiers by various investigators.' -4 It is shown that there is some 
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slight justification for assigning the fixed value 4 to the crest factor, 
for convenience in making rough calculations. However, it must be 
remembered that it is not a true crest factor since occasional peaks 
go considerably higher. The ratio of the average to the effective voltage 
is shown to be 0.798. A discussion is given of the kinds of noise which 
do not follow the normal -error law. 
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DISCUSSION ON 

"The Distribution of Amplitude with Time 
in Fluctuation Noise"t 

K. A. NORTON': In this paper the author finds that the distribution 
with time of the instantaneous amplitude of fluctuation noise is repre- 
sented by the normal distribution. His derivation of this analytical 
result is not entirely clear and is apparently incorrect. If fluctuation 
noise may be represented analytically by a large number of unit im- 
pulses, each occurring at randomly different times, then, at any given 
frequency, the fluctuation noise may be considered to consist of a large 
number of oscillations (at that frequency) with random relative phases. 
Many years ago Lord Rayleigh' determined the probable distribution 
with time of the instantaneous amplitude of a large number n of oscil- 
lations with equal unit amplitudes and with random relative phases. 
The probability dp of a resultant amplitude between V and V + dV 
was found to be 

2 
c1p =-e(exp- V"-/n)VdV 

n 
(la) 

so that, after a simple integration, we find that the instantaneous 

Reprinted from Proc. I.R.F,., September, 1942. 
Office of the Chief Signal Officer, War Department, Washington, D. C. 

2 Lord Rayleigh, "On the resultant of a large number of vibrations of 
the same pitch and of arbitrary phase," Phil. May., vol. 10, pp. 73 -78; 1880; 
see also the book "Theory of Sound," 1894, second edition, paragraph 42a. 
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amplitude V will be exceeded for the percentage of time P given by 

P = 100p = 100e (exp V2 /n), (2a) 

The above result may be generalized to apply to the case of a large 
number n of waves with random relative phases and with unequal 
amplitudes El, E2, ..., E such that E,2 « E12 + E,2 + + E,, for 
i =1 to n. In this case (la) and (2a) become 

2 
dp = e (exp - V2/ (E1= + E_- 

E12-}E22 +...+En2 
+ + F,.2)) Vd1" (lb) 

P= 100e (exp - 172/ (E12 + E22 + + E2) ) . (2b) 

If we write E for the root -mean -square value of the resulting disturb- 
ance, then 

E2 = V2dp=E12+_2...+E"- (3) 
0 

E .f 

and we obtain the interesting result that the root -mean -square value 
of the resulting disturbance is equal to the root -sum- square value of 
the amplitudes of the individual oscillations. Thus we see that (lb) 
and (2b) may be expressed in terms of the root -mean -square value E 
of the resulting disturbance as follows: 

2 
dp = -e (exp - (V/E2) ) VdV 

E2 

P = 100e (exp - ( V/E2) ) . (2c) 

Equation (2c) is given graphically in Figure 1. We see by (2c) that 
V > 4E, for a percentage of time P = 0.0000113 per cent; V >3E, for 
a percentage of time P= 0.0123 per cent; and V >2E, for a percentage 
of time P= 1.83 per cent. 

The average value of the disturbance may also be easily determined. 
Thus 

=f Vdp=--F =0.886E. 
0 2 

(4) 
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This value lies somewhat nearer the value 0.85E as determined experi- 
mentally by Jansky3 than the theoretical value of 0.798E determined 
by Landon from the normal distribution. 

It is obvious from (lb) and (2b) that the instantaneous amplitude 
of two disturbances, each with amplitudes distributed according to the 
Rayleigh law and with root -mean -square values E. and Eb would also 
be distributed according to the Rayleigh distribution and would have 
a root -mean -square value equal to V/E.2 + Eb2. 

Having established the above theoretical relations, it is desirable 
to examine further the postulates on which these relations are based. 
In deriving the above equations, it was tacitly assumed that the ampli- 
tudes of the individual oscillations E{ remain constant over the period 
of time required for a measurement of E, V, or of P; actually, a neces- 
sary and sufficient condition for the applicability of (1c), (2c), and 
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Fig. 1 -The Rayleigh distribution. 
(4) to fluctuation noise is the constancy of E over the period of time 
in question. If E also varies with time, then its distribution will be 
superimposed upon that given by the Rayleigh distribution. 

It may be mentioned in passing that this same distribution applies 
to the instantaneous intensity of ionospheric waves (sky waves), 
irrespective of the radio frequency, but does not apply to tropospheric 
waves. In the study of the variation of ionospheric -wave intensities 
with time, since the root -mean -square value E of the disturbance varies 
with changes in the ionosphere absorption, the Rayleigh distribution 
will only apply for periods of time which are short enough not to include 
any large variations of ionospheric absorption; for frequencies in the 

3 Karl G. Jansky, "An experimental investigation of the characteristics 
of certain types of noise," Proc. I.R.E., vol. 27, pp. 763 -768; December, 1939. 
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standard broadcast band this period of time is of the order of one hour 
on the average. 

VERNON D. LANDON': The mathematics in Mr. Norton's discussion 
appears to be substantially correct (with minor exceptions). Paradoxi- 
cally, the mathematics in my paper also is believed to be correct. The 
apparent discrepancy is due to the fact that we are not talking about 
exactly the same thing. The point can be cleared up by reference to 
Figure 2. In this figure the value of a noise voltage at a certain instant 
is represented by the point V. The instantaneous value of the envelope 
corresponding to V is represented by the point A. The V of my mathe- 
matics is the V of the figure. However, the V of Mr. Norton's mathe- 
matics is apparently the A of the figure. 

Perhaps the choice of words in the title to my paper could have been 
improved upon. Had the title been "The Distribution of Voltage with 

o 

Fig. 2- -Noise voltage wave showing envelope. 

Time in Fluctuation Noise" there would have been less opportunity for 
misinterpretation. Instantaneous amplitude can perhaps be interpreted 
as meaning the value of the envelope. Actually, what was meant was 
the instantaneous voltage. 

As I proved in my paper, the probability that the instantaneous 
voltage lies between V and V + dV is 

dpy = e 
E /V-2-; 

xp dV. (--) 
2E2 

Experimental proof is provided by Lunn and Whites (Figure 14 of 
their paper). On the other hand, it can be shown that the probability. 
that the instantaneous value of the envélope lies between A and A -F dA 

is` 

- 1 V2 
(5) 

4 RCA Manufacturing Company, Inc., Camden, New Jersey. 
5 H. K. Dunn and S. D. White, "Statistical measurements on conversa- 

tional speech," Jour. Accus. Soc. Amer., vol. 11, pp. 278 -288; January, 1940. 
a This relationship was first pointed out to me by Dr. D. O. North of the 

Research Laboratories of the RCA Manufacturing Company, Harrison, N. J. 
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z 

dpA = - A 
exp (- - A 

dA. (6) 
E2 ` 2E2 

If the symbol V is substituted for A and the symbol n/2 for E2, the 
result is Mr. Norton's equation (la). Mr. Norton bases his equations 
on Lord Rayleigh's work. Lord Rayleigh was concerned with the re- 
sultant amplitude when a large number of sine waves of the same 
frequency are added with random phase. By "amplitude" he meant the 
peak value of the resultant sine wave. When this peak value varies 
from moment to moment, it evidently traces out the envelope of the 
wave. 
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Fig. 3- Relative probabi ity curves for instantaneous voltage and envelope. 

I have defined E as the root -mean -square value of the noise voltage. 
In Mr. Norton's work, E is the root -mean -square summation of the peak 
values of a number of waves. Hence, his value of E is larger than mine 
by a factor N/2. 

The relationship between (5) and (6) can be made clear by refer- 
ence to Figure 3 where dpv/dV and dpA /dA are plotted as functions 
of V and A. It should be noted that the probability of the envelope A 

going to zero is infinitesimal, while zero is the most probable value of 

the instantaneous voltage V. The reasonableness of this can be seen 

by reference to Figure 2. 

It should be pointed out that the concept of an envelope to the noise 
voltage has a definite meaning only for noise which is confined to a 

relatively narrow frequency spectrum. If the noise has a bandwidth 
comparable to the mean frequency, or if the band includes zero fre- 
quency, then the fluctuations of the envelope occur about as rapidly 
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as the fluctuations of the voltage wave itself. For this case the concept 
of an envelope has little meaning. 

It is of interest to note the similarity between the equations for 
molecular motion in a perfect gas and (5) and (6) of the present 
discussion. The distribution of molecular velocities in one, two, and 
three dimensions is as follows: 

dpu = - 4/ 
a - 1 - uz - exp (- auz) du = exp du (7) 
a 2 E C 2Ez 

(8) 
r 2 

dp,. = 2ar exp (- arz) dr =- exp - dr 
E2 2E' 

dp, _ a3 / 2 s- / 32 \ - sz exp ( - asz) ds = 
r E3 

where u, r, and s are, respectively, the magnitudes of the velocities on 
the x axis, in the xy plane, and in space. E is the root -mean -square 
velocity along the x axis in each case and a = 1 /2E2. 

It can be seen that the expressions for dp and dpr are identical to 
the expressions for dpv and dpA of (5) and (6). 

The following additional facts about the envelope may be of some 
interest. 

The Probability that the Envelope Will Exceed the Value A 
The probability that the envelope will be greater than a certain 

voltage A at a given instant is 

c° A // Az \ ¡ Az 
PA- -- expl --IdA=expl- -I. (10) 

A E' \\ 2E2 / \ 2E2 

Mr. Norton omits the 2 in the denominator of the exponent and, hence, 
his values are in error. Actually, if A = 4E, then pA = e -8 = 0.00034. 
If A = 3E, then pA = e -912 = 0.011. If A = 2E, then pA = 2-2= 0.135. 
As would be expected, these values are from ten times to three times 
the corresponding values for pv. The increased values would be expected 
because the envelope encloses more area than the wave itself. 

The Most Probable Value of A 

The most probable value of the envelope is where d2pA /dA2 goes 
to zero. 
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d'lpd A / - A. A2 \ 1 A2 
1\ exp - 11 -}- - exp -0 (11) 

dA2 E2 E2 2E2 E2 2E2) 

AP"- 1 --_- AP=±E. (12) 
E' E2 

Thus, the most probable value of the envelope of a radio -frequency 
noise wave is equal to the root -mean -square valuè of the wave. 

The Mean Value of A 

The mean value of A is the integral from 0 to 00 of A, times the 
probability of occurrence of A. 

d= I, 
°0 A / A2 7r 

A 
E2 

exp ( 

2E2 
dA = E = 1.252E. (13 ) l 2 

(Mr. Norton's value of 0.886E is in error by the factor f because in 
(lb), El, E2, etc., are peak values not root -mean -square values. The 
mean absolute value of V is I 'VI = 0.798E as proved in my paper.) 

The value of A is of some importance because it is the value of the 
direct -current output voltage from an ideal diode detector (when the 
ideal diode detector is defined as one in which the output voltage follows 
the envelope of the wave exactly). 

The Root -Mean -Square Deviation of A from its Mean Value 
The root -mean -square deviation of A from its mean value is the 

root- mean - square audio output of an ideal diode detector with noise 
but no signal applied. It is obtained by a simple integration as follows: 

Ar=/ 
o 

(AE - 
Y 

a - -= 0.655E. 
2 

z a A ¡ z 

dA 
A 

-exp I\-- 
2 E' 2E" 

(14) 

The Root -Mean -Square Value of A 

The root -mean- square value of A may be obtained directly by inte- 
gration or from the following: 

Arms ='/A2 + Are = V2E. (15) 
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K. A. NORTON': As Mr. Landon admits, his equations are for the 
distribution of voltage rather than amplitude with time. The equations 
given in my discussion give the correct distribution for the amplitude 
with time in fluctuation noise. There is no error of \ as Landon 
states; this may be seen by reference to (3) which proves that the 
root -mean -square value of the instantaneous amplitudes V of the dis- 
turbance averaged over a long period of time is equal to E. Landon 
was apparently confused by my statement that "the root -mean -square 
value of the resulting disturbance is equal to the root -sum -square value 
of the amplitudes of the individual oscillations "; as far as the experi- 
menter is concerned, only the resulting disturbance can be observed 
and its root -mean -square value is just E. 

Mr. Landon states that my equations are for the distribution of the 
envelope; that is correct to the extent that any useful meaning may be 
attached to the envelope of a noise disturbance in which the fluctuations 
are varying just as rapidly as the fluctuations of the voltage wave itself. 
My equations, however, are always applicable to the distribution of the 
amplitude of the fluctuation noise; this amplitude, which I have denoted 
by V (but which Landon denotes by A), may be defined by the following 
equation for the instantaneous voltage of a disturbance of angular 
frequency b) and phase ¢. 

v = V sin (wt -}- 43) (16) 

where v denotes the instantaneous voltage and is the phase of the 
instantaneous value of the disturbance. Note that V has positive values 
only while v will be negative for half of the time. 

It is important to note that in Jansky's experimental work the 
average value of the envelope V, rather than the average value of the 
voltage v, was measured; this probably explains the close agreement 
between his experimental value and my theoretical value. 

It is instructive to determine the distribution of the voltage v of 
fluctuation noise directly from (16). Since V is distributed between 0 
and co in accordance with the probability law 

2V 
dp/dV = - e (exp - (V /E))2 

E2 
(17) 

and since U = sin (wt + ci,) is independently distributed between -1 
and +1 in accordance with the probability law 
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1 
dp/dU=---- (18) 

7rN/1-U2 

Then, using a theorem due to Huntington,' we may write for the dis- 
tribution of the product UV = y 

dp/dv 
2 °° 

E --- A z J ---- e ( exp -- (V/E) ) 2dV. (19) 
V V2 - v2 

If we set V2-- v' = X2, the integration may be performed and we obtain 

1 
dp/dv= e (exp - (V/E))2. (20) 

EV-77 

This equation is not directly comparable to (5) for the probability 
of a voltage between v and v + dv since the E in (20) is the root -mean- 
square value of V. If we write E,. for the root -mean -square value of y 

we obtain 

+ 

i 

+.0 E: 
E2= v2dp = % vze (exp - (V/E) ) zdv = -- (21) 

E f , 2 

and we see that the root -mean -square value of V is VI times the root - 
mean- square value of v. 

When E,,, as determined by (21), is substituted for E in (20) and 
(17) we obtain Landon's equations (5) and (6). Thus there is no 
discrepancy in the mathematics. However, since it is the distribution 
of the envelope V, which was measured experimentally by Jansky rather 
than the distribution of the voltage y, my relation 7= 0.886E is the 
one applicable to the experimental resuifs instead of Landon's relation 

= 0.798E . 
VERNON D. LANDON4: It now appears that Mr. Norton and I are 

in almost perfect agreement providing we both charitably agree to 
use the other fellow's latest definitions in reading his earlier work. 

Thus in the title of my original paper, "The Distribution of Ampli- 
tude with Time in Fluctuation Noise, the word amplitude must be 
interpreted as the instantaneous voltage, as I intended. Fortunately, 

7 E. V. Huntington, "Frequency distribution of product and quotient," 
Annals Math. Statistics, vol. 10, pp. 195 -198; June, 1939. 
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a more accurate wor ?ing is used in many places in the body of the paper. 
In Mr. Norton's discussion when he speaks of "the root -mean -square 

value of a wave," he means not the root -mean- square voltage but some- 
thing larger by the factory (See equation (21).) Similarly, when 
he speaks of the average value of the wave he means not the average 
voltage but the average magnitude of the envelope. 

Of the three of us, Jansky alone was quite lucid on these definitions. 
His use of the words, "effective, or root -mean -square voltage," and his 
defining equations (1) and (2) leave no room for doubt. He was trying 
to measure the ratio of the average voltage to the effective voltage, not 
the ratio of the average value of the envelope to the root -mean -square 
value of the envelope. What he actually measured is something else 
again. From his circuit diagrams, it appears that his measure of the 
average voltage might be nearer to the average value of the envelope, 
while his measure of the effective voltage might be accurate. If this 
were true the expected value of the ratio would be 1.252, which is still 
further from a check. Perhaps the point is not worth belaboring 
further. There seems to be no question now as to the theoretical values 
of the various ratios. 

I, too, have derived the voltage distribution from the envelope dis- 
tribution by a method similar to that of Mr. Norton. It should be 
pointed out that the proof depends on the assumption that the phase 
angle is random when the value of the envelope is given. This assump- 
tion appears to be quite justified. 

It is a curious fact that the reverse derivation cannot be carried 
out by this method. Given the value of the instantaneous voltage, the 
phase angle is not random! This derivation has been carried out by 
another method but it is somewhat involved and need not be repeated 
here. 

In spite of the initial misundertanding I believe that the discussion 
has brought out important material not previously published. It is to 
be hoped that the controversy will not becloud the issue. I believe that 
(accepting the above definitions) either Mr. Norton's work or my own 
is an accurate treatment. Certain of the details brought out in the 
discussion should find important practical applications. 
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THE ABSOLUTE SENSITIVITY OF 
RADIO RECEIVERS*t 

BY 

D. O. NORTH 
Research Laboratories, RCA Mfanufncturing Company. Inc.. Harrison. N..1. 

Summary -The total random noise originating in a receiver has cus- 
tomarily been described in terms of the equivalent noise voltage at the 
receiver input terminals. A comparison of the signal -to -noise ratios of two 
receivers working out of identical antennas is thereby facilitated, but only 
so long as the coupling between antenna and receiver input is extremely 
loose. 

This paper describes a method for rating and measuring the noise in 
complete receiving systems, antenna included. The proposed rating appears 
particularly applicable to ultra- high -frequency services and, more generally, 
to any service in which signal -to -noise ratio is made a prime consideration in 
receiver design and operation. 

A portion of the study deals with the properties of receiving antennas, 
yielding as a by- product an alternative derivation of Nyquiet's theorem con- 
cerning thermal fluctuations in passive networks. 

A formula for absolute sensitivity is developed, which shows how the 
minimum usable signal -field strength is related to the operating wavelength, 
the antenna directivity, the local noise -field strength, the receiver band- 
width, and a number called the "noise factor ", which is a basic measure of 
the internal noise sources of the receiver. 

prrHE "Standards on Radio Receivers" adopted and published by 
the Institute of Radio Engineers in 1938, define the sensitivity 
of a radio receiver as "that characteristic which determines the 

minimum strength of signal input capable of causing a desired value 
of signal output ".1 So defined, the sensitivity is a measure of gain. 
The same report' takes cognizance of the fact that random fluctuations 
(noise) originating in the receiver set a limit to the useful sensitivity. 
Leaving a precise definition to those who write standards, we shall 
refer to this useful limit as the "absolute sensitivity ", indicate in an 
elementary way its dependence upon certain properties of the receiver' 
and antenna, suggest methods for measuring it in the laboratory, and 
consider its modification by noise induced in the antenna. 

* Decimal Classification: R161.2. 
t Reprinted from RCA REVIEW, January, 194.2. 
t Now with the Research Department, RCA Laboratories Division, 

Princeton, N. J. 
1 "Standards on Radio Receivers ", 1938, definition 1R36. 
2 Page 42, section 13. 
3 A more thorough consideration of this aspect is the purpose of a com- 

panion paper by E. W. Herold, "An Analysis of the Signal -to -Noise Ratio 
of Ultra -High- Frequency Receivers ", RCA Review, Jan. 1942. 
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The conventional method of describing receiver noise in terms of an 
equivalent- noise- side -band input, while possessing a limited utility, does 
not ever permit an immediate positive judgment of signal -to -noise 
ratio, nor even a comparison of two receivers, unless additional infor- 
mation is given concerning the antennas and the means for coupling. 
It will be seen, on the other hand, that a description of the absolute 
sensitivity of a receiver, antenna included, provides a direct basis 
for the judgment of a complete receiving system, and facilitates the 
inter -comparison of receiving equipments, no matter how diverse their 
characteristics' A rating of this kind is particularly valuable in the 
ultra- high- frequency field, where antennas are designed as an integral 
part of the receiver, or, for that matter, in any service wherein maxi- 
mum signal -to -noise ratio is an important factor in design and opera- 
tion. It was during an attempt, two years ago, to find a sound basis 
for the comparison of television receivers, that the considerations 
reported below were crystallized. 

MEASUREMENTS IN THE LABORATORY 

Consider an ultra- high- frequency receiver constructed to work out 
of a specific antenna. This implies a specific radiation resistance, 
antenna reactance, and ohmic loss (such as might be present in a long 
down -lead). The important essentials of a laboratory simulation of the 
real antenna, therefore, appear to be 

1 -a signal generator providing a known radio -frequency voltage 
source, e, in series with 

2 -a resistor, Ra, whose resistance equals the radiation resistance 
of the prescribed real antenna; 

3- tunable reactance to simulate the Q of the real antenna; perhaps 
4- additional losses to simulate unavoidable losses in the real 

antenna, and possibly 
5-a low -loss transformer to correct minor defects in the attempted 

similitude. 
In many cases, the real antenna is prescribed to have a low Q, to 

permit reception over a wide range of frequencies. In this event, and 
provided the antenna Q is small in comparison with the Q of the 
receiver input circuit, item (3) is of minor importance. By the same 
token, emphasis upon "low- loss" in item (5) becomes less severe. 
Furthermore, item (5) will often be found incorporated in the receiver 
proper, in which case the responsibility for making it loss -free lies 
with the receiver designer. 

4 This same subject has recently received the capable attention of R. E. 
Burgess, "Noise in Receiving Aerial Systems ", Proc. Phys. Soc., Vol. 53, p. 
293, May, (1941). 
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Consider next methods for measuring the noise output. Present 
I.R.E. standards prescribe measurement of noise after detection.'- This 
method not only requires a known modulation for the signal generator, 
but also makes the noise measurement a function of the frequency 
response of the circuits which follow the detector. On the premise 
that post- detection filters are, or should be made sufficiently flat and 
broad to pass uniformly all frequencies offered by the pre- detection 
part of the receiver, it is here proposed to measure noise prior to 
detection. The natural point at which to insert a meter is just ahead 
of the detector. But occasionally latitude is permissible, and the de- 
mands made upon the meter and its position may thus be summarized. 

1 -It must be preceded by all the filters which materially determine 
the r -f and i -f selectivity, and must not, in itself, modify the selectivity. 

2 -It must be preceded by all of the significant sources of random 
fluctuations. 

3 -Its response to both noise and signal (preferably, to any admix- 
ture of these) must be known. 

Item (1) is often too stringent, and may be relaxed in circum- 
stances where it is known that the frequency spectrum of the noise 
power presented to the meter input terminals conforms essentially to 
the shape of the power -selectivity curve at that point. This point will 
be elaborated later. 

A schematic of such a laboratory arrangement is shown in Figure 
1, which, in addition displays one of the sources of noise, namely, 
thermal agitation in the resistor R. which, at room temperature To, is 
simulating radiation resistance. The quantity k appearing in the for- 
mula, 

et2 =4k T. R. ' f (1) 

is Boltzmann's constant. The quantity f f we will consider related to 
the overall selectivity curve in the usual way. That is, if f,, be the 
nominal operating frequency of the receiver, and if G (f) be the re- 
sponse of a linear output meter to input signal e(f), then 

G2(f) 
of = ' df (2) 

G' (f,) 

By any of various methods which avoid overloading any portion of 
the system, it is possible to find a signal e(fa) which produces (as 
indicated by the meter) an output signal power equal in magnitude to 
the output noise power. Were the receiver ideal in the sense that it 
possessed no sources of noise save that originating in the dummy 

2 loc. cit. 
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antenna, it would be found that 
e' (fo) 4k To Ro t f (3) 

A fundamental description of the noise generated in the laboratory by 
a receiver equipped with a dummy antenna is, therefore, provided by 
the dimensionless measure 

N- e' (fe) 
(4) 

4k To R.Af 
The number N we shall refer to as the "noise- factor ". Expressed 

as a number, it states the ratio of actual noise power to that developed 
by an ideal receiver. Or, it may, of course, be given in decibels referred 
to the ideal receiver as a zero level. That is, the lower limit of N is 
unity, or zero decibels. 

i--- DUMMY ANTENNA - 
B 

B 

3 

1 - SIMULATED RADIATION RESISTANCE, AND POWER SOURCES 
2- SIMULATED ANTENNA REACTANCE, OHMIC LOSSES, AND, 

IF NECESSARY, A MATCHING TRANSFORMER 
3- RECEIVER, LESS DETECTOR AND POST -DETECTOR STAGES 
4 - OUTPUT METER 

Fig. 1- Schematic of a receiving system with dummy antenna and output 
meter for laboratory measurements. 

This proposed method for quoting laboratory measurement of 
receiver noise is particularly valuable for two reasons. 

First, it is generally fairly insensitive to modifications in the selec- 
tivity, as was hinted above. For, unless the frequency spectrum of the 
noise power output differs materially from the power -selectivity curve, 
e'(fo) is proportional to At. The noise factor N thus provides a rea- 
sonably just basis for the comparison of equipments possessing selec- 
tivity curves widely different as to both shape and width. 

Second, the quantity e' /Ro is invariant in a transformation through 
a loss -free transformer. Consequently, whenever there are no pre- 
scribed ohmic losses in the antenna, and when the object of the 
measurement is not simply to measure N, but rather, to adjust the 
antenna coupling to an optimum which then produces the lowest pos- 
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Bible N, one need not be limited to a value of R. precisely equal to the 
radiation resistance of the prescribed antenna. One need only make 
sure that the prescribed antenna Q is provided, and even this require- 
ment loses importance when the Q is too low to affect materially the 
overall selectivity. For all special, but highly significant measurements 
of this kind, it becomes unnecessary to know either the voltage calibra- 
tion of the signal generator, or the precise value of Ra. Since only 
the quantity e"- /Ra appears in the expression for the noise factor, it is 
sufficient to know simply the power the combination will deliver .to a 
matched load. In view of this property, it is seen that the minimum 
noise factor provides, also, a reasonably just basis for the comparison 
of equipments working out of antennas possessing widely different 
radiation resistances. 

SOME PROPERTIES OF RECEIVING ANTENNAS 

Although we have obtained a method for determining and rating 
the noise of a receiver with dummy antenna, we are not yet in a 
position to describe its absolute sensitivity in operation. We must first 
learn two things: one, the connection between signal -field strength 
and voltage e produced thereby at the open terminals of an antenna of 
radiation resistance Ra; two, the rôle played by noise picked up by 
the antenna. 

The rôle played by antenna reactance is altogether silent and will 
be ignored. 

Consider two antennas as pictured in Figure 2. The reciprocity 
law (which is only a dignified way of saying that transfer impedances 
for passive networks are the same in both directions) assures us that 
if i is the current fed to one antenna, and e the resulting open- circuit 
voltage at the other, then 

e=ki 
and k is symmetrical in the two antennas. But if antenna (b) is trans- 
mitting, its power output is 

P = i2Rb 

And if antenna (a) is receiving some of that power, its open -circuit 
voltage will be proportional to the square -root of P. Therefore, 

eat =fRbi 
It follows that k is proportional to v/Rb, and, being symmetrical in the 
two antennas, must be proportional to VRa also. It is, in addition, 
proportional to a space- attenuation factor and to the product of the 
directivities of the two antennas. 
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We are thus enabled to write the relation between signal field 
strength and open- circuit antenna voltage. Let i2 represent the two 
angular coordinates which define a direction in space. Let ¢ represent 
the azimuth in a normal plane, to define the direction of polarization 
of a Poynting vector S (Q,4) which describes the signal field. Let 
D2 (114) be the function which describes the power- directivity receiv- 
ing pattern (identical with the radiation pattern in unencumbered 

Fig. 2 -The reciprocity law for two antennas with individual 
radiation resistances R. and Rs. 

space), and let it be normalized so that, averaged over all values of 
II and ¢, D2 (f1,43)= 1. It follows that 

e2 =A R. D2 S(s2,4) (5) 
The coefficient A is evaluated in the Appendix by an appeal to Nyquist's 
theorem, for which an additional derivation is produced, proving (if, 
indeed, proof be needed) its valid application to radiation resistance 
as well as ohmic resistance. The result, Equation (15), is 

A =20/27r 
where \ is the wavelength. 

A2 

Hence, e2=- RaD2(0,¢) S(12,¢) (6) 
2ir 

When practical units are used, and A is given in meters, the relation 
between S (watts per square meter) and its associated field strength 
E (volts per meter) is 

S = E2/120r (7) 
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The open- circuit voltage produced at the antenna terminals by a 
signal field is then 

A Ra 
e" = -- -- D2 (S2,0) E'- 

27r 120a 
(8) 

The voltage produced by a noise field may be likewise expressed. 
It is certain that if the antenna were exposed solely to the isotropic 
equilibrium -radiation of an enclosure maintained at room temperature 
To, the noise voltage would be 

et2 =4kToRapf 

It is equally certain that this is not the case. The strength of local 
noise fields has been, and will always continue to be, the subject of 
much serious speculation and measurement.5 While it is known already 
that both man -made noise and atmospherics decrease rapidly with A, 

the "resolving power" of receivers is not yet sufficient to determine 
what limit, if any, is approached. Furthermore, the development of 
new communications equipment for shorter wavelengths will always, 
of itself, implement the production of what must necessarily be 
regarded, from certain points of view, as new noise fields. 

Local noise fields may be crudely divided into three groups: 
1- Strictly random fluctuations similar to those generated within 

the receiver proper, and characterized by a proportionality between 
noise power and bandwidth. 

2 -Noise consisting of impulses, random enough, but occurring at 
a mean rate too low in comparison with the bandwidth to be included 
with (1), and, therefore, characterized by a lack of proportionality 
between noise power and bandwidth. 

3 -All other unwanted fields. 

It is beyond our present purposes to discuss the relative amounts 
of service disturbance engendered by equal amounts of noise power in 
each of these categories. This vastly complex problem is receiving 
attention elsewhere.° Concerning ourselves with a measure of the 

5 For example, K. G. Jansky, "Minimum Noise Levels Obtained en Short - 
Wave Radio Receiving Systems ", Proc. I.R.E., Vol. 25, p. 1517, December, 
(1937). 

R. K. Potter, "An Estimate of the Frequency Distribution of Atmos- 
pheric Noise ", Proc. I.R.E., Vol. 20, p. 1512, September, (1932). 

G. Reber, "Cosmic Static ", Proc. I.R.E., Vol. 28, p. 68, February, (1940). 
° C. M. Burrill, "Progress in the Development of Instruments for Meas- 

uring Radio Noise ", Proc. I.R.F.., Vol. 29, p. 433, August, (1941). 
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power alone, we note that the difference between two determinations 
of the noise factor, conducted as described, one with a dummy antenna, 
the other with the real antenna in the absence of a signal field, pro- 
vides just such a measure. We may go even further and, simply for 
convenience, express this measure in terms of an essentially fictitious 
temperature T. of local space, writing 

e2=4kTaRapf 

for the net open- circuit voltage produced by the local noise field at 
the antenna terminals, so that' 

Ta 
N(operating)=N+--1 (9 

1 

To 

The total equivalent noise voltage at the antenna terminals of a system 
in operation may consequently be written 

[N+ 
Ta 

=4kToRa f 
Ta 1] 

(10) 

Should it be ascertained that the local noise field consists entirely 
of the first kind, Ta will then be independent of bandwidth, but not 
necessarily independent of operating frequency; and if the noise field 
is not isotropic, To will naturally be a function of antenna orientation 
and directivity. To the extent that noise fields of the second and third 
kinds are present, T. cannot even be presupposed independent of band- 
width. 

ABSOLUTE SENSITIVITY 

If, by the term "absolute sensitivity ", we refer to the r -m -s signal 
field strength which produces at the open antenna terminals a mean - 
square voltage equal to the equivalent mean -square noise voltage, 
then, from (8) and (10), that field strength is 

24077.2 4k T p f r Ta 
E-= N+---1 

J1" Dz (524) To 

T E. W. Herold, Reference 3, exhibits the general functional relationship 
of N to the important sources of noise within the receiver, and to the circuit 
arrangements dictated by the service for which it is desiene, 
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If E is conventionally expressed in microvolts per meter, x in meters, 
ff in megacycles, and To set equal to 300 degrees Kelvin (room tem- 
perature), 

39Af r Ta 
E2 N+--1 

z 300 
= 

x2D(114) 

The exgxession shows clearly the distinct, prominent contributions 
of receiver proper, antenna directivity, and local noise fields. 

The economy of efforts to improve the laboratory noise factor is 
seen to be bounded, in some cases sharply, by the existence of local 
noise. The use of tuned antennas for broadcast reception is, in many 
locations, a costly luxury. In some recent experiments, W. R. Ferris' 
and the author produced a noise factor N = 3.2 in an attempt to deter- 
mine the lower limit for television service at 100 megacycles. Such a 
receiver would probably be unappreciated in metropolitan districts. 
On the other hand, at higher frequencies, Ta appears to decline, as 
stated before, while minimum N rises rapidly for a number of tube and 
circuit reasons.' There is surely much to be gained from improved 
N's at very short wavelengths. 

The economy of antenna structures needs similar consideration. 
For half -wave dipoles in free space, D"- is not a function of wavelength. 
For dipoles beamed by parabolas large in comparison with A, D' 
(maximum) is proportional to A/À2, where A is the area of the para- 
bola's aperture. Even were the noise factor to remain fixed as one 
moved towards shorter wavelengths, the absolute sensitivity would 
certainly suffer if one continued to use dipoles and would, indeed, still 
suffer, despite the switch to a parabola, unless the aperture of the 
parabola were given an area comparable to the square of the initial 
wavelength. 

(12) 

CONCLUSION 

Because of the ease of interpretation, and the simplicity of meas- 
urement method, it is hoped that the material presented above may be 
considered as a basis for the adoption of a standard of "absolute 
sensitivity" for radio receivers. 

APPENDIX 

Thermodynamic reasoning alone is sufficient to justify the appli- 
cation of Nyquist's theorem' concerning thermal agitation to any 

31oc. cit. 
s Research Laboratories, RCA Manufacturing Company, Inc., Harrison, 

New Jersey. 
' H. Nyquist, "Thermal Agitation of Electric Charge in Conductors ", 

Phys. Rev., Vol. 32, p. 110, July, (1928) . 
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passive network. But it is, at least, interesting to develop the theorem 
in detail for a microscopic dipole exposed to equilibrium radiation.10 

Using electrostatic units, we know that the radiation resistance of 
a dipole of length 1(1 «a) in vacuum is" 

8 040 2 

3 C3 

where f is the operating frequency, C the velocity of light. 

(13) 

The energy density of equilibrium radiation at temperature T is" 

8r hf df hl 
P= 

Cs 
[_i] -1 

wherein h is Planck's constant, k is Boltzmann's constant. But since 
hf /kT - 10 -" for f = 1,000 megacycles and T = 300 degrees Kelvin, the 
Rayleigh -Jeans approximation is sufficiently accurate. Thus, 

But, being isotropic, 

871. kTf2 
P7-= df 

C3 

E2 Er2 + E"- + E.' P=-= 3Ez2 

4a 4r 4rr 

Hence, the mean -square field strength at the antenna in its susceptible 
direction (z) is 

32(7rf)2 
kTdf 

3 C3 

Therefore, the mean -square open- circuit voltage at the antenna ter- 
minals is, with the help of (13), 

e2= E,212=4 [8(7111)21 
3 C3 

kTdf=4kTR°df (14) 

To evaluate the coefficient A in (5), we submerge any antenna in 
equilibrium radiation and demand that the open -circuit voltage appear- 

lo A more general derivation was given by Burgess, Reference 4. 
l' For example, Hund, "High- Frequency Measurements ", p. 399, (Mc- 

Graw -Hill, 1933). 
12 For example, Ruark and Urey, "Atoms, Molecules, and Quanta ", p. 

58, Eq. 10, (McGraw -Hill, 1930). 
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ing at its terminals obey Nyquist's theorem. Since D2(f2,95) has been 
defined to have an average value of unity, and since (in e.s.u.) 

C E"- 

S= 
47r 

it follows that 

4kT Rcif =ê2= ARGS =A Ra 

whence 

CE2 27rA 

a' 

A - 
2r 

= 4kT Ra df 
4r A2 

(15) 

This result enables one to state a perfectly general relationship between 
the "effective height" of an antenna, its radiation resistance, and its 
directivity. The effective height h (12,¢) is defined 

e h-- 
E 

Hence, from (8), we have, in practical units,13 

A.2 RG 

h" (94) - - D2 (f1,¢) 
2vr 1207r 

(16) 

We further find, in agreement with Burgess,* that the mean -square 
effective height averaged over all orientations with respect to a fixed 
signal vector is then 

,12 RG 

h2= - 
2r 120r 

(17) 

13 The quantity, 1201r, carries the dimension, ohms. It is, in fact, the 
characteristic impedance of a strip x units broad of a transmission line con- 
sisting of two parallel infinite planes x units apart, supporting plane -wave 
transmission. 

4 loc. cit. 
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Finally, with reference to (6) , it is to be noticed that the power 
an antenna can extract from a signal Poynting vector is proportional to 

52 A' -=- D2(4) S(0,0) 
Ra 2r 

The radiation pattern of dipoles shorter than a half -wavelength is 
sensibly independent of the length; this leads to the curious observa- 
tion that such dipoles extract sensibly equal amounts of power, no 
matter how short they are. In the language of physical optics this 
would be known as a diffraction phenomenon. In the language of 
atomic physics, we can only conclude that the capture -cross- section of 
short dipoles for passing Poynting vectors is of the order of A2. 
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AN ANALYSIS OF THE SIGNAL -TO -NOISE RATIO OF 
ULTRA -HIGH -FREQUENCY RECEIVERS*t 

BY 

E. W. HEROLD 
Research Laboratories. RC.\ Manufacturing Compniq, Inc.. Harrison. N. J. 

Summary -This paper presents an elementary analysis of the effect of 
the various sources of fluctuation noise on the signal -to -noise ratio of radio 
receivers. Because the noise induced in negative grids at high frequencies is 
included; the work is particularly applicable at ultra -high frequencies. It is 
found that the signal -to -noise ratio depends on the antenna noise; in addi- 
tion, when bandwidth is not a consideration, it depends on the ratio of 
equivalent noise resistance to input resistance of the first tube, and, when 
bandwidth is a major consideration, on the product of input capacitance and 
equivalent noise resistance. The coupling from antenna to first tube is an 
important variable in receiver design and an optimum coupling is found 
which results in an improvement in signal -to -noise ratio. This optimum 
condition is often considerably different from the adjustment for maximum 
gain and, by its use, the noise induced in the grid becomes relatively un- 
important. The noise from the second stage of the receiver is also evaluated. 
It is shown that the thermal noise from a wide -band interstage circuit may 
be made negligible by concentrating all the damping on the secondary side. 
Calculations of typical receiver arrangements using triode type 955 and pen- 
tode type 954 mixers are given for 300, 500 and 1,000 megacycles. 

I- INTRODUCTION 

HE useful reception of radio and other types of signals is lim- 
ited, in the main, to those signals which exceed the unavoidable 
random fluctuation noise of the communicating system. Because 

there are other sources of noise in addition to normal random noise, 
such as static and man -made interferences, the signal must usually 
exceed the random noise by a considerable factor, under most conditions 
of reception. However, since random noise imposes a readily calculated 
absolute limit to sensitivity, it is usually used to designate receiver 
performance. This criterion is particularly appropriate when the noise 
which is inherent in the receiving antenna is included. At low fre- 
quencies, up to say 20 megacycles, the chief sources of noise in the 
usual receivers are due to atmospherics and allied causes, to thermal 
agitation in the antennas z and in the input circuits of the first tube, 

Decimal Classification: R361.211. 
f Reprinted from RCA REVIEW, January, 1942. 
$ Now with the Research Department, RCA Laboratories Division, 

Princeton, N. J. 
IF. B. Llewellyn, "A Rapid Method of Estimating the Signal -to -Noise 

Ratio of a High Gain Receiver ", Proc. I.R.E., Vol. 19, pp. 416 -420, March, 
1931. 

2 R. E. Burgess, "Noise in Receiving Aerial Systems ", Proc. Phys. Soo., 
Vol. 53, Part 3, pp. 293 -304, May 1, 1941. 
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and to shot -effect in the plate circuit of the first tube. At higher fre- 
quencies, however, the noise induced in the input grid by the passage 
of electrons3.4.5 must also be considered as a contributing factor. When 
the gain of the first tube is low, it is also important to consider noise 
contributed by the coupling circuit to the following tube and also the 
noise contributed by the following tube itself. 

In all cases, the most convenient evaluation of the total noise energy 
is made by referring all sources of noise to a given point in a receiver. 
For example, if the grid of the first tube is used as reference point, 
the noise voltage resulting from shot noise in the plate may be divided 
by the gain of the tube to give an entirely fictitious, but equivalent 
noise voltage at the grid reference point. This noise voltage may be 
added in the usual mean -squared manner to other independent noise 
voltages referred to this same point to give a total noise value. In 
estimating receiver performance, however, it is necessary to refer the 
received signal to this same point, if the signal -to -noise capability of 
the receiver is desired. In a companion paper,' D. O. North has shown 
that the absolute sensitivity of a receiving system depends upon a noise 
factor, N, of the receiver itself. The relations found in the present 
paper will show how N varies with tube and circuit constants and how 
receivers may be designed to minimize it. 

Studies of signal -to -noise ratio in the input circuit of receivers 
have previously been made qualitatively by Llewellyn' and quantita- 
tively by Williams' and by Fränz.' The present paper is an extension 
of the work of these men to include wide -band and ultra- high- frequency 
applications. In addition, a study of interstage coupling has been 
included for those cases when the gain of the first stage is low. This 
information is particularly necessary in ultra- high- frequency super - 
heterodynes when a wide band is used with a low -gain converter stage. 

II -BASIC RELATIONS 

A tuned antenna of radiation resistance R. will be assumed to be 
coupled to the receiver through a perfect transmission line of charac- 
teristic impedance Z.= R0. Coupling to the input of the first tube will 

' loc. cit. 
3 Stuart Ballantine, "Schrot Effect in High- Frequency Circuits ", Journ. 

of Frank. Inst., Vol. 206, pp. 159 -167, August, 1928. 
4 D. O. North and W. R. Ferris, "Fluctuations Induced in Vacuum -Tube 

Grids at High Frequencies ", Proc. I.R.E., Vol. 29, pp. 49 -50, February, 1941. 
5 Ç. J. Bakker, "Fluctuations and Electron Inertia ", Physica, Vol. 8, 

pp. 23 -43, January, 1941. 
6 D. O. North, "The Absolute Sensitivity of Radio Receivers ", RCA 

REVIEW, January, 1942. 
7 F. C. Williams, "Thermal Fluctuations in Complex Networks ", J. 

I.E.E., Vol. 81, pp. 751 -760, December, 1937. 
e K. Fränz, "The Limiting Sensitivity in the Reception of Electric Waves 

and Its Attainability ", Filektrische Näeh.riehter- Teehnik, Vol. 16, p. 92, 1939. 
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be assumed to be through a network which is the equivalent of a trans- 
former whose leakage reactances are eliminated by tuning, and whose 

step -up, or effective turns ratio, is ni *. An equivalent circuit then is 

as shown in Figure 1. The total input impedance of the tube with the 
antenna disconnected, as determined by circuit and lead losses as well 

as transit -time loading, is lumped as R1 in the figure. The open -circuit 
antenna signal voltage is shown as ea. Feedback effects which may 

change the signal -to -noise ratio in the tube will be neglected in this 
analysis. The noise sources which must be considered are: 

1. Thermal and other noise in the antenna. 
2. Thermal noise of circuit and leads. 
3. Induced input electrode noise in first tube. 
4. Plate noise of the first tube referred to the input circuit. 
5. Noise of parts of receiver subsequent to the first tube, 

and also referred to the input circuit. 

Fig. 1 -Basic equivalent circuit of receiver input. 

The noise of the antenna is conveniently introduced by considering 
this noise as if it were noise due to thermal agitation in the radiation 
resistance of the antenna and assigning to this resistance an effective 

temperature, T,,. Under ordinary circumstances, at frequencies below 

20 megacycles, this effective temperature may be considerably higher 
than the ambient temperatures At ultra -high frequencies, where 
directive antennas are employed and atmospherics are negligible, the 
value of T will more nearly approach the ambient temperature and 

may even go below it. When a conventional method of measuring 
receiver sensitivity is employed, a resistor at ambient temperature is 

substituted for the antenna resistance and the results obtained will 

correspond to T equal to the ambient temperature. These cases will 

be given special attention in this paper. 
To distinguish between items 2 and 3 of the above list it will be 

convenient to divide RI into two parallel components, one having 
thermal noise and representing circuit and leads, and the other having 
induced grid noise and representing electronic loading. If the con- 

* m is the ratio of output voltage to input voltage of the network. 
9 K. G. Jansky, "Minimum Noise Levels Obtained on Short -Wave Radio 

Receiving Systems ", Proc. I.R.E., Vol. 25, pp. 1517 -1530, December, 1937. 
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ductances of these two components are gn and ge, respectively, then 
1 

g12+ge= 

The noise induced in the input circuit by the passage of electrons 
has been found by North and Ferris' for tubes with an input control 
grid adjacent to the cathode. Their results for oxide -coated cathode 
tubes showed the noise to be equivalent to the thermal noise of a re- 
sistor of a value equal to the electronic loading and whose temperature 
is about 5 times room temperature. Furthermore, their work has shown 
that, theoretically, to a first approximation, induced grid noise may be 
added to the plate noise (referred to the grid) of the same tube as if 
they were independent sources of noise. Their results have made the 
application of this analysis to ultra -high frequencies possible. 

With respect to induced grid noise in tubes whose control grid is 
not adjacent to the cathode, the problem is not yet completely solved, 
although a start has been made by Bakker.' The emphasis in the 
present paper will be on the more common tubes with oxide -coated 
cathodes and an adjacent control grid which is also the input grid. 
However, for the sake of completeness, the results which apply to the 
other forms of tube are given in an appendix. 

One of the more common feedback effects in ordinary tubes at high 
frequencies is due to cathode lead inductance which introduces an input 
loading very similar in nature to the electronic loading. However, it 
has been shown10 that this feedback leaves the signal -to -noise ratio 
unaffected, at least in the first approximation. In using the results of 
the present paper, therefore, input conductance due to cathode lead 
inductance should not be included in the evaluation of the electronic 
conductance, ge. If the conductance due to the cathode lead is in- 
cluded in gn as if it were an ohmic loss the error will be small in most 
practical cases. 

The plate noise of the first tube will be referred to the grid in the 
usual manner by making use of an equivalent- noise -resistance concept." 
In many practical cases, the gain of the first tube will be sufficiently 
high so that noise of succeeding stages will be negligible. However, to 
preserve complete generality, the other sources of noise will be assumed 
to be included by adding a second equivalent noise resistance which is 

4 loc. cit. 
51oc. cit. 
14 M. J. O. Strutt and A. Van der Ziel, "Methods for the Compensation 

of the Effects of Shot Noise in Tubes and Associated Circuits ", Physica, 
Vol. 8, pp. 1 -22, January 1941. 

11 See Part V of B. J. Thompson, D. O. North and W. A. Ha_ ris, 
"Fluctuations in Space- Charge- Limited Currents at Moderately High Fre- 
quencies", RCA REVIEW, Vol. V, pp. 505 -524, April 1941 and Vol. VI, pp. 
115 -124, July 1941. 
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calculated at the grid of the first tube by using the squares of the gains 
between this point and the actual sources of noise, in the usual manner. 
A later section will include the evaluation of this second equivalent - 
noise- resistance factor as applied to the second stage. The total equiv- 
alent noise resistance at the grid will be designated by Re, and will be 

the sum of the noise resistance of the first tube and that calculated 
from all succeeding stages. 

Using the above concepts, by assuming an overall receiver passband 
which is not wider than that of the circuits considered in the analysis, 
it now becomes possible to redraw the circuit to include all the noise 
sources. This is done in Figure 2 in which all noise sources are shown 

as constant- current generators except the equivalent- noise- resistance 
source, Rev which is shown as a voltage. Throughout this analysis, Ta 

represents the effective antenna temperature, T1 represents ambient 
or room temperature in degrees Kelvin, k is Boltzmann's constant 

° 

1z =4kT0Rá 

Fig. 2- Equivalent circuit of receiver input with noise sources included. 

(equal to 1.37 X 10 -23 joules per °K) and Af is the overall effective 
passband of the receiver for noise purposes." The induced noise in 

the input grid is shown in the form suitable for oxide -coated cathode 

tubes with control grid adjacent to the cathode. 

Since the antenna resistance referred to the input circuit secondary 
is equal to m2R (where m is the effective turns ratio, or step -up, of 

the input circuit), the antenna noise referred to the grid is just the 
thermal noise of a resistor m2R at a temperature T. in parallel with 

1 

the resistance RI = already there. Thus, another equivalent 
gst +ge 

circuit can be shown in Figure 3a. 

In order to simplify the analysis still further, let us replace the 
reflected antenna conductance, 1 /m2R0, by the symbol g. The two 

resistances of Figure 3a in parallel will then be equivalent to the single 
resistance of Figure 3b. Furthermore, by remembering that 

11 Thompson, North and Harris, loc. cit. 

www.americanradiohistory.com

www.americanradiohistory.com


1G4 RADIO A7' ULTRA -JING// FRb,'Q('h,'.V('/h'S, Poloure /1 

1 
gs2-f-ge= R- 

we can rewrite the expression for the constant -current noise generator 
as shown in the latter figure. It will be well to keep in mind that the 
condition for maximum gain (impedances matched) corresponds to 
gaR1 = 1. 

e2 =4kTRRegpf 

= 4kTRAf 

(b) 
Fig. 3 -(a) Equivalent circuit with antenna loading and noise shown as 
reflected values in secondary of antenna transformer; (b) Simplified equiva- 

lent obtained by introducing g for the reflected antenna conductance. 

`la TR+ R 
+4qe 

When the circuit is reduced to the simple one of 3b, the relations 
for the signal voltage and noise voltage are readily written down. As 
to the signal, in Figure 3b it could have been represented as a constant - 
current generator of value ea /mRa. In terms of the reflected antenna 
conductance, ga, the signal voltage on the tube grid is then 

egrla = ea 

1 ga 1 

gaRl R1 

+ R R, 

(1) 

This expression reduces to the expected value for matched impedances 
if gaR1 is given the value unity. 

The mean -squared noise voltage on the grid, from Figure 3b, is then 
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[Rea (go 
1 Ria 

'- =4kTR Af Rea + -+ -+4g l (1 
F gaRi) (2) TR R1 / 

The signal -to -noise ratio is given by dividing (1) by the square -root 
of (2) and is 

eeignel ea 

= X -07 V4k TR Ra Of 

T R - -I- 2 - (gaRl) 
TR R1 

1 

R R 1 

C 

R 

/ 
-}- - eq 

1 + 49,R1 
R1 (gaRl) Rl 

(3) 

The denominator inside the radical of Equation (3) is the noise factor, 
N, whose importance in limiting the absolute sensitivity is discussed 
in a companion paper.° 

For the sake of completeness, another relation, which is of some 

interest, is the bandwidth of the input circuit (which has been assumed 
equal to, or greater than, Elf). The total bandwidth, from points 3 db 

down on each side of the resonance curve, may be compared with that 
of a simple tuned circuit of capacitance C shunted by a resistance 

R1 

1 + gaRi 
and is 

1 + gaRi 
Input band width = F (for 3 db down) 

27r C R1 

where F is equal to unity for an input circuit which is equivalent to a 

single -tuned circuit. For coupled circuits, or other band -pass arrange- 
ment, F may be somewhat greater. 

Equations (1) to (4) are the fundamental relations which are 
applicable to the input circuit. Their interpretation will be made more 

clear by the subsequent discussion. 

III -CONDITIONS WHEN GAIN IS MAXIMUM (IMPEDANCES MATCHED) 

From Equation (1), maximizing with respect to gaR1, it is found 
that the maximum grid signal is given when gaRi = 1 as, of course, is 

expected. This condition means simply that 

m2R4 = R1 

6 D. O. North, loc. cit. 
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and the antenna impedance is exactly matched to the tube impedance 
by the input circuit. It is the usual condition of adjustment and war- 
rants further consideration. 

The signal -to -noise ratio (from Equation (â) ), when g0Ri = 1, is 

e,fgoal ea 

= 1 \ et 
n 

/ 1 

T. 

Y 

(_+i 4 
Rl 

4geRI 
TR 

(5) 

where Utz is the open- circuit, mean- squared thermal noise voltage of 
the antenna at room temperature. This expression shows that the 
signal -to -noise ratio for a given signal, antenna noise and bandwidth 
depends only on the ratio of the tube equivalent noise resistance* to 
the total input resistance and on the fraction of this input resistance 
which is electronic in nature. The latter fraction, shown as geR1 in the 
equation, must lie, of course, between 0 and 1. Thus, the signal -to -noise 
ratio must always lie between the two limits imposed by the above 
equation for g,= 0 and for geR1= 1. 

The minimum open- circuit antenna signal which will just equal the 
noise under the matched -impedance condition, is given by 

eta Reo 2+4-- +4geRi (6) 
R1 

an expression which is obtained by setting T = T, as in receiver 
measurements with a dummy antenna. This minimum value may be 
used as a criterion for receiver performance.t Values of et$ computed 
for To= 293 °K, Ra = 75 ohms, and various bandwidths are as follows: 

Af. 
kc 

N/ et', 
!.. V 

10 0.11 

200 0.49 

2000 1.55 

4000 2.2 

* i.e., when noise of other tubes is small and R., is substantially due to 
first tube, only. Otherwise, R., includes noise of following stages also. 

f As North has shown in Reference 6, e./ ere cannot be changed by 
antenna design except by changing the directivity. 
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With the condition of matched impedances, which applies to Equation 
(6), the signal, when measured at the receiver input terminals, will 
be just half of the open- circuit signal, ea. 

A curve of the factor (2 + 4 ReQ /Ri + 4 g0Rl) plotted against 
RI/R, is shown in Figure 4. The lower curve is for the case when 
g,R1 = 0 while the upper curve is for the case when geR1= 1. Results 
for all practical receivers, when adjusted for maximum gain, must lie 
between these two curves. Further discussion of these data will be 
given later in the paper. 
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2 

9eR1 =1 
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RATIO OF INPUT RES STANCE TO EQUIVALENT 
NOISE RESISTANCE (RI/R.Q) 

Fig. 4 -The relative fluctuation noise of a receiver whose input circuit is 
adjusted for maximum gain. 
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IV- CONDITIONS WHEN SIGNAL -TO -NOISE RATIO IS MAXIMUM 

Referring to Equation (3) of the basic relations, if this expression 
is maximized with respect to ga, it will be found that best signal -to- 
noise ratio is given when 

1 f - R1 
(1 -4 gR1) (gaR1)2 = (7) 

Rea 

In terms of the step -up, m, of the input circuit the maximum signal - 
to -noise ratio is given when 

R, 

Ra 

1 

R 
1+ 1 (1 +4geR1) 

Rea 

Substituting (7) in (3) gives the maximum signal -to -noise ratio as 
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eeiannl ea T R,,,, 
, \/ ent ma \ et _ --1-2-+2 

TR R1 

1 

\ R1 

\ (8) - 1+-+4geR1 
Rl 

/I 
1 

It is again seen that the signal -to -noise ratio for a given signal, antenna 
noise, and bandwidth, depends only on the ratio Req /Ri and on geR1. 

The minimum open -circuit antenna signal which will just equal the 
noise is then 

eo] min - V CtR 

20 

1+ 2 RQQ + 2 
Re4 1+ 

Reg 
+ 4 geR1 (9) 

Rl Y R1 ( R1 
l 
/ 

I I I III 1 111 I I I 

ADJUSTED FOR BEST 
1 

SIG./ NOISE 
- -- ADJUSTED FOR MAXIMUM GAIN 
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m 
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m 

v 
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9%R1= 
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RATIO OF INPUT RESISTANCE TO EQUIVALENT 
NOISE RESISTANCE (R1 /Rect) 

100 

Fig. 5 -The relative fluctuation noise of a receiver whose input circuit is 
adjusted for best signal -to -noise ratio as compared with one adjusted for 

maximum gain. 

where T has been set equal to TR for the lowest possible antenna noise 
(as with a dummy antenna). A curve of the factor included under the 
right hand radical plotted against Ri /Req is shown in Figure 5 for each 
of the two limiting cases geR1 = 0 and geRi = 1. In order to facilitate 
comparison, the curves of Figure 4 are drawn with dotted lines. 

It is, of course, necessary to sacrifice signal -voltage gain in order 
to achieve the improved signal -to -noise ratio. The ratio of the signal - 
voltage, antenna -to -grid gain (Equation (1)) with best signal -to -noise 
ratio to that with optimum -gain coupling is 

Actual Gain 2 g 
Max. Gain 1 + gaR1 

(10) 
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where gait, is the value given by Equation (7) for best signal -to- noise. 
Equation (10) represents, therefore, the gain- reduction factor. 

Curves showing the reduction in gain as well as the improvement 
in signal -to -noise ratio* which are made possible with this coupling in 
comparison with optimum -gain coupling are shown in Figure 6. It is 
seen that over the range of values usually encountered (R, /Re, < 10), 
the signal -to -noise ratio improvement is appreciable though not 
startling even for geR1 = 1. The reduction in gain is very nearly equal 
to the improvement in signal -to -noise ratio in this range. It should be 
noted that the bandwidth of the overall input circuit is increased by a 
change in coupling from that for best gain in the direction of that for 
best signal -to -noise ratio. The amount of the increase is readily found 
from Equation (4) using the value of gal?' found from Equation (7). 
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RATIO OF INPUT RESISTANCE TO EQUIVALENT 
NOISE RESISTANCE (Ri/R.R) 

Fig. 6- Comparison of coupling for best signal -to -noise ratio, S /N, with 
coupling for best gain. 

V- DISCUSSION OF RESULTS OF SECTIONS III AND IV 

Perhaps the most interesting feature of the analysis has been that, 
no matter whether impedances are matched or whether best signal -to- 
noise ratio is desired, the signal -to -noise ratio depends mainly on the 
ratio of equivalent noise resistance, to to the total effective shunt 
resistance, R of the input to the tube. When ReQ is chiefly due to the 
first tube (as it is when the gain of the first tube is reasonably high) 
and R1 is also chiefly a result of the first tube (i.e., when circuit losses 
are negligible), a figure of merit for the first tube is R, /ReQ. Unfor- 
tunately, this ratio varies with frequency. Its use, however, together 
with the curves of Figure 5, lead to a clear picture of receiver per- 
formance. It is seen, for example, that in an ultra- high- frequency 

* i.e., the reduction in minimum signal which it is possible to receive. 
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amplifier or converter tube, an improvement in input resistance is just 
as valuable as a reduction in equivalent -noise resistance. 

Referring to Figure 4, for the impedance- matched condition, the 
data show that little improvement is to be obtained in signal -to -noise 
by an increase in R1 /Re, much greater than unity. Thus, if impedance 
matching is maintained, and a tube is found to have a minimum signal 
factor corresponding to RI /ReQ -1 it will not be possible to improve the 
performance much more, unless perhaps geR1 can be reduced by a 
reduction in electronic loading so as to change from the upper curve 
towards the lower. However, if a mis -match is permitted, as shown in 
Figure 5, a definite improvement in signal -to -noise can be expected as 
Ri /ReQ is increased even up to 100. 

At all times, the minimum thermal noise voltage of the antenna 
(T0 = T,) sets a definite lower limit to receiver sensitivity. As an 
example, consider the minimum usable signal of a television receiver. 
A receiver with a 4- megacycle bandwidth designed for the reception 
of amplitude -modulated signals must have a signal -to -noise ratio of 
around 30 db for a satisfactory picture. Since the antenna thermal 
noise is 2.2 microvolts (for a 75-ohm antenna), a satisfactory picture 
requires a signal of 70 microvolts as a minimum and no amount of 
improvement in the receiver can possibly decrease this value. 

One of the conclusions to be drawn from Figures 4 and 5 is that 
the presence of induced grid noise does not affect the signal -to -noise 
performance by a large amount. Under most practical high- frequency 
conditions, R1 /Re, is well under 10 and if a tube and circuit whose 
major loading is electronic is compared with one whose loading is 
entirely resistive a maximum difference of only 1.4 db will be found 
when the coupling is adjusted for best signal -to -noise ratio. 

The curves of Figure 6 indicate that adjustment for maximum gain 
(impedance -matching) is reasonable only as long as Ri /ReQ < 1. If the 
latter ratio can be improved markedly, by an improved circuit, tube, or 
both, so as to exceed unity by a significant amount it becomes profitable 
to mis -match somewhat to take advantage of the improved signal -to- 
noise ratio which is then attained. 

There is still one other aspect of the signal -to -noise problem which 
is of importance in the normal broadcast band, for example. In a 
receiver design which is suitable for a wide variety of antennas, it is 
customary to couple the antenna very loosely to the input circuit. In 
this way variations of antenna impedance will have a minimum of 
effect on receiver line -up and performance. The condition of loose 
coupling corresponds to a very small reflected conductance, i.e., 
g0R1 « 1. This condition, when included in Equation (3), shows the 
signal -to -noise ratio to be 
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eda,al ea 

Ve _ V er2 
Y 

gaR1 

C1 1 

Reo +- +4geR1I 
R1 

If gaR1 is held fixed, the ratio Reg/RI is again seen to be of primary 
importance. Greatest improvement in signal -to- noise, however, will be 
accomplished by increasing the antenna coupling so as to increase ga. 

VI- SIGNAL -TO -NOISE RATIO WHEN BANDWIDTH Is OF 

PARAMOUNT IMPORTANCE 

This section is concerned with those instances where the unavoid- 
able tube or circuit capacitance is so great that the input circuit band- 
width is too narrow when the coupling is adjusted for best signal -to- 
noise (the bandwidth, in this case, will be even narrower for the 
impedance -matched condition). It will now be necessary either to 
adjust the reflected antenna conductance for the correct bandwidth, 
or to decrease the shunt resistance R1 by adding a loading resistor. 
From Equation (4), it is seen that the relation between R1, the band- 
width, the reflected conductance, and the capacitance is fixed as 

27rp f C R1 
gaR1 = 1 

F 
twC R1 - 1 

F 

where Pw is introduced for 27rAf. The bandwidth Of' is the r -f circuit 
bandwidth and is to be distinguished from Al which is the total 
effective bandwidth for noise purposes. When this expression for 
gal?' is substituted in Equation (3) it is found that the signal -to -noise 
ratio is 

1 
edanel ea (12) 

= Ta LwC R 1 + (AwC Reg) /F + 4 geR1 
eat Vet' ,I + + 

TR F (iwCR1) /F -1 
It is now evident that, in this special case and once the r -f bandwidth 
is assigned, a low value of Rea C is the desideratum for best signal -to- 
noise. When Rea and C are mainly contributed by the first tube, a pos- 

1 
Bible figure of merit for the first tube is then which is 

2or C ReQ 

expressible in cycles per second. It is also evident that, when R1 
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approaches infinity, the best possible upper limit to the signal -to -noise 
ratio is obtained since the right hand term in the denominator then 
vanishes. The input circuit bandwidth is then obtained by the antenna 
loading only. Thus, the addition of a loading resistor to obtain band- 
width always results in a needless reduction of signal -to -noise ratio. 

A point of some interest is that a pair of coupled circuits, with 
coupling adjusted for flat -top response and with R, approaching infinity 
gives a value of F = V' With this coupled- circuit input arrangement, 
the minimum signal which is just equal to the noise is then 

emp, = er2 V1+ 0.7(27r, f')C Rev 

where zf' is still defined by points 3 db down at each side of the 
resonance curve. 

VII. -EFFECT OF OUTPUT CIRCUIT AND SECOND TUBE ON TOTAL 

EQUIVALENT NOISE RESISTANCE, Rev 

A. Maximum gain: bandwidth not important -In some receivers, 
particularly those used at ultra -high frequencies with a low -gain ampli- 
fier or converter, it becomes necessary to consider the thermal noise 
and tube noise subsequent to the input stage. The calculation is most 
convenient if carried out in terms of an equivalent noise resistance 
due to the second circuit and tube, but referred to the grid of the first 
tube. The value so calculated must be added to the equivalent noise 
resistance of this first tube itself to obtain the total Rey which has 
been assumed in the preceding analyses. The results are applicable 
whether the first tube be an amplifier or a converter. Induced grid 
noise will be neglected in this section. 

In receiver arrangements where the bandwidth of the circuit 
coupling the first and second tubes is, a priori, wider than the overall 
bandwidth of the receiver, the coupling circuit is designed for maxi- 
mum gain. With a single tuned circuit of resonant impedance R2 and 
with a second tube of equivalent noise resistance R6Q2 the mean -squared 
noise at the grid of the second tube is proportional to (R. + Rego). 
This may be referred to the grid of the first tube by dividing by the 
square of the grid -to -grid gain. The total effective equivalent noise 
resistance at the grid of the first tube is then 

R2 + Revn 

Rev =Ri+ (13) 
(GAIN) 2 

where Reg, is the equivalent noise resistance of the first tube. When 
a pair of coupled circuits is used, with coupling adjusted for maximum 
gain, it is necessary to consider both primary and secondary im- 
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pedances. If we call the first of these R91 and the second R9,, the gain 

of the first tube will be proportional to 1 /2VR91 R9_ . The mean -squared 
noise voltage at the grid of the second tube will be proportional to 
R9,_/2 + ReQ_ since the primary load with optimum coupling halves 
the value of R9_ for noise -calculating purposes. Thus, the total effective 
equivalent noise resistance referred to the grid of the first tube is, in 

this case, 

RD_ -+ Rea_ 
2 

Rea =Real + (14) 
(GAIN) 2 

In both Equations (13) and (14) the gain has been assumed to be the 
grid -to -grid gain. It will be found that for given first and second 

(a) SINGLE - TUNEO CIRCUIT 

L 
Rs TGZ (O 

(b) EQUIVALENT CIRCUIT 

C2 = Cpl + C92 
Rpl Rye 

RZ Rpl .+ 
R92 

Fig. 7- Circuit and its equivalent for coupling first tube to second tube. 

tubes, there is little to choose between the single- circuit and the 
coupled- circuit cases represented by Equations (13) and (14) as 

regards ultimate signal -to -noise ratio. This is in marked distinction 
to the wideband analysis to follow. 

B. Wideband operation: bandwidth a major consideration -It now 

becomes necessary to consider the receiver in which the bandwidth of 

the coupling circuit between first and second tubes is an important, if 

not paramount, consideration. When the first tube is a converter or 

mixer, for instance, the bandwidth of the coupling circuit is almost 

always of primary concern since it is the first i -f circuit. When the 

coupling circuit is a single -tuned circuit, as in Figure 7, the effective 

bandwidth between points 1 db down on the curve is 
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Bandwidth Lf' _ 
1 

47rC2R2 

When the value of R0 from (15) is substituted in (13) and the band- 
width is Lf', the total effective noise resistance becomes* 

(for 1 db down) (15) 

1 + 47rC2Lf' ReQ2 R= ReQ1 + (16a) 
4irC2Lf'(GAIN) 2 

However, the gain is also expressible as g,1R2 where gm1 is the trans - 
conductance (or conversion transconductance) of the first tube. Thus 
(16a) can also be written (using again the value of R0 from (15) ) 

4irC_Lf' 
ReQ = Regt + (1 + 47rC2Lf' Reg.) 

(gm1) 2 

(16b) 

It is seen clearly that, for the second tube as well as for the first, and 
when the bandwidth is a major consideration, the performance is 

Fig. 8- Double -tuned circuit for coupling first tube to second tube. 

specified by the product of a capacitance and the equivalent noise 
resistance, or C2 Reg2. 

For wideband applications it is highly advantageous to separate 
the two capacitances in an interstage coupler as is done by use of the 
pair of coupled circuits of Figure 8 or its equivalent T or 7r network. 
The fluctuation noise analysis in this instance is complicated for the 
first time by the possibility of a triangular instead of a rectangular 
noise spectrum. In a pair of coupled circuits (see Figure 8) adjusted 
for flat -top transfer impedance (i.e., second derivative of gain vs. fre- 
quency deviation set equal to zero), the impedance looking in at one 
pair of terminals may be decidedly double- humped if the circuits are 
of unequal Q. Thus the mean -squared thermal noise across such a 
pair of terminals must be obtained by integrating the resistive com- 
ponent of impedance over the pass band. Because the complete discus- 
sion is unimportant at this point, the derivation will be given in 
Appendix A and only the results discussed here. It is found that, by 
having a low -Q secondary circuit and a high -Q primary circuit, a 

* It is assumed that the total thermal noise is 4kT R, Lf. Actually if 
Lf = Lf', due to dropping off of the tuned impedance near the edge of the 
pass band, this would be about 8 per cent too high, a negligible correction. 
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substantial reduction in thermal noise is made possible with no sacrifice 
in gain or circuit bandwidth. 

The effective bandwidth of a pair of coupled circuits (Figure 8) 
taken between points 1 db down on each side and adjusted for flat 
response is 

4a ( Cp1 Rp1 Cp Rfl_ 

o0 1 1 
= -+ - 

47r Q1 Q;; 

1 1 
Bandwidth Af =- 1 

(17) 

where wo is the angular frequency at the center of the band and Q1 and 
Q2 are primary and secondary Q's, respectively. As shown in the 
appendix, the equivalent noise resistance at the grid of the first tube 
is then 

47rp f'C,1 
Re = Real + X 

9m1° 

0.96 
C 

1 + 
e1 

C 1 

+ 0.158 1 + Ql 2n1'C_R 
\ Qs \ Qz / Q1 

1 +( Q1 \ 2 

Q2 
/I 

where g is the transconductance or conversion transconductance of 
the first tube. It is easily shown that (18) is lowest when Q1 » Q2 
(see appendix) and this choice should always be made whenever pos- 
sible. The part of the noise due to thermal agitation in the coupling 
network is reduced considerably by the choice. With this condition 
(i.e., Q1 » Q_) 

(18) 

4irA f'Cp1 
Reg = Reg1 + (0.15 + 2at f'Cq_Re_) (19) 

(hail 

Again, as in the previous cases, it is evident that the noise of the second 
tube is determined by the product C92 Rage which should be as small 
as possible. It is of considerable importance that the primary capaci- 
tance, Cpl, (which is determined largely by the output capacitance of 
the first tube) should be as small as possible. If the condition Q1 » Q 
is fulfilled, it will seldom be found that the thermal noise of the inter - 
stage circuit is appreciable compared with the noise produced by the 
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second tube. Thus, for most practical purposes, (19) may be replaced 
by 

R,q: 
R= Regl + (19a) 

(GAIN)2 

provided coupled circuits are used as indicated. Equation (19a) is 
obtained from (19) by neglecting the factor, 0.15, substituting 1Z11 

for its equivalent, and finally letting g, 1 IZ,1 = GAIN. 

VIII -PRACTICAL APPLICATION TO U -H -F RECEIVERS 

Examples of the application of the foregoing analysis are readily 
made to ultra- high- frequency receivers for operation above 300 mega- 
cycles. In the following applications, it must be emphasized that feed- 
back effects have been neglected and that, to some extent, this neglect 
may lead to discrepancies between measured results and those calcu- 
lated herein. Furthermore, sincè the purpose of this discussion is 
primarily illustrative, the tube data to be used will be only approx- 
imate. Exact tube data at frequencies above 300 megacycles or so are 
not available in any event. 

The triode mixer, used in the converter stage of the receiver, will 
form an important part of the discussion and it may be well to offer 
a word of explanation. A triode in the converter stage, followed by a 
low -noise i -f system, seems to offer the greatest promise for a good 
overall signal -to -noise ratio with tubes now commercially available. In 
the ordinary triode mixer, signal- frequency feedback from the i -f 
circuit (which looks like a capacitance at the signal frequency) through 
the grid -plate capacitance may be very important in reducing the input 
resistance. However, in receivers designed to cover a very limited 
tuning range, a simple expedient may be used to greatly reduce feed- 
back. If the i -f output circuit is designed so as to present a very low 
impedance to signal frequency, the signal- frequency voltage on the 
plate may be reduced so that feedback becomes negligible. As a simple 
example, consider the primary winding of the i -f transformer. At 
signal frequency, this winding is above its natural resonance, and 
behaves as a capacitance. If we add, in series with it, a small induc- 
tance (a loop of wire or a length of lead) and adjust the latter to series 
resonance with the effective distributed capacitance of the i -f coil, we 
obtain a series resonant output circuit at signal frequency without 
affecting, in any way, the i -f circuit. As a minor point in connection 
with the triode mixer, the input capacitance and output capacitance 
are each increased by the amount of the grid -plate capacitance. 
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The equivalent noise resistances which will be used are taken from 
formulas given in another paper.'2 The conversion transconductance 
is assumed to be adjusted to optimum value. The electronic input 
conductance figures are based on available data with fixed voltages 
applied and, in the case of the converter stage, are averaged over the 
oscillator cycle. The capacitance figures which will be used represent 
reasonable approximations. 

The data will be presented in the form of a table. In the table, the 
electronic input conductance is expressed in micromhos per (mega- 
cycle)2. Thus, to obtain the input conductance at any one frequency, 
the constant given must be multiplied by the square of the frequency 
in megacycles. In somewhat similar fashion, the non -electronic input 
loss is expressed in micromhos per megacycle. The figure given repre- 
sents only a rough guess, but since this part of the loss is small in 

comparison with the electronic loss, its exact value is unimportant. 
Circuit losses, if any, will be assumed to be included in the non- 
electronic conductance figure. The Type 955 is assumed to be operated 
at a plate voltage of 180, the 954 at a screen voltage of 100. The 
column giving the peak oscillator voltage required is of importance in 
estimating the power required from the local oscillator. The grid bias 
of the mixer tube is assumed equal to the peak oscillator voltage in 
all cases. 

TABLE I 

First Tube and Method 
of Operation 

Equiv. 
Noise 
Resist. 
Ra,. 
Ohms 

Trans- 
conduct. 
g, or 
g. 

mhos 

Elec- 
tronic 
g. Per 
(Mc) ,2 

mhos 

Non - 
Elec - 

tronic go 
Per Mc., 
/mhos 

Approx. 
Peak 
Oscil- 
lator 
Volts 

955 Mixer -At Oscillator 5,200 700 0.0030 0.2 5 
Fundamental 

955 Mixer -At Oscillator 12,000 350 0.0015 0.2 12 
2nd Harmonic 

955 Mixer -At Oscillator 15,000 230 0.0010 0.2 34 
3rd Harmonic 

954 Mixer -At Oscillator 30,000 700 0.0030 0.2 5 
Fundamental 

954 Amplifier 6,000 1,400 0.0050 0.2 I - 

Each example to be computed will be considered at three signal 
frequencies, 300, 500, and 1,000 megacycles. The intermediate fre- 

12 E. W. Herold, "The Operation of Frequency Converters and Mixers 
for Superheterodyne Reception ", submitted for publication to Proc. I.R.E. 
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quency (i -f) is chosen as 30 megacycles and the overall bandwidth of 
the radio portion of the receiver is 7 megacycles, in order to minimize 
tuning difficulties and to permit wideband operation, as for television. 
However, when the relative sensitivities (signal equal to noise) are 
computed, they will be referred to an arbitrary bandwidth of 10 kilo- 
cycles. The actual sensitivity for other bandwidths following the 
second detector, is readily computed by multiplying by the square -root 
of the bandwidth ratio, in the usual way, with a negligible error. 

A. The i -f tube and circuit -It is observed from Equation (19) 
that the best tube to select for the i -f amplifier is one with the lowest 
product of 

CD2 
and It It is easily determined that the type 6AC7/1852 

is the best of the commercially available tubes in this respect, since it 
has a value for R 

eq2 
= 780 ohms and an effective 

CO2 (including circuit 
and leads) which can be made as low as 20 micromicrofarads. This 
tube will, therefore, be chosen. In each example, the tube working into 
the i -f system will be an "Acorn" type and a total effective output 
capacitance of 5 micromicrofarads (Cr1) will be assumed. This value 
is high enough to include circuit and leads. There is no significant 
difference between the 954 and 955 types in output capacitance because, 
with the latter, it is necessary to add the grid -to -plate capacitance as 
well. Because the i -f system is common to each example, we may com- 
pute its contribution to the noise immediately. The output plate 
impedance of a 955 mixer or converter is easily shown to be in excess 
of 20,000 ohms, while the 6AC7/1852 has an input impedance of around 
5,000 ohms. Thus, if we use a pair of coupled circuits as the first i -f 
transformer, Q1 > 19 and the secondary loaded by the 6AC7 only will 
have Q2' =19.t These Q's are so much higher than required to give 
our desired 7- megacycle circuit bandwidth that a damping resistance 
must be added. 

Following the low -noise design exemplified by the discussion fol- 
lowing Equation (18) we will add all the damping to the secondary. 
For simplicity, let us assume Q1 = 19 in every case$ Then Equation 
(17) gives 

1 1 pu, 7 -+-=2-=2-=0.47 
Q1 Q2 m 30 

If Q1= 19 we see that Q2 must be 2.4 and that we must add a shunt 
resistance of 730 ohms across the input to the 6AC7. Under these 

t Obviously the i -f transformer losses can be neglected. 
$ This implies adding a 20,000 -ohm shunt resistance across the primary 

of the i -f transformer when a pentode mixer is used. 
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circumstances, Q1 /Q., = 7.9 and the transfer impedance is 1,600 ohms, 
approximately. From Equation (18) we find the effective equivalent 
noise resistance at the grid of the converter stage is 

Reg = ReQ1 + 
523 X 10-á 

go2 

Using the values from Table I for Regl and ge, we find Reg for each of 
the converter stage possibilities. 

B. Converter as first stage -It is first necessary to determine 
whether the input circuit bandwidth is sufficiently wide. The narrowest 
bandwidth of any example considered, will be obtained with the lowest 
frequency, 300 megacycles, and the highest value of input resistance, 
obtained with the 955 mixer operating at the third harmonic of the 
applied oscillator frequency. Using Equation (4) and letting gaR1 =1 
(the lowest value which should be considered in a low -noise design), 
the circuit bandwidth is at least 

1 1 

_ - 9.6 megacycles 
NCRI irX5X10 -12X 106 

0.001 X (300) 2 + 0.2 X 300 ) 
Thus, it is found that the r -f bandwidth need not be increased in any 
of the examples and the receiver may be designed for best signal -to- 
noise ratio. Section IV of this paper is then applicable. 

The calculations for each example are straightforward and only one 
will be carried out in detail. The others will be tabulated later in this 
section of the paper. We see from Equation (9) that we need only 
Reg, R1, and ge. Let us choose for the detailed example the 500 -mega- 
cycle receiver with a 955 mixer operating at oscillator fundamental. 
Then 

Also 

523 X 10-8 
Req = R1+ = 5200 + 1070 = 6270 ohms 

gat 

1 108 
Ri= 

ge + gq 0.003 X (500) "-- + 0.2 X 500 
Finally 

= 1180 ohms 

g,R1 = 0.003 X (500) 2 X 10-8 X 1180 = 0.88 

Using Equation (9), we find 
ea .in -ee: X 6.1 

For Ra = 75 and Af = 10 kc, e12 = 0.11 microvolts so that the mini- 
mum open -circuit antenna signal to equal the noise is ea = 0.56 

111 

microvolts. If a signal generator is used which has been calibrated 
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for the matched impedance condition, its calibration should indicate 
just half of the above value. 

It is interesting to compare the sensitivity just computed with that 
which would obtain if the impedance- matched condition had been used. 
Using Equation (6), we find 

impedance- matched ea = 0.57 microvolts 
min 

This represents a negligible reduction in signal -to -noise ratio. The 
result should have been expected from inspection of the curves of 
Figure 6 which are nearly coincident at the value of Rl /ReQ appropriate 
to this example. 

C. Amplifier as first stage -Let us assume a 954 amplifier followed 
by a converter stage with the lowest noise equivalent (the 955 operated 
at oscillator fundamental). The calculations will be made neglecting 
the induced grid noise in the converter and assuming an idealized 
condition with no feedback in the r -f stage. In this example, the inter - 
stage circuit impedance will be given by half of the geometric mean 
of the 954 output impedance and the converter input impedance. Recent 
data on the 954 indicate an output conductance due to lead losses etc. 
roughly equal to 

954 output g = 0.0006 X (megacycle)2 (in micromhos) 

For this relation, the 300 -, 500 -, and 1,000 -megacycle interstage trans- 
fer impedances are then 3,700, 1,400, and 360 ohms, respectively. With 
g,= 1,400 micromhos, the grid -to -grid gains are then 5.2, 2.0, and 0.5, 
respectively. The value of ReQ_ will be taken as 6,270 ohms (to include 
i -f noise) while Reg1 (Table I) is 6,000 ohms. We find from Equation 
(14) 

Roe - + Re92 
2 

ReQ = Reg1 + = 
(GAIN) 2 

6,300 ohms for 300 megacycles 
6,700 ohms for 500 megacycles 

32,000 ohms for 1,000 megacycles 

Using the conductance data from Table I, we find 

2,000 ohms for 300 megacycles 
R 

1 
= 740 ohms for 500 megacycles 

190 ohms for 1,000 megacycles 

The minimum open- circuit antenna signal is then readily computed. 
For Equation (9) (the condition for best signal -to -noise ratio), the 
relative open -circuit antenna signals (Ra = 75, If = 10 kilocycles) are 

0.46 microvolts at 300 megacycles 
e. = 0.70 microvolts at 500 megacycles 

""" 2.9 microvolts at 1,000 megacycles 
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It is evident from these figures that a 954 r -f amplifier stage is 
inferior to the 955 converter stage, from a signal -to -noise point of view, 
even at 300 megacycles. This was already in evidence in Table I since 
both RegI and g, were lower for the 955 mixer than for the 954 amplifier. 

TABLE II 

Minimum Open- Circuit Antenna 
Signals 

First Tube 300 Mc 500 Mc 1,000 Mc 
955 Mixer -At oscillator fundamental 0.390V 0.560V 1.020V 

955 Mixer -At oscillator 2nd harmonic 0.45 0.66 1.20 

955 Mixer -At oscillator 3rd harmonic 0.47 0.69 1.23 

954 Mixer -At oscillator fundamental 0.75 1.15 2.22 

954 Amplifier -Followed by 955 0.46 0.70 2.9 

Fig. 9- Double -tuned circuit with constant -current drive. 

D. Tabulated results for all examples -It is assumed that R.= 75 
ohms, L f = 10 kilocycles and the design for best signal -to -noise is used 
(Equation (9)). 

One of the more interesting aspects of the table is the fact that the 
955 used as a mixer at 2nd or 3rd harmonic of the applied oscillator 
is less than 2 db poorer in signal -to -noise ratio than it is with the 
oscillator fundamental. It is, of course, necessary to apply a consid- 
erably larger oscillator voltage when harmonic conversion is desired. 

APPENDIX A 

Calculation of Noise in Wide Band Coupled Circuit Fed by 
Constant- Current Source 

Because the behavior of coupled circuits is reasonably well known, 
no attempt to derive the basic relations for transfer impedance, band- 
width, etc. will be made here. The relations which will be used repre- 
sent the usual approximations which hold exactly only for high Q's 
(i.e., bandwidth small compared to center frequency), but which are 
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qualitatively correct even for a low -Q circuit. Referring to the figure, 
if Q1= wCy1 R91, the primary circuit Q, and Q2 = wC,_ R,, the sec- 
ondary circuit Q, then the transfer impedance is 

e._ 

= IZ,I 
= 

in 

\/2 

woN/Cy1C,0 

1 1 

Q12 + Q22 

1 

+ 
1 2 

Q1 Q2 / __1 

26 8,0 ' (20) / 1 + 

/ 
26 

1 ' wo 

Y \Q1 +Q2/ 
where Sw is the deviation from the center angular frequency, ton. This 
equation assumes flat -top response, i.e., zero second derivative of IZ,4 

at center frequency. The total bandwidth, hf, for one db down on 
each side is then twice the deviation frequency for a one db decrease 
in IZ,l and is 

wo 1 1 2rof'=0w=- -+- 
2 Q1 Q2 

Using (21) in (20) we get 

IZ,I = 
0.707 

pwN/CPll.y 

( 
Q1 

)2 1+\Qz/ / 
Q1 

1 +- 
Q2 

The real part of the impedance looking into the C92, RD: terminals is 

Ql 8(0 2 - 1 +2 -( 
1 Q2 \ tw 

Sw ' 
, / 1+4(- 

to 

1 
// / 

(21) 

(22) 

Rl part of Zgecoaa,ry 

( Ql 
pwC,2 1 + 

Q2 

8,0 1+4(-1 
pw 

(23) 

It is interesting to note that, if Q1 » Q2, a curve of Equation (23) 
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is decidedly double- humped as shown qualitatively in Figure 10. Since 
the thermal noise is proportional to this variable, the noise spectrum is 
non -uniform and, in fact, the noise at center band is very small. This 
behavior results in a very low average thermal noise over the pass 
band when pf = L.f. It should be remembered that 6,f, the effective 
pass band for noise purposes, is largely determined by the system fol- 

w 

lowing the final demodulation of an incoming signal whereas pf' _ - 
2a 

is the circuit bandwidth. Since the maximum noise will occur when 
pf =, f', the calculations will be made on this basis. Since, as will be 

F'-- BANDWIDTH -+I 

Sw /w + 

Fig. 14-The real part of the secondary impedance of a flat -top, double - 
tuned circuit for frequency deviations around mid -band and with primary Q 

much higher than secondary Q. 

found, the thermal noise of the coupled circuits may be made very low, 
the correction which might have been applied when pf « Af would 
not have been of significance in any event. 

We are now in a position to compute the thermal -noise voltage at 
the grid of the second tube, add to it the equivalent second -tube noise 
voltage, and, if we choose, refer the total back to the grid of the pre- 
ceding tube by dividing by the square of the gain, (g,1Zt) 2. The mean - 
squared noise of thermal agitation at the grid of the second tube is 

1 (Ti) circuit = 4kTR 
21. 

2 

pw 

2 
Rl part of Z. d w 

where wo is the mid -band angular frequency. This is equivalent to the 
thermal noise of a resistance at the second -tube grid of value 
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Ow 
wo+- 

1 ¡ 2 

Jpw Llw 
wo - 

2 

Rl part of Z.,,,,. d w 

i 
2 

Sto 

=2 f Rl part of 7,eead 
Po) 

where Sw is the angular frequency deviation from the center -band point 
and ,no, is the angular bandwidth to points 1 db down. Using Equation 
(23), we obtain 

Rt_ _ 2 
1 ai 
2 1 + 2 - x= 

Q Qt s 

OwCa2(1+-/ 
0 1+4x' Q2/ 

dx 
SW 

(where x - - 
pw ) 

Qi 
1 + 0.158 

0.96 Q2 
- (24) 

pwC,2 Qt 1+- 
Q2 

Equation (24) shows that Rte varies over a 6:1 range as Qt /Q2 is 
varied from one extreme (Q1» Q2) to the other (Q2» Q1). When 

Q1 » Q2, the noise spectrum is non -uniform and, at mid -band fre- 
quency, the thermal noise is very much reduced over that at the edge 
of the band.* The transfer impedance (i.e., the gain) is, of course, 
constant over the band by the a priori relations. 

The total effective noise resistance at the second -tube grid is (Re22 

+ Rt2) where ReQ2 is the equivalent noise resistance of the second tube. 
The noise may be referred back to the first -tube grid by using (21), 
(22), and (24) to get 

ReQ=Regl+ 
(gm IZtI)' 

R,q2 + Rt2 

* It should be emphasized that the thermal noise- reduction possibilities 
of coupled circuits cannot be utilized in the antenna -to -grid circuit in the 
same way. 
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2,6,wCn1 

= Rerry + -- X 

gMl 

0.96(1+- 
Q2 / 

1-0.158-- 
( 

Q1 

/ Q_ 
+ 

Q2 

The factor in the bracket of Equation (25) is determined by the 
choice of Q1 /Q2 which is usually up to the designer. Curves of this 
factor are plotted in Figure 11. They show that Ql /Q, should be high, 

(21 l \1+- D,CDResl 
Q2 

I 

(25) 

0.01 0.1 I 0 IO 100 

RATIO OF PRIMARY O TO SECONDARY Q (CVQ%) 

Fig. 11 -The total fluctuation noise of a flat -top, double -tuned circuit of 
bandwidth pCO whose secondary is connected to a tube of equivalent- noise- 

resistance, R.,, and whose total secondary capacitance is C,2. 

i.e., the wide -band circuit damping should be concentrated in the 
secondary. The overall noise improvement to be obtained by such a 
choice is ordinarily considerably less than the theoretical maximum of 
8 db because of the major role played by the first -tube equivalent noise 
resistance, R,Q1 not to mention the noise of the second tube as expressed 
in Rev. However, since there appear to be no major disadvantages to 
the choice, it can be concluded that best design of the interstage 
coupling circuit will occur with the damping on the secondary only. 

APPENDIX B 

Signal- to- Noi.Qe Ratio for Mixer and Converter Tubes with 
Control Grid Not Adjacent to Cathode 

In some mixer and converter tubes the input or signal grid is not 
adjacent to the cathode and the preceding formulas must be modified 
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before they are applicable. Furthermore, the electronic conductance 
of a tube of this kind is usually negative12 so that some consideration 
must be given to this aspect. The analysis and measurements of 
induced grid noise in such tubes gives the noise in terms of an equiv- 
alent saturated diode current, 1,1.5 Thus the mean- squared grid noise 
current is 

Ç = 2eIdAf 
and this noise current cannot be expressed in a simple manner in terms 
of ge, the electronic input conductance, as when the control grid is 
adjacent to the cathode. However, at frequencies for which the transit 
angles are not too great, Id increases with the square of the frequency 
just as does the magnitude of ge. 

The formulas developed in the body of the paper assumed the 
induced noise current to be 4,2= (5 X 4k TR ge Af) so that, for the 
present case, we find that the quantity 4ge R1 of the formulas becomes 

(1n2 4 geRj = ge ) R1 = (20 Id - ge) R, (26) 
4kTR6f 

For the tubes we are now considering, R1 may be negative and it must 
be appreciated that stability requirements demand that the reflected 
antenna resistance be lower than R,. An even more stringent require- 
ment is that imposed by bandwidth. This requirement is given by 
Equation (4) and may be written 

1 

ga> AwC -- (27) 
R, 

where pal is 2apf' and a single -tuned circuit is assumed. 
The value of ga for optimum signal -to -noise ratio, irrespective of 

bandwidth, is given by Equation (7) . This optimum coupling condi- 
tion is rewritten (using Equation (26) ) 

1 1- geR, +20IdR, gal= + 
R12 R1 R6 

1 gn + 20 1d 

_ -+ 
R1' Rea 

(28) 

If the value of ga from Equation (28) is larger than that from (27) 
it is possible to obtain a signal -to -noise advantage by using (28). 
Otherwise, condition (27) must be used to assure proper bandwidth. 

S C. J. Bakker, loc. cit. 
12 E. W. Herold, loc. cit. 

www.americanradiohistory.com

www.americanradiohistory.com


SIGNAL -TO -NOISE RATIO OF U -H -F RECEIVERS 187 

Using (26) and the bandwidth condition (27), the minimum signal 
which is equal to the noise is found from Equation (3) to be 

/ Ta gn + 20 Id + (OwC) 2 Rev 

e0 min / TR 1 
pwC -- 

R1 

If, on the other hand, the bandwidth is not a limiting consideration, 
we may use (26) and (28) in (3) to get the lowest possible noise and 
find 

- V4k TRRapf 
(29) 

ea - V4k TRRaAf 

Y 

T. R i Rev -+2 -+2 +goRi +20IdRI) (30) 
TR R1 Ri .RI / 

When R1 is negative, as here contemplated, the sign of the inner square 
root must nevertheless be taken as positive if the result is to be valid. 

LIST OF SYMBOLS 

C = Total capacitance of input circuit to first tube. 

Cal = Total capacitance of primary circuit of interstage trans- 
former. 

C,2 = Total capacitance of secondary circuit of interstage trans- 
former. 

C2 = Sum of C,1 and C,2. Total shunt capacitance effective across 
a single -tuned circuit between first and second tubes. 

e = Open -circuit signal voltage from antenna. 
e,2= Open -circuit mean -squared noise voltage from an antenna 

which can be considered at room temperature. 

F = Factor by which double -tuned antenna transformer is better 
than single -tuned as regards bandwidth. 

pf = Overall receiver bandwidth for noise purposes (usually de- 
termined after final demodulation of signal). 

At' = Circuit bandwidth. This has a minimum value equal to AI. 

pw = Overall angular circuit bandwidth; equal to 2arpf. 
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80, = Angular- frequency deviation from center of a band -pass 
circuit. 

0.),,= Center frequency of band -pass circuit. 

g.= Reflected antenna conductance in secondary of input circuit. 

g.= Electronic input conductance of first tube. 

g n = Circuit and "cold" tube loading conductance of input to first 
tube. 

g,1= Transconductance or conversion transconductance of first 
tube. 

k= Boltzmann's constant (1.37 X 10 -23 joules per °K). 

m = Effective turns ratio or step -up of antenna -to -grid circuit. 

Q1= Ratio of shunt resistance to reactance of primary circuit of 
interstage transformer. 

Q2 = Ratio of shunt resistance to reactance of secondary circuit 
of interstage transformer. 

R,, = Radiation resistance of antenna. 

R1 = Impedance of secondary side of antenna -to -grid circuit with 
tube connected but with antenna disconnected. 

Rnl = Shunt resistance across primary of interstage transformer. 

R,= Shunt resistance across secondary of interstage transformer. 

R2= Shunt resistance across single -tuned circuit as interstage 
network. 

R,== Total equivalent noise resistance at grid of first tube includ- 
ing noise due to first tube, interstage circuit, and second 
tube. 

Reg1 = Equivalent noise resistance of first tube at its grid. 

Re" = Equivalent noise resistance of second tube at its grid. 

T.= Temperature of a resistance equal to antenna radiation re- 
sistance and having same mean -squared noise as antenna. 

TR = Room, or ambient, temperature. 

jZ,I = Magnitude of transfer impedance of interstage transformer. 
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SOME ASPECTS OF RADIO RECEPTION AT 
ULTRA -HIGH FREQUENCY''t 

BY 

E. W. HEROLD AND L. MALTER# 

Part I. The Antenna and the Receiver Input Circuits 

BY 

E. W. HEROLD 

Summary -This paper is in five parts, of which this is the first, and 
includes material prepared by the authors for a lecture course given dur- 
ing 1941 -1942. 

At ultra -high frequencies the fluctuation noise of tubes and circuits in 
the receiver is sufficiently greater than antenna noise and other forms of 
interference so as to limit the reception of weak signals. Signal -to -noise 
ratio is often one of the chief problems in reception at ultra -high frequencies. 
The bandwidth of the receiver is also of great importance, both for the 
determination of the maximum speed at which intelligence can be received 
and for the determination of the total noise which will be encountered. 
Circuit and noise bandwidth are not always the same and are distinctly 
separated in the analyses. Finally, selectivity is a third important aspect 
of ultra -high -frequency reception. 

It is shown that the receiving antenna "captures" an amount of the 
transmitted power which, at a given wavelength, depends only on the direc- 
tivity. Thus, receiving -antenna design is chiefly concerned with directivity, 
which determines the maximum signal -to -noise ratio, and with bandwidth, 
or Q, which determines the useful frequency range. The Q of the half -wave 
dipole is determined by its surge impedance which in turn depends on the 
ratio of diameter to length of the conductors. The antenna Q is low even 
for small diameters and is lowered even further by the receiver load. 
Coupling the antenna to the receiver requires low -loss transmission lines 
and proper impedance matching. The amount of reflection at line- coupling 
elements or at insulating beads can easily be calculated and formulas are 
given for cases in which the nonuniform sections are short compared with 
the wavelength. The losses due to such reflections rise with frequency and 
may be appreciable even for rather small beads, if isolated. 

The selectivity of superheterodyne receivers is largely obtained in the 
intermediate- frequency stages. However, the receiver input circuits, prior 
to the mixer stage, determine the image response. It is found that the 
image -to- signal ratio depends on the ratio of the input- circuit bandwidth 
to intermediate frequency. Thus, high intermediate frequencies are de- 
sirable. The design of resonant -line input circuits between the antenna and 

* Decimal classification: R320 X R361.2. 
f Reprinted from Proc. I.R.E., August 1943. 
$ Research Department, RCA Laboratories Division, Princeton, N. J. # Tube Department, RCA Victor Division, Lancaster, Pa.; now with 

the Research Department, RCA Laboratories Division, Princeton, N. J. 
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the tube to obtain any desired bandwidths can be carried out by use of 
lumped -circuit equivalents. This procedure is simplified since distributed 
losses in the line circuits can often be neglected in comparison with the 
lumped loss introduced by connection of a tube. If a bandwidth is too nar- 
row, the Q can be lowered by coupling the antenna tighter. If the band- 
width is too wide, the Q can be raised by coupling the tube more loosely to 
the circuit. 

An Appendix gives useful data for transmission -line circuits including 
their equivalents in the form of lumped L and C circuits. 

I. INTRODUCTION 

DURING the winter of 1941 -1942, a lecture course entitled "Ultra - 
High- Frequency Practice" was conducted in the northern New 
Jersey area by the Newark College of Engineering and Rutgers 

University under the auspices of the Engineering, Science and Man- 
agement War Training Program. Most of the following material was 
prepared for the portion of the course dealing with reception and was 
presented to seven sections of the course by the authors. The material 
was also used by E. W. Herold in a portion of an ESMWT course 
given at the Polytechnic Institute of Brooklyn during the summer of 
1942. 

The work is intended to be useful to those who, although familiar 
with radio technique at lower frequencies, have only recently en- 
countered the problems peculiar to the very high frequencies. It is 
also intended that this series survey the field in a broad way so as to 
acquaint the specialist in other ultra- high- frequency fields with the 
basic problems of reception. Many of the aspects covered have been 
previously published in scattered papers and frequent reference is 
made to the more important of these. They must be consulted for 
detailed information since this presentation is necessarily condensed. 

The subject has been divided into five parts, chiefly corresponding 
to individual lectures of the aforementioned course, and each part is 
essentially complete in itself. These five parts are: 

Part. I. The Antenna and the Receiver Input Circuits - E. W. 
Herold 

Part II. Admittances and Fluctuation Noise of Tubes and Circuits - L. Malter 

Part III. The Signal -to -Noise Ratio of Radio Receivers - E. W. 
Herold 

Part IV. General Superheterodyne Considerations - L. Malter 

Part V. Frequency Mixing Diodes - E. W. Herold 
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II. THE CHIEF PROBLEMS IN ULTRA -HIGH- FREQUENCY RECEPTION 

1. Signal -to -Noise Ratio 
One of the chief differences between the ultra- high- frequency prob- 

lem and reception at lower frequencies lies in the fact that there is 
frequently only one receiver for each transmitter. At lower frequen- 
cies, one of the major fields is broadcasting whereas at ultra -high 
frequencies (above 100 megacycles) it is not usual to use a single trans- 
mitter covering a very large number of receivers. Instead, we often 
have what is called point -to -point communication. This is a factor 
which greatly influences receiver and receiving- antenna design. At 
the antenna, it leads to directive arrays; these are all the more useful 
at ultra -high frequency because of the high directivity which may be 
obtained in a small space. In the receiver it means better design and 
more justification for good performance irrespective of cost.. For 
example, suppose a distance d must be covered by a transmitter of 
power Pi. The received power will vary as some rapidly diminishing 
function of the distance f (d), and is 

Pr= kf(d)P, 

However, in any receiving system, we have a certain amount of un- 
avoidable interference which we may broadly class as "noise ": 

1. The noise received by the antenna along with the signal. 
2. The noise generated in a receiver during the process of recep- 

tion. We may call the total noise power at the receiver Pv and, for the 
signal to be heard readily, P,. > PN. Thus the transmitter power 

PN 
Pt > 

kf (d) 

and it is important that the total noise power be small if d is large 
since then f (d) is small. Now at frequencies below 20 megacycles, the 
receiver noise may be made small compared with that received by an 
efficient antenna. Jansky' found that the antenna noise was always at 
least four times that of his receiver at 20 megacycles. Antenna noise 
at lower frequencies is chiefly a result of local atmospherics but at 20 
megacycles much of it appears to come from interstellar radiation. 
From 20 megacycles up to about 70 megacycles the noise received by 
the antenna diminishes although ignition noise and man -made inter- 

K. G. Jansky, "Minimum noise levels obtained on short -wave radio re- 
ceiving systems," Proc. I.R.E., vol. 25, pp. 1517 -1530; December, 1937. 

www.americanradiohistory.com

www.americanradiohistory.com


192 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

ferences are present. Above 70 megacycles the antenna noise level 
becomes so small compared with receiver noise that there is no clear 
evidence as to its magnitude. At ultra -high frequencies, therefore, 
receiver noise is the chief component of PN and one is faced with quite 
a different problem from that encountered at lower frequencies. 

In a good all -wave radio receiver, with a tuned radio- frequency 
stage properly coupled to an antenna, we would not, as a rule, find any 
contribution to PN by receiver noise. The same radio- frequency stage, 
which might use an ordinary broadcast receiving tube such as the type 
6SK7, could be made operative at 100 megacycles. At this frequency, 
however, laboratory measurements would show that the receiver con- 
tributed something like 31 times as much noise as the dummy antenna 
and PN would be about 32 times the antenna noise, a high value. By 
choice of the proper ultra- high- frequency tube, a receiver could be 
designed to reduce PN to around four times the dummy antenna noise. 
We could then reduce our transmitter power to ' /s, a saving of 7/s of its 
original power. This simple example shows that a reduction in receiver 
noise, which is the same as an improved signal -to -noise ratio, is worth 
many dollars in terms of transmitter power. 

As thé frequency gets higher, the antenna noise level remains small 
and the receiving tubes are less efficient so that the contribution of 

the receiver to PN is larger and larger in comparison with our ultimate 
noise level. Every improvement in the receiver, therefore, cuts the 
transmitter power. 

These points are emphasized because the most important funda- 
mental problem of receiver design at ultra -high frequency is the 
signal -to -noise ratio. 

2. Bandwidth 
The next aspect of ultra- high- frequency receiver design which must 

be emphasized is bandwidth. As we know, a steady, unvarying direct 
current can transmit no intelligence. If this current varies slowly, it 
transmits information slowly, i.e., at a low rate. The more rapid the 
variations, the more intelligence can be transmitted in a given time. 
However, radio transmissions operate by modulating the carrier by 

the intelligence, so the carrier must be transmitted. That is, the carrier 
frequency must be at least as high as the highest modulating frequency. 
If many channels are required, a very high carrier frequency must be 

used. In very many ultra- high- frequency applications, a wide band is 

necessary; bands of 1 or 2 megacycles are common and for television 
purposes bands of 10 megacycles or more are desirable. It may be 

pointed out that, even if one wishes to send only voice transmission on 
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an ultra- high- frequency carrier one must consider the frequency 
stability of the oscillator. Thus the receiver band must be considerably 
wider than 10 kilocycles to take care of possible frequency drift. 

Now, to return to bandwidth, as the frequency becomes higher, 
circuit Q's become higher but often tubes load down the circuits to 
some extent and the net Q is not far from that at low frequencies. 
Thus, since the bandwidth of a circuit tuned to a frequency f is 

f 
¿ f' (3 decibels down) = - 

Q 

it is found that a loaded circuit of over -all Q = 100 still has considerable 
bandwidth. In general, the circuit Q's in the ultra- high- frequency field 
are very high and the low over -all Q is the result of connecting a tube 
with its associated lead and electronic losses. However, by tapping 
down on the circuit, it is possible to drive a tube and yet keep the 
over -all Q high, with a slight sacrifice in signal. 

Fig. 1- Frequency responses of 
typical amplifiers or receivers. 
The circuit bandwidth Of' is de- 
fined roughly by points 3 deci- 

bels down from the maxima. 

FR[QucNCr FR eQUCNCY 

While on the subject of bandwidth, there are two quantities, be- 

tween which we must distinguish, both of which are called bandwidth. 
If we have a circuit, or an amplifier, or a receiver, it will have an 
output- versus- frequency curve such as A or B of Figure 1. If all the 
frequencies in a transmitted signal are to be received with a specified 
fidelity we design our receiver response to be reasonably smooth and 
then define the bandwidth arbitrarily in terms of this fidelity. In 
Figure 1, for example, a bandwidth Of' is indicated on both curves and 
is defined by the 3- decibel down points. Tor noise pùrposes, however, 
this bandwidth has no direct significance. Suppose we consider a noise 
which is distributed uniformly over all frequencies so that the noise 
output spectrum has the same amplitude shape as the selectivity curves 
of Figure 1. The measurement of the noise must be made in terms of 
the over -all effect. Since the noise may be considered as similar to a 
large number of different frequencies (closely spaced) we must add 
them in root -mean -square fashion or better yet, add their power. The 
noise power is proportional to the square of the curves of Figure 1; 
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such squared curves are shown in Figure 2. The total area under the 
curves in Figure 2 gives the total noise power output 

noise power = k fox' G2(f)df 

where k is a measure of the noise input power per unit bandwidth and 
G (f) is the gain at a frequency f. Now if the signal was also uniformly 
distributed over the band we could compare the noise power to the 
signal power by using k only, without regard to the integral, which 
would be the same for both signal and noise. This would be true, for 
example, if we used a calibrated noise source as the source of signal. 
Actually, in most measurements and tests, a single- frequency signal is 
used. Suppose this signal is tuned in at a frequency fo. Then our signal 
output power is 

FREQUENCY FREQUENCY 

Fig. 2- Square of the frequency 
response of the typical ampli- 
fiers or receivers of Figure 1. 

0 Frequency fo denotes position of 
a possible signal for signal -to- 

noise comparison. 

signal power = k,G2 (fo) 

where k, is a measure of the signal input power. Then 

00 

G2(f)df 
noise power k k =_.,f 
signal power k, G2( f) k, 

and we define as the noise bandwidth. What it represents is simply 
the bandwidth of a rectangle of height G2(f0) having the same noise 
as 5 G2( f) G2(f)df. It is clear that Af is altered if the frequency f 0 of the 
test signal is altered. It differs markedly, therefore, from the circuit 
bandwidth sf', which was shown in Figure 1. 

In this discussion, pf will stand for the noise bandwidth and Of' 
for the circuit or receiver bandwidth for signal purposes, as exemplified 
in Figure 1. 
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S. Selectivity 

The final item which is needed in a receiver is selectivity. We' must 
be able to distinguish between two signals of different frequency so as 

to select one of them. The superheterodyne principle is universally 
employed to improve selectivity since, with it, the same selectivity is 

obtained for all stations and the intermediate- frequency amplifier is 

easily designed to meet any requirements. With the superheterodyne 
there is, however, one factor which gives trouble and that is the re- 
sponse to the so- called image frequency. A signal whose frequency is 

higher than that of the local oscillator will give the same intermediate 
frequency as one which is lower by the same amount and both can be 

heard. If we use a high intermediate frequency the two responses are 
far apart and our radio -frequency signal circuit will separate them. 
This is the cure usually adopted at ultra -high frequency. In a broadcast 
receiver, the intermediate frequency is of the order of 450 kilocycles. 
In the ultra- high -frequency receiver, it is commonly above 10 mega- 
cycles and is sometimes as high as 100 megacycles when really excellent 
image reduction is desired. 

III. THE RECEIVING ANTENNA 

1. Induced Signal Voltage, Directivity, and the Equivalent Circuit 

The purpose of the receiving antenna is to "capture" some of the 
transmitted radiation so as to enable one to utilize the transmitted 
intelligence. It should be made clear at the outset that the effectiveness 
of the receiving antenna in picking up the transmission imposes a 

fundamental limitation on the signal -to -noise ratio. We cannot think 
about, or compute, the absolute sensitivity of a receiving system with- 
out first knowing the absolute sensitivity of the antenna. Actually a 
receiving antenna may be considered as having an induced electro- 
motive force (induced by the transmitted signal) and an internal 
resistance, the radiation resistance. Thus the available received signal 
power is a definite quantity which we must know before the signal -to- 
noise ratio can be discussed in Part III of this series. We shall now 
demonstrate that this received signal power at a given wavelength is 

a function of only one quantity which can be controlled at the receiver, 
namely, the receiving- antenna directivity. As a result, the design of 
the receiving antenna is concerned only with directivity, which deter- 
mines the maximum signal -to -noise ratio and with bandwidth or Q 

which determines the useful frequency range. 

For most ultra- high- frequency applications, the so- called reciprocity 
law holds and it may be used to demonstrate the fundamental property 
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of the receiving antenna. Following the analysis of D. O. North," if 
antenna B transmits to an antenna A, as in Figure 3, we know that the 
open- circuit voltage at' antenna A is proportional to the current into 
B; i.e., 

ea = kib. 

The reciprocity law in one of its forms' tells us that, if antenna A is 
used at the transmitter end, k is the same in both directions; i.e., 

eb=ki. 

We also know that antenna B will have a radiation resistance Rb, and 
radiates a power ib -Rb, so that the receiving antenna A will have a 
voltage proportional to the square root of this power, 

ea ynb2b. 

AN7CNNA 4N7lNNA 
a A Fig. 3- Transmission of signal from 
y _____ T_____ 

antenna B to antenna A. A current 
ib in the transmitting antenna induces ./\/N/.` ea ,n open- circuit electromotive force 

m 
eo in the receiving antenna. 

But if A were the transmitter 

e,, a './ R i . 
So we see that k must be proportional to the square root of the radiation 
resistances of both transmitting and receiving antennas. Thus 

e = k'\IRRr, ib. 

Now we know more about k'; we know that it becomes smaller as our 
distance increases, and we also know that it depends on the product of 
directivities of receiving and transmitting antennas. Thus we may 
write 

ea = f (d)DDbV ib 

or, squaring 

2 D. O. North, "The absolute sensitivity of radio receivers, RCA REVIEW, vol. 6, pp. 332 -343; January, 1942. 
3 S. A. Schelkunoff, "Electromagnetic Waves," D. Van Nostrand Co., New York, N. Y., 1943. 
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eaz = A fz (d) DazDb'RaRb2b2 

where A is some constant and Da'- and Db' are directivities. North" 
defines the directivities to represent the ratio of effectiveness of trans- 
mission or reception at a particular direction and polarization angle 
to the average over all directions and angles. That is, D0' repre- 
sents the power gain of the receiving antenna over a hypothetical 
completely nondirectional unpolarized antenna.' We may associate 
S = f' (d) Db'- ib2R,, with the transmitter, and write 

e = ARaDa2S 

where S is not controllable at the receiver. Actually S represents simply 
the fraction of the total transmitter power which is effective at the 
receiver. It may be expressed as the density of radiation in watts per 
square meter and is called the Poynting vector. The relation between 
S and the field strength E is simple and is 

S = watts /meter2 = E' 120a 

where E is in volts per meter and 120rr has the dimension of ohms. 
For any received radiation, S has a definite direction and Da is also a 
function of direction. Finally, it was shown by North' that A = A2 /27r. 

Hence 

ea 2- - A2 - RaDa2S. 
2ar 

All this is perfectly reasonable. First, consider the dependence on A2. 

We know a half -wave dipole has a radiation resistance of some 73 ohms 
and a certain directivity pattern, no matter what the wavelength is. 
But surely at A = 1 meter where the dipole is 1/2 meter long we would 
expect less pickup than at 10 meters where the dipole is 5 meters long. 
Ordinarily we say 

ea= Eh 

where E is the field strength and h the "effective height." For a half - 
wave dipole, approximately, h = (2 /7r) l where l is the length A/2 so 
that we see in this example that the square of ea is proportional to A1. 

The same should be true of any antenna. 
Next it is seen in the equation that e,,2 depends on Ra, the radiation 

' By this definition the half -wave dipole has a value of D.'- of about 3.3 
and a non -directional but polarized antenna has a D.' = 2. 
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resistance. This is again reasonable. The quantity eat /Ra is a power 
and is just four times the maximum power we might extract from the 
receiving antenna. Surely this depends on the radiation density S from 
the transmitter and A2Da2 /27r is four times the "capture" area. That 
is, S is watts per square meter and the effective area of the receiving 
antenna is A2Da2/87. 

The importance of these considerations is that we now know that, 
no matter what the antenna is like, its open -circuit voltage depends only 
on the wavelength, the directivity, the radiation resistance, and, of 
course, on the intensity of received radiation. We may substitute for 
the real antenna, then, an equivalent circuit consisting of a generator 
ea, a resistor Ra, and the antenna reactance Xa, as in Figure 4. For a 
given transmitter and a given wavelength, we see that eat /Ra is only 
affected by a change in the directivity. In other words, the maximum 
power we can abstract from the receiving antenna can only be increased 
by increasing the directivity; we cannot, for example, redesign an 
antenna to give a different radiation resistance and expect improved 
reception unless, at the same time, the directivity has been increased. 

Fig. 4- Equivalent circuit of receiving an- 
tenna. At a given wavelength the quantity 
e,2 /Ra is a function only of the directivity and 
field strength of the transmitter. The antenna 

reactance is represented by L. 

Let us look into this property of directivity and "capture" area a 
little further by again considering the half -wave dipole as an example. 
The directivity factor Dal is approximately 3 so that the effective 
"capture" area is 

A2 A2 l2 
area =- Da2 -- 

87r 8 2 

or the area of a square each of whose sides is l /V2`. Thus the half -wave 
dipole captures the radiation from a square whose diagonal is a half 
wavelength. For a large reflector or some other type of array large 
compared with the wavelength, we should expect that the maximum 
"capture" area is fairly close to the actual area; i.e., that ea2/4Ra is 
approximately equal to the product of S and the actual area. We car, 
therefore, get some idea of the directivity of a large reflector or array 
by its area. The power gain of a large array over a half -wave dipole 
will be given very approximately by the ratio of the area to A2/8 and is 
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area of array 
power gain of reflector or array = 8 (very approximate) . 2 

This assumes that the area of the reflector is large compared with the 
wavelength. 

2. Antenna Frequency Range (Bandwidth) 
Although we have now found a first equivalent circuit for the 

antenna it is still necessary to discuss the stature of the antenna re- 
actance. For practically all ultra- high- frequency applications, the 
antenna is tuned by itself ; that is, our antenna reactance is practically 
zero somewhere in the frequency range. This means we need not tune 
out the reactance at that frequency but, on the other hand, we must 
examine the frequency limits over which our antenna may be used. 
Excellent papers5 -7 on antennas and their bandwidths are available and 
should be consulted. We will look into the simple half -wave dipole as 
an illustrative example, since this antenna is the basis of practically 
all ultra- high- frequency designs. 

1-á- 1- 

I 

-2y -- - -- 
Fig. 5 -A half -wave dipole formed by two conical conductors of apex angle 
2¢. Such a biconical dipole presents a uniform surge impedance to waves 

traveling along the length of the conductors. 

To begin with, the ordinary half -wave dipole is nothing but an 
opened -out transmission line. However, if the dipole is uniform in 
cross section, it is a line of variable surge impedance. A very simple 
change which makes very little difference physically but which makes 
all the difference theoretically, is to assume that the conductors are 
conical.? Then the surge impedance is uniform and a wave starts at 
the center and travels out to the ends as on a uniform line. The surge 
impedance of such an antenna with the conical conductors having an 
angle 21' at the apex (Figure 5) is 

2r 
Z0 = 120 loge cot 0/2 - 120 loge - (for small I's) 

P 

5 P. S. Carter, "Simple television antennas," RCA REVIEW, vol. 4, 
pp. 168 -185; October, 1939. 

e N. E. Lindenblad, "Television transmitting antenna for Empire State 
Building," RCA REVIEW, vol. 3, pp. 387 -408; April, 1939. 

7S. A. Schelkunoff, "Theory of antennas of arbitrary size and shape," 
Proc. I.R.E., vol. 29, pp. 493 -521; September, 1941. 
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Fig. 6- Parallel -wire line circuit 
but which is equivalent to the bi- 

conical dipole of Fig. 5. The 
radiation resistance is shown in 
lumped form. A small capaci- 
tance at the open end is also due 

to radiation. 
where p is the radius of the cone at a distance r from the apex. This 
approximate expression is identical with that for the surge impedance 
of a parallel -wire line of spacing 2r and radius of wire p. Thus we 
may replace the dipole by a uniform open -ended x/4 line, Figure 6, 

but there is one difference between this equivalent line and the lines 
usually used. Usually the line spacings are small compared with the 
wavelength and radiation may be neglected. In the dipole equivalent, 
however, radiation is the major source of loss. For all the practical 
cases of reasonably small ', the radiation effects may be lumped as a 
73 -ohm (approximately) resistance at the input terminals and a re- 
actance term which acts as a small capacitance at the end? as shown in 
Figure 6. By shortening the dipole slightly, we may forget about the 
reactance since this restores tuning to the originally contemplated 
wavelength. We may remember that an open -ended X/4 line behaves 
like a series resonant circuit.' The lumped- circuit equivalent of the 
dipole is therefore as shown in Figure 7. L and C are the equivalent 
inductance and capacitance and are determined in terms of Z0. 

Now we may easily find the bandwidth of the antenna, near its N/2 
resonance. The Q is 

RjA r 

e,L ?r Zo 
Q = -= 

R 4 Ra +RI, 

where RL, is the load imposed by the transmission line or receiver. 
Thus, if Z0 is high, the Q is high and the bandwidth is narrow. The 
actual antenna bandwidth for 3 decibels down is just 1/Q times the 
resonance frequency. However, as very clearly shown by Carter,' it 
is not advisable to use an antenna as far out in frequency as its 3- decibel 
down band edge if one also wishes to use a long low -loss transmission 
line between antenna and receiver. Near such a band edge the antenna 
reactance approximately equals the antenna resistance and the im- 

R,.73^ 

Fig. 7- Equivalent lumped circuit of typi- 
e, cal dipole receiving antenna near its half - 

wave resonance. 

' See the Appendix to this part for an outline of lumped- circuit equiva- 
lents to transmission -line circuits. 
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pedance at the far end of the transmission line (as seen by the receiver) 
goes through very extreme variations for a rather small change in 
frequency. For example, consider a transmission line of length 1. Its 
electric length is 

2al 2afl =-= 
a v 

wnere y is the velocity of propagation on the line. Thus, the rate of 
change of the electrical length with the frequency is 

d B 2Tr1 

di v 

which increases linearly with the length. Thus for a long line a very 
small change in frequency will result in a X/4 change in line length. 
This causes an extreme impedance nonuniformity at the receiver when 
a reactive term is present in the antenna impedance, as occurs near the 
band edge. The curves given by Carter& show the results in striking 
fashion. The antenna should be designed, therefore, to give a much 
lower Q than that required by the frequency range, at least whenever 
a transmission line is used. 

In most practical cases, dipoles are cylindrical in cross section 
rather than conical. However, the above results are only slightly 
affected by this difference in shape. As Schelkunoff7 has shown, the 
cylindrical dipole may be considered roughly in terms of an average 
surge impedance along its length which is 

21 

Z. = 120 loge - - - 120 
a 

where 2l is the total length and a is the radius. Thus the surge im- 
pedance is just 120 ohms less than that of the narrow -angle biconical 
dipole of over -all length 2l and end radius a. In other words the Q of 
the cylindrical dipole is slightly less than that of the small -angle 
biconical dipole. The wide -angle cone behaves quite differently and 
will not be treated. 

At 300 megacycles a cylindrical dipole of 1 -inch diameter at the 
end will have a Zo of approximately 325 ohms and a Q of 4 when short - 
circuited. The Q is halved when working into a matched load. This 
means a maximum frequency range (3 decibels down) of from 263 to 
337 megacycles when short -circuited or something approaching from 
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225 to 375 megacyles when matched. However, if our dipole had been 
a number 36 wire Zo would be 980 ohms and Q would be 11. This would 
still give a 27- megacycle frequency range. If a long low -loss transmis- 
sion line is used with the antennas of the above examples, it would be 

wise to consider the useful frequency range to be only a fraction of 
the figures given so as to avoid extreme variations in the impedance 
seen at the receiver end when tuning from one end of the range to the 
other. 

To summarize, a cylindrical dipole of total length 2l and radius a 

will have a short- circuited Q of approximately 

2l 
Q- 1.4 (loge - - 1) 

a 

and, of course, a lower Q when operated into a load. The frequency 
range of the antenna is given roughly by f/Q (where f is the resonant 
frequency of the antenna) when short transmission lines are used, but 
is much less with long, low -loss lines. 

3. Random Noise of the Antenna 
An antenna picks up radiation from all points within its directivity 

pattern. Since, due to temperature, there is a thermal- energy ex- 
change which is random as regards frequency, we might expect one 
type of noise which is equivalent to thermal- agitation noise. It has 
been shown= that, if an antenna is placed in an enclosure at a uniform 
temperature Ta, the noise it will pick up is the same as thermal agita- 
tion in its radiation resistance 

et = 4kTaRaOf 

where e2 is the open- circuit noise voltage, k = 1.37 X 10 -23 joule per 
degree Kelvin, and Af is the effective noise bandwidth as previously 
defined. 

Actually, an antenna is r.ot in such an enclosure, but, if it receives 
its entire radiation from within the Heaviside layer, it would amount 
to the same thing. At ultra -high frequency, however, we would expect 
the waves to pass right through the Heaviside layer so that if we have 
an antenna directed toward interstellar space, it might be receiving 
little or no thermal noise; i.e., its effective temperature, as far as noise 
is concerned, would be zero. It is interesting to realize that, with such 
a condition, a resistor connected to the antenna would be cooled at a 
very slow rate by the radiation at antenna frequency. In practice, a 
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directive antenna might be turned in almost any direction and the noise 
will presumably vary considerably. Because receiver noise is so high, 
it has not been possible to measure the effective antenna temperature 
at ultra -high frequency. 

Of course, there are other sources of noise received by the antenna, 
and, at low frequencies, these far outweigh the thermal noise we have 
been talking about. At ultra -high frequency it is no longer certain 
that other noise sources than actual man -made interference are present 
and we may usually assume that, under favorable conditions, the 
antenna noise will be as low or lower than thermal noise corresponding 
to room temperature. 

4. Dummy Antenna for Laboratory Measurement 
For.measurement of a receiver in the laboratory, we may replace 

an actual antenna by an equivalent circuit. As we already saw (Figure 
4) a known voltage source, a resistance equal to radiation resistance, 
and a reactance, represent our antenna. If the dummy antenna is to 
be complete, R. should be at the temperature T. corresponding to 
antenna thermal noise. If other sources of noise are present, they 
should be added. Until measurements to the contrary are made, it is 
convenient to assume that a lower noise than Ta = room temperature is 
not to be expected. It is, therefore, a simple matter to replace the 
radiation resistance R. by a lumped resistance at room temperature. 

As to the reactance, in almost every ultra- high- frequency applica- 
tion, the antenna is tuned; i.e., its reactance is zero or very small in 
the frequency band in which we are interested. We may go further 
and assume that, if the antenna is correctly designed, its bandwidth is 
so wide (i.e., its Q is so low) so that the reactance is negligible at any 
point near its resonance. Thus the dummy antenna circuit may omit 
Xa, the reactance. 

It is now possible to outline the chief requirements of a signal 
generator for receiver measurements since such a generator must supply 
the known voltage source. It should have a known internal impedance, 
which is a pure resistance, if possible. If it contains internal reactance, 
the latter must either be tuned out or be very small in magnitude com- 
pared with the radiation resistance (i.e., the equivalent dummy- antenna 
resistance). If the signal generator has a low internal impedance, the 
dummy antenna may be added externally. Otherwise the internal 
impedance must be considered as part or all of the dummy antenna. 

At the very high frequencies, it is extremely difficult to get a 
lumped, reactance -free resistance to replace the antenna -radiation 
resistance for use in the dummy antenna. Ordinary carbon resistors 
(e.g., of 75 ohms direct -current resistance) are entirely satisfactory 
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over much of the ultra- high -frequency region, however. They have 
an effective inductance of the order of 10 8 henry, which is not too bad ; 

they should be.regarded with suspicion at those frequencies at which 
their reactance exceeds 20 to 30 ohms. One expedient which may be 
used at the very high frequencies is to connect a long length of trans- 
mission line with appreciable loss between the signal source and the 
receiver. Such a line will look like its surge impedance and, if the loss 
per wavelength is not too great, it will be almost resistive and inde- 
pendent of frequency. The line loss becomes the equivalent of the 
radiation resistance in the dummy antenna. However, the signal output 
voltage must be continuously calibrated by some independent means 
since the loss of many transmission lines varies markedly with tem- 
perature and humidity. 

TRANSMISSION 
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Fig. 8 - -- Attenuation of properly terminated coaxial cable as a function 
of frequency. 

IV. COUPLING THE ANTENNA TO THE RECEIVER 

1. Magnitude of Transmission -Line Losses versus Frequency 
Let us now consider how to run a lead from the antenna to the 

receiver. As a first approximation the antenna may be considered as 
a resistance RQ with a voltage generator ea and the simplest connection 
is made by using a transmission line of impedance R.. If this is pos- 
sible, at the receiver end, we shall see an impedance R. and a voltage 
generator of reduced magnitude, depending on the line losses. The line 
losses are most easily expressed in decibels per 100 feet and typical 
values are given in the curves of Figure 8. Obviously, every decibel of 
line loss must be supplied by the transmitter and a 3- decibel loss means 
doubled transmitter power at the noise -level limit. It is, therefore, 
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highly desirable to place early tubes of a receiver near the antenna. 
A word in regard to choice of surge impedance. An air -insulated, 

solid -outer -conductor, coaxial cable has only copper loss which is a 

minimum at slightly over 75 ohms impedances For this reason 75 ohms 
has been a widely used value. The impedance which will give highest 
voltage -handling capacity without breakdown is about 60 ohms, and 
highest power- handling capacity without breakdown about 30 ohms. 
In cables not air -insulated, the losses are increased by the dielectric 
and the impedance for minimum attenuation is usually less than 75 

ohms but is not the same for all cables. Balanced open -wire lines are 
much higher in impedance but twisted -pair or balanced shielded lines 
are usually between 75 and 150 ohms. At the lower frequencies, where 
radiation loss is not too serious, the high -impedance, balanced, open - 
wire line is probably the lowest cost line for a given attenuation and 
has had frequent application. At the higher frequencies, however, it 
is desirable to use coaxial lines because of their low loss and freedom 
from radiation; there is a growing tendency to choose an impedance 
of either 50 or 75 ohms for such coaxial lines. 

Fig. 9 -The quarter -wave skirt for 
connecting the unbalanced (co- 
axial) line to a balanced line (or 
antenna). The coaxial is extended 
a quarter -wave inside the outer 

skirt. 

-- - - -1 --,* 

4 
For further information attention is directed to the early and 

excellent paper of Sterba and Feldman,9 much of which is applicable 
to ultra- high- frequency practice. 

2. Matching Circuits for Antenna to Line 
When a balanced antenna such as a dipole or dipole array is used, 

even though the line impedance may match it, in order to preserve the 
balance, it is desirable to make use of balanced lines or two parallel 
coaxial lines. Because of its shielding and lower loss, a single coaxial 
line is most widely used and we may well review the special coupling 
methods which permit its use without detriment to a balanced antenna. 
The most obvious method is the quarter -wave skirt. To change a coaxial 
to a balanced line, we simply make a double coaxial for a length equal 
to a quarter wavelength as in Figure 9. This causes both inner and 
outer conductors to have a high impedance to ground. The quarter - 
wave section, being tuned, acts as an open circuit at its resonance. 
However, although the arrangement is ideal only at resonance, its band- 

9 E. J. Sterba and C. B. Feldman, "Transmission lines for short -wave 
measuring systems," Proc. I.R.E., vol. 20, pp. 1163 -1202; July, 1932. 
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width is fairly wide. The impedance of the outer coaxial section at an 
angular frequency w is 

2wl a Ao r w 

Z = Zó tan -= Zó tan - -- = Zó tan - - 
A 2 A 2 wo 

where Zó is the surge impedance of the outer coaxial section and wo is 
its resonant angular frequency. If the inner coaxial has an impedance 
Zo, and Zó is made much higher than Zo, the band extends from 1/2 
wo to 3/2 wo with safety. If Zó is comparable with Zo, safer limits are 
0.8 wo to 1.2 wo, i.e., a bandwidth of 40 per cent. For example, such a 
matching skirt at 300 megacycles would cover a band from 240 to 360 
megacycles. 

A second means of coupling a coaxial line to a balanced antenna is 
shown in Figure 10. This is suitable only for vertical antennas. It 
operates by folding back the outer conductor of the coaxial line to form 

13Fig. 
10 -A method of connecting a coaxial transmission line 

to a vertical half -wave dipole. 
L 

COAX 

the lower half of the radiating dipole. There are also other means 
whereby the coupling from an unbalanced transmission line may be 
made to a balanced antenna, many of which have been described in the 
patent literature. 

Now suppose a balanced antenna, or balanced line is to be connected 
to a coaxial line of a different surge impedance. Here one may use the 
basic impedance transformer, the A/4 section of line .9 In a A/4 line 
terminated in a resistor R the input looks like 

Zof 
Z= 

R 

so that we may use this section to step up R to a higher value. Thus, 
to match two lines of different impedance Z1 and Z2, we may join them 
by a A/4 section whose impedance is 
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Fig. 11 -The use of a combi- 
nation of quarter -wave skirt 
with a quarter -wave trans- 
former for matching an un- 
balanced line of one surge 
impedance to a balanced line 
of another surge impedance. 

* 

/Motzt 1 / 7ß 4it.Arlß 
Lk 

/NAM. Z, 

(MINGE D/AHLTLR OR /AVER 
CONDUCTOR !OR R D/lT.avcL 

4 
TO GIVE 4 .Z/7j 

Z°- = Z1Z2. 

This is true for any type of line, balanced or coaxial. We may, then, 
modify the skirted coaxial line, as in Figure 11, by a reduced inner - 
conductor diameter. However, the total bandwidth free from reflection 
is now greatly reduced. An impedance transformation of more than 
2:T is good only for frequency deviations of a few per cent.' By using 
two A/4 sections and a progressive impedance rise, greater bandwidths 
are obtainable. This leads to the impedance matching by a tapered line. 
If two lines of different surge impedance are joined by a tapered sec- 
tion several waves long, a good wide -band match is obtained with very 
little reflection loss. 

The best -known impedance -raising transformer for the dipole is 
the folded -dipole arrangement wherein the antenna itself forms the 
transformer as in Figure 12. The paper by Carter gives all details. 

3. The Connection of Transmission Line to Receiver 
In connecting the antenna to the receiver through transmission line, 

an impedance mismatch at the receiver end leads to standing waves on 
the line and thus increases the line losses somewhat. Thus, whén the 
receiver is strictly a power- operated device, it is desirable to maintain 
an impedance match at the receiver end as well as at the antenna. On 
the other hand, a receiver is not necessarily power- operated10 and there 

II V 

Fig. 12 -An impedance -raising trans- 
former for a half -wave dipole an- 
tenna. The impedance ratio is deter- 
mined by the relative diameters of 

the two paralled dipole conductors. 

1° For example, the receiver might conceivably have an infinite, or even 
a negative input resistance. The latter condition need not be an unstable 
one since the antenna loading may be made sufficient for completely stable 
operation. 
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is sometimes an improvement in signal -to -noise ratio or in frequency 
response by a mismatch at the receiver terminals. This aspect of 
receiver design will be taken up in more detail in Part III of this 
series. When, in such a case, there is a mismatch at the receiver, the 
resulting reflection will lead to an increased apparent power loss but, 
since optimum power transfer is not the criterion of receiver perform- 
ance, this is not pertinent. However, when the receiver is mismatched 
to the line it is important to maintain a good match at the antenna end 
or else there will be a decrease in signal -to -noise ratio due to increased 
line losses. 

Thus, we may lay down the general rule that, when the best receiver 
performance is obtained with maximum power to it, the transmission 
line should be matched at both ends. When a mismatch improves the 
receiver performance, the transmission line should be matched to the 
antenna and the mismatch should occur between the transmission line 
and the receiver. 

Fig. 13 -Two pieces of balanced 
low- impedance transmission line 
connected by a joint which may 

give rise to serious reflection. 

If an antenna is operated at a frequency slightly off from its natural 
resonance, its impedance presents a small reactance which does not 
greatly affect the magnitude of the impedance but which nevertheless 
creates a mismatched condition to a transmission line. The result at 
the other end of a long, low -loss line is an impedance which may change 
appreciably with a small change in frequency, as clearly shown in the 
curves by Carter. With a wide -band receiver, the impedance change 
may 'appreciably affect the frequency response. The effects are mini- 
mized by using the lowest possible antenna Q and the shortest possible 
transmission -line length. The effects are also less severe when the line 
losses are appreciable. 

4. Reflection Loss by Line Couplings 
While on the subject of impedance match the effect of connectors 

must not be forgotten. When two pieces of line are joined by a con- 
nector, care must be taken to see that the reflection at the connection 
is minimized. For example, two pieces of 75 -ohm balanced line might 
be joined by an open connection as in Figure 13. When the frequency 
is high, this connection can easily cause an appreciable loss. By push- 
ing the two pieces of wire at the joint close together and adding some 
rubber tape to lower the surge impedance, the loss can be greatly 
reduced. In designing connectors, therefore, one should try to match 
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Fig. 14- Method of introducing a po- 
lystyrene support in a coaxial line so as 

to minimize reflection. 

POLYSTYRENE 

V//1 

(COwx. 

impedance. If a polystyrene support is used, in a coaxial cable, as in 

Figure 14, its dielectric constant is 2.5. The inner conductor should 
then be restricted as shown so as to maintain Zo= (1 /vofCo) a con- 
stant where a is the dielectric constant. In the case of a 75-ohm 
coaxial line, the ratio of diameters, when air insulation is used, is 
approximately 3.5 to 1. With polystyrene insulation, this ratio being 
7.2 to 1, at a point of support, the inner conductor diameter should 
be cut roughly in half. 

It is of interest to calculate the reflection coefficient when no such 
precautions are taken at a connection or point of support. An idea of 
the magnitude is readily obtained by assuming that the discontinuity 
represents added shunt capacitance or added series inductance depend- 
ing on whether the surge impedance is decreased or increased at the 
point on the line under consideration. The added capacitance, or added 
inductance may be computed and the reflection ratio estimated from 
the usual formula 

Z --Zo 
reflection ratio 

Z+Zo 

where Zo is the normal surge impedance and Z is the combination of 
added capacitance in parallel with Zo or added inductance in series with 
Zo. Figure 15 shows the equivalent circuit for the two cases, i.e., a 

/Ns , ucwTiD -! b , 

/MPZD. Z /MPER Z 

R 

/A. 'De Zn 
R ° 

(t- C.)6 

Fig. 15- Equivalent circuits which may be used to calculate the reflection 
at an insulating bead or a transmission -line connection; A, coaxial line with 

bead, B, balanced line with joint of higher surge impedance. 
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decrease in surge impedance at a point, and an increase in surge im- 
pedance at a point. Although the method is easily extended to include 
discontinuities of any length, the equivalent circuits shown in the figure 
are exact only for discontinuities short compared with the wavelength. 
With this approximation, the reflection ratio for the illustration of 
Figure 15A can be shown to be 

b 
reflection ratio jir (e - 1) - 

A 
(b « A) 

where j = V- 1, e is the dielectric constant of the bead, b is its length, 
and A is the free -space wavelength of the transmitted radiation. For 
the case of Figure 15B, where the reflection is due to a short length 
of increased surge impedance, as in the twisted joint of a parallel -wire 
line, the reflection ratio is 

CL -)b 
reflection ratio -. jar - 1 - 

Lo A 

(b «A) 

where L is the average inductance per unit length at the joint and 
L is the normal inductance per unit length of the line. It should be 
noted that the maximum possible power -loss ratio due to reflection 
alone is given by the square of the reflection ratio in the above case. 
The total power loss can be less than this maximum under special con- 
ditions but it can also be higher if there is any loss in the discontinuity 
(which was assumed purely reactive in the above analysis). 

We may notice that the reflection ratio becomes worse as the 
wavelength is decreased; i.e., as we approach higher frequencies. For 
example, an isolated polystyrene disk only 1/8 inch long may cause an 
appreciable loss when the frequency is sufficiently high. In cases where 
there are many regular reflections, such as in a beaded cable, the losses 
can be reduced by proper spacing of the beads. 

V. THE RECEIVER INPUT CIRCUIT 

1. Selectivity and Image Response 
The purpose of the receiver input circuit is first to match properly 

the antenna and its associated transmission line to the first tube of 
the receiver, and second to provide some selectivity, particularly against 
the image response. Let us consider the second purpose first. 

If we are tuned to a frequency f, and the intermediate frequency 
is ft then we know that our local oscillator frequency fo will be given by 
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fs ±nf0 =fi 
where n is an integer. Usually n = 1 and we operate at the fundamental 
of the local oscillator. The receiver will respond at frequencies 

f= fo -f., fo +f;, 2fo- f;. 2fo+f n 3f0 -f., 3fo +f. 

and the intermediate -frequency circuit will not distinguish between 
them. The input circuit must select the desired one and discriminate 
against the others. Now if one of these is chosen as the signal, the next 
nearest one differs by the frequency 2f, so the input must discriminate 
between a frequency f, and a frequency f.-±2f1. For most cases, f, 
is not more than ' of f, so that, if we have an input circuit tuned 
to f and it has a reasonably symmetrical response, the rejection of 

f, + 2f, and f,-2f, will be the same, and it makes little difference upon 
which side of the signal the local oscillator frequency is placed. 

Fig. 16- Equivalent lumped- circuit analog to 
many resonant -line input circuits. 

Many input circuits, though they may be tuned sections of trans- 
mission line, have a lumped circuit equivalent which is a simple 
parallel -tuned circuit such as shown in Figure 16. Such a circuit has 
a bandwidth 

fa 1 

Of' (3 decibels down) = - _ 
Q 27rCR 

and in using such a circuit for selectivity it is necessary to tap the 
unavoidable load resistances (e.g., the tube input) down on the circuit 
so as to obtain the desired bandwidth (or, if one likes, the desired Q). 
At the image frequency (f,+ 2f1) such a circuit behaves as a reactance 

1 fill- 2fs 

x° 2rC 4f,(f,+f;) 

Thus the ratio of its response at image frequency to its response at 
frequency is 

image response 1 1 f.+ 2f, Of' fa-1-2f, 

signal response R 2irC 4f, (f, + f,) 4f1 f.+ fi 
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At' - when f, « f,,. 
4f, 

The value of a high intermediate frequency is readily apparent. 
A pair of coupled circuits has much greater discrimination against 

image response, for the same bandwidth. In fact, if the intermediate 
frequency is small compared with the signal frequency, the ratio is 
approximately 

image response 

signal response 

which is just the square of the single -tuned circuit ratio, or the equiva- 
lent of two single -tuned circuits in cascade. 

2. Signal -to -Noise Ratio 
Although major consideration of the signal -to -noise ratio will be 

reserved for Part III of this series, it may be well at this point to 
emphasize the effect which the input circuit may have on this important 
factor. Although there are some instances where important noise 
sources are present in a receiver ahead of, or in the input of the first 
tube, in very many cases the major noise source occurs in the output 
of the first tube. In the latter event, best signal -to -noise ratio will be 
obtained by designing an input circuit to deliver the maximum pos- 
sible signal voltage on the input electrode. This implies, first of all, 
a reduction of all losses to a minimum which is usually imposed by 
the electronically active portion of the tube input and second, it im- 
plies impedance matching from the antenna or transmission line to 
the tube input. The first implication is a valid one in all cases. 

It is, however, a mistake to worship the matched -impedance con- 
dition to the extent to which it is sometimes done. In an ideal receiver 
with no losses in the input tube or circuit, for example, impedance 
matching is also equivalent to zero bandwidth and is not a practicable 
operating condition. By a mismatch to the antenna, the bandwidth 
may be increased with a minimum loss in signal and hence a minimum 
reduction in signal -to -noise ratio. In many receivers, there are sources 
of noise present in the input (such as thermal agitation in the input 
circuit and induced noise in the tube input electrodes) which cannot 
be neglected. Again a mismatch to the antenna is advantageous and 
leads to an improved signal -to -noise ratio. 

The input circuit is, therefore, an important part of receiver de- 
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sign for best signal -to -noise ratio, since it permits an adjustment of 
the coupling between the antenna and the tube input. 

3. Wide -Band Considerations 
We have already introduced the bandwidth Af' into selectivity 

considerations. This is a bandwidth which must usually be considered 
in the initial design. If the image rejection is sufficient, one may, how - 
ever, let the radio- frequency circuit bandwidth be as wide as desired 
since the intermediate -frequency circuits will give adequate selectivity. 
But the radio -frequency bandwidth cannot be permitted to be too nar- 
row. Since the bandwidth of a circuit depends inversely on its Q and 
for the same resonant impedance depends on the total effective circuit 
capacitance, we usually desire low capacitances. 

In wide -band ultra- high- frequency receivers, it is invariably found 
that the circuits may be made very low loss and most of the losses are 
in the tubes, leads to the tubes, etc. In fact we may neglect the circuit 
losses, as a rule, and assume the circuits to be perfect, but we must 

Fig. 17 -The connection of a loss -free in- 
ductance to a tube of input resistance R, 
and capacitance C, to form an input 

circuit. 

be careful to introduce the tube and lead losses properly. Suppose we 
have a tube and we find that it behaves like a resistance R, in parallel 
with a capacitance C,. If we connect a loss -free inductance (with no 
distributed capacitance) we get a circuit (Figure 17) of 

Q = oiCrRr 

f 1 =-- 
Q 2irC,R, 

and the smaller the value of C, the wider is the band. If, as always 
happens, the added inductance has a distributed capacitance, the band- 
width is always less than that expected with an ideal inductance. When 
the inductance consists of a transmission line its effective capacitance 
is sometimes as high as half of its total capacitance." Thus wide -band 
circuits require low -C line circuits, or high surge- impedance line 
circuits. 

It is seen that when R, is increased, C, must be decreased to keep 

" See Appendix for appropriate formulas. 
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the same bandwidth. We shall see later that the bandwidth may be 
varied by the effect of antenna loading on the input circuit. 

4. Equivalent Circuits of Input Transformers 
We have talked a great deal about line circuits but have not shown 

anything but lumped- circuit diagrams. This is because the easiest 
way for one versed in low -frequency technique to understand line 
circuits is in terms of lumped circuit equivalents. A table of useful 
data including such equivalent circuits has been prepared and is 
attached in an Appendix to this part. Only one arrangement will be 
discussed in detail here. 

A typical input transformer to a tube will be a concentric cylinder,' 
quarter -wave line with a tap for the antenna such as shown in Figure 
18. Let us assume a connection to a tube whose parallel resistance is 
R, and whose capacitance is C,. The condition for resonance is then 
Z0 tan B = 1 /wC, where O is the electrical length of line 2nl /X. To 

C 
Fig. 18-A typical concentric -line, 
resonant circuit used as an input 
transformer with a tube input re- 
sistance R, and capacitance C,. 
The length l determines the reso- 

nant frequency. 

obtain a transformer action, the antenna may be tapped down on the 
line. From the table in the Appendix, it is found that, with the an- 
tenna line disconnected, 

1 r 
Q _ - wC,R, 

2 sin' B Z 
If the antenna tap is moved up until the impedances are matched, the 
Q will be just half of this. By moving the tap up further, the Q can 
be lowered as much as desired (until the Q of the antenna itself is 
approached). The equivalent lumped circuit is as shown in Figure 
19. It is also possible to couple in the antenna by a loop inserted in 
the line. If this is done it is usually best to couple near the short - 
circuited end so as to link the strongest magnetic field. The coupling 
loop will have some reactance but, as a rule, this may be tuned out 
by a readjustment of tuning. 

12 C. W. Hansel] and P. S. Carter, "Frequency control by low power 
factor line circuits," Proc. I.R.E., vol. 24, pp. 597 -619; April, 1936. 
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The tuning -up of the circuit and the adjustment of antenna coupling 
is often a cut -and -try process, with each adjustment made to get either 
highest signal into the receiver or highest over -all signal -to -noise ratio. 
Since the antenna equivalent is a voltage in series with a resistance, 
optimum signal voltage on the first tube will occur with impedances 
matched. In the material which follows in Part III of this series, much 
more will be learned about antenna -coupling adjustment from the sig- 
nal -to -noise point of view, and it will be found that coupling for the 
highest signal -to -noise ratio is not always the same as that which 
gives optimum signal on the tube. 

Suppose in the above example that the antenna circuit has too nar- 
row a bandwidth when it is adjusted for best gain (antenna coupled 
in). This means that Q is too high. Although there are many ways in 
which Q can be lowered, and they will all serve equally well to increase 
the bandwidth, they are not all alike in their effect on the signal -to- 
noise ratio. For example, if we add a shunt resistor for additional 

Fig. 19 -Input circuit which is equivalent to the reso- 
nant -line circuit of Fig. 18. The line length lis included 
in the angle s = 27rl/X and C. is the capacitance per unit 
length of the resonant line while Z is its surge im- 

pedance. 

t..,o- tz. 
damping, the Q will be lowered but will be accompanied by marked 
reduction of signal gain and hence a reduction in signal -to -noise ratio. 
A second remedy is to couple the antenna more tightly than optimum. 
This will lower the Q with little change in the signal -to -noise ratio 
(it may even improve in some cases). A third possibility is the use 
of degenerative feedback in the first tube. If this is correctly done, 
by feeding back both signal and noise in like amounts, the effective 
tube input resistance may be reduced with little or no change in signal - 
to -noise ratio." Finally, the best of all, the Q may be reduced by choice 
of a lower capacitance, higher input- resistance tube and the use of a 
lower capacitance circuit. 

For wide -band input circuits, a considerable advantage in flatness 
of response and in image rejection is obtained by the use of a double - 
tuned input circuit. A possible design is shown in Figure 20. In the 
figure, two end -to -end resonant coaxial -line circuits are shown, one as 
a primary which has the antenna coupled to it and the other used as 

13 Further discussions will be reserved for Part III of this series en- 
titled, "The Signal -to -Noise Ratio of Radio Receivers." 
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a secondary circuit driv'ng the first tube. The coupling between pri- 
mary and secondary may be adjusted by drilling the central short - 
circuiting bar until the response curve has the proper flat -top shape. 

The use of capacitive tuning, as shown in Figure 20, is simple and 

convenient but is disadvantageous in that the total circuit capacitances 

are increased. 
Suppose, on the other hand, we have a single -tuned transformer 

and the bandwidth is so wide that we could well afford to narrow it so 

as to improve image response. Here we wish to raise the Q. Even 

with a double -tuned transformer we may find the secondary Q is too 

low. One method of raising the Q is to add low -loss capacitance pre- 
ferably by use of a lower surge- impedance line circuit and this is 

probably a satisfactory remedy. Another expedient makes use of the 
fact that the Q of an unloaded, resonant -line transformer is usually 
very high. If we couple the tube more loosely to the line, as by tap- 
ping it down on the line, the over -all effective Q can be raised until 
it approaches the Q of the unloaded line alone. Part 2a of the Appen- 

dix gives a formula which is applicable when the tube, of capacitance 
Ct, resistance Rt, is tapped down on the resonant line. We may obtain 
a physical understanding of the behavior by considering the lumped - 

circuit analogy shown in Figure 21. In A of the figure the tube is 

Fig. 20 -A double -tuned 
transformer of resonant co- 
axial -line sections, as used 
for coupling antenna to the 

first tube of a receiver. 

g e 

Fig. 21- Equivalent lumped circuits showing the effect of tapping a tube 
of capacitance Ct, resistance R, down on a very high Q circuit. The over -all 

Q is thereby increased over a straight parallel connection. 
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shown tapped down on a resonant circuit whose inherent capacitance 
is Cd and whose Q may be considered very high. The equivalent circuit 
shown in Figure 21B, discloses that the over -all Q is 

Q =c,R, (Ct + - 
m2 

where m is the effective turns ratio of the tapped -down section of the 
transformer to the total. Thus, if the tap is brought down on the 
Circuit, nn is made smaller and Q is made higher. Of course the upper 
limit to Q is imposed by the circuit losses which, in the case of reso- 
nant lines, are often small enough to permit attainment of a Q of 1000 
or more. The antenna can be coupled into the circuit in the usual way 
and no appreciable loss of signal need result if the Q is raised a mod- 
erate amount by the tapping -down process. 

As an example of a particular design of input transformer, suppose 
we have the following problem: 

Af' = 3.5 megacycles 

f = 350 megacycles 

An = 86 centimeters 

f 
Q = -= 100. 

At' 

The input tube is to be a type 955 mixer used at oscillator funda- 
mental. We will find that the input conductance of this tube as a 
mixer" is about 435 micromhos corresponding to R, = 2300 ohms 
and the input capacitance C, (considering the plate as radio- frequency 
ground) is about 4 micromicrofarads or so. 

Let us use a concentric -cylinder line circuit, in the quarter -wave 
mode. Such a line, designed for maximum Q, may have an inner con- 
ductor of 1/4 -inch diameter copper, and a surge impedance of 77 ohms, 
corresponding to an inside diameter of 0.975 inch for the outer con- 
ductor. The line alone, if made a quarter wave long, would be 21.4 
centimeters long and would havé a Q as follows: (see Appendix for 
formula) 

1/8 X 2.54 
Q=5.2X10' 1780. 

86 

This Q is obviously high enough to be neglected in comparison with the 
desired Q of 100, so we may use the data in the Appendix of equivalent 

14 E. W. Herold, "An analysis of the signal -to -noise ratio of ultra -high- 
frequency receivers," RCA REVIEW, vol. 6. pp. 302 -331; January, 1942. 
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circuits (which neglects line losses). We find, if the tube is connected 
to the open end of the line as in Figure 18, that the 4- micromicrofarad 
capacitance will require the line length to be reduced to 

AO AO 1 l=-o=-sin' 
2a 27r V1 + (wZoCt) 2 

Using some of the relations given in the Appendix we find that 

Thus 

and 

33 
Co = -= 0.43 micromicrofarad per centimeter. 

Zo 

6.2 Ct 
wZoC = - -= 0.67 

Ao Co 

Ao 
l = -X 0.98 = 13.4 centimeters 

27r 

sin! 9 =0.69. 

The equivalent lumped circuit gives, therefore, an equivalent- lumped- 
circuit capacitance 

and 

1 r lco 
C = - C, + = 6.2 micromicrofarads 

2 sin'B 

Q=wCRt=31. 

This gives a bandwidth of 11 megacycles even before connecting the 
antenna and is much too broad. 

We must consider tapping down the tube on the line and we refer 
to the last of the cases treated in Part 2a of the Appendix. It must be 
remembered that we wish a final Q of about 100 but that when the 
antenna is coupled in, and approximately matched tosthe circuit, the 
Q will roughly be halved. The circuit by itself must therefore be 
designed for a Q of around 200, if the antenna impedance is to be 
somewhere near matched. This means the effective lumped equivalent 
capacitance must be about 40 micromicrofarads. Trying out 11 = 4.0 
centimeters, el = 0.29 radian, we find 
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cose B_ = 0.12, l2 = 16.6 centimeters 

so that 

C = 42 micromicrofarads 

which gives a value of Q of 212. As shall be shown later, it is preferable 
to couple the antenna just a little more tightly than optimum and this 
will lower the Q to less than half. Thus, we may consider the choice 
as satisfactory and the antenna coupling can then be adjusted to give 
an over -all Q of 100. It should be noted that by this simple expedient 
of tapping the tube down on the line we have narrowed the bandwidth 
to the desired value without appreciable sacrifice in signal strength 
or reduction in signal -to -noise ratio. 

Let us note that the image response ratio for an intermediate fre- 
quency of 25 megacycles is 

image response AP 1 
_ -_ - or about 29 decibels. 

signal response 4f, 29 

This is usually considered adequate. A local oscillator may be coupled 
in inductively or capacitively and the coupling should be very loose 
so as not to affect the impedance. 

It is hoped that this example will suffice to show the utility of the 
lumped- circuit- equivalent formulas given in the Appendix. They can, 
of course, be used equally well for other input -circuit problems. 

APPENDIX 

Useful Data for Resonant Transmission -Line Circuits 
In most applications to ultra- high- frequency receivers, the radio - 

frequency ohmic losses in the parts external to the tube are so small 
in comparison with the loading introduced by the tube, that they may 
safely be neglected. Thus, when the external circuits are resonant 
sections of line, we may safely neglect their distributed ohmic losses 
and make computations on the assumption that they are negligibly 
small. Under these conditions, a resonant ' section of transmission 
line, near one of its resonant modes, behaves in a fashion similar to 
lumped reactance elements. The loss and capacitance which are intro- 
duced by the connection of a tube, for example, are then readily 
affixed in lumped form to form an equivalent circuit. These equivalent 
lumped circuits are illuminating to the engineer familiar with low - 
frequency technique, and, in addition, greatly simplify circuit analysis. 
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1- Uniform Low -Loss Lines. 

a. SYMBOLS 

e ' dielectric constant of insulating material. 

C. capacitance per unit length of air insulated line. farad /meter 

C ' eC° = capacitance per unit length of dielectric -insulated 
line, farad /meter 

Le = inductance per unit length, henries /meter. 

ve velocity of propagation on air -insulated line = 3 o 10° meter /sec 

velocity of propagation on dielectric -insulated line = ve /./T 

A. = wavelength, meters on air- insulated line = ve /f. 

A = wavelength, meters on dielectric -insulated lino = v/f 

Z. - surge impedance, ohms. 

- length of line, meters. 

f = frequency, cycles per second. 

- 2sf, angular frequency. radians per sec. 

n = any integer. 

b. GENERAL RELATIONS 

1 1 
ve v = = 

Lo C, e eTe 

V 

1 1 y^ ve 1 1 1 

Z. = v L . ' - L . ' ' 
C g Ce íf vC vece vefrce 

c. OFEN AND SHORTED LINES 
/ Znl 

Impedance of shorted line = j Z. tan 1 

A 

Impedance of open line ' - j Z. cot 
/2s1` 
I\ A /I 

d. CHARACTERISTIC OF PARTICULAR LENGTHS OF LINE (Losses Neglected) 

Line 
Length 

Far -End 
Termination 

Input 
Impedance 

Equivalent 
Lumped Circuit 

1 « A 0 jwlLe 0--/80\---e 
L. A R Z. Z. cv----,\AAA.,-0 

l r i m 1/(ju1Ce) o---_m______-0 

1 ' (2n- 1/k/8 0 jZo o 
l= (2n- 1/k/8 R= Z. Z. e----0 
1 (2n- 1/k/8 w -jZe °--Al---*` 
l ' (2n- 1/h/4 0 00 of 

a/ o 
1 (2n- 1/k/4 Zt Ze 4 T 
! . (2n- 1) A/ 4 0o 0 e-iirLiP-o 

! nA/2 0 0 o OÓi--° 
1 nA/2 Z, Zc o 1 1 
l - nA/2 co co '. . 

o 

The following compilation of transmission -line information is, 

therefore, based on the assumption that the losses may be lumped at 
one point. In the figures, although parallel -wire lines are schematically 
indicated, the results are, of course, applicable to coaxial or to any 

other uniform line configuration. 
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2a- Equivalent Circuit's of Quarter -Wave Short -Circuited Lines 
with Negligible Line Loss. 

C= 
Co1 

2 

OF LINE ALONEs 
VERY HIGHI 

I -- 1 -, 
RESONANCE REQUIRES ' Q- THAT 

l ` 
A° (ASSUMED 

4 

_ 
I )111 i-- 1 

RESONANCE REQUIRES Q w Co R s- 
1 

' 0 2 4 Z. 
4 

RI CI C 1 

2 
IC, + Col 

111 111 sin'8 
I 

1 

RESONANCE. REQUIRES 

Ye C, + 0.38 Co l 

(POR e < 80") 

AO AO -.I 1 e` sin 
2s 2s 

1 

1 YRl C+ C, 1 

sin'6J 
Q= 

1+(r2,C,)' 2 

sin'e 
1 + (rZoCi)' - 1 

2 

IrC,R, + 
6 R 1 

r 1 
lL sin'e Z. 

lir 
R1 

+ 1 
Col, Col, 

I 
s[n'B, cos'B, 

II 11 

F- 10 -4*- 1= -+I 
RESONANCE REQUIRES 

wilt 

Q 

' ` 
2 

A. A. 

1, - - e, , 
1, - - e, 

2s 2, 

CHOOSING 1, OR e, THEN 

1 

Coi. ol` 

C - + sin'e, cos. c'9 

cos'e, 
1 + (cot B, - pC,Zo)' 

USEPUL RELATIONS: IF Co IS IN puf PER CM, C, IN puf. A IN CM, 

33 Ce Z. - 
33 

rZ,C 
8_2 C, 

Z. Cs A. Co 

The maximum Q of concentric -cylinder, copper, X/4 line is given when 
Z = 77 ohms and is Q,,.. = 5.2 X 104 (a /V$), where a is radius of inner 
conductor in centimeters and X0 is also in centimeters. 
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2b- Equivalent Circuits of Open Lines in Half -Wave Resonance. 

Co! - 
2 

RESONANCE REQUIRES 
Ao 

2 

RESONANCE REQUIRES 
Aa 

1 ' 

2 

)R4 

n F., 

Q = - - 
2 Z. 

c,t 

CIS,RI 

RESONANCE REQUIRES 

, ' e )= can' uzoc, 
2" 2n 

6.2 C, 

?an e = wZoC, - - 
A. Co 

2c -Lines in Series Resonance. 

l - -- -1 

RESONANCE REQUIRES 
A. 

4 

IL0/2 T1-2 col 

ww o 
R4,2-< 

RESONANCE REQUIRES 

l 

Ao 

4 

-0 

Rß/2 -ì 
RESONANCE REQUIRES 

l 

Ao 

2 

Rs 

Q 
a Ze 

2 R, 

The general method which was used to derive the equivalent, paral- 
lel, lumped circuits of Parts 2a and 2b of the Appendix made use of 
the voltage distribution V(x) as a function of the distance x along the 
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resonant line. This distribution, which is composed of appropriate 
portions of a sinusoid, was then used to calculate the total stored energy 
by integrating the product &CoV2 over the total length, where Co is 
the capacitance per unit length. The stored energy was equated to the 
stored energy of an equivalent lumped circuit having the same voltage 
as the terminals of the line circuit. Thus the effective, equivalent, 
lumped capacitance (excluding the externally added capacitance) was 
just 

Co 
C= V'(x)dx 

Vet o 

where Vt is the voltage at the terminals and l is the length. For ex- 
ample, in the first illustration of Part 2a below, l = a/4 and V (x) = 
Vt sin 2irx /x so that 

X/4 2vrx 
C= Co sin2-dx 

o 
a 

A. 

= Co - 
8 

l 
= Co - 

2 

In some of the more complicated cases the result can be expressed in 
many different forms by trigonometric manipulation. 

Equivalent, lumped, series circuits, such as those in part 2c of the 
Appendix, were most easily found by using the current distribution on 
the resonant line and integrating the total stored magnetic energy, 
again equating the total to the energy of a lumped circuit having the 
same current as the terminals of the resonant line. 
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Part II. Admittances and Fluctuation Noise of 
Tubes and Circuitst 

BY 

L. MALTER 

Summary -The signal -to -noise ratio of radio receivers depends in part 
upon tube and circuit admittances and upon noise sources present in tube 
and circuit elements. Tubes operating in a linear fashion can be represented 
by a 4- terminal network consisting of admittances, of which the most impor- 
tant are the input, output, and feedback admittance, and by two constant - 
current generators of which the more important is the one which determines 
the transadmittance. 

The input admittance of conventional type tubes is determined largely 
by: 1. ohmic losses; 2. interelectrode capacitances; 3. electrode self and 
mutual inductances; 4. lead self and mutual inductances; 5. the space- charge 
conditions within the tube; and 6. the magnitude of the cathode -control -grid 
transit angle. The cathode lead inductance, which may be the most impor- 
tant, results in an input admittance term which varies as the first power of 
the transconductance, and as the square of the frequency. The cathode - 
control -grid transit angle introduces a similarly varying admittance term 
which is also proportional to the transit angle, (provided the latter is not 
too large). These added admittance terms are positive for the case of space - 
charge- limited emission and negative for temperature- limited emission. 
Similarly, the input capacitance is increased over the "cold- cathode" value 
in the space -charge- limited emission case and decreased in the temperature - 
limited emission case. 

The transadmittance does not vary greatly in magnitude as a function 
of frequency, although its phase angle may vary considerably. The feedback 
admittance (primarily a capacitance) may reverse in sign at a particular 
frequency. The output admittance is generally altered legit than the input 
admittance by an increase in frequency. 

Various noise sources, which are factors in determining the signal -to- 
noise ratio of receivers, are treated. These include thermal fluctuations, 
shot noise, current division, induced noise, and secondary emission. The 
concept of equivalent noise resistance of a tube is introduced, it being a 
fictitious resistance of such value that if placed across the input terminals 
of a tube, it will result in an increase in the plate- circuit noise equal to the 
shot noise of the plate current. Its utility will be brought out in Part III of 
this series. 

I. INTRODUCTION 

1 S 

WAS pointed out in Part I of this series, the function of the 
receiving antenna is to "capture" a portion of the transmitted 
power. In general, a portion of the captured power is consumed 

in the first tube of the receiver through the mechanism of the input 
circuit. In some cases, however, when the tube has an infinite or 
negative input resistance, the tube will not be power -consuming.' The 

t Reprinted from Proc. I.R.E., September, 1943. 
I See Part I, Section II, 3 of this series for added discussion of this point. 
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ultimate goal in many receiver designs is maximum possible signal -to- 

noise ratio, that being aimed after, regardless of the nature of the 
input resistance of the first tube, subject to the condition that the 
bandwidths of the various circuits be adequate for the utilization of 

all the information contained in the received signal. If the receiver 
input is strictly power- operated, the condition for maximum signal -to- 

noise ratio coincides with that for maximum signal on the control 

electrode of the same tube, it merely being necessary to maintain an 

impedance match at the tube input terminals. Whether the receiver 
input is strictly power- operated or not, the signal -to -noise ratio of the 
receiver will be determined in part by the tube and circuit admittances. 
As a consequence, a study of tube admittances is of prime importance 
as a prelude to the investigation of receiver response. The signal -to- 
noise ratio of a receiver is determined not only by the tube and circuit 
admittances, but by the unavoidable noise voltages due to thermal 
agitation, electron emission, the division of current, and other "noise 
sources" which will be discussed in detail below. This part of the series 
on ultra -high- frequency reception will concern itself with a discussion 
and evaluation of tube admittances and with the noise present in the 
components of radio receivers. In Part III it will be shown how the 
influence of these factors may be combined to give a measure of the 
so- called noise factor of a radio receiver. 

II. THE TUBE AS A 4- TERMINAL NETWORK 

A tube, as e.g., a triode or pentode, operating over a linear portion 
of its characteristics can be represented by the 4- terminal network 
shown in Figure 1 where 

Iy is the effective alternating component of grid current. 

1,, is the effective alternating component of plate current. 
Ep is the effective alternating component of plate voltage. 

y,,,E5 is the effective alternating component of plate current due to 
the effect of grid voltage E upon electron current to the plate. 

y E,, is the effective alternating component of grid current due to 
the effect of plate voltage Eo upon electron current to the grid. 

y ,E and y EP are thus currents over and above those which would 
flow in the plate and grid circuits in the absence of electron emission, 
the circuit in that case being purely passive in nature with currents 
determined by impressed voltages and impedances of circuit elements 
only. 

It should be clearly realized that the representation of a tube by 

the 4- terminal network is, strictly speaking, permissible only if the 
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tube is linear in operation. This effectively limits the representation 
to amplifiers only, excluding such devices as mixers or detectors. How- 
ever, even in the case of nonlinear devices, a 4- terminal representation 
can be made for successive small portions of the characteristic as are 
effectively linear, and the results for these successive portions then 
combined for the whole region of operation so as to give useful 
information. 

From Figure 1 it can be seen that the following relations hold: 

/p = y,nEi + ypE5 + (Ep - Eg) Y55 

Ig= 11nEp +ygE5+ (Eg- E5)ypq. 

If the output terminals are short -circuited Ep = 0; then, 

I,, = ymE9 - ypgEg 

Ig = ygEg + vp Eg. 

yis 1p 

9 

Fig. 1- Representation of a 
vacuum tube by a 4- terminal 
network which contains as 
elements, admittances and 
constant -current generators. 

If there were no emission, y,nEg = yEp = O. It is then seen that 
yp, is the feedback admittance between plate and grid. y,,, is defined 
as the grid -plate transadmittance, and yD as the input admittance. If 
the input terminals are short -circuited, E,= 0; then, 

Ip = ypEp + ypgE5. 

yp is defined as the output admittance; y,,, which is defined as the 
plate -grid transadmittance, in general plays a minor role and may 
usually be neglected. The above treatment is applicable to practically 
all types of receiving tubes if by the term "grid" in the preceding 
discussion, it is understood that one refers to the "control electrode." 
The various tube admittances will now be considered in turn, as a 
preliminary to the consideration of their influence upon the signal -to- 
noise ratio of a receiver. 

III. INPUT ADMITTANCE 

Case 1. Cold Cathode 
To enable the influence of electron emission upon the input admit- 

tance to be determined, it will be of value first to consider the case of 
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a tube with a cold cathode, where, since no emission is present, the 
4- terminal network becomes passive in nature, and the problem is 

purely a circuit one. 
The input circuit of a multielectrode tube with the cathode cold 

may be represented as shown in Figure 2. The combination of induct- 
ances and capacitances, when examined at the input terminals, exhibit 
series and parallel resonances at various frequencies. As a rule .the 
lowest frequency resonance is of the series type, wherein the input 
lead inductances resonate with the remainder of the circuit, which 
behaves like a capacitance at that frequency. As one attempts to tune 
to this frequency, the external circuit diminishes in size until it finally 
consists of a short circuit across the input terminals. To operate at 
higher frequencies it then becomes necessary to use a transmission - 
line circuit operating at a three -quarter or higher mode. However, with 
tube types employing wire leads through the envelope, the ohmic losses 
are usually increasing rapidly with frequency in this region, so that 
satisfactory performance cannot always be obtained. 

SCRffN[dAD 
hNOUGTANCL 

Fig. 2- Tube -input circuit indicating presence of inductance 
in electrode leads. 

Case 2. Hot Cathode 

When emission is present, the picture is altered in that the input 
conductance becomes increasingly large at ultra -high frequencies. This 
conductance serves to load down the input circuit, thus limiting the 
gain obtainable from the antenna to the signal grid. The input con- 
ductance, frequently referred to as loading, arises primarily from two 
distinct sources, 1) the inductance and resistance of the tube leads, 
and 2) the finite transit time of the electrons in traversing the tube. 
These will be considered in turn. 

(a) Lead Effects 

A complete study of the input admittance involves the consideration 
of the effects of lead self and mutual inductances as well as of capaci- 
tances between leads and of distributed capacitances. This problem 
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r 
1 Z L_J 

J 

Fig. 3 -Tube circuit indicating presence of cathode -lead inductance. 

has been handled in a thorough fashion by Strutt.2 It will suffice for 
the purpose of illustration to consider the simple case wherein self - 
inductance is present in the cathode lead only, as shown in Figure 3. 
This is due to the fact that in certain cases it is the cathode lead 
inductance which plays the preponderant role in determining the input 
conductance at ultra -high frequency. 

For the circuit of Figure 3, there can be substituted its equivalent 
as shown in Figure 4. 

Ca is the cathode -control -grid capacitance. 
C. is the control-grid-screen-grid capacitance. 
Lk is the cathode lead inductance. 
ED is the effective alternating voltage between grid and cathode. 
E4 is the effective alternating voltage across the input terminals. 
g,, is the sum of the transconductances as measured between the 

control grid and all other electrodes to which electron current flows. 
The gEg generator across Lk is a current generator which supplies 

the plate current, screen current, etc., which flow through Lk, the 
cathode lead inductance. 

Then, Ei= Eu + jwLkg,,,Eu 

=Eu(1 +jwLkga,) 
]u = EojwCu + EijwC,; 

= ( Ei jwCu ) / ( 1 + lWLkg,,, ) + Ei jwC 

= Ei(jwCu + w'LkCug,,,), ( 1 + w-Lk'g,,,') + EijwCa 
o 

E 
S 

I 
C ! --- 

Fig. 4- Equivalent input circuit of tube represented in Fig. 3. 

2 M. J. O. Strutt, "The causes for the increase of the admittances of 
modern high -frequency amplifier tubes on short waves," Proc. I.R.E., vol. 
26, pp. 1011 -1033; August, 1938. 
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If the discussion is limited to the case for which w2Lk 2g,= « 1, then 

Ig = [jw (Cg + Ce) + w2LkCggm] 

and finally yg = I9 /Et = jw (Cg + C8) + w2LkCgg.. 

If the screen lead inductance is appreciable and of value L8, the 

expression for input admittance becomes 

A = jw (Cg + Cs) + w'- (g.LkCg - g8LsC8) 

where gg is the grid- screen transconductance. 
Thus the cathode and screen lead inductances result in the intro- 

duction into the input admittance of real components, which vary as 

the first power of transconductance and as the square of the impressed 

frequency. The effect of the screen lead inductance is to tend to 

"neutralize" the effect of the cathode lead inductance. However, due 

Fig. 5- Circuit of tube with two cathode -leads. 

to the fact that g is usually a fractión of g, the neutralization could 

be complete only by making Lx several times Lk, a method which is 

unsatisfactory in that it results in screen "swinging." 
One method of decreasing the loading effects of cathode lead induct- 

ance is to use two separate cathode leads to separate the input and 

output circuits, so that the plate current does not affect the input load- 

ing. This method, which has been made use of in tubes produced for 

ultra -high- frequency operation, is illustrated in Figure 5. 

(b) Capacitance Changes and Transit-Time Loading 

The influence of the flow of electrons within the tube upon the input 

capacitance and conductance will now be examined. It is customary tp 

think of current flow occurring to an electrode only when electrons 

strike it, a concept which is strictly valid only for static conditions. A 

more appropriate concept is best arrived at by examining the behavior 
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of a diode, in which it can be seen that plate current begins to flow as 
soon as electrons leave the cathode. Every electron in the space between 
cathode and plate induces an "image" charge on the plate; the magni- 
tude of the charge depending upon the proximity of the electron to the 
plate. Because the proximity changes with electron motion, there is 
a current flow through the external circuit due to the motion of elec- 
trons in the space between cathode and plate. 

This concept of current flow can be used to envisage the way in 
which the grid current flows in a triode as illustrated in Figure 6. 
e is the instantaneous value of the alternating component of grid 
voltage. In this triode, the plate is positive with respect to the cathode 
and the grid is negatively biased. Due to the motion of electrons 
between cathode and grid there is a current is flowing into the grid 
and in addition there is a current ib flowing out of the grid due to the 

Fig. 6- Triode showing presence 
of electron space charge. 

motion of electrons away from the grid toward the plate. When no 
alternating voltages are present is = ih and the net grid current i) = 0. 

While under static conditions no current flows in the grid circuit, the 
presence of electrons in the space causes a positive image charge to 
appear on the grid. Now if the grid potential is varied in the positive 
direction, the positive charge on the grid will be increased, the increase 
being due in part to the effect of the capacitance between the grid and 
other electrodes, and in part to the increase of electron space charge in 
the region surrounding the grid. The increase in space charge results 
from the increased electron current caused by the grid going more 
positive. From the fact that the positive charge on the grid is increased 

www.americanradiohistory.com

www.americanradiohistory.com


ASPECTS OF RECEPTION AT ULTRA -HIGH FREQUENCY 231 

over and above the charge due to the capacitance with the cathode cold, 
it may be seen that the space charge effectively results in an increase 
in the effective capacitance between the grid and the other electrodes. 
This added capacitance depends upon the electron space charge and 
increases with decreasing grid bias. 

If a small alternating voltage e,, js applied to the grid, the electron 
current will vary correspondingly and consequently the grid charge 
too. If the time taken for the electrons to traverse the region between 
the cathode and grid is small compared with the period T of the alter- 
nating voltage e,,, the charge on the grid due to the electron space charge 
will vary in phase with e9 and thus the added input admittance resulting 
from current flow will be purely susceptive. The time taken for the 
electrons to traverse the region between cathode and grid is referred 
to as the cathode -grid transit time and is denoted by T9. The transit 
time between grid and plate T,, is generally small compared with TD 

Fig. 7- Variations of grid poten- 
tial, grid charge, and grid current 
in tube with appreciable cathode - 

control -grid transit angle. 

due to the high average electron speed in this region. As a consequence 
consideration of the effects of transit times upon input admittance may 
be restricted to the cathode -control -grid transit time T9. 

It is frequently convenient to make use of the quantity "transit 
angle" which is defined as wT =2rrfT = 27r(T/T). For the above case 

.where T, « T, ß,T,<< 2r. Now if the cathode -grid transit angle is 
appreciable, which is just another way of saying that the time taken 
for an electron to traverse the cathode -grid region is not negligible 
compared with the period of the impressed signal, the grid charge will 
go through its maximum value somewhat later than the instant when 
the grid voltage passes through its maximum. This "lag" in the grid 
charge denoted by O in Figure 7, results in a corresponding lag in the 
grid current. The courses of the grid voltage, charge, and current for 
this case are depicted in Figure 7. Since the grid voltage and current 
are not in quadrature, the input admittance is complex and contains a 
real or conductance term. From Figure 7 it may be seen that the 
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conductance term is positive indicating that the effect of finite transit 
angle is the introduction of a real conductance across the grid -cathode 
terminals. This problem has been investigated by Ferris3 and North' 
who found that if the transit angle is not too great the input con- 

ductance is given by A = kg,,,w2Tg2 where k is a constant and TD is 

the cathode -grid transit time. If the transit angle is greater than 
about r/2, the behavior may be quite different, in that the input con- 

ductance and susceptance may oscillate through positive and negative 
values as the transit angle increases.' It will' be noted that this expres- 
sion is similar to that for the input conductance due to lead inductances 
in that it varies as the first power of g, and the square of the applied 
frequency. The similarity of the two expressions makes their experi- 
mental unraveling difiïcult.. 

For the purposes of illustration, the input loading and capacitance 
change of a 6AC7 are shown in Figure 8 as a function of plate current. 
While the measurements were made at 40 megacycles, they can be 

extended to other frequencies by making use of the facts that the input 
conductance varies as the square of the frequency and that, to a first 
approximation, the change in input capacitance is independent of the 
frequency. 

The preceding discussion applies to the case of space- charge -limited 

emission. For temperature -limited emission the behavior is the con- 

verse, the capacitance change being negative and the input conductance 
due to finite transit time also being negative. That this is so can be 

seen by considering the behavior of a space- charge grid tube (see 

Figure 9) wherein a grid G1 interposed between cathode and control 
grid G2 is operated at a positive potential. The current passing through 
the control grid G2 and then through the screen grid G3 to the plate is 

practically unaffected by variations in control -grid -voltage. There is, 

of course, some variation in plate current as the grid voltage is varied. 
However, for small changes in the grid voltage, the variations in cur- 
rent transmitted through the grid are small compared with the average 
or quiescent value of this current. As a consequence, to a first approxi- 
mation the space current may be considered as constant for small 
variations in control grid voltage. 

The current passing through the grid G2 in Figure 9 (considered 
constant) is given by pv where p is the space -charge density and y is 

3 W. R. Ferris, "Input resistance of vacuum tubes as ultra- high -fre- 
quency amplifiers," Proc. I.R.E., vol. 24, pp. 82 -105; January, 1936. 

4 D. O. North, "Analysis of the effect of space charge on grid imped- 
ance," Proc. I.R.E., vol. 24, pp. 108 -136; January, 1936. 

6 M. J. O. Strutt, "Moderne Kurzwellen -Empfangstechnik," pp. 113 -118, 
Julius Springer, Berlin, Germany, 1940. 
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Fig. 8- Variation of in- 
put conductance and of 
input capacitance as 
function of plate cur- 
rent in 6AC7 pentode 
measured at 40 mega- 
cycles. 
Er = 6.3 volts 
Plate volts = 250 
Suppressor volts = 0 
Screen volts = 150 
Gridvolts = varied 
Frequency = 40 mcs. 
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Fig. 9- Space -charge -grid tube in which effect of 
space charge is to lower effective input conductance 

and capacitance. 

www.americanradiohistory.com

www.americanradiohistory.com


234 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

the average velocity of the electrons in the G2 plane. Suppose now that 
a small alternating voltage e9 is connected to grid G_ as indicated. 
During the part of the cycle when e is increasing the electrons in the 
space between G2 and G3 are accelerated and their velocities increased. 
Since pv (the current) is a constant, p must decrease, and (if the 
transit angle is negligibly small) the charge on the grid due to the 
electrons must vary 180 degrees out of phase with the grid voltage. 
By comparison with the space- charge -limited case wherein the grid 
charge was in phase with the grid voltage it is seen that electrons serve 
to produce a negative capacitance change.6 A finite transit angle will 
produce a lag in the grid current with respect to the grid voltage. Just 
as a finite transit angle for the positive capacitance case results in a 
positive input conductance, the lag in this case, wherein the capacitance 
change is negative, results in a negative input conductance. 

Et ECTROIv 
CuRRfNr 

o o 

o o 

o o 

o o 

o o 
R e 

Fig. 10- Velocity- modulating grids traversed by electron current. 

(c) Input Admittance of Velocity -Modulation Devices 

In recent years, a new method for the control of electron beams or 
current has been described,7 9 wherein the velocity rather than the 
magnitude of a current is affected by voltages applied to control elec- 
trodes. In Figure 10 let A and B represent grids which are connected 
to the opposite terminals of a radio -frequency circuit and which are 
traversed by an electron current or beam. If the transit angle in the 
space between A and B is not too great, the beam will experience a 
"velocity modulation." Thus, when the radio -frequency electric field 
is such that B is positive with respect to A, the electrons will be accel- 
erated as they traverse the region between A and B and will be slowed 
down during the opposite phase. If the region beyond B is free of 
radio -frequency fields, the velocity modulation will be retained in that 
region. By methods described,? e.g., deflection conversion, drift tube 

6 L. C. Peterson, "Impedance properties of electron streams," Bell Sys. 
Tech. Jour., vol. 18, pp. 465 -482; July, 1939. 

7 W. C. Hahn and G. F. Metcalf, "Velocity -modulated tubes," Proc. 
I.R.E., vol. 27, pp. 106 -117; February, 1939. 

A. A. Heil and O. Heil, "A new method for the production of short 
electromagnetic waves," Zeit. für Phys., vol. 95, pp. 752 -762; July 12, 1935. 

9 R. H. Varian and S. F. Varian, "A high frequency oscillator and 
amplifier," Jour. Appl. Phys., vol. 10, pp. 321 -327; May, 1939. 
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conversion (bunching), or retarding -field conversion, the velocity 
modulation can be transformed into a current modulation which can 
be used to develop signal voltage in an output circuit. 

If the transit time between A and B is infinitesimal, no net inter- 
change of energy between the electrons and circuit takes place since 
the energy transfer from the circuit to the beam during the portion 
of the cycle when the beam is accelerated is balanced exactly by the 
transfer of energy in the reverse direction during the opposite phase 
of the oscillation. For finite transit angles less than it radians, how- 
ever, there is a net transfer of energy from the circuit to the electron 
stream, this being evidenced externally by an apparent loading of the 
circuit between grids A and B of Figure 10. The shunt conductance 
is given by10 g = (i0 /V0) (w2T" /6) where io is the beam current and Vo 

is the average volt velocity of the beam. This expression, which holds 
very closely up to transit angles of about ,r/2, is similar to those for 
the other forms of input loading in that the conductance increases as 
the square of the transit angle. 

(d) Transadmittance 

In the case of grid control tubes, transadmittance is more uniform 
in magnitude as a function of frequency than the other admittance 
terms of the 4- terminal equivalent network described above." Whereas, 
the input conductance is already radically altered at frequencies for 
which the transit angle is it radians, the transadmittance is practically 
unaltered in magnitude for the same frequencies. Its phase, as meas- 
ured by the relative phase of plate current with respect to signal -grid 
voltage, may, however, be radically altered. Lead effects, too, may 
considerably affect its phase. These phase changes are of no importance 
in amplifier operation, except through the effect of plate -grid feedback, 
but for the case of self- excited oscillators, the phase of the feedback 
must obviously be altered to compensate for phase changes in the trans - 
admittance. 

(e) Output Admittance 

The output circuit of a multielectrode tube may be represented as 
shown in Figure 11. The behavior of this circuit is similar to that at 
the input end of a tube as discussed in Section III, 2, above, and the 
same general conclusions are valid. The influence of the electron space 
charge upon the output capacitance is negligible due to the high speed 

10 D. L. Webster, "Cathode ray bunching," Jour. Appl. Phys., vol. 10, 
pp. 501 -508; July, 1939. 

11 M. J. O. Strutt, "Messungen der Komplexen Steilheit Moderner 
Mehrgitterrohren im Kurzwellen Gebeit," Elek. Nach. Tech., vol. 15, pp. 
103 -111; April, 1938. 
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SCREEN LE.90 
AvcoucrAwcz 

Fig. 11- Output circuit of 
multielectrode tube. 

of the electrons in the output region. Its influence upon the output 
conductance, while not negligible, is many times less than upon the 
input conductance. Consequently, in an amplifier employing a number 
of tubes (except in the case wherein a matching transformer is em- 

ployed between stages), the output conductance due to electron flow 

may play a minor role in loading down the circuits, when account is 
taken of the influence of the input conductance of the following tube. 
However, unless particular attention is paid to the matter of mini- 
mizing ohmic losses in the leads, these losses may exercise a pre- 
ponderant role in both input and output at extremely high frequencies. 

(f) Feedback Admittance 

There still remains for consideration the remaining term in the 
4- terminal network equations, i.e., the feedback admittance. At low 
frequencies, this is obviously capacitative in character, the capacitance 
being the static capacitance of plate to grid. Consider the equivalent 
circuit of a typical pentode as shown in Figure 12. At low frequencies, 
the lead inductances to screen and suppressor exert a negligible influ- 
ence and so the effective feedback capacitance is given by Clnulo (the 
static capacitance). At high frequencies, the lead inductances become 
of importance, and the effective capacitance is given by a very complex 
expression derived in the paper by Strutt.- This complex expression can 
be represented at moderately high frequencies by C9, = CI,,, -- Aw2. 

Fig. 12- Equiva- 
lent circuit of 

pentode. 
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A is of the order of 10 -19 when Cy, is expressed in micromicrofarads 
and w = 274 where f is measured in cycles per second. Thus with 
increasing frequency, the effective feedback capacitance decreases and 
finally passes through zero at the so- called self -neutralization point, 
and becomes negative at still higher frequencies. This expression shows 
that for wide tuning -range receivers, neutralization at ultra -high- 
frequencies may be a serious problem in view of the rapid frequency 
variation of the effective feedback capacitance. 

IV. NOISE DUE TO STATISTICAL FLUCTUATIONS 

In the preceding sections, the high- frequency behavior of tube 
admittances, which directly affects the over -all gain of any amplifier 
system, was studied. However, it is not gain alone that sets a limit 
to the sensitivity of a receiver, since, after all, any desired gain can be 
achieved by increasing the number of stages (provided, of course, the 
gain of the individual stages is greater than unity). 

(a) (b) (c) 
Fig. 13 -(a), (b), and (c) are equivalent if the resistor R in (a) is a 
normal noisy resistor, while those in (b) and (c) are noise -free but con- 

- nected to the voltage or current noise generators as shown. 

The actual sensitivity limit is also determined in part by the statis- 
tical fluctuations of the electric charge within a conductor, or fluctua- 
tions of electron emission. These give rise to "noise," which sets a 
lower limit to the signal which can be detected. In this section some 
general theoretical results concerning noise will be presented and in 
Part III of this series these results will be used to compute the limiting 
sensitivity of radio receivers. 

1. Thermal Agitation Noise 
Consider a resistor R as shown in Figure 13(a). Due to the internal 

random motion of the electrons within R, a mean -square open -circuit 
voltage will be present across its terminals given óy12 e2 = 4kTRdf 
where k is Boltzmann's constant = 1.37 X 10 -23 joule per degree centi- 
grade and T is the temperature in degrees Kelvin. 

12 J. B. Johnson, "Thermal agitation of electricity in conductors," Phys. 
Rev., vol. 32, pp. 97 -110; July, 1928. 

www.americanradiohistory.com

www.americanradiohistory.com


238 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

df is the element of bandwidth in cycles per second. In the general 
case one limits oneself to an element df for the reason that the value 
of R may be a function of frequency in which case it becomes necessary 
to perform an integration, if the noise voltage squared over a finite 
bandwidth is desired. If R is independent of frequency, the noise 
voltage produced over any bandwidth is the same regardless of its 
position in the frequency spectrum. 

The "noisy" resistor can be represented by means of an ideal noise - 
free resistor in series with a constant -voltage generator of mean -square 
voltage Fl= 4kTRdf as shown in Figure 13 (b) or by means of a noise - 
free resistor in parallel with a constant -current generator of mean - 
square current ï2 = 4kTgdf where g = 1 /R. That the constant -voltage 
series generator and the constant- current shunt generator modes of 
representation are completely equivalent as far as external effects are 
concerned may be seen readily by connecting an impedance Z across 
the output terminals of Figures 13 (b) and 13 (c) . Then for the 
constant -voltage -generator representation the mean -square current 
through Z is given by 

ii=e2/(R+Z)2=4kTRdf/(R+Z)2. 

For the constant -current generator representation the mean -square 
current through Z is given by 

R2 4kTdf R2 4kTRdf 
2z" = 

(R + Z)' R ,(R + Z) 2 (R + Z) 2 

which is identical with that derived above, thus demonstrating the 
interchangeability of the constant- current and constant -voltage rep- 
resentations. 

The choice of which concept to use depends in general upon the 
nature of the application. For parallel combinations the constant - 
current concept is more useful since the separate mean -square noise 
currents are simply added to produce the resultant mean -square noise 
current. Similarly for series connections the voltage generator concept 
is the more useful one since, for this case, the separate mean -square 
noise voltages add to produce the resultant. 

In the preceding discussion reference was made only to resistors. 
The results given are actually applicable to any passive two -terminal 
networks subject to the condition that for R one uses the real part of 
the complex impedance. Thus, consider the parallel resonant circuit of 
Figure 14, with real part R of its impedance as function of frequency 
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Fig. 14- Parallel resonant circuit. 

as shown in Figure 15. For this case the mean -square noise voltage 

between frequency limits fl and f., is given by 

12 

é' -- = 4kT j Rdf. 

2. Tube Noise 

Schottky13 predicted that the emission in a temperature -limited 
diode would contain a fluctuation component given by 7= 2eldf where 
e is the electronic charge and I is the average total emission. It is 

assumed in this that the transit time through the diode is small com- 

pared with the frequencies whose noise components are under study. 
If the diode anode is operated at a uniform negative potential with 

respect to the cathode so that the arrival or nonarrival of an electron 
at the anode is determined by its emission velocity solely, then the 
mean -square noise current is given by 7= 2elbdf where lb is the actual 
plate current. 

For the intermediate conditions wherein the emission is space - 
charge- limited, the so- called shot noise is less than that due to the 
same current under temperature -limited conditions and is given by" 
1= 2eIb1'2df where 1' is a factor depending upon the ratio of available 
emission to actual plate current and upon the value of the anode 
potential. 

If the available emission is large compared with the plate current, 
and the anode potential is not too close to that of the cathode, 1' is less 
than 0.2 for conventional structures, indicating how considerable a 

f 
13 W. Schottky, "Spontaneous current fluctuation in various conductors," 

Ann. der Phys., vol. 57, pp. 541 -567; December 20, 1918. 
'+ D. O. North, "Fluctuations in space charge limited currents at mod- 

erately high frequencies," RCA REVIEW, vol. 4, pp. 441 -473; April, 1940. 

Fig. 15 -Real part R 
of impedance of circuit 
of Fig. 14, as a func- 

tion of frequency. 
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reduction in the noise current is produced by the presence of the space 
charge. North" has shown that if the available emission is large com- 
pared with the actual current drawn from the cathode, then r2 = 1.29 
( kTK /e) g /Ib where e is the electronic charge, k is Boltzmann's constant 
and TK is the absolute temperature of the cathode and g is the con- 
ductance of the diode, given by g = ôlb /aEb where lb is the plate current 
and Eb the plate voltage. If this is substituted in the expression for 
-, one obtains 

=2.58e1b(kTX/e) (g/Ib)df =0.64(4kTh)gdf. 

This indicates that for a space- charge- limited diode, wherein large 
excess emission is available, the noise current is a linear function of the 
conductance and does not involve the plate current directly. For an 
oxide -coated cathode (TK = 1000 degrees Kelvin), r2 = 0.11(g/Ib) and 
i2 = 3.54 X 10- Y°gdf. 

It is interesting to look into the physical picture of the process in 
order to see exactly how noise reduction is brought about by the 
presence of space charge. Under space- charge -limited conditions, a 
potential minimum exists in the region between the cathode and anode 
and is very close to the cathode. In the region between the cathode and 
the potential minimum electrons are traveling in both directions. The 
electrons returning toward the cathode are those emitted with a volt 
velocity less than that of the potential minimum so that they are unable 
to get over the "crest." Now if in the normal course, as determined by 
probability considerations, there is a sudden excess emission of charge, 
a depression of the potential minimum will occur which will in turn 
cause some electrons to be turned back that might otherwise have 
reached the plate. The variations in the potential minimum in cor- 
respondence with the fluctuations in emission current thus tend to 
smooth out the fluctuations in current passing through the potential 
minimum to the plate. 

The above expressions, which are based on the theoretical work of 
North," are not in agreement with the measured values for space - 
charge- limited diodes. Actually, for this case the noise is considerably 
greater than predicted by theory. North's indicates that the explanation 
for this is most likely that elastic reflections of electrons at the anode 
(which is operating at a comparatively low potential) contribute to an 
increase in the noise in the plate circuit. For the temperature -limited 
case, wherein the anode can operate at much higher potential, the 
agreement between theory and experiment is excellent. 

From the noise' standpoint, a negative -grid triode can be looked 
upon as a diode whose anode potential is equal to the effective potential 
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in the grid plane. Since all electrons which pass the grid plane are 

collected by the plate, the theoretical results for the space -charge- limited 

diode should (and do) describe the actually observed values for the 

negative -grid- triode, if for g, the conductance, one substitutes g 
the grid -plate transductance. 

3. Equivalent Noise Resistance 

For many purposes it is convenient to suppose that the current flow 

in a tube is noise -free but that the noise in the plate current arises 
from the presence of a noise- voltage generator in series with the grid. 
We can set for the mean -square voltage of this fictitious generator 
e2 = 4kT,?R,,,,df, where R,,,, is a fictitious resistance at room temperature 
(TN = :300 degrees Kelvin) and of such value that, if shunted across 
the input of a noise -free tube, the noise current in the plate circuit is 

the same as that for the noisy tube with shorted input. An expression 
for R,,,, may be derived as follows: 

i2 = 2eIb1'2df 

2 
-e2 = 4kT,tR, ,d f 

wherQ R,,,, = é /4kTHdf = á2/ g ,24kTKdf 

= 2eIbF2df /gm24kTdf = 201bI' /gm2. 

If for I'2 one inserts the approximate value for negative -grid triodes 
with oxide -coated cathode 1'2= 0.11gm /Ib there results 

R,.,, = 20Ib /gm2 X 0.11 (gm/Ib) = 2.2 /g,,,. 

A list of values of R,,,, for various types of tubes has been prepared 
by Harris.15 

R,,,, is a totally fictitious resistance and must, under no circum- 
stances, be considered as actually being present in the circuit. The 

noise -voltage generator is represented as being directly in series with 

the grid, the tube internal capacitance or loading being effectively 

external to the generator so that the full generator voltage is effective 

across the input circuit. This is illustrated for a simple case in Figure 
16, where R,,,,, is due to input loading and C, p is the input capacitance 
of the tube. 

R,,,, is an excellent measure of the "noisiness of a tube and varies 

15 W. A. Harris, "Fluctuations in vapuum tube amplifiers and input 
systems," RCA REVIEW, vol. 5, pp. 505J525; April; and vol. 6, 115 -124; 
July, 1941. 
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from values as low as 220 ohms for a 6AC7 operating as a triode 
amplifier to values of hundreds of thousands of ohms for multigrid 
converters such as the 6SA7. In the case of converters, the value of 
the conversion transconductance rather than the amplifier transcon- 
ductance enters into the expression for the equivalent noise resistance. 
Since optimum conversion transconductance is always less than maxi- 
mum amplifier transconductance for a given tube, the equivalent noise 
resistance of a tube when operating as a converter is usually greater 
than when operating as an amplifier. This conclusion should be borne 
in mind as reference will be made to it in Part IV of this series when 
consideration is given to the question of whether to use an amplifier 
or mixer for specific applications. 

et- skT4df 

Fig. 16 -Tube circuit wherein plate 
noise is represented as being due to 
noise -voltage generator in series with 

grid lead. 

4. Noise Due to Current Division 
In multielectrode tubes the electron current usually divides between 

several electrodes at a positive potential which gives rise to additional 
fluctuations. For example, in the case of a pentode, the fluctuations 
arise from the fact that the chance of any electron hitting a screen wire 
or of landing on the anode is purely random. If there is no secondary 
emission from any of the electrodes drawing current, as in the case of 
pentodes, theory indicates18'7 that the noise in the plate circuit will in 
general exceed that for a similar triode with the same plate current 
but will never exceed that due to the same value of temperature -limited 
plate current. 

5. Effects of Secondary Emission 
Secondary electron emission enters into the noise picture in one 

of two ways: 1) by the noise introduced by secondaries emitted at any 
electrode which then go to a more positive electrode, or 2) in the use 
of a secondary- emission multiplier to multiply an electron current. The 
first of these is of no importance in triodes or pentodes but is a factor 
in tetrodes and some multigrid tubes." 

16 D. O. North, "Multi- collectors," RCA REVIEW, vol. 5, pp. 245 -260; 
October, 1940. 

17 C. J. Bakker, "Current distribution fluctuations," Physica, vol. 5, pp. 
581 -592; July, 1938. 

18 C. J. Bakker and B. van der Pol, "Spontaneous fluctuations," Compt. 
Rend. de l'Union Radio -Scientifique Internationale, Venise 5, pp. 217 -227; 
1938. 
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At times an electron multiplier is used to multiply a modulated 
electron current. If there were no fluctuations in the secondary electron 
emission, i.e., if each primary produced the same number of secondary 
electrons, no more, no less, then the signal and the noise would be 

multiplied alike so that the signal -to -noise ratio would be unchanged. 
This method of amplification would be superior to the normal use of a 
following tube with coupling impedance, since the noise introduced by 
the coupling impedance and following tube would be eliminated. How- 
ever, secondary electron emission is also a "statistical" phenomenon in 

that the secondary- emission ratio n is actually the average of a dis- 
tribution of ratios for all the primary electrons. As a consequence the 
ratio of signal -to -noise in the output of an electron multiplier is always 
less than in the input. If the secondary -emission ratio of the initial 
stage is not too small, say 5 or greater, the decrease in signal -to -noise 
ratio by an electron multiplier is almost negligible. It is thus extremely 
desirable to use electron multipliers in cases where the tube geometry 
permits." 

As a final item it must be emphasized that in the preceding discus- 
sion it was tacitly (and incorrectly) assumed that the multiplication 
of a varying signal is the same as that of a direct current. The ampli- 
fication of a multiplier decreases with frequency due to the spread in 
transit angle resulting from nonuniform initial velocities and differing 
paths. At ordinary intermediate frequencies this is of no importance, 
so that the use of multipliers for amplifying the intermediate- frequency 
signal of a converter or mixer is feasible. However, since the gain of 
ordinary multipliers begins to drop off at frequencies of only a few 
hundred megacycles, care must be used in applying electron multipli- 
cation to the amplification of ultra- high- frequency signals.20 

6. Induced Noise 

(a) Induced Noise in Grid -Controlled Tubes 

This is the one source of noise which may be considered as an 
ultra -high- frequency noise in that it is present only when transit angles 
are appreciable and increases with frequency. It arises from the fact 
that for finite transit angles through the tube the noise -current fluctua- 
tions in the emission current induce noise current on the grid which 
in turn react upon the electron current traversing the tube. North and 

1S V. K. Zworykin, G. A. Morton, and L. Malter, "The secondary emis- 
sion multiplier -a new electronic device," Proc. I.R.E., vol. 24, pp. 351 -376; 
March, 1936. 

20 L. Malter, "Behavior of electrostatic multipliers as a function of 
frequency," Proc. I.R.E., vol. 29, pp. 587 -598; November, 1941. 
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Fig. 17 -Circuit 
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a triode may be 
represented seated as 
being due to a 
constant - current generator in 
shunt with a con- 

ductance. 
Ferris " have shown that induced noise current in grid -controlled tubes 
is equivalent to the thermal -noise produced by a resistor whose recip- 
rocal is equal in value to the input conductance due to finite transit 
angle and whose temperature is about 5 times room temperature. They 
have also shown that, to a first approximation, induced grid noise may 
be added to the plate noise (referred to the grid) of the same tube as if 
they were independent sources of noise. The representation is shown in 
Figure 17, where g, is the input conductance due to finite transit angle. 

(b) Induced Noise in Velocity- Modulation Devices 
If the electron stream traversing the region between the velocity - 

modulation grids A and B of Figure 9 is current -modulated as, e.g., 
by noise -current components, a serious type of induced noise comes into 
existence. A current -modulated beam passing between A and B induces 
a current in the circuit of which A and B are part, This current 
approaching in value the modulated component of the stream for small 
transit angles between A and B. If this induced current be denoted by 
i, then a potential difference will be established between A and B given 
by e = iZ where Z is the circuit impedance. This varying voltage e 
will make Aself felt upon the beam in the form of a velocity modulation. 
If i is due to noise, the resultant noise source can be represented by the 
circuit of Figure 18. I is the beam current and T2 the space- charge 
reduction factor. Since in tubes of this type beams are generally em- 
ployed, noise due to current division generally is introduced at focusing 
electrodes preceding the velocity -modulation grids. As a consequence 
there exists a "wiping out" of space- charge reduction effects, resulting 
in a final I'2 approaching unity. As a consequence, the contribution of 
the induced noise to the total noise may be considerable or even pre- 
ponderant. 

Rgsr Or 
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o 

Fig. 18 -Representation 
of induced noise in veloc- 
ity modulation device as 
being due to a constant - 
current generator in shunt 
with conductance as meas- 
ured between velocity - 

modulating grids. 

o 0 0 oA 
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21 D. O. North and W. R. Ferris, "Fluctuations induced in vacuum -tube 
grids at high frequencies," Proc. I.R.E., vol. 29, pp. 49 -50.; February, 1941. 
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Part III. The Signal -to -Noise Ratio of Radio Receiversi 

BY 

E. W. HEROLD 

Summary -The signal -to -noise ratio of a radio receiver can best be 
analyzed by finding all the various noise sources and then referring them 
to a single point. When the equivalent- noise -resistance concept is used at 
the input to express the output noise of the first tube of a series, noise 
sources beyond this point are also conveniently referred back to this same 
input. Thus, a single equivalent noise resistance Rea can be used to express 
all the noise sources at or beyond the first tube. In the simplest case,. where 
noise sources at the input of the first tube can be neglected, the maximum 
signal at the input also gives best signal -to -noise ratio. The signal -to -noise 
ratio then depends on the ratio of tube input resistance (which determines 
the maximum signal) to equivalent noise resistance. 

When there is induced noise in the input of the first tube, the optimum 
signal -to -noise ratio is obtained by coupling the antenna somewhat more 
tightly to the tube input than for maximum power transfer. Although this 
reduces the signal at the grid from its maximum value, the reduction of 
impedance is more marked and causes an even greater reduction in induced 
noise. The optimum signal -to -noise ratio depends on the product of induced 
noise and equivalent noise resistance. Even when the input resistance is 
infinite or negative, the optimum signal -to -noise ratio is 'limited either by 
this induced noise or by the bandwidth of the input circuit. Exact analysis, 
including all noise sources, is more complex but the behavior is qualitatively 
the saine as for the simpler cases. 

The effect of feedback, either degenerative or regenerative, on signal - 
to -noise ratio is often minor, since in many instances both signal and noise 
are fed back alike. Thus, when this is so, the signal -to -noise ratio may be 

estimated as if the feedback did not exist and the tube input resistance 
to be used for such an estimate should not include the part due to feedback. 

The signal -to -noise ratio is always inherently limited by the receiving 
antenna and associated transmission line which have noise of their own. 
In the laboratory the antenna noise is 'simply thermal agitation in the 
dummy -antenna resistance. The ratio of total receiver noise to that pro- 
duced by the dummy antenna may be used to evaluate the performance. of 
receivers. This ratio, which was introduced by North and is called noise 
factor, is readily measured, and for a completely noise -free receiver, is 
unity. All signal -to -noise ratio estimates are conveniently put in this form, 
since the noise factor is often independent of bandwidth and of antenna - 
radiation resistance. 

I. INTRODUCTION 

1. Prefatory Remarks 
THIS third paper of the series is concerned almost entirely with 

one phase of receiver performance, the signal -to -noise ratio. It 
has already been shown that this is of extreme importance at 

ultra -high frequencies and, very fortunately, it is a subject which is 

no longer difficult to understand. Some years ago, the subject of fluctua- 

t Reprinted from Proc. I.R.E., September, 1943. 

www.americanradiohistory.com

www.americanradiohistory.com


246 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

tion noise was considerable of a mystery even to the best scientists 
and engineers. In 1928, Johnson' and Nyquist2 cleared up the subject 
of thermal agitation noise in circuits. Since about 1935 or so, fluctua- 
tion noise in the plate circuit of amplifier tubes has been fairly com- 
pletely worked out3 and, with some additional work on mixer and 
converter noise,4.3 it is now possible to use accurate quantitative data 
on tube noise for receiver calculations. Finally, at high frequencies, 
induced input noise must also be considered and this has also been 
evaluated.° In Part II of this series some of the fundamental noise 
relations were discussed. 

The signal -to -noise ratio of a radio receiver at ultra- high -frequen- 
cies is primarily dependent on the above -mentioned noise relations for 
tubes and circuits but, in addition, consideration must be given to the 
input signal and its transfer to and through the receiver. However. 
the earlier published work8 -10 on signal -to -noise ratio did not include 
induced input noise and hence was not strictly applicable at ultra -high 
frequencies. Furthermore, until North's exposition" of the quantity 
known as noise factor, there appeared to be no widely accepted basis 
on which experimental or analytical results could be quantitatively 
compared. The extension of the analysis to include induced noise has 
now been made'- and the interpretation of results in terms of noise 
factor is now common. As a result, it is possible to discuss signal -to- 
noise ratio at ultra -high- frequencies with considerably greater clarity. 

1J. B. Johnson, "Thermal agitation of electricity in conductors," I'hys. 
Rev., vol. 32, pp. 97 -109; July, 1928. 

2 H. Nyquist, "Thermal agitation of electric charge in conductors," 
I'hys. Rev., vol. 32, pp. 110 -113; July, 1928. 

' B. J. Thompson, D. O. North, and W. A. Harris, "Fluctuations in ,pace ^harge limited currents at moderately high frequencies," RCA RE- 
VIEW, pp. 269 -285; January; pp. 441 -472; April; pp. 115 -124; July; pp. 
244 -260; October, 1940; pp. 371 -388; January; April; pp. 505 -524; July, 
1941. 

I E. W. Herold, "Superheterodyne converter system considerations in 
television receivers," RCA REVIEW, vol. 4, pp. 324 -337; January, 1940. 

5 E. W. Herold, "The operation of frequency converters and mixers," 
Proc. I.R.E., vol. 30, pp. 84 -103; February, 1942. 

6 D. O. North and W. R. Ferris, "Fluctuations induced in vacuum -tube 
grids at high frequencies," Proc. I.R.E., vol. 29, pp. 49 -50; February, 1941. 

7 C. J. Bakker, "Fluctuations and electron inertia," Physica, vol. 8, 
pp. 23 -43; January, 1941. 

F. B. Llewellyn, "A rapid method of estimating the signal -to -noise 
ratio of a high gain receiver," Proc. I.R.E., vol. 19, pp. 446 -420; March, 1931. 

9 F. C. Williams, "Thermal fluctuations in complex networks," Jour. 
I.E.E. (London), vol. 81, pp. 751 -760; December, 1937. 

"K. Fränz, "The limiting sensitivity in the reception of electric waves 
and its attainability," Elek. Nach. Tech., vol. 16, pp. 92 -96; April, 1939. 

11 D. O. North, "The absolute sensitivity of radio receivers," RCA RE- 
VIEW, vol. 6, pp. 332 -343; January, 1942. 

12 E. W. Herold, "An analysis of the signal- to-noise ratio of U -H -F re- 
ceivers," RCA REVIEW, pp. 302 -331; January, 1942. 
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2. The Simple Amplifier and Its Equivalent Noise Resistance 

It is instructive to examine the simplest possible amplifier case and 

see what is meant by a calculation of signal -to -noise ratio. In Figure 
1(a) there is shown a signal source connected to a tube, delivering a 

voltage e8. In the plate of the tube is connected an amplifier and finally 

some sort of indicating device which may be a loudspeaker, a cathode - 
ray tube, or any other utilization means. It is known that the tube 
plate current, although it has an average value I6 will actually have 
very minute fluctuations around this average value. These fluctuations 
are called shot noise and to evaluate them some sort of average value 
must be found. Since they go as much above as below the average 
direct current of the tube, an ordinary averaging process will give no 

information. If the instantaneous fluctuating component of current 
is squared, however, all the fluctuations, both positive and negative, 
will give a positive contribution which may then be averaged. Such 
an average is called the "mean- squared value" of the fluctuation. At 
the same time, it should be appreciated that such an averaging will 
give a quantity proportional to noise power. Furthermore, since noise 
is random, if there are two independent noise sources at one point, their 
total effect is obtained by simple addition of their noise power, or by 
just adding their mean -squared values. If the noise fluctuations are 
in plate current, they may be called z , where the bar indicates the 
averaging of the squares of the fluctuations. Now, in general, random 
noise is distributed over all frequencies. The total noise effect is, there- 
fore, dependent on what frequencies are able to pass through the 
amplifier and affect the measuring circuit. Thus, the tube noise which 
reaches the output of an amplifier will depend on the power- gain -versus- 
frequency characteristic. If the noise is compared with a signal, or if 
the noise response is compared with the response at some reference 
frequency, it becomes possible to use the quantity Of, an effective noise 
bandwidth which was discussed in Part I. In the discussion to follow, 
such a comparison is implicitly intended. 

We may say, therefore, that the tube noise is 2 = k Af remember- 
ing always that the value of of depends on the response at some 
reference frequency.13 It is of interest to note that, for most tubes 
which do not include secondary emitters, k has a maximum value of 
2eIb where e is the electron charge and Ib is the average plate current. 
It is usually less than this value, however, as pointed out in Part II. 

To go back to the original simplified problem, the tube noise may 
be shown on Figure 1(a) by the constant -current noise generator of 
value ÇP -. Since the signal output current is g ,e, it is seen that the 

13 See the discussion of bandwidth at the beginning of Part I of this 
series. 
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signal -to -noise ratio at the input to the final amplifier is 

signal S gm2et2 gm2 - - = e 
noise N z a 

If no other sources of noise are present, this will be the over -all signal - 
to -noise ratio. To eliminate the square root, it is advantageous to 
consider the square of the signal -to -noise ratio and, this will be done 
from now on. The use of (S /N) 2 instead of (S /N) merely means that 
the results are expressed as a power ratio instead of as a voltage or 
current ratio. This is always a convenience when several noise sources 
must be considered, since it is their powers which add. 

In this simple problem the signal -to -noise ratio was very easily 
calculated as follows. First, the origin of the noise was located and 

S/6NIL 
S oo+cc 

J/G NAL 
S oure4 

(a) 

(6) 

1..0 irilP 

Fig. 1- Simple am- 
plifier case to illus- 
trate the concept of 
signal - to - noise ra- 
tio; (a) noise gen- 
erator introduced at 
point of origin, (b) 
fictitious but equiva- 
lent noise generator 
introduced in grid 
by use of transcon- 

ductance g.,. 

then a generator was put in which represented the noise magnitude. 
Finally, the signal was calculated at that point. This is not the only 
way in which the same answer could have been obtained and, obviously, 
if the noise sources are distributed at a number of different points, 
some other procedure must be adopted. If the real noise generator is 
removed from the plate circuit, and an entirely fictitious one put in the 
grid circuit, it is possible to find a magnitude for the latter generator 
which would give the same answer for the signal -to -noise ratio. If a 
fictitious grid noise generator, en12, is substituted for the actual plate 
noise as in Figure 1(b), then the plate noise current due to the fictitious 
generator is ÇP = e 12gm2. Thus it is found that for the same plate noise 
as in Figure 1(a), the fictitious noise generator must have a value 
e12 = 2p.2 /g m2. The signal at the grid is still e1 so that 

(S/N)' = e,'/eni' = e,' (gw /is.') 
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the same as before. It is thus seen that it is not always necessary to 
evaluate noises at their point of origin; they may, instead, be referred 
to some other point. Although, in the simple case analyzed, one method 
has no advantage over another, if there were many noise sources, it 
would be advantageous to refer them all to the one point. 

It is common practice to refer tube noise back to the input as we 
have done, but it usually is done in terms of an equivalent grid noise 
resistance. The advantages of this are apparent to those who have been 
greatly concerned with noise although it may seem like an additional 
complication at this point. An actual resistor of value R will have a 
mean -squared noise voltage due to thermal agitation of" a 12 = 4kTRRAf 
where k= 1.37 X 10 -23 joule per degree Kelvin and TR is the temperature 
in degrees Kelvin (i.e., ambient temperature). Thus, R= est2 /4kTRAf. 
In the case of the tube, en12 is not really due to thermal agitation noise. 
In fact it is not a true noise source at all but simply an equivalent to 
the true noise. Thus, as long as this is fictionalized anyway, we may go 
further and call RCg the value of a resistance whose open -circuit noise 
voltage is the same as en''. 

Hence 14,1= e 2 /4kTROf = - ipn2/4kTRAfgm2. 

If this is used, (S /N)2= e,2(1 /4kTRRe7Of). 

In this simple example, the signal -to -noise ratio depends simply on the 
reciprocal of the equivalent noise resistance. The same considerations 
apply to frequency- changing tubes, except that the conversion trans - 
conductance ge is used instead of the transconductance g,,,. 

In any actual receiver there are many sources of noise. In par- 
ticular, those sources of noise which follow the first tubes are of small 
importance in most cases, because the previous sources of noise are 
much more amplified and exceed these later fluctuations. Thus, as a 
rule, one may forget the later noise sources and concentrate on those 
sources in, and ahead of, the first tube, since these receive greatest 
amplification. For the sake of complete generality, however, let us show 
that the later sources of noise may be easily accounted for by a slight 
change in the concept of Req. Suppose there is a second noise source, 
at a point k in the amplifier as in Figure 2(a). If this real noise source 
is removed and an equivalent substituted at the input grid, the same 
total output noise must still be present. A noise generator Ertl at the 
input will produce at point k a noise e 2Ak2 where Ak is the gain 
of the system from the input to point k. Thus it is found that= 
enk2 /Ak2. If there are many noise sources the total mean -squared noise 

14r...ee Part II of this series. 
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at the input is 

A' enk- 
ene total = . 

Ake 

Using an equivalent noise resistance concept, 

Reg= en' total /4kTOf = Reg' Reg2 + 

where the values of Rev, etc., are computed using squares of gains. In 
the remainder of this paper, the concept of Reg may, therefore, be 
considered to include all noise at or beyond the anode of the first tube. 

A numerical example may be of interest. A type 955 triode mixer 
for an ultra- high- frequency receiver has a plate noise, for a 7 -mega- 
cycle noise bandwidth of15 ipn2 = 2.8 X 10 -16 (ampere) 2. Since the con- 

AMPCiiie4 
(a) 

qnrPL i fiL R 

(b) 

Fig. 2 -Noise sources at any point in an amplifier system may be consid- 
ered in terms of fictitious but equivalent sources at the input; (a) noise 
introduced at point of origin, (b) equivalent noise generator in input by 
use of the voltage gain Ae between input and point of origin. 

version transconductance g,, is 700 X 10 -6 mho, the equivalent grid noise 
voltage is en2 = 2P /g,,"- and 

RC111 
= 5200 ohms. This tube is followed 

by a single -tuned intermediate- frequency circuit of impedance 520 ohms 
(so as to give a 7- megacycle bandwidth) and a type 6AC7 tube whose 
equivalent noise resistance is 700 ohms. At the grid of the second tube 
there are two noise sources; one is the thermal agitation noise in the 
intermediate- frequency circuit and the second is the 6AC7 tube noise 
referred to its own grid. In terms of equivalent resistance, at the first 
grid (i.e., the grid of the 955 mixer) 

15 This value was obtained by utilizing the triode mixer formulas in 
footnote reference 4. 
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520 
Req2 = = contribution of the thermal noise of the 

(gain) 2 intermediate -frequency circuit 

700 
Re" = = contribution of the first intermediate - 

(gain)2 frequency tube noise 

If other noise sources are negligible, the total equivalent noise resist- 
ance is then ReQ = R"1+ Reg2 + Req3. Since the gain from mixer grid 
to intermediate -frequency grid is just g0 X 520 = 0.36 it is seen that 
Reg = 5200 + 520/ (0.36) 2 + 700/ (0.36) 2 = 5200 + 9400 = 14,600 ohms. 
With a properly designed double -tuned intermediate- frequency trans- 
former, it should be noted, this could have been reduced to 6270 ohms.12 
Since the design of interstage coupling networks for best signal -to- 
noise ratio is beyond the scope of this paper, the reader is referred to 
Section VII of footnote reference 12 for details. 

IL THE ANALYSIS OF THE SIGNAL -TO -NOISE RATIO OF AN ULTRA -HIGH- 
FREQUENCY RECEIVER -NOISE FACTOR 

1. Simple Relations Using Only One Noise Source -Matched Impedance 
In many well- designed ultra- high- frequency receivers using conven- 

tional triodes or pentodes above about 300 megacycles, it will be found 
that the chief sources of noise are at the plate of the first tube and at 
points which follow it. For this reason, the simplified case of a receiver 
with only these noise sources will be taken up. A very simple relation 
for the signal -to -noise ratio can then be derived. Furthermore, it will 
be fairly accurate for triodes and pentodes whose control grid is 
adjacent to the cathode since, with these tubes, induced input noise is 
often negligible. Finally, the result is simple and will lead to a better 
picture of the more complex cases to follow. 

We start with a typical input circuit similar to the one which was 
discussed in Part I. As we saw then, the actual antenna may be 
replaced by a resistor Re and a signal voltage source ea. The circuit 
and its approximate equivalent is shown in Figure 3 and the tube 
indicated may be an amplifier or a mixer of any kind other than the 
diode. Let us first assume that the input- transformer tap is adjusted 
for maximum gain and that the input -circuit bandwidth with such an 
adjustment is adequate. Maximum gain will result when the imped- 
ances are matched, and this means that, looking at the input terminals 
of the receiver, their impedance will look like the value Ra. Thus, ea is 
equally divided between Re and the transformer. The primary voltage 
is ea /2. The secondary voltage applied to the grid is 
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ea = m(ea/2) = (ea /2) \/Rt /Ra 

since the effective turns ratio m is fixed by the impedance match. The 
signal -to -noise ratio is then 

(S /N) 2 = e," /eat (e.2/ 4) (Re /Ra) (I/4k TRRAf ) 

(ea2/4kTRROOf) (1/4) (Rg/Req). 

Remembering from Part I that eat /Ra depends only on the antenna 
directivity, it is seen that the only other method to increase the signal - 
to -n 3ise ratio lies in an improvement of R, /Rea, that is, by an increased 
ratio of input resistance to equivalent noise resistance. Because only 

To 
ANTLNNA 

Fig. 3- Receiver input circuit and 
its equivalent for noise analysis. 
Noise sources at plate of first tube 
and at subsequent points of ampli- 
fier are included in an equivalent 

generator at the input. 

To FURwNf R 
AMP[ /F/6w7 /ON 

noise sources at or beyond the anode of the first tube were included, 
the signal -to -noise ratio computed by this formula will always be better 
than can actually be obtained in practice and for this reason the relation 
has been written as an approximation rather than an equality. It is 
shown in this simple example that the input resistance of the tube is 
just as important as the equivalent noise resistance in determining 
signal -to -noise performance since it is only their ratio which matters. 

Before leaving this simplified illustration, it should be noted that 
the antenna itself may have noise associated with its radiation resist- 
ance (see Part I of this series). If this may be considered at room 
temperature TR, as with a dummy antenna, the limiting maximum 
signal -to -noise ratio will be that of the antenna itself, namely the ratio 
of its signal voltage to its thermal agitation noise voltage, 
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antenna (S /N) 2 = e02 /4kTRR,Af. 

The ratio of this antenna signal -to -noise ratio to the actual signal -to- 
noise ratio computed above is then 

F= 
antenna (S /N) 2 Reg 4- (when ReQ /Rt» 1). 

over -all receiver (S /N) 2 R, 

Actually, of course, F cannot be less than unity since this would imply 
that the over -all (S /N) 2 was greater than that of the antenna itself. 
Hence, it is seen that the approximation which was implicit by neglect- 
ing input- circuit noise sources breaks down for values of Req /Rt which 
approach unity or less. The quantity F is the same as North's noise 
factor" and it will be discussed at greater length in a later part of this 

Fig. 4- Equivalent circuits of 
input transformer of receiver 
for any value of effective step - 
up ratio nn between antenna and 

tube. 

(b) (C) 

paper. Suffice it to say at this point that the lower the quantity F, the 
more nearly noise -free is the receiver and the better the signal -to -noise 
ratio. 

2. Effect of Transformer Step -up Adjustment 
It has been seen how easily the signal -to -noise ratio is obtained from 

the matched -impedance condition. Let us next examine what happens 
when the antenna tap on the transformer is varied. The transformer, 
only, may be considered first. The effect of the primary may be deter- 
mined by using its reflected value as seen in the secondary. Thus, 
approximately equivalent circuits, as shown in Figure 4(a), (b), and 
(c), may be derived, where in Figure 4(c) the signal is expressed as 
a constant -current generator and Rear = 1 /(1 /R, 1 /m2Ro). The signal 
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voltage e, is then just the current ea /mRa multiplied by the total shunt 
resistance Reif, 

eg = ea[m-' + m (Ra/R:) ]-' 

An expression of this kind is one which is frequently encountered in 
signal -to -noise computations; the denominator is of the form f (x) = 
(ax -' + bx). It has a minimum value which may be found to occur at 
sz = alb and the minimum is 

f (x) ] m1n = f alb) = 2 N/a 

So that, in the above case where x corresponds to m, 

- m4, 
Y VVV ,Q 

..)I 
ro rot 

%HPVT oRCUuT .STLP'UO Iq 

Fig. 5- Curves showing effect of variations of input circuit step -up ratio 
m. Curve A shows the signal voltage at the grid of the first tube. Curve 
B shows the bandwidth of the input circuit. Curve C shows the contribution 

of noise sources at or beyond the plate of the first tube. 

eg]max = ea (1/2) (for mz = Ri/Ra) 

which, of course, is the matched -impedance condition which was already 
used in Section II, 1. If the signal voltage is plotted against in a curve 
is obtained similar to that sfiown in A of Figure 5. 

Let us now find the bandwidth of the input circuit. Calling the 
equivalent -lumped- circuit capacitance C (see Appendix to Part I), the 
circuit bandwidth1e Of' between points 3 decibels down from resonance, 
is 

f f 1 1 1 

of = -_ = -+ 
Q wCR,.ii 2,rC Ri ni "Ra 

16 As distinguished from the noise bandwidth Of. 
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The bandwidth varies with m because of the antenna loading, and a 
typical curve is shown in B of Figure 5; this curve can be understood 
physically. If m is very large the antenna is practically not coupled at 
all and the tap on the transformer of Figure 4(a) is near the bottom. 
The bandwidth is then the same as that of the circuit alone. As the 
tap is moved up on the transformer of Figure 4(a), m is decreased 
and the bandwidth gets wider. At m = '/R, /R0 the bandwidth is just 
double that of the circuit alone. 

In Part I it was shown that the bandwidth can always be reduced 
by tapping the tube down on the circuit, which has the same effect as 
increasing the capacitance C. Furthermore, if circuit losses are neg- 
ligible, this entails no loss in signal voltage. It is now seen that the 
bandwidth may be increased by overcoupling the antenna, but it is also 
seen from Figure 5 that some sacrifice in signal voltage will then result. 
However, this method of increasing bandwidth is less harmful in this 
respect than that of lowering R1. 

Finally, we may consider the noise. In this simple example, the 
only sources of noise were at or beyond the plate of the first tube. These 
noise sources, of course, do not vary with changes in m. The noise can, 
therefore, be drawn as a horizontal line C in Figure 5. Obviously, 
therefore, the signal -to -noise ratio is a maximum when the impedances 
are matched since this is when the signal is a maximum. As will be 
shown later, this is not usually the optimum condition when noise 
sources in the input are appreciable. 

3. Wide -Band Adjustment 
If the input -circuit bandwidth is too narrow for the receiver re- 

quirements, it can be seen from the curve B of Figure 5 that a lower 
value of m is then in order, although this means a reduction in signal - 
to -noise ratio. As a special case, let us consider what happens when 
Ri becomes very large. It might be expected that the signal -to -noise 
ratio would also rise to its maximum value. However, this is not the 
actual case because the design must always be based on some particular 
bandwidth. If R1 is very large, then the bandwidth equation of the 
preceding discussion may be solved to give 

m2Ra 1 /2,rVf'C .., 1/Aue (assuming AwCR1 >> 1) 

where boo is introduced for 2aif. The grid signal is then 

ea ea 
eu= -,mea- 

(1/m) + m (Ra/Rr) V Du,CRa 
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In this case, since the noise is again 4kTReQAf, 

S a eat 1 
(assuming ¿ fCRa» 1). 

N 4kTRR0Of AwCRe 

Far from having its maximum value, the S/N ratio is definitely limited 
by the product of CRCq. The noise factor in this example is then 
F OwCReq. 

All that has been given so far is qualitatively applicable to every 

exact analysis which might be made and is very useful in understanding 
the behavior of the more complicated expressions which occur in exact 

analyses. It is now opportune to consider another interesting example 

in which an important additional and independent noise source is 

present in the input. 

4. The Signal -to -Noise Ratio with Induced Input Electrode Noise 

In all tubes used for high frequencies, the input electrode also has 
noise current flowing in it6.7 whereas, up to this point, only the plate 

noise of a tube has been considered. For example, in an ordinary grid - 
controlled tube, the electron current has fluctuations, and induces a 

fluctuating charge on the control grid. The rate of change of charge 
represents a grid current, which therefore fluctuates also. However, 

at low frequencies, the transit time is but a small fraction of the period 
and the charge induced as an electron approaches the grid is very nearly 
canceled by the reverse charge induced as the electron leaves so that the 
noise currents are small. The induced -noise current in grid -controlled 

tubes rises with the frequency and cannot be entirely neglected at high 
frequencies. However, when the control grid is adjacent to the cathode, 
the induced noise is subject to space -charge damping and does not 

play an important role, as has been seen." With other control methods, 
the noise may be large at low frequencies as well. 

To illustrate the behavior of a tube when induced input noise is 

present, we shall use as an example a velocity -modulation mixer" 
because, as was shown in Part II of this series, this type of tube has 
a very large induced noise in the input which is roughly independent 

of frequency. The mixer, rather than the amplifier, is used because 

then the input noise and the output noise occupy different frequency 
bands and may be considered independently. The tube is indicated in 

Figure 6 (a) and has an equivalent circuit as shown in Figure 6 (b) 

where the voltage input to the tube corresponds to the "gap" voltage 

IT W. C. Hahn and G. F. Metcalf, "Velocity- modulated tubes," Proc. 
I.R.E., vol. 2'7, pp. 106 -116; February, 1939. 
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of the velocity -modulated control. Any of the described methods" of 
operating the tube as a mixer may be used and the one selected is 
immaterial to the discussion. For small transit angles, the full beam 
current through the "gap" of the tube induces noise in the input circuit, 
so that across the "gap" there exists a noise generator containing the 
full mean- squared noise current of the beam. If it be assumed that 
this is full shot noise it will be ii7 = 2e1a. f where I,, is the beam cur- 
rent. Such a tube will also have output noise and there may be subse- 
quent noise sources as well but these may be referred back to the "gap" 
as an RCN! in the same way as before. Thus the equivalent circuit of 
Figure 6 (b) is justified. The total impedance across the gap is usually 

Fig. 6-A velocity -modulation type of mixer 
tube and its equivalent circuit. Two noise 
generators are shown, one as a voltage gen- 
erator é= equivalent to noise at the anode 
and at points beyond, and the other as a 
current generator LT corresponding to in- 

duced noise across the input electrodes. 

ft[Gerqqiv 
uw 
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(b) 

very high ; in fact the electron loading may be made negligible if the 
transit time is made very small1e and the circuit may be very low loss. 
So, for illustrative purposes, we may assume an infinite circuit imped- 
ance, i.e., Rt->oo. Let us examine the signal -to -noise ratio as the 
antenna coupling m is varied. The signal voltage at the gap, assuming 
an infinite impedance, is e9 mea. The noise voltage is 

= 4kTRR,Af -1- 2eIdAf (m"Ra) 

= 4kTRpf [RE, -{- 201d (m'-Ra)'-] 

(since 2e /4kTR = 20 volts -'). 
18 See Part II of this series for transit -time loading in such a tube. 
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The signal -to -noise ratio is then 

(S /N)2 (ea2 /4kTROf)m2[Rea + 20Id(m2Ra)2] -' 

(ea2/4kTRRQOf )1 [Rea /m2Ra + 20Idm2Ra] -' 

(assuming 1'4 -) co). 

The denominator is again of the form (ax-' + bx) which was studied 
in Section II, 2, above and has a maximum value at m4R42 = Reg/20/d. 

This gives 

(S /N) 2]max 
(ea2 /4kTRRCOf )1 / (2V2TR ;) 

(assuming R, - co) . 

This may be understood better by a consideration of curves of the 
various factors plotted against the coupling m. Referring to Figure 
7, the signal voltage at the gap increases directly with m and its square 
S2, which is plotted, is therefore parabolic. The plate noise, as given by 

Reg, is constant and does not vary with coupling. The input -circuit 
impedance varies as m2, so that the mean square of the induced input 
noise varies as m' and so rises more steeply than the signal. The 
total noise N2, which in this example is the sum of the plate noise and 
the induced noise, is also plotted. Finally the squared signal -to -noise 
ratio, (S /N) 2 is shown and has a definite optimum. This optimum is 

the result of the rapid increase in total noise when the input impedance 
(as seen by the tube) is increased by lowering the damping effect of 
the antenna (i.e., increasing the effective step -up m). 

As the analysis shows, it is desirable in such a tube to have the 
lowest possible product of Re, and beam current. Once again, the re- 
sults may be interpreted in terms of a noise factor F 2V/20I,,R,,,,. 

The bandwidth of the input circuit must sometimes be considered 
and is shown as a curve on Figure 17. If this is too narrow when the 
coupling is adjusted for best signal -to -noise ratio, it may be widened 
by decreasing in. In this event, m may be chosen from Ow (3 decibels 
down) 1 /m2R0C so that m2Ra 1 /DwC and 

(S /N) 2 a (ea2 /4kTRRaLf)1 /[twCRea + 20Id/OwC]. 

The signal -to -noise ratio of this type of tube is handicapped by the 
high noise in the input. If such a tube is used, it is clear that the 
antenna coupling should not be adjusted for maximum gain if it is 

desired to obtain best signal -to -noise ratio. 

5. The Exact Signal -to -Noise Ratio 

Up to this point the noise of the antenna has been neglected and 
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also the thermal agitation noise of the part of the input resistance 
which is due to ohmic losses. Even in the treatment just preceding, 
the induced input noise was treated only for the simplified case wherein 
the input resistance Rt was very high, approaching infinity. If the 
exact case is to be treated, it is necessary to split Rt into its two pos- 

Fig. 7 -Relative magni- 
tudes of signal, noise, 
bandwidth, and signal -to- 
noise ratio for a case 
where input resistance is 
infinite. The curves are 
divided into two groups 
only to void confusion; 
the S2 and N2 curves are 
common to both groups. 
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sible components, the ohmic and the electronic. The former is ac- 

companied by thermal agitation noise, whereas the latter component 
may be said to be noise -free, since its noise is already included in 

what has been called induced input noise. With grid -controlled tubes, 
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whose control grid is adjacent to the cathode, the induced noise bears 
a direct relationship to the electronic loading.° In other types of tubes 
there may be no simple relationship at all. In the following, the in- 
duced noise will be considered in terms of an equivalent saturated - 
diode noise 2el,i,V. For the control -grid- adjacent -to- cathode tubes with 
oxide -coated cathodes it was found° that I,i (1 /4)ge, where ge is the 
electronic input. conductance of the tube in mhos and I,t is in amperes. 
In the treatment, induced input noise will be regarded as a noise 
source independent of (i.e., not coherent with) the anode noise, since 
this is approximately correct in most ordinary tubes at small transit 
angles or under mixer conditions. 

The equivalent circuit for a transformer with effective step -up m 
is shown in Figure 8 where the noise generators have been omitted. 
In the figure, the reflected antenna conductance is shown as (la, and the 
resistance Rt is considered as composed of the electronic conductance ge 
and the ohmic conductance g,t. In terms of current generators, the 
mean- squared noise currents are: antenna noise = 4kTerrg6Jf ; thermal 
noise = 4kTi1g1,.1f; induced noise = 2e1,,Af; and plate noise and be- 

I 49 LA r 
Rt .9e'9n 

Fig. 8- Equivalent circuit of receiver input with the antenna signal e. and 
antenna resistance R. introduced in terms of their reflected value in the 
secondary. The effective step -up of the transformer is m. The tube input re- 
sistance R, is split into electronic and ohmic components whose conductances 

are g. and gu, respectively. 
yond = 4kT.iiR,.of (g + + ge) 2. where Tell is the effective noise 
temperature of the antenna and its associated transmission line which 
will be discussed in a later section. The signal in Figure 8 is also 
shown as a current generator ea /mR0 so that the signal -to -noise ratio 
may be written directly 

S eaÿ 

N 4kT,tRaAf 
1 

Terr/Tit + go/g0 + (2e/4kTR) (Id/g.) + R,.,, (g i- hSt + `P.)'/ga 
ea: 

4kT,ReAf 
1 

Tert/TR + 2(R,.,,/Ri) + (mil-201d+ Rp,,/R'=t)/ga + gaR,.v 

_ (ea2/4kTRRaOf) (1/F). 
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As in the previous cases, this general result is best interpreted in 
terms of the noise factor F. The one variable in F is the quantity gg 

which depends on the antenna coupling nt. We may see immediately 
that F has a minimum since the denominator again contains a func- 
tion of the type ax -' + bx which was analyzed in Section II, 2. Using 
the relation for the minimum therein found 

Fminiroum = Teer/TR + 2 (Reg/R,) 

+ 2V (Reg/Rt) z + gßRea + 201dReg 

= Tad TR + 2 (Reg/Ri) 

+ 2V (ReO/Rt) 2 + Reg/Rt + (20Id - ge) Rew 

The matched -impedance noise factor is obtained by letting g, = 1 /R, 
in the original expression, since this equates the antenna reflected 
resistance to the input resistance. This is 

Finatched = 1 + Teer/TR + 4 (Reg/Rt) + (20Id - g,) Rt. 

The bandwidth of the input circuit is given by the expression 

of' (3 decibels down) = ow /2a = (1 /2w) (g6 + gn + g,) /C 
= (1 /2n) (g6 + 1 /Rt) /C. 

When Rt is high, or negative, the bandwidth may be too narrow and it 
will be necessary to increase ga so as to realize the required bandwidth. 
We may solve for the necessary value, which is gg = O eC - 1 /Rt. This 
value may be substituted in the basic (S/N)2 expression to find the 
noise factor 

Tete 1 /Re + (204 - ge) + (6owC) 2Rea 
Fw 1de band = + 

TR AwC -1 /Rt 

These exact expressions all show the same basic phenomena that 
we observed in the approximate relations previously derived, namely 
that the lowest possible value of Reg /Rt is desired for best signal -to- 
noise ratio and, in the wide -band case, that Rt should be high while 
,wCR, should be small. Furthermore, it may be seen that induced 

noise can seriously affect the noise factor, especially when Reg /Re is 
high. In each of the above cases, the substitution Id (1/4)g, makes 
the results applicable to oxide -coated -cathode tubes whose control grid 

www.americanradiohistory.com

www.americanradiohistory.com


262 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

is adjacent to the cathode provided the transit angles are not too 
great.° It should be noted that, for laboratory measurements with a 
dummy antenna, T,,« = T, . Further discussion of the magnitude of 
T,.« will be found below in Section II, 7. More details of the exact 
signal -to -noise ratio analyses are to be found in footnote reference 12. 

6. Effect of Feedback on Signal -to -Noise Ratio 
The analyses made thus far have neglected feedback. If the first 

tube or tubes of a receiver are radio -frequency amplifiers, however, 
feedback in one form or another (i.e., degenerative, regenerative, or 
both) must often be considered in the operation of the amplifier. How- 
ever, the effect of feedback on signal -to -noise ratio is often relatively 
minor." We may see this by thinking of a vacuum tube in the terms 
of an equivalent circuit containing a noise generator of mean -squared 
value 1,7 and a signal- current generator g,,,e in the plate circuit. If 
any of the plate output is feed back to the input, the apparent input 
impedance and gain of the tube may be radically raised or lowered 
but the ratio of the noise generated to the signal generated as given 
by i - /g ,2e92 remains approximately unchanged. Thus, noise will always 
be fed back along with the signal and in about the same ratio. If the 
feedback is regenerative, the input impedance is raised, the gain is 
increased, the grid signal is augmented by the energy fed back, but 
the noise is also increased and in approximately the same proportion 
as the increase in signal. For the degenerative case, the signal and 
noise are decreased by just about the same ratio. Thus, the effect 
of feedback on signal -to -noise ratio is chiefly due to the noise sources 
which are not fed back, and these are, in some instances, of minor 
importance. 

To obtain a rough estimate of the signal -to -noise ratio of an am- 
plifier in which a known and definite feedback exists, one may, there- 
fore, make the computation as in the previous cases, making sure that 
the feedback effects are not included in the values of equivalent -noise 
resistance and tube -input resistance which are used in the formulas. 

There is one common form of feedback which is worth a little more 
discussion, namely, that due to cathode -lead inductance. It was shown 
in Part II of this series that this is a degenerative form of feedback 
which leads to a lowering of the input resistance. In the case of a 
triode, we should follow the above rule: neglect the lowered resistance 
due to lead effects and compute the signal -to -noise ratio as if the tube 
had the higher input impedance of one with an ideal cathode connec- 
tion. In the case of a pentode, the noise current flowing in the cathode 

19 W. A. Harris, "Fluctuations in space- charge -limited currents at 
moderately high frequencies -Part V, RCA REVIEW, vol. 6, pp. 122 -124; 
July, 1941. 
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lead is only a fraction of the noise in the plate lead. The screen -grid- 
distribution -noise current20 flows between screen and plate and is not 
in the cathode lead; it is not fed back through the cathode -lead induc- 
tance at all. Thus the noise is not reduced by the feedback as much 
as the signal, and the signal -to -noise ratio is worse than the one com- 

puted by neglecting the cathode -lead feedback. However, it is possible 
to feed back some of the screen -lead noise (e.g., through an impedance 
in the lead and capacitance to the control grid) so as to obtain an im- 
proved signal -to -noise ratio, even approaching that of the triode."" -' 

A practical effect of the feedback which exists in most ultra -high- 
frequency receivers is to invalidate some of the cruder methods of 
checking the signal -to -noise ratio which are based on detuning the 
input. "9 For example, it has been proposed that if the noise output is 
observed both with the input circuit normally connected and with it 
short -circuited, the relative contributions of tube and thermal input 
noise can be found. This is only true if there is no induced -input noise 
and if the feedback remains constant; neither condition is generally 
so at ultra -high frequencies. 

7. Attenuation and Thermal Noise of Transmission Line 
A transmission line which connects the antenna to the receiver will 

obviously decrease the possible signal -to -noise ratio if it attenuates 
the received signal. At the same time, its losses may contribute to 
thermal noise in the input. In the exact analysis that was discussed 
above, the antenna and its associated transmission line (if any) were 
considered as having a signal voltage ea and a noise voltage whose 
mean -squared value was 4kTerrRoAf. It is a simple matter to deter- 
mine how these two quantities depend on an associated transmission 
line or other passive network between the actual antenna and the con- 
nection to the receiver. 

Let the actual antenna have an open -circuit signal voltage e0', and 
a radiation resistance R.'. The available signal power is then (e0') ' --/R0' 
of which one quarter can be delivered to a matched transmission line 
or other transducer. At the other end of the line or transducer, there 
will be an open- circuit voltage ea and a resistance R. (which may or 
may not equal Ra ). Thus the ratio of output power available to avail- 
able input power is 

20 D. O. North, "Fluctuations in space- charge -limited currents at mod- 
erately high frequencies -Part III," RCA REVIEW, vol. 5, pp. 244 -260; 
October, 1940. 

21 M. J. O. Strutt and A. van der Ziel, "Methods for the compensation 
of the effects of shot noise in tubes and associated circuits," Physica, vol. 
8, pp. 1 -22; January, 1941. 

www.americanradiohistory.com

www.americanradiohistory.com


264 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

M = output power /input power 

= (eaa /Ra) / [ (ea) 2/R41 

which, of course, is a maximum when the antenna is matched to the 
line or transducer. This power ratio is often expressed in decibels, and 
is called the attenuation. 

If the antenna is at an effective noise temperature of Ta it will have 
a noise voltage ? = 4kTaRa af. The available noise power at the 
antenna is then 

noise power at antenna = e /Rá = 4kT.Af. 

At the other end of the line or transducer, i.e., at the receiver, this is 
M times as great, 

noise power from antenna getting to receiver = M4kTa 

The transducer or transmission line will have thermal agitation associ- 
ated with its losses at a temperature which we shall call TL. Thus, if 
in a hypothetical case, the antenna and transducer were both at this 
temperature TL, the available noise power at the receiver would be 
4kTL pf. This is too high by the quantity M4kTL Af which would be 
the antenna contribution in this hypothetical case. Thus, in the actual 
case, 

noise power from transducer getting to receiver = (1 - M) 4kTL Of. 

The total available noise power at the receiver is, therefore, 

total noise power at receiver = 4k Af [TL (1 - M) + MT.] 

and the effective noise temperature of the antenna and associated 
transducer is Tff = T,, (1- M) + MT,. Ordinarily, the transmission 
line or transducer is at room temperature so that TL = TR. 

It is seen by reference to the expression in Section II, 5, above, that 
the signal -to -noise ratio of an over -all system containing a transmission 
line whose power -loss ratio is M is reduced from that of one with a 
loss -free line, first by the factor M (which is the loss in ea2/R6), and 
second by the change of apparent antenna noise temperature from 
Ta to Teff. This may be written 

z z 
Ta/TR +F -1 (--)1 

N 
with line = (Ñ) with no M T T losa line loss Teff/TR + F -1 
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where F is the noise factor of the receiver alone as it would be with 
a dummy antenna (whose temperature is TR). 

III. THE RATING OF RECEIVERS 

1. The Noise Factor 

It was found by the analyses above that all the signal -to -noise 
ratios could be written in the form 

(S /N) 2 = (ea2 /4kTRRUAf) (1 /F) 

and the quantity F was identified with what North has called the noise 
factor.11 In the laboratory, with a dummy antenna at room tempera- 
ture it can be seen that F represents simply the number of times that 
the total receiver noise exceeds that of the dummy antenna and, as 
North showed, this may be made a general concept for any receiver 
whatever. The concept implies that, in a completely noise -free receiver, 
the total noise will be dummy antenna noise only and Fr, = 1. Thus 
the higher the number F which is measured in the laboratory, the 
poorer is the receiver compared with the ideal. It may be noted that 
it is not usually possible to obtain a noise factor approaching unity 
with a matched -impedance input connection except when the input im- 
pedance is a result of feedback. In other cases, the thermal noise of the 
receiver input impedance (or the matching impedance which may have 
been added), leads to a value of 2 for F even though no other noise 
sources are present. 

In the field, with an actual antenna, we have seen that F contains 
a term which depends on the effective noise temperature of the an- 
tenna and its transmission line Tefr. Thus, with an antenna whose 
noise temperature is less than room temperature, and a low -loss line, 
an operating noise factor is obtained which is less than that measured 
in the laboratory and, with an ideal noise -free receiver, is less than 
unity. On the other hand, a noisy actual antenna and transmission -line 
system results in an increase in the operating noise factor over that 
measured in the laboratory. When the receiver noise greatly exceeds 
that of the antenna it becomes difficult to measure the actual operating 
noise factor directly so that this quantity is often not known at ultra- 
high frequencies. 

Ordinarily, receivers are most easily compared in the laboratory 
and, as we shall see, a noise- factor measurement is a simple and 
straight- forward process. Thus the laboratory noise factor22 was 
originally proposed" to define a method of rating receivers for signal- 

22 I.e., the noise factor when T. = TR. 
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to -noise ratio, since noise factor is often independent of bandwidth 
and of the magnitude of the antenna radiation resistance from which 
the receiver was intended to operate. An important accompaniment of 
North's proposal was the analysis of the receiving antenna (also dis- 
cussed in Part I of this series) which showed that the available received 
power from a given transmitter and at a given wavelength depends 
only on the receiving antenna directivity, and is independent of the 
radiation resistance. 

Since the noise factor is a power ratio, it is conveniently expressed 
in decibels, so that an ideal, noise -free receiver, with F = 1, may also 
be said to have a noise factor of zero decibels. Similarly, a matched - 
impedance receiver which has a resistive input impedance which is at 
room temperature for noise purposes but wherein the receiver is other- 
wise noise -free, has a noise factor F = 2 which corresponds to three 
decibels. 

2. The Measurement of Receiver Noise Factor 
In order to measure the receiver noise factor F we must measure 

the actual signal -to -noise ratio of a receiver and compare it with that 
of the dummy antenna ea2/4kTRROOf. To do this in the laboratory, a 
known voltage source ea (e.g., a signal generator), and a dummy an- 
tenna of value Ra may be used. One possible procedure may be outlined. 

We first apply a small signal of frequency fo anywhere in the band 
to which the receiver is responsive and of a magnitude ea somewhat 
in excess of the noise. In the output of the receiver, prior to any audio 
or video amplification, we connect a power -measuring device23 (such 
as a thermocouple meter) suitable for reading the total output power 
over the entire frequency spectrum to be utilized. With the signal 
turned on, the output power will then be the sum of signal and noise 
powers. Let us call its value P1. If the signal is now turned off, the 
output power will be that due to noise only, which may be called P2. 
Then the signal -to -noise ratio is 

(S /N) 2 = (P1 - P2) /Pa. 

By the definition of noise factor F, however, 

(S /N)2= (ea2/4kTRRaOf) (1 /F) 

so that F = (ea2 /4kTRRAf) P2/ (P1- P2) 

= 0.62 X 1020(ea2/Ra) (1/ Ai) P2/(Pi -P2). 
23 Any other device responsive to signal and noise, such as a linear 

detector, may be used if a power calibration for the combination of signal 
and noise has been calculated or has been experimentally determined. 
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To compute F we need, in addition to the power measurement, there- 
fore, only the quantity ea= /Ra and the noise bandwidth Of. The former 
may be obtained if ea and Ra are known and the latter (see Part I of 
this series) is defined as the ratio of the area under the power - 
selectivity curve to the height of this curve at the signal frequency fo. 

Mathematically 

1 co 

At = J P(f)df 
P(fo) ° 

where P(f) is the output power as a function of receiver signal input 

frequency, f. 
Since the calculation of noise factor requires a knowledge of eat /R., 

it is clear that F may be found without knowing ea and R. separately. 
In fact, all that is required is a shielded oscillator and attenuator with 

an ultra- high- frequency power- measuring device. If the oscillator is 

matched to the power- measuring device, it will measure the quantity 
ea2/4Ra and this will enable F to be computed. In practice, one usually 
must design the equipment for a specified value of R. so that actually 
ea and R. will both be known. 

Part IV. General Superheterodyne Considerations at 
Ultra -High Frequencies 

BY 

L. MALTER 

Summary -This paper presents a general survey of the problems en- 
countered in the mixer or converter stage of superheterodyne receivers, 
particularly at ultra -high frequencies. The application of a strong local - 
oscillator voltage causes a periodic variation of the signal -electrode trans - 
conductance as a consequence of which intermediate- frequency- current com- 
ponents appear in the output circuit when a signal is also impressed upon 
the signal electrode. It is demonstrated that intermediate- frequency -current 
components are present in the output, which differ from the signal fre- 
quency by integral multiples of the local -oscillator frequency, if the Fourier 
analysis of the signal- electrode transconductance contains components 
which are integral multiples of the local- oscillator frequency. Methods of 
determining the conversion transconductance for so- called fundamental and 
harmonic conversion are given. 

It is shown that the noise output and input loading of a mixer stage 
are given by averaging these quantities over a local -oscillator cycle. A 

discussion of mixer gain is included, with a demonstration that the gain 

t Reprinted from Proc. I.R.E., October, 1943. 
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of a mixer stage is given approximately by the product of the conversion 
transconductance and the impedance of the output circuit (for high- output- 
impedance tubes). 

Considerations regarding image rejection and the undesirability of 
radiation of oscillator power lead to the conclusion that high intermediate 
frequencies are desirable. 

An extended discussion of whether to use an amplifier or mixer stage 
in the first stage of a superheterodyne receiver is included. If the received 
signal is strong, one should convert immediately, unless image rejection or 
the prevention of oscillator radiation necessitate the use of radio -frequency 
stages. If the received signal is weak, an amplifier stage should be used 
below a certain frequency and a mixer above, the transition frequency 
depending upon the characteristics of the tubes available and the bandwidth 
required. In general the transition frequency occurs at the point where 
available tubes will no longer give appreciable radio- frequency gain for 
the bandwidth required. 

I. INTRODUCTION 

N PART II of this series we concerned ourselves primarily with the 
case wherein the signal voltages applied to the circuits and tubes 
of a receiver are so low in amplitude that the tubes can be consid- 

ered as linear devices, wherein the output voltage or current is propor- 
tional to the signal -electrode voltage. This case will be recognized as 
being precisely that of the linear amplifier. 

It is frequently convenient, however, to make use of the super- 
heterodyne principle in receivers. In receivers of this type, the incoming 
signal is combined with a locally produced oscillation of different fre- 
quency to produce a third signal at a frequency referred to as the 
intermediate frequency, which is related to both the frequencies of the 
incoming signal and the locally produced oscillation. It is an essential 
characteristic of any electrical device, wherein the simultaneous appli- 
cation of oscillating voltages results in the production of one or more 
oscillating quantities whose frequencies differ from those of any of the 
impressed quantities, either that the device be nonlinear, i.e., that the 
relation between the output and input (i.e., impressed) variables be of 
such a nature that it cannot be reduced to a form wherein the variables 
appear as first -power terms, or that the nature of the device be such 
that, even though it be linear as regards the application of a single 
voltage, the simultaneous application of two voltages results in the 
appearance in the output of a quantity (e.g., a current change) which 
is dependent upon the product of the two impressed voltages. An 
example of such a device is a multigrid tube wherein two voltages may 
be impressed simultaneously on different grids. In this case the change 
in output current will be related to the changes in the two grid voltages 
by means of a relation of the form 
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i,, = bo -I- blel -}- b2e2 -l- b12ele2 (1) 

where the b's are constants, i,, is the change in plate current, and el 

and e2 are the changes in potential of the two grids. Since, in a super- 
heterodyne receiver, the simultaneous application of two voltages of 

different frequencies results in the production of the intermediate - 
frequency signal whose frequency differs from those of the two original 
signals, the superheterodyne receiver must contain a device which has 
one of the two types of characteristics described above. This device is 
often a tube which may (among others) be a diode, triode, or multigrid 
tube. In some cases crystal diodes are employed. 

In Figure 1 of Part V (which follows Part IV in this issue) there 
is shown an incoming signal and locally produced oscillation fed into 
a diode (tube or crystal) with the resultant production of intermediate - 
frequency output. The diode as a device for producing intermediate 
frequencies is sufficiently important and different from other tubes 
designed for the same purpose, so as to merit special treatment. It will 

form the subject matter of Part V of this series. 
In the case of triodes or pentodes various modes of introducing the 

incoming signal and locally produced oscillation are possible. Thus, 
they may both be impressed between control -grid and cathode, as is 

illustrated in Figure 1, or the incoming signal may be impressed 
between the control grid and ground, while the locally produced oscil- 
lation is impressed between cathode and ground. In general the 
incoming signal and the locally produced oscillations need not be 
impressed upon the same electrodes. Throughout the remainder of 
this paper the term signal electrode will refer to the control electrode 
upon which the incoming signal is impressed. 

For many superheterodyne applications at frequencies below 30 

megacycles or so, it has been found convenient to make use of multigrid 
tubes. In this case, in addition to the possibility of impressing both 
voltages on the same electrode, one can also have the local -oscillator 
voltage applied to an electrode which precedes the signal electrode 
(inner -grid injection) or the converse (outer -grid injection). Since 
tubes of this type do not find much application at ultra -high frequen- 
cies, their consideration is here terminated, except to indicate that the 
interested reader may find a. more extended treatment in the literature.' 

Before launching into a discussion of the mechanism of mixer 
action, it may be to the point to outline briefly the outstanding reasons 
for the use of superheterodyne receivers at ultra -high frequencies: 

1 E. W. Herold, "The operation of frequency converters and mixers for 
superheterodyne reception," Proc. I.R.E., vol. 30, pp. 84 -103; February, 1942. 
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1. The tuned circuits in intermediate -frequency amplifiers are fixed 
in frequency, whereas in radio -frequency amplifiers they require tuning 
to the individual signal. If the receiver is to cover an extended fre- 
quency range, the tuning problem for the radio -frequency amplifier may 
be a serious one. 

2. It is often possible to secure a higher gain per stage at inter- 
mediate frequencies than at radio frequencies. 

3. Better control of frequency response can generally be achieved 
at intermediate frequencies, particularly if the receiver is to operate 
over an extended frequency range. 

4. It may be possible to achieve a higher signal -to -noise ratio with 
a superheterodyne type receiver than with a radio -frequency amplifier 
type. 

:s.ni 
.w.... 

.nr..nr»,r 

.111,wr.sr wvwr. 

Fig. 1- Circuit of pentode mixer stage wherein incoming signal and local - oscillator voltage are both applied between control grid and cathode. 

II. THE MECHANISM OF MIXER ACTION 

The mechanism whereby the combination of the incoming signal 
and the locally produced oscillation serves to produce an intermediate 
frequency is referred to as "mixing action." The locally produced 
oscillation may either be generated in the same tube as that in which 
the mixing action occurs in which case this tube that serves a double 
function, is referred to as a converter, or the locally produced oscilla- 
tion may be produced in a separate tube in which case the tube in which 
the mixing action occurs is referred to as a mixer. 

The fact that a nonlinear device can be used for the production of 
an intermediate -frequency signal, is readily demonstrated by means 
of a simple illustration. In Figure 1 there is shown a triode with input 
circuits upon which are impressed an incoming signal and a locally 
produced oscillation. These will result respectively in the impression 
upon the grid of the triode of two oscillating voltages e, and eo. The 
presence of these voltages will cause a change in plate current of an 
amount ip. Since e3, eo, and i, are variations away from quiescent 
values, we can set (by the application of Taylor's theorem) 
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iP=co+cle+c.:e2+c3e3+... 
(2) 

where e = e, -{- eo and the c's are constants which depend upon the tube 
and circuit characteristics. For the amplifier case, e is so small that 
the terms of higher power than the first may be neglected. Equation 
(2) then becomes 

io= co + cae. (2a) 

From (2a) it may be seen that is, will contain as components, terms 
whose frequency is the same as those present in e. For the generation 
of current components of frequencies different from those of e, and eo 

it is essential that e be sufficiently great so that some of the terms in 
(2) of the second or higher degree become of importance. Since e, is, 
in general, comparatively small, eo must be comparatively large in order 
that the relation between iP and e be nonlinear. Actually, while e, is 
generally of the order of microvolts or millivolts, eo is usually measured 
in volts. 

To see that a nonlinear relationship of the form of (1) results in 
the production of terms of frequencies different from those of e, and 
e0, let us consider the simple case wherein the terms of powers higher 
than the second may be neglected. Then 

Let 

ZP-co+cl(ea+eo) +c2(e,+e0)2. 

e,=E, sin w,t 

eo = E0 sin wot. 

Then iP = co + c,E, sin w,t + c1E0 sin wot 

+ c2E,2 sin' w,t + 2c..,E,E0 sin w,t sin wot 

+ c_E02 sine wot 

= co + c1E, sin w,t + c1E0 sin wot + (c0E,2) /2 

+ (c2/2) E,2 sin 2w,t + c2E,E0 cos (w, - wo) t 

- c2E,E,I cos (w, + w) t + (c.,E02) /2 

+ [ (c2E02) /2] sin 2wot. 

(3) 

(4) 

(5) 

(6) 

(7) 

Thus, in addition to terms of angular frequency w, and wo, there appear 
in the plate current terms of angular frequency two, 2w Iw, - tool, and 
Iw, + wo1. If the output circuit in Figure 1 is resonant to angular 
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frequency I. - e,oI, voltage at this angular frequency will be developed 
across the circuit. This may then be applied to later intermediate - 
frequency amplifier stages. For the case just treated the intermediate 
frequency may be of angular frequency ,, - °oI or + e,ol. For the 
general case as represented by (2), the intermediate -frequency term 
will be of the form nlo, ± n2 ooI where n1 and n2 are integers. The 
output circuit is made to resonate at the particular angular frequency 
which is chosen for intermediate- frequency amplification. The most 
common choice is the one wherein n1 = nr = 1 and co = 1k,, - tool, where 
m{ is the angular frequency of the intermediate -frequency signal. 

The preceding treatment, while of value in portraying the mech., 
anism whereby the mixing action is brought about, is unsatisfactory 
for numerical computations, since, for normal tube characteristics, and 
for large oscillator voltages, it leads to exceedingly complex expressions 
and very laborious computations. A more elegant mode of attack upon 
the problem of computing mixer action has been described by Herold.' 
Before entering into this it is necessary to introduce the quantity 
known as conversion transconductance which is defined as the ratio of 
the intermediate- frequency output current to the signal -electrode input 
voltage. 

As was pointed out above, one mode of operation is that in which 
the local -oscillator signal should be sufficiently large so as to result in 
nonlinear operation of the mixer or converter. While the nonlinearity 
was defined in terms of the relation of output- current -to- signal- electrode 
voltage, it is obvious that the nonlinearity must at the same time extend 
to the signal -electrode -to -plate transconductance. As a consequence, 
due to the presence of the "large" local -oscillator voltage, the instan- 
taneous signal -electrode transconductance may be considered as varying 
periodically at local -oscillator frequency, and may thus be expressed in 
the form of a Fourier series 

9m =ao+ al cos (,0t +a_ cos 20,ot+.... (8) 

where the a's are constants which depend upon the tube characteristic, 
the quiescent or operating point, and upon the magnitude of the local - 
oscillator voltage. Since oo = 27rfo, where fo is the local -oscillator fre- 
quency, the signal- electrode transconductance may be considered as 
being made up of an infinite number of components, the first being an 
average value ao, the second a term of oscillator frequency, the third 
a term of twice oscillator frequency, etc. Now, simultaneous with the 
application of the local -oscillator voltage, let a signal voltage E, sin c,,t 
be applied to the signal electrode. Then the plate current will be given 
by 
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in = g,E, sin met. (9) 

For g, in (9) we substitute its value from (8) and obtain 

is = aoE, sin met + E, a sin 04 cos n mot (10) 

m 

= aoE, sin mat + E, /2 a sin (m, + Moo) t 
n - 

+ E,/2 a sin (m, - nmo) t. 

The plate current thus contains components of angular frequency m,, 

Ima + n4001, and 1m, - nmol. The first of these is one at signal frequency 
and does not concern us. The other terms are those which characterize 
the device as a mixer since they represent new frequency terms related 
to the signal and local -oscillator frequencies. It is customary to insert 
a tuned circuit in the output lead of the converter or mixer which is 
tuned to angular frequency 1m, - mol. The voltage developed across this 
circuit is then fed into the intermediate- frequency amplifier. While this 
mode of operation (referred to as fundamental operation, since the 
intermediate frequency is equal in absolute value to the difference 
between the signal frequency and the fundamental local- oscillator 
frequency) is generally the preferred oné, in certain cases it is con- 
venient to operate at one of the other possible intermediate frequencies 
for which n , 1; (referred to as harmonic operation). In these cases, 
the tuned output circuit is tuned to angular frequency m, - nmo. It 
should be noted that for harmonic operation it is not the oscillator 
voltage or tube current which must contain harmonic components, but 
the Fourier analysis of the signal -electrode transconductance, when 
the tube is operated as a mixer. Harmonic operation may be used when 
generation of a local -oscillator signal of sufficient power at fundamental 
frequency is difficult. However, in general, harmonic operation yields 
a lower signal -to -noise ratio than fundamental operation, and is thus 
avoided, if possible, where signal -to -noise ratio is of fundamental 
importance (as is the case in many ultra- high- frequency applications). 

The conversion transconductance at the nth harmonic is given by 

ge = I1 /E, =a/2. (12) 

If one substitutes the value of the Fourier coefficient, there results 
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1 

0 

'A 

lien = - gm cos nw0tdoi0t. (13) 
27r 

When n = 1, the fundamental conversion transconductance is obtained. 
The method of determining conversion transconductance can be 

made clear by means of an illustrative example. Let Figure 2 represent 
the signal -electrode transconductance of a receiving tube as a function 
of oscillator -electrode voltage (it is assumed, as may be the case, that 
the oscillator voltage and signal voltage are not necessarily applied to 
the same electrode), and let A in the figure be the applied oscillator 
voltage (assumed to be sinusoidal). Then B is the resultant time 
variation of transconductance. 

OSCILLATOR ELECTRODE VOLTS 

t 
A 

e Fig. 2- Signal -electrode 
transconductance versus os- 
cillator- electrode voltage for 
a typical mixer tube. The 
applied oscillator voltage is 
shown at A and the resultant 
time variation of the trans - 

conductance at B. 

A Fourier analysis of B yields the desired conversion transcon- 
ductance since for the nth harmonic mode of operation it is simply half 
the nth Fourier coefficient, as was shown above. If, as is usually the 
case, the oscillator voltage is sinusoidal in shape, it is possible to make 
use of some convenient formulas of sufficient accuracy for most pur- 
poses. Referring to Figure 3, a sinusoidal oscillator voltage is assumed 
and a seven -point analysis at 30- degree intervals is made. Then,' the 
conversion transconductances for the fundamental and the first two 
modes of harmonic operation are 

g1 = 1/42 L (g7 - gl) + (g5-g3) + 1.73 (go - g2) (14) 

g,= 1/2[2ga+ 3/ (g3 - (g7 g1)] (15) 

g'3= Yl2L(g7-g1) -2(g5- g3)]. (16) 
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The values g1, g2, etc., are obtained from the transconductance char- 
acteristic of Figure 3 by means of the 30- degree analysis there indi- 
cated. An examination of (14) for gcl indicates that maximum possible 
fundamental conversion transconductance, (excluding negative trans - 
conductances) occurs when gl, g2, and g3 are zero and g;, g6, and g7 

are large. This is achieved by operating so that the transconductance 
is cut off over slightly less than half the oscillator cycle and with 
oscillator- voltage amplitude of such magnitude that the tube operates 
to somewhat beyond the point of maximum transconductance. 

In practical cases, wherein grid -controlled tubes are employed, the 
maximum possible fundamental conversion transconductance is given 
approximately' by 28 per cent of the maximum signal -grid -to -plate 
transconductance. The maximum attainable second -harmonic conver- 

I OSCILLATOR GRID VOLTS 
II 

II 

. 1 0.5 Eoj 
I 

r.0.B66 Eo 
1 1 

I I 

r0.SE0.7 I 

11 
I I 

,I.-O.a66 [0 -'1 I 

1. Eo .J. EQ -.I 
Fig. 3- Points used for 30- degree analysis of conversion transconductance. 

sion transconductance is roughly half as great, and for third -harmonic 
conversion the maximum attainable transconductance is only about 
one third as great. Harmonic operation requires greater excitation, 
as a rule, than fundamental operation and the optimum operating point 
is differently located. 

Thus an examination of the signal -electrode -to -plate transconduct- 
ance curve quickly yields approximate values of the following quan- 
tities : 

1. Optimum operating point for fundamental conversion. 
2. Optimum local -oscillator excitation for fundamental conversion. 
3. Conversion transconductances for fundamental, second harmonic, 

and third harmonic conversion. 
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III. NOISE OF CONVERTER OR MIXER STAGE 

As was shown in Parts II and III of this series, fluctuation noise 
is measured by its mean -square value. In most vacuum tubes, the 
important part of the fluctuation noise comes from the plate or anode 
current. Under static conditions or with very small signals the mean - 
square noise current may be written as Ç. In the converter stage of 
a receiver, a large local oscillator voltage is usually applied to the 
converter or mixer so that iÿ 2 fluctuates periodically at local -oscillator 
frequency. The mean -square noise current at the intermediate fre- 
quency, which is the one of concern here, is then the average value of 
the fluctuations, i.e., the time average over the oscillator cycle, 

1 z* 
i_2 = - zÿ2d (64). 

2a o 

Values for the plate noise ip 2 of different types of tubes have been 
computed theoretically' and checked closely experimentally (except in 
the case of diodes) so that the mixer noise can readily be estimated by 
use of the above averaging process.3 

It is convenient to express mixer noise in terms of an equivalent 
noise resistance (except perhaps for the diode mixer). This resistance 
is defined as that which, if connected across the input of a noise -free 
mixer with conversion transconductance equal to that of the tube 
under study, will produce the same noise current in the plate circuit 
as is present in the actual tube. Thus 

(17) 

where go is the conversion transconductance and e 2 is the mean -square 
noise voltage developed by the equivalent noise resistance. 

R, = e7 /(4kT6f) (18) 

= ZÇ7/ (4kTgo2pf) (19) 

where k = 1.37 X 10 -22 joule per degree Kelvin, T is the absolute 

2 B. J. Thompson, D. O. North, and W. A. Harris, "Fluctuations in 
space- charge -limited currents at moderately high frequency, RCA RE- 
VIEW, vol. 4, pp. 269 -285; January 1940; vol. 4, pp. 441 -472; April, 1940; 
vol. 5, pp. 106 -124; July 1940; vol. 5, pp. 244 -260; October, 1940; vol. 5, pp. 
371 -388; January, 1941; vol. 5, pp. 505 -524; April, 1941; vol. 6, pp. 114 -124; 
July, 1941. 

i E. W. Herold, "Superheterodyne converter considerations in television 
receivers, RCA REVIEW, voI. 4, pp. 324 -337; January, 1940. 
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temperature, and Of is the noise bandwidth as defined in Part I of 
this series. As was shown in Part III, it is desirable from a signal - 
to -noise point of view to have as small a value for R, as can be ob- 
tained. 

A convenient table of equivalent noise resistance values for triode 
and pentode mixers was given by Herold' and is shown in Table I. 
In the table, it is assumed that optimum oscillator excitation (i.e., 
optimized for maximum g0) is used. The control -grid cutoff voltage 
is Ed), the peak grid -to- cathode transconductance (usually taken at 
zero bias) is go, and the peak cathode current (also usually at zero 
bias) is 4. (Grid -to- cathode transconductance is defined as the rate 
of change of cathode current with respect to signal -electrode voltage. 
It is thus the sum of the transconductances measured between the 
signal -grid and the screen and plate.) For triodes, a = 0, where as for 
pentodes, a is the ratio of screen current to plate current. It will be 
shown in a later section that the average transconductance is of value 
in estimating the electronic input loading. 

In the ultra- high- frequency field, multigrid mixers are not widely 
used because they are greatly inferior to triodes and pentodes from 
a signal -to -noise point of views and will not, as a consequence, be dis- 
cussed here. The two -element mixer such as the diode. (tube or crystal), 
on the other hand, has been used to some extent' but is sufficiently 
different in behavior to justify a separate treatment.' 

Table I -Mixer Noise of Triodes and Pentodes 
(Oscillator and Signal both Applied to Control Grid) 

Operation 

Approxi- 
mate 

Oscillator 
Peak Volts 

Average 
Transcon- 
ductance 

gm 

Average 
Cathode 
Current 

!. 

Conversion 
Transcon- 
ductance 

Equivalent 
Noise 

Resistance 
R,q 

At Oscil- 0.47 0.28 13 Io 
lator Fun- 0.7 E. -g. 0.35 I. -+ 90- a - go 

1 +a damental 1 +a go got 

At Oscil- 0.25 0.13 31 Io 
lator 2nd 1.5 E.. -go 0.20 Io -+220- a - g 

1 +a Harmonic 1 +a go g.' 

At Oscil- 0.15 0.09 38 Io 
lator 3rd 4.3 E,. -g0 0.11 /0 -+260 - a - go 

1 +a Harmonic 1 +a go go- 

' See "40 -cm waves for aviation," Electronics, vol. 12, pp. 12-15; No- 
vember, 1939. 

5 See Part V of this series. 
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IV. CONVERTER OR MIXER GAIN 

The gain in a converter or mixer stage may be treated in exactly 
the same manner as for the case of the more familiar amplifier stages. 
The gain is defined as the ratio of the intermediate- frequency voltage 
on the control grid of the first intermediate -frequency amplifier tube 
to the signal voltage on the signal electrode of the converter or mixer 
tube. While the "gain" is a definite quantity which is a measure of 
the voltage ratio on the grids of successive tubes, it is not a true meas- 
ure of the "step -up" between stages except at low frequencies where 
the tube loading is negligible. What is generally of greater interest 
than gain, is the voltage "step -up" between an antenna and the grid 
of the first intermediate- frequency tube. At ultra -high frequencies, 
this is determined not only by the mixer gain, but by the input loading 
on the signal grid of the mixer. It is thus seen that care must be 

, 
(a) 

Fig. 4-(a) Circuit shows 
mixer stage coupled to in- 
termediate - frequency 
stage by means of single - 
tuned circuit; (b) circuit 
which is equivalent of 

4(a). 

(b) 

taken in attempting to arrive at a relative evaluation of different tubes 
from the standpoint of "gain." 

In the general case gain depends upon the conversion transconduc- 
tance, internal plate resistance of the mixer, and upon the input and 
transfer impedances of the circuit joining the two tubes. The simple 
case of a single -tuned circuit joining a pentode mixer to the inter- 
mediate- frequency amplifier is illustrated in Figure 4(a). The gain 
may be determined with the aid of the equivalent circuit shown in 
Figure 4(b), wherein R,, is the internal plate resistance of the mixer 
and R is the resonant.impedance of the single -tuned network (assumed 
tuned to the intermediate frequency). gceg represents a constant - 
current generator, g, is the conversion transconductance, and e, is 
the signal -grid voltage. The voltage developed across R (i.e., the 
intermediate- frequency voltage across the input to the intermediate - 
frequency amplifier) is gce, (RRD) / (R + Rd. This divided by the 
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signal -grid voltage yields the conversion gain ge (RRP) / (R + Rd. For 
pentodes, it is generally the case that 14,>> R, and then conversion 
gain is equal to g,R. This is similar to the corresponding expression 
for amplifier gain except that g, replaces gm. Under certain conditions 
the gain of a tube as an ultra- high- frequency amplifier bears a simple 
relation to its gain when employed as a mixer. In both cases it will 
be assumed that the operating conditions are adjusted for maximum 
transconductance. It will also be assumed that the tube in each case 
is operating into a single -tuned circuit of maximum possible reso- 
nant impedance. It can be shown that in each case the resonant im- 
pedance is given by the expression Z= 1/ (27-COf') where C is the 
capacitance of the output circuit and Of' is its effective circuit band- 
width as defined in Part I of this series. Since it is desired that Z 

be as large as possible, C must be reduced to the unavoidable mini- 
mum due to stray tube electrode, lead, and circuit distributed capaci- 
tances. The limiting capacitance is largely due to the tube and leads 
so that the minimum value of C is about the same for either the 
radio- frequency or intermediate -frequency cases, i.e., for amplifier 
or mixer operation. Furthermore, at ultra -high frequencies, as well as 
at intermediate frequencies, the value of zf' is more often determined 
by the application at hand than by the unavoidable ohmic losses present 
in the circuit. Under these circumstances, the circuit must be "loaded 
down" with additional resistance so as to make its effective bandwidth 
sufficiently great to meet the needs of the application. Since this 
bandwidth requirement is the same regardless of the carrier frequency 
employed, Of' is seen to be the same for the amplifier as for the mixer. 
As a consequence, the maximum output circuit impedance is the same 
regardless of whether the tube is used as an amplifier or as a mixer. 
The tube gain for this case has already been shown to be given by 
gR where g refers to gm for the amplifier and to g0 for the mixer. 
Since R, the maximum output circuit impedance, is the same for both 
cases, the gains will be related in the same fashion as the trans - 
conductance. Since, as was indicated above, the maximum conversion 
transconductance is only about 28 per cent of the maximum amplifier 
transconductance, it follows that a given tube when used as an ampli- 
fier will produce about four times as much gain as when used as a 
mixer. While this conclusion was drawn for the case of a single -tuned 
coupling circuit it holds closely for more complicated network cases. 

V. INPUT LOADING OF MIXER STAGE 

In Part II of this series, the problem of input loading of vacuum 
tubes was discussed and expressions for loading due to lead inductances 
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and finite transit angle in the cathode -control -grid region of conven- 
tional -type tubes, and the loading in velocity -modulated devices were 
developed. In mixer operation, the input loading will vary periodically 
at local -oscillator frequency, so that to determine the actual loading 
it is necessary to average the instantaneous values over the oscillator 
cycle. The averaging process is identical with that outlined in Section 
III where the noise of mixer stages was discussed, and need not be 
outlined in detail. Since, in many instances, the input conductance 
varies directly with the transconductance, the average transconduc- 
tance can be used as a measure of the relative loading. 

r 
a 

-15 -10 -5 Z 

CONTROL -GRIO BIAS VOLTS 

Fig. 5 - Input conductance of a 
typical variable -z, radio- frequency 

pentode at 60 megacycles. 

To 
plifier 

r 
Z O 5 12 

PEAK OSCILLATOR VOLTS 

Fig. 6 - Input conductance of a 
typical pentode when used as a 
mixer at 60 megacycles. a fixed - 
bias operation; e bias obtained by 
means of a high -resistance grid 

leak. 
see how the mixer loading is related to the instantaneous am- 
loading, let us examine an illustrative case treated by Herold.' 

Figure 5 depicts the input loading of a "typical pentode" at 60 mega- 
cycles as a function of control -grid bias. We consider two cases: 1. 

the tube is operated at a fixed bias, and 2. the bias is obtained by 
means of a high- resistance grid leak. The results obtained for mixer 
operation as a function of local -oscillator voltage (also applied to the 
control grid) are shown as curves a and c of Figure 6. It is interesting 
to note that the loading actually decreases with increasing excitation 
for the case of grid -leak bias. This is due to the fact that the grid is 
biased further back toward cutoff with increasing oscillator voltage, 
so that the cathode current (and consequently, the loading) is cut off 
over a greater portion of the cycle. Thus, as the oscillator voltage is 
increased, the loading across the input circuit is reduced, and as con- 
sequence R1 (the resonant impedance of over -all input circuit as defined 
in Part III) is increased. For harmonic operation the oscillator swing 
should be further increased for best results, so that R1 is greater 
than in the case of optimum fundamental conversion. At the same 
time, due to decreased g,., is also increased. It has been shown by 
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Herold° that the ratio R, "R,,,, in the cases of second- and third -harmonic 
conversion with triodes is only slightly reduced below the value for 
fundamental conversion. Since, as was shown in Part III, the signal - 
to -noise ratio depends largely on R, /R,,,,, it follows that for triode con- 
verters, the signal -to -noise ratio is not seriously affected by harmonic 
operation. The gain however, being determined by ge, is reduced by 
harmonic operation. In addition, it may be difficult to obtain the larger 
oscillator excitation required. 

From the fact that at ultra -high frequencies the input loading 
varies as the square of the frequency, the results for any one fre- 
quency may be immediately extended to others. 

VI. FEEDBACK IN TRIODE MIXERS AT ULTRA -HIGII FREQUENCIES 

In general, mixer feedback is due primarily to the capacitance be- 
tween the plate and signal grid. Since this is appreciable only for 
triodes, the discussion will be limited to that tube type. A triode 
mixer feeds into a network designed to have the desired bandwidth 

Fig. 7 - Effective radio- frequency 
circuit of a triode mixer. 

at the intermediate frequency. For maximum possible intermed'ate- 
frequency circuit impedance (as a condition for maximum gain) the 
output capacitance should be a minimum. As was previously shown, 
this is generally accomplished by limiting the output- circuit capaci- 
tance to that unavoidably present within the tube and that due to 
leads and stray and distributed capacitances. Since such inductances 
as are in the plate circuit are designed so as to result in the desired 
circuit characteristics at the intermediate frequency, any radio fre- 
quency present in the plate circuit will "see" capacitance only. To 
understand how this output capacitance affects the tube behavior at 
radio frequency consider the effective triode circuit as shown in Figure 
7. Let the triode be fed by a signal source of negligible internal im- 
pedance of voltage amplitude E. This will cause a current ln to flow 
in the plate circuit of magnitude g,,,E,,, where 5, is the average trans - 
conductance over the oscillator cycle. This in turn will result in volt- 
age Ep across the effective output capacitance Cpk given by 

E = (gmEp) / (P0Cpk) (20) 

6 E. W. Herold, "An analysis of the signal -to -noise ratio of ultra -high- 
frequency receivers," RCA REVIEW, vol. 6, pp. 302 -331; January, 1942. 
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A capacitive current will flow in the input circuit, given by 

/ = 7wCUPEP = gm (Cgp /Cpk) E9. 

Therefore the input admittance due to feedback will be 

A9= 1/E,= Stn (CgP /CPk) 

(21) 

(22) 

This is in the form of a conductance which will load down the input 

circuit, over and above the loading due to ohmic losses, and the loading 

due to the effects of lead inductance and finite transit angles as was 

discussed in Part II of this series. Since CUP /CPk may be of the order 

of 0.3, it is seen that the input resistance due to feedback in a triode 

mixer may be of the order of several thousand ohms, and may thus 

have an appreciable effect upon the receiver performance. 

VII. IMAGE FREQUENCIES AND INTERMEDIATE- FREQUENCY 

CONSIDERATIONS 

Let us now consider a problem peculiar to mixers. It is best made 

clear by an example. If the signal frequency is 100 megacycles and the 

oscillator frequency is 101 megacycles, the frequencies in the output 

will include 100 megacycles, 101 megacycles, 201 megacycles (the sum 

frequency), and 1 megacycle (the difference frequency). Of these 

frequencies it can be assumed that the desired intermediate frequency 

is 1 megacycle. The undesired frequencies can be filtered out by the 

sharply tuned circuits in the intermediate -frequency amplifier. With 

the oscillator operating at 101 megacycles, it is obvious that an in- 

coming signal of 102 megacycles will provide a difference frequency 

of 1 megacycle which is also capable of passing through the inter- 

mediate- frequency amplifier. Reception of this kind is known as image 

reception. This image should be avoided in good receiver design. 

If a low value is chosen for the intermediate frequency it is diffi- 

cult to attenuate the image without using tuned -radio -frequency stages 

ahead of the mixer. This may be undesirable because of practical 

tuning considerations or from the signal -to -noise standpoint. As a 

consequence it is generally desirable to use a high value for the inter- 

mediate frequency. For ultra- high -frequency applications this may 

range from 10 to 100 megacycles. 
There is another factor which favors the use of high intermediate 

frequencies. Most ultra- high- frequency applications require the use of 

a wide -band amplifier following the second detector. Thus, e.g., the 

final amplification in a television amplifier occurs in the video ampli- 
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fier which may amplify frequencies up to 4 megacycles. If the inter- 
mediate frequency is too low, it becomes exceedingly difficult to keep 
some of it out of the video amplifier with resultant distortions and 
feed -backs of regenerative or degenerative nature. 

VIII. RADIO -FREQUENCY AMPLIFICATION VERSUS CONVERSION 

IN FIRST STAGE OF A RECEIVER 

On the basis of the preceding sections of this paper as well as of 
the earlier parts of this series we are now in a position to render judg- 
ment regarding a basic question which arises in the design of all 
superheterodyne -type receivers. Should one convert immediately in 
the first stage or should one first use one or more stages of radio - 
frequency amplification and then convert in a later stage? The answer 
to this question depends, in general upon the following considerations: 
1. Magnitude of received signal; 2. Frequency of received signal; 3. 
Band -width required; 4. Image rejection; 5. Reradiation of local - 
oscillator power; and 6. Nature of tubes available, i.e., the "state of 
the art." 

The first of these is tied up intimately with the importance of 
signal -to -noise ratio. If the received signal is large compared with 
the receiver noise, signal -to -noise ratio is of no importance. This 
simplifies the consideration of the strong signal case considerably. 
As was shown above, the gain of an amplifier stage is roughly four 
times that of a mixer stage. However, since a mixer stage must be 
used somewhere in a superheterodyne receiver, the lower gain of a 
mixer must be faced at some point, so that from gain considerations 
one can draw no positive conclusion concerning the location of the 
mixer stage. The important factors actually are those related to image 
rejection and reradiation. If the first stage were' a mixer, the image 
rejection might be inadequate, in which case one or stages of radio - 
frequency amplification would be required. By use of a high value 
of intermediate frequency, immediate conversion may be possible. 

In some applications, the radiation from the antenna of local - 
oscillator power may be a serious factor as regards local interference 
or in revealing the presence of the receiver. This can be minimized 
by the use of a radio -frequency stage to isolate the local oscillator 
from the antenna. If the first stage is a mixer, reradiation can be 
reduced by the use of a high value of intermediate frequency, so that 
the antenna and input circuit are far out of tune with the local- oscil- 
lator frequency or by the use of balanced (neutralizing) circuits. In 
general, however, if image rejection and reradiation are not serious, 
immediate conversion is preferred in order to avoid the difficulties 
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inherent in the tuning of radio -frequency amplifiers. This is particu- 
larly the case if the receiver is to be tunable. The bandwidth required 
and the nature of the tubes employed do not exercise an appreciable 
role for the case of strong -signal reception and will not be treated 
further at this point. 

If the received signal is weak, the signal -to -noise ratio is of para- 
mount importance. Let us first suppose that for a particular signal 
frequency and bandwidth application, a tube is available from which 
a radio -frequency gain considerably greater than unity can be obtained. 
We postulate further that the bandwidth requirements are such that 
the circuits must be "loaded down" with external shunt resistance, 
in order to achieve the desired bandwidth, i.e., in the relation Z = 
1 /27rCif', ¿f' is determined by the application at hand and not by tube 
and circuit losses. As has already been pointed out, under these con- 
ditions, the mixer gain available from a tube is only about one quarter 
as great as the available amplifier gain, but since this reduced gain 
must be faced eventually, no conclusions can as yet be drawn as to 
whether to make use of radio -frequency amplification or conversion in 
the first stage. However, the equivalent noise resistance Re,, is much 
lower for the amplifier case than for the mixer, and since this often 
means a higher signal -to -noise ratio, the use of one or more amplifier 
stages before conversion is definitely indicated. Now, let us suppose, 
as a first variation, that the operating frequency is increased. In this 
case, the circuit impedance which includes the tube loading, decreases 
with increasing frequency so that the circuit requires less and less 
additional external loading to achieve the desired bandwidth. Above 
a certain frequency (which we may call the crossover frequency) the 
circuit bandwidth, with no external loading, exceeds that required by 
the application at hand, this being increasly the case as the frequency 
goes higher and higher. As a consequence, amplifier gain drops off 

above the "crossover" frequency. A point will finally be reached for 
which the amplifier -stage gain drops to unity or lower, in which case it 
would obviously be foolish to use such a stage, and conversion should 
be employed in the first stage. In fact, better signal -to -noise response 
can usually be obtained by immediate conversion for cases in which 
the amplifier gain is still somewhat above unity. Since the intermediate - 
frequency- circuit resonant impedance is independent of the signal fre- 
quency,. the mixer gain remains unaltered as the signal frequency 
increases, so that the mixer -stage gain may eventually exceed that of 

the amplifier stage. This constitutes a further argument for imme- 

diate conversion above a certain frequency, which we may refer to 

as the "transition frequency." 
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The decreased radio- frequency gain with increased frequency is 
determined largely by tube losses and these in turn depend upon the 
nature of the tubes available. Thus we may conclude that the transi- 
tion frequency above which immediate conversion is preferred depends 
in part, upon the "state of the art." In recent years advances in 
ultra- high- frequency receiving -tube design have extended the frequency 
range over which radio -frequency amplification yields better signal -to- 
noise ratio than is available with converter operation, so that the "tran- 
sition frequency" is now considerably higher than it was several years 
ago. 

As a second variation, let us suppose that the bandwidth require- 
ments are increased. In that case, the radio -frequency as well as the 
intermediate -frequency -circuit impedances must be lowered. As a con- 
sequence, since the tube loading plays a lesser role in this case, one 
can, in general, extend the range of amplifier operation to higher 
frequencies before the loss in gain becomes so serious as to justify 
immediate conversion. 

IX. CONCLUSION 

If the received signal is strong, one should convert immediately, 
unless image rejection or the prevention of oscillator radiation necessi- 
tate the use of radio- frequency stages. If the received signal is weak, 
an amplifier stage should be used below a certain frequency and a 
mixer above, the transition frequency depending upon the characteris- 
tics of the tubes available and the bandwidth required. In general 
the transition frequency occurs at the point where available tubes will 
no longer give appreciable radio frequency gain for the bandwidth 
required. 

X. APPLICATION OF SECONDARY ELECTRON EMISSION 
TO SUPERHETERODYNE RECEIVERS 

Secondary emission is ideally suited for application to converters 
and mixers. It was pointed out in Part II of this series that the gain 
of a secondary- emission multiplier falls off with increasing frequencies 
due to the transit -time spreads of secondary electrons. These spreads 
arise from the fact that different secondaries are emitted with different 
initial velocities and travel over different paths. This definitely limits 
the use of secondary- emission multipliers as ultra- high- frequency am- 
plifiers. However, at the intermediate- frequencies used in ultra -high- 
frequency receivers, the loss in gain described above is negligible so 
that secondary- emission amplification after conversion is possible and 
is generally advantageous. 
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In Part III it was shown that the noise contribution of circuits 
and tubes following the first stage may be of importance. Anything 
that can be done to reduce the noise contributed by what follows the 
first tube will thus improve the signal -to -noise ratio of the complete 
receiver. The coupling impedance joining the first tube to the second 
in a conventional -type amplifier is a source of noise and by permitting 
the plate current of the first tube to go through a secondary -emission 
multiplier the coupling circuit with its resultant noise contribution is 

shifted to a later stage where its noise contribution is negligible in 

comparison with the now greatly amplified noise from earlier sources. 
One must be sure, however, that the secondary -emission multiplier 
does not contribute noise in excess of that due to a coupling circuit or 
resistor. It has been shown? that if the secondary- emission ratio n 
is high, the signal -to -noise ratio is inappreciably affected. If the 
primary current (plate current for our case) has only pure tempera- 
ture- limited shot noise (i= = 2e1Af) then the relative change in the 
signal -to -noise ratio due to a secondary- emission stage is given ap- 
proximately by '/n/ (n + 1) , which is obviously unimportant if n is 

large. 

7 V. K. Zworykin, G. A. Morton, and L. Malter, "The secondary emission 
multiplier -A new electronic device," Proc. I.R.E., vol. 24, pp. 351-376; 
March, 1936. 

Part V. Frequency Mixing in Diodest 
BY 

E. W. HEROLD 

Summary -Although the diode (crystal or thermionic) is one of the 
simplest forms of device, the behavior of the diode mixer in superheterodyne 
reception has not been well understood. One reason for this is that the con- 
version process is more complex than in other mixers in that it is bilateral, a 
radio -frequency input voltage giving an intermediate -frequency output cur- 
rent and the resulting intermediate- frequency output voltage in turn giving 
a radio -frequency current in the input. Analysis of the behavior leads, how- 
ever, to a very simple equivalent circuit consisting of a symmetrical s circuit 
of three conductances whose magnitudes are determined by the average 
diode conductance and by the conversion conductance of the diode. The 
present paper derives this circuit and uses it to find the conversion loss 
of the converter stage both with and without input circuit loss. The re- 
sults, although arrived at independently, are in agreement with the recent 
publication of James and Houldin. 

If the conversion loss is to be held small, the diode must be operated 
so as to obtain the highest ratio of conversion conductance to average con- 

t Reprinted from Proc. I.R.E., October, 1943. 
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ductance. The upper limit of this ratio is unity and this is attained only 
when the mixer -stage impedance is infinite.- Thus, circuit losses prevent 
the attainment of the condition of no conversion loss in practice. 

The signal -to -noise ratio of a receiver whose input stage is a diode 
converter is not determinable accurately because of uncertainties in the 
diode noise behavior. However, by using the conversion loss together with 
an effective noise temperature for the converter stage, an over -all noise 
factor can be given in terms of the noise factor of the intermediate-fre - 
quency amplifier, F,_, which in the laboratory, is 

F,-, (1-M)(T,,/T,;-1) 
M 

where M is the ratio of intermediate- frequency output power to signal -input 
power of the converter stage, and Tr. /Ts is the ratio of effective noise tem- 
perature to room temperature. 

The analysis of the average and conversion conductances of particular 
diodes may be made by use of Fourier analysis in the same manner as with 
other mixer and converter tubes. The behavior of many diodes is quali- 
tatively shown by an idealized diode whose volt -ampere characteristic is 
given by two intersecting straight lines. Curves are given showing the 
conversion loss as a function of the ratio of direct- bias -to -peak oscillator 
voltage and including input- circuit loss. It is found that conversion at the 
second or third harmonic of the local oscillator is more critical than at 
fundamental, but under optimum conditions, the conversion loss is only 
a few decibels higher. 

I. INTRODUCTION 

HE general theory of superheterodyne frequency conversion is 
now well understood and it has given a reasonable complete 
understanding of the behavior as mixers of conventional triodes 

and multigrid tubes.' In the ultra -high- frequency region, however, 
the use of the two -element nonlinear device (e.g., the diode) as a fre- 
quency changer has been common. Although the diode is one of the 
simplest forms of device, its behavior as a mixer has been very poorly 
understood. M. J. O. Strutt" was early to publish on the subject 
but failed to make his analysis complete. During intervening years 
there has been unpublished work, notably that of W. A. Harris of the 
RCA Victor Division, but it was only a few months ago that a more 
adequate presentation has appeared in print.' The following analysis 
was developed independently by the present writer some years ago by 

' E. W. Herold, "The operation of frequency converters and mixers," 
Proc. I.R.E., vol. 30, pp. 84 -103; February, 1942. 

2 M. J. O. Strutt, "On conversion detectors," Proc. I.R.E., vol. 22, pp. 
981 -1008; August, 1934. 

3 M. J. O. Strutt, "Diode frequency changers," Wireless Eng., vol. 13, 
pp. 73 -80; February, 1936. 

' E. C. James and J. E. Houldin, "Diode frequency changers," Wireless 
Eng., vol. 20, pp. 15-27; January, 1943. 
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an extension of the method used for other types of converters or mix - 
ers.1 However, it will be found that the end results are in agreement 
with those of James and Houldin.4 

Most mixers and converters using separate signal -input and inter- 
mediate- frequency output electrodes are readily analyzed because there 
is no reverse conversion; i.e., the signal- electrode current is unaffected 
by the presence or absence of an intermediate -frequency voltage on the 
output electrode. The diode or two -terminal mixer, however, converts 
in both directions. The signal- frequency voltage is converted to an 
intermediate -frequency current and the resulting intermediate-fre - 
quency voltage is converted by the local oscillator to a signal- frequency 
current. Thus, the signal- frequency impedance of the mixer stage is 
affected by the intermediate- frequency load impedance and the output 
impedance is affected by the signal circuit. The problem of properly 
adjusting circuit bandwidths and of matching impedances becomes 
a complex one. 

Finally, the problem of signal -to -noise relations in the two -terminal 
mixer is very involved. In the first place, the actual fluctuation noise 
of the two -terminal device must be known under actual operating con- 
ditions, i.e., with the local -oscillator voltage applied. Next, the proper 
connection between signal- frequency and intermediate- frequency noise 
components must be clearly established since the bidirectional con- 
version process ties these two components closely together. This aspect 
of the diode mixer is not yet completely understood. 

II. CONVERSION THEORY 

1. Basic Analysis 
The basic diode -converter stage consists of an input circuit tuned 

to the signal frequency, an output circuit tuned to the intermediate 
frequency, and a source of local -oscillator voltage. In operation, a 
signal -input voltage is impressed on the device and an output voltage 
of intermediate frequency is also present as a voltage drop across the 
intermediate -frequency circuit. Since, at the start, the phase rela- 
tionship of these two voltages is unknown, it is best to proceed by 
assuming an arbitrary phase relationship, just as if the intermediate - 
frequency voltage were an impressed voltage rather than a voltage 
drop. After the currents flowing in the circuit have been found, the 
necessary conditions applicable to the actual case will be obvious and 
it will be possible to establish the correct phase relationship. The basic 
circuit is then shown in Figure 1 where signal- and intermediate-fre - 
quency voltages are indicated. The intermediate- frequency voltage is 
given an arbitrary phase angle ¢. 
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An analysis will be made which is valid for small signal- and inter- 
mediate- frequency voltages, although no restriction is imposed on the 
magnitude of the local -oscillator voltage. This is in accord with estab- 
lished mixer practice in which comparatively large oscillator voltages 
are used, but in which the received signals are small. The character- 
istic of the two -terminal device may be written i = f (e) so that, under 
mixer conditions, 

i=f(eo+et+ea) (1) 

where e is the sum of the local -oscillator voltage and the direct- current 
bias, et is the intermediate -frequency voltage, and e8 is the signal volt- 
age. Since the latter components e; and e8 are small, a Taylor's expan- 
sion may be made about the point of operation determined by eo, 

SIGNAL 
INPUT 

!s : E, 4i.. Wst 
DIODE 

e, = E a:,., (W,t f yo) 

--- to -J 
I 

LOCAL 
OSCILLATOR 

i; 
OUTPUT 

d BIAS (OR BY PASSED 
RESISTANCE) 

Fig. 1- Schematic circuit of diode converter stage. 

i = f (eo) + (e{ + e8) f (eo) + (2) 

Higher -order terms than those shown will be neglected, thus implying 
that (ei e8) is sufficiently small. The first term of (2) contains only 
oscillator- frequency terms and is of no interest here. Since the con- 
ductance of the two -- element device is g = di /de = f'(e) it is evident 
that the important part of (2) may be written 

i= g(e8 +ei) 
= g[E8 sin 08t + E sin (wit + ¢) ] (3) 

where g is the conductance of the two element device when oscillator 
voltage and bias only are applied, i.e., when e = eo. Equation (3) might 
well have been written directly. 

It is clear that g, the conductance, varies in time periodically at 
the frequency of the local -oscillator voltage. The conductance, there -_ 
fore, may be written as a Fourier series whose fundamental component 
is at local- oscillator frequency 
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co 

g=go+ g,, COS n»0t 
n=1 

(4) 

where the cosine series implies that the conductance is single -valued 
and that the oscillator voltage varies as cos mot. The coefficients go and 
g are found by any of the usual methods of harmonic analysis based 
on the formulas5 

1 2a 

go = g d(wot) 
21- fo 
1 f2r g=- J g cos nwot[Z(mot). 
7f 0 

This is exactly the procedure followed in conventional converter theory. 
Substituting (4) in (3) we get 

i = g0E, sin cost 4- g 0 e sin (met + 4)) 

F Es g sin cost cos nwot) + E, g sin (wet + 4)) cos nwot 

= goEs sin mat -F goEe sin (wit + 4)) 

} E8 /2 g sin (cos + moo) t + E3 /2 g sin (w8 - nwo) t (5) 

1 Ee /2 g sin [ (we + moo) t +¢] 
+ Ee /2 g sin [ (we - nwo) t + 4)]. 

If any one of the low- frequency components is chosen as the inter- 
mediate frequency we, then 

cot =± (w8 -moo) (6) 

where conversion is at the nth harmonic of the local oscillator. Re- 
arranging (6) it is seen that 

±we+ moo =too. (7) 

Using (6) and (7) in (5) and disregarding all the terms which contain 
frequencies other than cos or we, the signal -frequency current is and the 
intermediate- frequency current i1_e, are found to bee 

5 For derivation see any standard text, e.g., E. B. Wilson's, "Advanced 
Calculus," Ginn and Company, New York, N. Y., p. 458. 

It may be noted that the magnitude of the local -oscillator voltage E0 
does not appear directly in the current relations. However, the Fourier 
cofficients go and g,, depend on the local -oscillator voltage and thus the cur- 
rents are dependent on E0 to some extent. 
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is= goE, sin w,t + (g /2) Ei sin (w,t+ ¢) (8) 

goE{ sin (wit + ¢) + (g/2) E, sin wit. (9) 

Finally, the original conception of Ei sin (wjt -l- ¢) as an impressed 
voltage may be dropped and this term now considered as a voltage drop. 

The new concept may be simplified by assuming the intermediate - 

frequency load resistance to be tuned to the intermediate -frequency 

so that it presents a pure resistance R1_c and, at the same time, by 

assuming the other circuit impedances to be negligible at the interme- 

diate frequency. Then the voltage drop is Es sin (wit + 4)) = -?i_cRi c 
Substituting the value of iic from (9) and rearranging, it is found 

fli g =i 

Fig. 2- Symmetrical %r network whose equations resemble those for the 
diode mixer. 

tI 

that (go + 1 /Ri_r)E1 sin (wit + 4)) = -(g/2)E, sin wit. (10) 

Since this relation must hold for all values of t, it is clear that O.= 7r, 

and that E4/E,= ge / (go + 1 /Ri_ c) where ge has been written for 

g /2. It is seen, of course, that ge, is simply the conversion. conductance 

of the two -element mixer where conversion is at the nth harmonic of 

the local oscillator. It is analogous in every way to the conversion 

transconductance of other forms of mixer as given in a previous paper' 

and discussed in Part IV of this series. 
Equations (8) and (9) can now be written (putting 4) = r) 

is = goE, sin w,t - ge E{ sin w8t. (12) 

- ii_c = - g, E, sin wit + goEi sin wit. (13) 

It is now possible to solve (10), (12), and (13) and find all the desired 

quantities. However, it is not necessary to do this formally as will 

now be shown. 

2. Equivalent Circuit for the Diode -Converter Stage 

There is a similarity between (12) and (13) of the foregoing and 

the mesh equations for a symmetrical network of three conductances 

arranged in a a. Considering the symmetrical a network of Figure 2, 
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the Kirchhoff -law relation may be written for the sum of currents at 
points A and B respectively. It is seen that 

Is= E8g1+ (Es- g2 

-11 (Ex-E;)g_ 
where currents entering the points are equated to those leaving the 
points. Rearranging it is found 

(14) 

SIG, lu Rd_ 

INPUT 

Is= E« (gl + g2) - gsE; 

-I;r=-Eng_+ (gi +g2)E;. 
9c 

Td OUTPUT 

--r 
al.f 

(15) 

Fig. 3 -The equivalent circuit for the diode mixer. This circuit gives the 
correct magnitude for input and output currents and voltages; however, 
the frequency of the input current and voltage is different from the output 

frequency. 

A comparison of (14) and (15) with (12) and (13) shows that 
the mixer circuit may be considered as equivalent to Figure 2 as far 
as amplitudes of currents and voltages are concerned. As to frequen- 
cies, of course, the mixer circuit is always different from the passive 
network inasmuch as the frequency of the output voltage and current 
differs from the input frequency.? Furthermore, if go= g1-1- g2 and 
g_ = g,.,, so that g1 = go -g,. all the solutions to the mixer problem 
are found by simply solving the circuit of Figure 3. Almost every 
relation of importance can be written down by inspection of this simple 
equivalent circuit." 

III. IMPEDANCES AND CONVERSION LOSS OF MIXER STAGE 

1. Maximum Power Transfer: Image or Iterative Impedance 
It can be shown" that, barring negative resistance effects, the con- 

version conductance g,.,, can never exceed the average conductance go. 

7 When the intermediate -frequency circuit has appreciable impedance 
at radio frequency or when the radio frequency circuit has impedance at 
intermediate frequency, these impedances should be included in the radio- 
frequency and intermediate- frequency branches of the circuit, respectively. 

8 To the writer's knowledge this equivalent circuit was first used by 
W. A. Harris of the RCA Victor Division. 

See Section IV, 1, of this paper. 
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Thus, in examining Figure 3, the shunt arms may be considered as 
positive conductances and it is clear that the intermediate- frequency 
output voltage can never exceed the radio -frequency signal voltage, no 

matter how high the intermediate -frequency circuit impedance is. The 

further discussion of the evaluation of go and ge will be left for a 

later section. For the present, let the characteristics of the diode mixer 
stage be examined as they are indicated by the equivalent passive net- 
work of Figure 3. 

To begin with, it is clear that the mixer stage is basically a sym- 

metrical 7r -type attenuator which, at the same time changes the fre- 
quency. If it is connected to the signal source and to the intermediate - 
frequency load through ideal transformers, maximum power transfer 
will occur when the transformers are adjusted to match the iterative 
or image impedance. This impedance is that which, when used as a 

termination, makes the input impedance of the mixer stage equal to 

this terminating value. In other words, by use of this impedance as a 

termination at each end, impedance matching is maintained through- 
out. The input conductance, when the intermediate- frequency conduct- 

ance is g,., can be written by inspection of Figure 3. 

go, = g0 -gc+ 
g c (g0 - gc + gs) 

go+ga 

g02 - gcnz + g0ga _ (16) 
g0 + ga 

If this input conductance is equated to ga then ga becomes what might 
be called the iterative conductance and is given by 

gat- g02 -gcn2. (17) 

This is one of the more important characteristics of the mixer stage. 

2. Conversion Loss Under Matched Conditions: Circuit Losses 

Neglected 
The minimum power loss in changing the signal frequency to the 

intermediate frequency occurs when the input and output are matched 

to g,z by ideal, loss -free circuits; the output -to -input power ratio is 

then given by the square of the voltage ratio (since the impedances 

are the same). Again examining Figure 3 it is seen that if a voltage 

Es is impressed across the signal -input terminals, the voltage across 

the intermediate -frequency output E, is by inspection. 
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E{ = Es 
(go- g.+ (1/Ri-f) ) gen 1 

go + 1/Ri-f go- gon + 1/Ri-f 
gen =E, 

go + 1/Ri_f 
(18) 

If the intermediate -frequency load is matched to the diode mixer, then 
1 /Ri_f = gz and, using (17), 

m 
N 
ó 

z 

> 

01111 , i ... .. 11. ..11111111. 11 
'N,.E 11 1111M °N c ._ E 11 - 11_--:ii 111111111111 

.2 .s a s .L .7 

RATIO 04 CONVLRAtON CONDUCTANCE, TO 
AVERAGE, CONDUCTANCE 144/74 

1 

a 

m 
z 

Fig. 4 -The behavior of a diode mixer as a function of the two basic con- 
ductance components, assuming no loss in the input or output transformers 

and impedance matching throughout. 

Ei gcn 

E, go + Vgo2 - goo' 

gon/go 

1+ V1- (gcn/g0)2 
(19) 

Since the input and output impedances are the same, this relation may 
be expressed as a conversion loss in decibels; a curve of conversion loss 
is plotted against g, /go in Figure 4. 

It is seen from Figure 4 that, unless gm/go is approximately unity 
the conversion loss is appreciable. However, an important factor to 
consider is the absolute magnitude of the matching conductance g,,. 

If this is very small (i.e., a very high impedance) it is not possible to 
match properly without the matching -circuit losses playing an impor- 
tant role. As gcn/go approaches unity, g,, approaches zero and the 
impedances needed to match approach infinity. The relative matching 
impedance go/g. is plotted on a second curve on Figure 4. 
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As will be seen later, the only way in which g,/go can approach 
unity in a diode -mixer stage is for g, and go separately to become very 
small. This in itself implies a very high matching impedance. If a 
particular diode is chosen, and by adjustment of operating conditions 
g, /go is made to approach unity, the curve of matching impedance 
would rise much more steeply than that shown in Figure 4. 

It may be concluded first, that the diode mixer is not operable as a 

power -transfer device without appreciable conversion loss, and second, 
that circuit losses must be considered for any diode mixer whose con- 

version loss is small. Thus, it is logical to consider the next topic. 

Es 
i 

(ti 

Fig. 5 -(a) The schematic circuit of a diode mixer including input -circuit 
loss, shown as a conductance g,. (b) An equivalent circuit wherein reflected 
current and conductances are substituted for the input and output trans- 

formers. 

3. Conversion Loss Including Losses in Input Circuit 
If the input circuit has a shunt loss which may be represented by 

a conductance g the circuit becomes similar to the one shown in Figure 
5 (a) . For the purposes of this analysis, T1 and T2 may be assumed 
to be ideal transformers whose step -up adjustments permit optimum 
power transfer to be obtained from the signal source e. to the inter- 
mediate- frequency load R'ii. The transformers T1 and T2 may be 
removed to give the equivalent circuit of Figure 5 (b) by inserting the 
impedances as seen from the diode -mixer input and output terminals. 
The conversion loss can now be computed from the ratio of power 
dissipated in the intermediate- frequency conductance, gi_f, to that 
dissipated in the input, i.e., g, combined with the diode input conduct- 
ance. The power dissipated in gi_f is output power = Ei2gi_f where 
Ei is the voltage across the output terminals (see Figure 5). The 
input power is input power = E82 (g, + gin) where E. is the voltage 
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across the input terminals and g,,, is the diode input conductance. 
From (16) 

and from (18) 

Usÿfg these relations 

902 - gcn- + g0g1- f 
gin = 

go+gi-f 
E{ gcn 

Ea go+gi_f 

output power E{ 2 gf_f 

input power E, g8 + g,,, 

gr.n 

g0+gi t 
J8 + 

got - gen2 + gogf -f 
g0 + gf -f 

Multiplying out, it will be found that this becomes 

output power 

input power 
= gcn2 [(2902 + 2goge - gen2) 

+ (goigi-f) (g 02 - gm! + gago) + g - f ( go + g.) (20) 

Considering g,_f as a variable, the denominator contains the form 
(ax-' + bx) which was treated in Section II, 2, of Part III of this 
series. The maximum power transfer (minimum denominator) occurs 
when 

g0(go2 - gon2 + gago) 
gf -f2 = 

and is 

output power 
M = 

input power ma: 

go + ga 

9cn2 

2g02 + 2goge - 9,n2 + 2 Vgo (go + g.) (go2 - gells + gegp) 

(21) 
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gcn- 

[ Vgo (go + g8) + Vgo- - g,- + g.g012 

gen/g0 

1 + gai go + V1 -- (gen/go)- + g./goJ 
(22) 

Since g,. /g can approach unity only as g,.n and go each approach 
zero, the effect of the shunt -input loss gn is to impose a practical 
optimum value for ge /go which is less than unity. Thus, the conclusion 
as to the impossibility of attaining conversion without appreciable loss 
seems to be further strengthened. In Figures 9, 10, and 11 of a later 
section, curves will be shown for an idealized diode -mixer stage which 
show how g,.,, and g will vary with the operating parameters and which 
also illustrate the minimum conversion loss imposed by input -circuit 
loss. 

4. The Over -All Signal -to -Noise Ratio 
The over -all signal -to -noise ratio of a receiver with a diode -con- 

verter stage is a quantity of considerable importance but is not 
accurately predictable on theoretical grounds. There are several rea- 
sons for this statement. In the first place, the measured fluctuation 
noise in diodes is usually larger than would be expected by theory. The 
discrepancy in space -charge- limited thermionic diodes was satisfactorily 
explained by North as due to elastically reflected electrons which dis- 
turbed the virtual cathode so as to upset the space -charge reduction 
of shot noise. Thus, an accurate measure of the noise is not available 
in general, and presumably changes in anode structure or material of 
a diode may alter the noise without in other ways affecting the diode 
performance. Second, diode -noise fluctuations affect both the radio - 
frequency and the intermediate- frequency circuits and are not neces- 
sarily independent of each other. Finally, large- signal, transit -time 
effects cannot always be neglected at the ultra -high frequencies and 
may have a bearing on the noise behavior; such effects have not yet 
been fully investigated. 

A rough qualitative notion of the effect of the diode -mixer stage 
on the signal -to -noise ratio of a receiver can be made, however. For 
one thing, the conversion loss cuts the signal available at the input of 
the intermediate- frequency amplifier so that the signal -to -noise ratio 
will be worse than that of the intermediate -frequency amplifier by a 

10 D. O. North, Part II of "Fluctuations in space- charge -limited cur- 
rents at moderately high frequencies, RCA REVIEW, vol. 5, pp. 117 -124; 
July, 1940. 
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predictable amount on this score alone. If the diode -mixer stage adds 
some noise, and it usually will, this decreases the over -all signal -to -noise 
ratio still more. 

It can be seen that the converter stage acts as an attenuator of the 
signal and as an additional noise source itself. Thus, a radio receiver 
may consist of an antenna of radiation resistance Ra, whose effective 
noise temperature is Ta, and which is connected to the intermediate - 
frequency receiver through the mixer as in Figure 6. We may substi- 
tute for this combination of antenna and mixer, a resistance at the 
input to the intermediate -frequency amplifier by placing this resistor 
at an effective temperature Ter for noise purposes and by assigning 

S R4 

.. 
OIOOE 

CONVERTER 
STARE 

NOISE NOISE 
TEMPERATURE TEMPERATURE 

T., TL 

ed 

i 

i. I 

AMPLIFIER 

I 

ouTPUT 

AMPLIFIER ouTPuT 

NOISE 
TEMPERATURE 

Teif 
Fig. 6-A receiver consisting of an antenna, a diode mixer, and an inter- 
mediate- frequency amplifier may be analyzed for signal -to -noise ratio by 
replacing the antenna and diode mixer by an equivalent resistor at a noise 

temperature T.rr. 

an available signal power (ed2 /Rd of Figure 6) which is at a lower 
frequency and is less than that of the actual antenna by the conversion 
loss of the mixer. This is almost exactly the problem which was treated 
in Section II, 7, of Part III of this series where the effect on signal -to- 
noise ratio of a passive transducer between antenna and receiver was 
worked out. Thus, if the diode -mixer stage is considered as a noise 
source at an effective noise temperature TL, reference to Part III gives 

Terr= TZ, (1M) -I-MT. (23) 

where M is the conversion loss expressed as the ratio of output power 

to input power of the diode mixer (equation (22) above). 
The intermediate- frequency system may be measured as if it were 

a receiver by itself, using a dummy antenna of value Rd (the output 
impedance of the diode mixer) as shown in Figure 6. If this dummy 

antenna is at room temperature, as in the laboratory, the intermediate- 
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frequency system will have a noise factor" F,_r. The over -all receiver 
including the diode -mixer stage will then have a noise factor 

Foyer-fill = 
Fi_r -1 + Tefr/Ta 

M 
(24) 

In the laboratory, an over -all measurement would be made with a 
dummy antenna so that Ta = TR giving 

so that 
Terr/TR =M -I- (1- M) Tr,/TR 

Fover -all On laboratory) = 
Fi_r (1-M)( TL/TR -1) 

M 
(26) 

These relations are only of indirect value unless the effective noise 
temperature TL of the converter stage is known. The measurement of 

Fl r. Fover all and the conversion loss, M, will permit TL /TR to be calcu- 
lated from (25). 

The effective temperature will not be independent of operating 
conditions of the diode and may be substantially higher than would be 
expected on the basis of the highest temperature element in the con- 
verter stage. For a thermionic diode mixer with an oxide -coated 
cathode at 1000 degrees Kelvin, it would be improbable that TL /TR 
could be less than 2 and not out of reason to expect values of this ratio 
as high as 10 or more. A crystal diode will have lower values, perhaps 
between 1 and 3. 

IV. THE EVALUATION OF AVERAGE AND CONVERSION CONDUCTANCES 

1. The General Case 
It has already been brought out that best mixer performance will 

be obtained when the conversion conductance g0a approaches the average 
conductance go, provided circuit losses can be neglected. The instan- 
taneous conductance has been written as a Fourier series (equation 
(4)) so that the quantities go and g,.,, are given directly in terms of 
the Fourier coefficients, 

2- 

go = - g d (a) 
2r f 

11 See discussion of noise factor in Part III of this series. 

(26) 
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g 1 
Zn 

9rn=-_- 
2 27r o 

g cos nwt d(wt). (2v) 

If negative values of g are excluded, inspection indicates that, since 
the integrand of the second expression can never exceed that of the 
first (since cos not can never exceed unity), the integral in the second 
case can never exceed the integral in the first case, i.e., the conversion 
conductance g,,,, can never exceed the average conductance go. However, 
if the conductance g is an impulsive -type function of finite maximum 
value and if, during the entire time at which g is greater than zero, 
cos not is substantially unity, then the two integrals will each become 
small and will approach equality. It is therefore seen that, only in the 
relatively ineffectual case where both g0 and g,.,, are very small, can 
the two approach equality. 

It should also be noted that, in general, the Fourier series for g 
(equation (4)) will be convergent, so that conversion at oscillator 
harmonics is progressively less efficient as the order of harmonic is 
raised. Again, with the ineffectual impulsive function, all the conver- 
sion conductances (at different oscillator harmonics) approach each 
other in magnitude, but only as they all approach zero. 

For a diode, or any other two -element nonlinear device for that 
matter, the mixer behavior can be estimated from its conductance - 
versus- voltage characteristic. From this characteristic, the conduct- 
ance- versus -time curve may be obtained for any particular local - 
oscillator injection voltage, and a Fourier analysis made. It is more 
usual to make an analysis directly from points on the curve of con- 
ductance versus bias, and some simple 7 -point formulas for g0,, g,._, 

and g,.;, have been given.' It is also necessary to obtain go, in the 
present instance. Using Figure 2 (a) of reference 1 it may be shown 
that, to a sufficient accuracy for most purposes, 

90= 1/12[91+97 +2(9_ +9a +9.1 +g5 + go) ] (28) 

where the g,, g2, etc., are points on the curve of the figure." The 
formula for gc1 as given in the reference is 

901 = 1/12[ (97 - 91) + (95 - g3) + 1.73 (g0 - g_) }. (29) 

It is clear by comparing these formulas for g0 and gc1 that highest 
g,.1 and lowest go can be obtained by operating the device so that 

12 They are not to be confused with the g's of the Fourier series used 
in the present paper in equation (4). 
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Fig. 7 - (a) Plate- current -versus- 
plate -voltage characteristic of an 
idealized diode. (b) Conductance 
characteristic of idealized diode 
showing an applied oscillator with 
a' bias E, and the resulting rec- 
tangular pulses of conductance 

(n) 

i 

- 
t 

(b) 

t 

9t 
fi 

{ 
eb 

versus time. 1 -> 
C 1 LOCAL 

''''OSC i LLATO0. I i 
1.--E. -.4 

g1 = g2 = g;= 0, if this is possible. It is interesting to note that no 
use is ordinarily found for the diode current -versus- voltage character- 
istic, except when the average direct current is required. 

2. An Idealized Diode 

Much can be learned from an examination of the behavior of the 
idealized diode whose current characteristic is shown in Figure 7(a) 
and whose conductance characteristic is shown in Figure 7(b). If a 
local -oscillator voltage, of peak value E0, is applied, together with a 
direct- current bias of value Eb (from a battery or a by- passed resistor) 
then the conductance versus time will be the rectangular pulse function 
shown to the right of Figure 7(b). Such a function has Fourier com- 
ponents such that 

go= gmaze 

gc = gma: sin nae/na 

(30) 

(31) 

where a is the fraction of the time during which current flows, i.e., 

.p 

.4 

.1 

o .2 b .i 
AVIO Ey/E, 

ID 

Fig. 8- Average conductance g. 
and conversion conductances g.1, 
g2 and ge3 for the idealized diode 
of Fig. 7 as a function of the ratio 
of direct- current bias to peak oscil- 
lator voltage. The curves are plot- 
ted as ratios of the conductance to 
the maximum diode conductance 

gI..:. 
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,rc = cos -1 (Es /E0). (32) 

Thus, when e is small, it is seen that go and gc are approximately equal 
and the conversion conductances at the different harmonics are all 
nearly equal but are all very small. Figure 8 shows curves of the 
average diode conductance and of gc1, gc2, and gc3 as the ratio of bias 
voltage to peak -oscillator voltage is varied. It is seen that harmonic 
operation requires a greater bias than fundamental operation. 

Of more direct interest are the curves of Figure 9 which show the 

o 

INPUT C,ECU,T CONDUCTANCE 
6 /. oc O ODE 

9...0 CONDUCTA.NCE, `-= _-- 
MO LOSS IN 

CIRCUIT 

- -- - 

-- 
1% 

INPUT 

'I 
.! .! 

RI.T,O OF DiNS VOLTS TO PEAK 
O3C,LL.470R VoLT3, Ei,/ E. 

Fig. 9 -The conversion -loss characteristic of an idealized diode whose maxi- 
mum conductance is g,M... The curves are for conversion at oscillator fun- 

damental and show the effect of loss conductance in the input circuit. 

conversion loss, using oscillator fundamental, for the idealized diode, 
again as a function of the ratio of bias to peak oscillator voltage. 
These curves were computed from (22) and therefore represent 
optimum values. The curve for a perfect no -loss input circuit is an 
impracticable ideal which is shown only for comparison. The other 
curves give the results for an input circuit whose conductance ga is 
1 and 5 per cent, respectively, of the diode maximum conductance moo,. 

A similar set of curves for conversion at second and third harmonics 
are shown in Figures 10 and 11. It is interesting to compare the 
optimum results for conversion at a harmonic with normal conversion 
at fundamental. Taking the minimum conversion losses from Figures 
9, 10, and 11, Table I may be prepared. It is seen that harmonic opera- 
tion is by no means out of the question if a decibel or two more 
conversion loss can be tolerated. However, Figures 9, 10, and 11 show 
that the adjustment for lowest conversion loss is much more critical 
when harmonic conversion is used. 
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Table I- Minimum Conversion Loss of Idealized Diode 

Operation at 
Decibel Loss 

g. = 0.01 gm= 
Decibel Loss 

g. = 0.05g... 

Fundamental 3.2 5.3 

Second Harmonic 4.0 6.6 

Third Harmonic 4.6 7.6 

o 

NO 1.0S -`,.s."4111111111. 
IN INPUT 
ClaeulT 

INPUT CiP.CU T 
CONOUCTANCL . 6 % OF .- 

o.oe. CONDUCTANCE, amas 

z A b R i t u 
RATIO OF eue VOLTS TD PEAK 

OSCILLATOR VOLTS, L` /E 

Fig. 10- Conversion loss of an idealized diode with second- harmonic con- 
version. The curves show the effect of loss conductance in the input circuit. 

COM E11 
1111.M7 1111110 .' 1111 1111 9 1111.1111 11' 11 M 1111=tea a\i/ 11 11111111 11ITI 1111 1111 w c. 20 

1111 1111 CIRCUIT O 11111111 11 111' 
QAT 0 OP BIAS VOLTS TO 
MAN OSCILLATOR VOLTS, EVE. 

Fig. 11- Conversion loss of an idealized diode with third- harmonic conver- 
sion. The effect of loss in the input circuit is shown. 

POUT DICUIT ONOUCTAICE 
6% of moot 

CONDUCTANCE.. Asa. 

3. Discussion of Practical Diodes 

Although the idealized diode which has been discussed in Section 

IV, 2, is not realizable in practice, the behavior shown is qualitatively 

applicable to practical diodes. Particular characteristic -curve shapes 
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may be more accurately analyzed by use of the general formulas in 
Section IV, 1, together with (22). The application of the integral 
formulas (26) and (27) to such a common characteristic as the 
3/2 -power law leads to results in terms of elliptic functions' and it is 
often more rapid to use the 7 -point approximate formulas (28) and 
(29). This is certainly true for more complex characteristics for which 
the analytic expression is difficult to handle. 

When, as in practical diodes, the conductance rises gradually with 
an increase in applied voltage up to the value gmax, the results will, as 
a rule, be inferior to those shown in Figures 9, 10, and 11. However, 
a large oscillator swing together with appropriately large bias does 
permit an approach to the results shown. In some instances (e.g. 
crystal diodes), it may be necessary to take into account conduction 
in both directions. It is clear that this phenomenon increases the 
average conductance and decreases the conversion conductance under 
any conditions whatever, so that it becomes impossible to equal the 
performance of the idealized diode. Analysis shows that there is then 
an optimum operating condition even if the input circuit is loss -free, 
and this optimum, of course, has a finite conversion loss. 
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U -H -F OSCILLATOR FREQUENCY- STABILITY 
CONSIDERATIONS °t 

BY 

S. W. SEELEY# AND E. I. ANDERSON 

RCA License Laboratory, 
New York, N. Y. 

Summary 

Each of the circuit components in an oscillator may change its char- 
acteristics with change in temperature. Some of them are subject to change 
with changes in humidity and operating parameters. These effects are dis- 
cussed with particular emphasis on change in inductance with change in 
temperature, since less attention has generally been given this cause of 
oscillator instability. An oscillator designed to have very small drift is 
described. 

(12 pages; 3 figures) 

* Decimal Classification: R355.91c^. 
f RCA REVIEW, July, 1940. 

# Now Manager, Industry Service Laboratory, RCA Laboratories Divi- 
sion, New York, N. Y. 

ULTRASHORT ELECTROMAGNETIC WAVES 
VI - RECEPTION *t 

BY 

B. TREVOR 

Research Department. RCA Laboratories Division. 
Riverhead, N. Y. 

Summary 

This paper is the concluding article in a series of six on ultrashort 
electromagnetic waves, written by various engineers in the industrial and 
educational fields. Reception of ultrashort electromagnetic waves over 
line -of -sight paths under practical conditions is discussed. It is shown 
that, when directive antennas are employed, there is an optimum antenna 
height for which the direct and reflected rays are received in phase, pro- 
ducing maximum effect. The concept of excess -noise ratio is developed 
which evaluates the merit of a receiver in a manner independent of band- 
width, receiver -impedance, signal -generator impedance, or frequency. A 
useful reference list is appended to the paper. 

(5 pages; S figures) 

* Decimal Classification: R111.6. 
j- Elec. Eng., September, 194g. 

www.americanradiohistory.com

www.americanradiohistory.com


RADIO- RELAY- SYSTEMS DEVELOPMENT BY THE 
RADIO CORPORATION OF AMERICA'; 

BY 

C. W. HANSELL 

Research Department, RCA Laboratories Division, 
Rocky Point. L. i.. N. Y. 

Summary -Now that television is ready to provide a new American 
industry there is need for a nationwide network to distribute the programs. 
This network may handle many auxiliary services. Radio relays offer a 
promising means for establishing the network. 

Twenty years of RCA radio -relay development made it possible, in 1940, 
to demonstrate a system for automatic relaying of the present standard 
television. It operated on frequencies near 500 megacycles, used frequency 
modulation with amplitude limiting in repeaters, and included a repeater 
retransmitting the waves on the same frequency as they were received. 

The problems of relay -system design are reviewed and formulas, based 
on reasonable assumptions, are given for calculating the required repeater 
gain, the output power, and required antenna heights for various spacings 
between repeaters and for various frequencies. These indicate that the 
largest spacings for which adequate antenna height can be provided, and 
the highest frequencies up to some undetermined limit, result in least over- 
all repeater gain. Preliminary cost analysis indicates optimum repeater 
spacings will be 35 to 45 miles. 

A striking characteristic of radio -relay systems is that they require 
much less repeater gain than existing coaxial -cable installations when both 
are adjusted to accommodate the present standard television modulation 
bands. This difference will be increased if the standards are raised. 

Experimental data on cross couplings between antenna systems, an 
important factor in relay systems, and practical expedients for minimizing 
them are given. 

It is proposed that minimum frequency bandwidths of 15 megacycles 
should be allowed for relay channels designed to carry the present standard 
television and it is pointed out that each band may be used over and over, 
not only in geographically separated areas but even for a number of channels 
in and out of the same city. This multiple use of frequency bands, and the 
great value to the public of television networks, justifies generous assign- 
ments of frequency space, and promises a great future for radio relaying. 

INTRODUCTION1 

IF television and its auxiliary services are to expand rapidly, so as 
to provide a new American industry, and a source of large -scale 
employment after the war, we must have the means to carry pro- 

* Decimal Classification: R480 X R583. 
t Reprinted from Proc. I.R.E., March, 1945. 
I M. E. Streiby, "Coaxial cable system for television transmission," 

Dell Sys. Tech. Jour., vol. 17, pp. 438 -457; July, 1938. 
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grams from city to city over nationwide distributing networks. 
For years forward -looking research, invention, and development 

have been directed toward making it possible to provide these net- 
works, and the need to provide them is almost upon us. 

Two lines of approach, one through development of coaxial cables 

and repeaters, and one through development of radio relays, have 

been followed. The present paper is intended to outline work done by 

the Radio Corporation of America, on the development of radio -relay 
systems. 

HISTORICAL 

RCA has now been engaged in radio -relay development for more 

than 20 years. In the course of that development the radio carrier fre- 
quencies used have increased from 182 kilocycles to 500 megacycles 

and the modulation bands have increased from 2000 cycles to 4 mega- 

cycles. The type of service has comprised relaying of telegraph signals, 

international broadcast programs, facsimile, and television. It has in- 

cluded five years' experience with an unattended radio -relay system 

in commercial service between New York and Philadelphia. 

1. 182- Kilocycle Relay for Transoceanic Telegraph Signals 

In 1923 RCA began the development of a radio -relay station at 
Belfast, Maine. Its purpose was to intercept long -wave transoceanic 
telegraph signals at a location where directional reception would reduce 

interference from summer lightning storms and to relay the inter- 
cepted signals on another frequency to the Riverhead receiving sta- 
tion for transfer to New York. The relay transmitter was designed to 

handle several telegraph signals simultaneously. It used single -side- 

band modulation with a carrier at 182 kilocycles and provided peak 

power of a few kilowatts. This station was operated experimentally 
for about a year, until it was replaced with a commercial receiving sta- 

tion connected with New York through wire lines. 

2. 3- Megacycle Relay for Transoceanic Broadcast Programs 

In 1924 a ,supplementary relay transmitter was completed at Bel- 

fast to operate on frequencies near 3 megacycles, with a maximum 

power output of about 250 watts. This transmitter is of incidental 

historical interest because it is believed to be the second transmitter 
in the world equipped for piezoelectric quartz -crystal frequency con- 

trol, the first having been an assembly of units in the laboratory of 

Professor George H. Pierce at Harvard. It was the first crystal - 

controlled transmitter put to any practical use. It is also of interest 
because it relayed the first broadcast programs brought from London 
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to New York for rebroadcasting here. For RCA it marked the begin- 
ning of short -wave equipment development and propagation tests 
which, in combination with the work of others, resulted in the present 
world -wide networks for international radio communication.' 

3. 80- Megacycle New York -to- Camden Television Relay3 

In the meantime RCA and its associated companies carried forward 
a program of development designed to create a system of television. 
Eventually this program had made enough progress to justify the crea- 
tion of an experimental television- broadcast station at the Empire 
State Building in New York City, and it had become apparent that 
television networks for carrying programs from city to city would be 
required. 

Fig. 1- Locations of radio -relay systems described in this paper. 

In 1932 RCA and the National Broadcasting Company, in co- opera- 
tion with General Electric and Westinghouse undertook the development 
of a relay station to carry experimental television from New York to 
Camden, New Jersey. It was demonstrated successfully in 1933. At 
that time television had reached the point where 120 lines per frame 
could be used, which required a modulation band of about 250,000 cycles. 

The relay station was located at Arney's Mount, near Mount Holly, 

2 H. H. Beverage, C. W. Hansell, and H. O. Peterson, "Radio plant of 
RCA Communications, Inc.," Trans. A.I.E.E. (Elec. Eng., March, 1933), 
vol. 52, pp. 75 -82; March, 1933. 

3 E. W. Engstrom, R. D. Kell, A. V. Bedford, M. A. Trainer, R. S. 
Holmes, W. L. Carlson, W. A. Tolson and Charles J. Young, "An experi- 
mental television system," Proc. I.R.E., vol. 22, pp. 1241 -1294; November, 
1934. 
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New Jersey. For reception of signals from the Empire State Building 
it used a broadside array of dipoles, with a reflector, mounted on a 
165 -foot steel tower, and for transmission used a resistance -terminated 
V antenna on 70 -foot wooden poles. Most of the amplification in the 
repeater was done at an intermediate radio frequency so that modu- 
lation- frequency currents appeared at only one point in the transmitter. 

The Arney's Mount repeater had only a short period of usefulness, 
for experimental purposes, because at about that time electronic meth- 
ods of television were being field- tested, and the quality of the tele- 
vision images improved so rapidly with corresponding increases in 
bandwidth that the repeater very soon was entirely inadequate. It 
was foreseen that television relaying would have to be done at far 

/9.72-33 MT ARNEY REPEATER 

/939 - 4/ LONG ISLAND REPEATER 

A MP 

IDEAL REPEATER 

Fig. 2- Experimental repeaters 
and ideal repeater. 

higher frequencies than could be utilized at the time and that a long - 
range program of vacuum tube and equipment development would be 
necessary. 

4. 100 -Megacycle Unattended Relay System between New York and 
Philadelphia" 
A long -range program of television -relay development was begun 

but, in the meantime, an unattended automatic radio -relay system 

4H. H. Beverage, "The New York -Philadelphia ultra- high -frequency 
facsimile relay system," RCA REVIEW, vol. 1, pp. 15 -31; July, 1936. 

5 J. Ernest Smith, Fred H. Kroger, and R. W. George, "Practical appli- 
cation of an ultra- high- frequency radio -relay circuit," Proc. I.R.E., vol. 26, 
pp. 1311 -1326; November, 1938. 
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for two -way multiplexed telegraph printer and facsimile communica- 
tion between New York and Philadelphia was undertaken in 1934. 

This relay system used two repeaters, in each direction, one at Arney's 
Mount and one at the RCA transoceanic station at New Brunswick, 
New Jersey. It operated in a range of frequencies near 100 mega- 
cycles and provided for a modulation range up to 20,000 or 30,000 

cycles. 
The system was placed in operation in 1936 and was a regular 

part of RCA facilities on the circuits from New York to Philadelphia, 
Baltimore, and Washington until the Federal Communications Com- 

mission ordered it shut down soon after the beginning of the war. 
Its approximately 5 years of continuous unattended operation gave 
us some valuable experience and provided a service of greater relia- 
bility than had been obtained with cable pairs over the same circuit. 
It proved that radio relaying with fully automatic, unattended re- 
peaters is practical. 

5. 500 -Megacycle Television-Relay Demonstration6-9 

By the end of 1939 enough progress had been made in the develop- 

ment of new vacuum tubes for use at very high frequencies, and in 

the development of radio repeaters and relay stations that 450- to 

500 -megacycle experimental radio -relay stations had been established 
on Long Island, at Hauppauge, and at the Laboratory near the trans- 
oceanic transmitting station at Rocky Point. By means of these re- 
peaters, television signals broadcast from the Empire State Building 
were picked up at Hauppauge and relayed automatically through Rocky 

Point to a terminal receiver in the Laboratory near the transoceanic 
receiving station at Riverhead. This relay system was designed to 

accommodate the full modulation bandwidth permitted by the present 
television standards. 

It employed frequency modulation of the radio carrier current as 

a result of which the technical problems were simplified. It became 

possible to use simple amplitude limiting to control power levels in the 
system and the inherently nonlinear response characteristics of vacuum 
tubes were reduced to a smaller factor in the production of distortion. 

8 Andrew V. Haeff and Leon S. Nergaard, "A wide -band inductive - 
output amplifier," Proc. I.R.E., vol. 28, pp. 126 -130; March, 1940. 

7 H. M. Wagner and W. R. Ferris, "The orbital beam secondary- electron 
multiplier for ultra -high- frequency amplification," Proc. I.R.E., vol. 29, pp. 
598 -602; November, 1941. 

8 F. H. Kroger, Bertram Trevor, and J. Ernest Smith, "A 500- megacycle 
radio -relay distribution system for television," RCA REVIEW, vol. 5, pp. 
31 -50; July, 1940. 

8I. G. Maloff and W. A. Tolson, "A résumé of the technical aspects of 
RCA theatre television," RCA REVIEW, vol. 6, pp. 5 -11; July, 1941. 
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Late in 1940 a third relay station was established at the former 
site of NBC broadcast station WE AF at Bellmore, Long Island, and 
a terminal receiving station was set up at the RCA Building in New 
York. This made it possible to relay from Hauppauge back into 
New York and many demonstrations of relaying were made, in 1940 
and 1941, including demonstrations for the Federal Communications 
Commission and National Television System Committee. 

These demonstrations should some day have much historic inter- 
est because they comprised all the elements of a complete television 
broadcast service including studio programs, programs brought from 
a distance by radio relay, and by coaxial cable, broadcasting of pro- 
grams to home receivers. :111(1 showing of programs on a large screen 
in a theater. 
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Fig. 3- Radio -relay space circuit, vector addition of direct and reflected 
waves for various efficiencies of reflection, and antenna heights for equiva- 

lent of free -space propagation. 

An important part of these tests was the demonstration of radio 
relaying with a repeater so designed and adjusted that the input 
and output carrier frequencies were equal. 

PRESENT STATUS OF RADIO -RELAY DEVELOPMENT 

Before the development of radio -relay systems suitable for tele- 
vision had been interrupted by the war, the initial and most difficult 
pioneering work had been accomplished and the technical basis laid for 
a great nation -wide system of radio relays capable of providing not 
only television networks but many other important services. Many 
detail problems, such as must be solved in establishing any new 
service, still remained, but it could be stated with confidence that 
there were no insuperable technical obstacles remaining to prevent 
the establishment of a successful radio -relay service. 
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The range of frequencies which will be used for relaying is so 
high that it has become possible to utilize each frequency channel 
over and over again, not only over circuits which are spaced apart 
geographically but even, with some limitations, for a number of circuits 
in and out of the same city. It is this possibilitiy of using the same 
frequency band over and over again which justifies the assignment of 
wide -channel bands to television relay systems and which promises 
a great future for radio relays. 

A striking characteristic of properly designed radio -relay systems .' %.il N0 
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operated on frequencies above 500 megacycles is that they require much 
less amplification in a given distance than the concentric -cable systems, 
when both are required to meet the present and future television - 
modulation- bandwidth requirements. 

As television broadcasting moves to the higher- frequency portions 
of the spectrum and as it becomes possible to include color, it is 
natural that the bandwidth required for transmission will be increased, 
and it then seems probable that radio relaying will receive greater 
recognition as the most promising means, technically and economically, 
for the distribution of television programs. 

A fortunate circumstance is that, in establishing a radio -relay 
system, a major portion of the cost is represented by sites and towers 
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and that no developments which can be foreseen at present will destroy 
the value of these investments. Instead, it is anticipated, future 
developments will make it possible to utilize higher radio frequencies 
and to provide more perfect reproduction of modulations without re- 
quiring substantial alterations in sites and towers. 

Before the war the development of vacuum tubes and repeaters 
had been carried far enough to make it practical to utilize frequencies 
for television relaying in the range of about 300 to 1000 megacycles. 
It is anticipated that, as soon as restraints due to the war are removed, 
the frequency range will be extended upward until, eventually, fre- 
quencies of 3000 megacycles or more may be used. 

PHASE OR FREQUENCY MODULATION PREFERRED FOR RELAYING10_13 

At the present time phase or frequency modulation of the radio 
carrier current by the video modulation frequencies is considered 
preferable to amplitude modulation. In practice a hybrid, or compro- 
mise, between phase and frequency modulation, obtainable by means 
of suitable' pre -emphasis of the modulation currents in either a phase - 
modulated or a frequency -modulated terminal transmitter is preferred. 

By using this hybrid type of modulation it is possible to strike 
some sort of optimum balance between the width of frequency band 
required for modulation side frequencies and the relative magnitude 
and frequency distribution of noise in the output of the relay system. 
This optimum balance may vary according to the character of the 
material transmitted so that the means to attain it should not be 
standardized but should be left to the agency operating the system. 

When phase or frequency modulation is used in a radio -relay sys- 
tem it is possible to use simple amplitude limiting in each repeater 
as a means to overcome the effects of space- circuit variations. It is 
expected that this will make it unnecessary to employ pilot current 
channels with automatic level controls such as would be required in 
amplitude- modulated, or single -sideband- modulated systems. 

Amplitude limiting makes it possible to operate the high -power 
portions of repeaters as class C amplifiers, or equivalent, which is a 
condition tending toward high -power- conversion efficiency. 

In the phase- or frequency -modulated system the inherently non- 

10 Murray G. Crosby, "Communication by phase modulation," Proc. 
I.R.E., vol. 27, pp. 126 -136; February, 1939. 

11 Murray G. Crosby, "Frequency modulation noise characteristics," 
Proc. I.R.E., vol. 25, pp. 472 -514; April, 1937. 

12 Murray G. Crosby, "Frequency modulation propagation character- 
istics," Proc. I.R.E., vol. 24, pp. 898 -913; June, 1936. 

13 Edwin H. Armstrong, "A method of reducing disturbances 1n radio 
signaling by a system of frequency modulation," Proc. I.R.E., vol. 24, pp. 
689 -740; May, 1936. 
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linear amplitude- response characteristics of amplifiers become a smaller 
factor in determining modulation wave -form distortions and the char- 
acteristics of frequency -selective intertube coupling circuits become 
relatively more important. For this reason it is desirable to keep the 
number of the coupling circuits to a minimum by providing high gain 
per tube, provided the high gain can be obtained in a stable manner. 

Fortunately, a good start toward providing high gain per tube 
has been made through the use of secondary- emission amplification 
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Fig. 7 -Total repeater gain 
in 500 miles when using re- 
flectors 10 feet in diameter. 

to supplement the gain per tube obtainable by more conventional meth- 
ods. In addition, the tube designers are making considerable progress 
in adapting tubes and circuits one to the other. Because of these and 
related developments the prospects for greatly improved repeaters, 
soon after the war, now seem to be good. 

RELAY SYSTEM SIGNAL -TO- NOISE -RATIO REQUIREMENTSt4 -l' 

It is assumed that facsimile and television systems will be modu- 

lated by an electrical potential which differs from a reference value 

in proportion to the square root of brightness. Since brightness is a 

la Donald G. Fink, "Television Standards and Practice," McGraw -Hill 
Book Co., Inc., New York, N. Y., 1943. 

Matthew Luckeish and Frank K. Moss, "The Science of Seeing," 
D. Van Nostrand Co., New York, N. Y., 1937. 

" Heinrich Kluver, "Visual Mechanisms," The, Jacques Cattell Press, 
Lancaster, Pa., 1942. 

I7 E. E. Kenneth Mees, "The Theory of the Photographic Process," The 
Macmillan Company, New York, N. Y., 1944. 
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measure of radiated power, this assumption is that electrical power is 
made proportional to light power, when the reference value of poten- 
tial is taken as zero. The resulting modulation characteristic is a fair 
approximation to the "approximately logarithmic" response character- 
istic suggested recently by the Television Panel of the Radio Technical 
Planning Board. 

For message -type facsimile recording at a rate of one picture per 
frame, a reasonably satisfactory service can be provided if a bright- 
ness range of 20 to 1 is provided and brightness modulations due to 
relay system noise are held to an average value of about 1.5 per cent 
at the lowest brightness level. This corresponds, in an amplitude - 
modulated system, to a carrier -to -noise power ratio of 51.2 decibels. 

In a frequency -modulated relay system, operated with a modula- 
tion index of 1, there is a 3 -to -1 gain in ratio of signal power to noise 
power due to the noise -suppressing effect of frequency modulation. On 
the other hand there is a 2 -to -1 power loss due to synchonizing pulses 
occupying a portion of the modulation characteristic. These two fac- 
tors combined give a net gain of 1.5 -to -1, or 1.8 decibels. We can, 
therefore, fulfill the operating specification stated in the previous para- 
graph with a carrier -to -noise power ratio of 51.2 - 1.8 = 49.4, or say 
50 decibels. 

When it is desired to obtain an improved signal -to -noise ratio for 
the handling of higher- quality material it is possible to obtain the 
desired improvement by repeating the picture through any number 
of frames to form a single record in 'which the modulations due to 
noise are very largely averaged out into a nearly uniform minimum 
average power and brightness level. Much of the effect of this mini- 
mum average level upon the record can be eliminated by thresholding. 

Fortunately, the noise requirements for television are less strin- 
gent than the assumed requirements for page -per -frame facsimile. 
In television the viewer cannot perceive individual successive images 
except perhaps for rare occasions when some object, not followed by 
the eyes, moves rapidly across the field. More generally the visual 
and mental mechanism causes the consciousness to combine the con- 
tributions of a considerable number of images. 

If the contributions of all the successive images, attenuating with 
elapsed time, could be expressed in terms of an equivalent number 
of unattenuated images, then we might expect an averaging out of 
the effects of noise which would improve the image -to -noise power ratio 
in proportion to the equivalent number of unattenuated images. This 
averaging process is analogous to frequency selectivity in ordinary 
communications systems. 
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The equivalent number of images apparently can reach quite large 
values, depending upon the mental condition and attitude of the ob- 

server, the character of the pictures, and the degree to which interest 
and attention are centered on the program rather than on the techni- 
cal perfection of reproduction. 

In the absence of scientific -test results it seems fair to assume 
that, when still pictures are transmitted over a television system, the 
superposition of successive images results in a gain in image -to -noise 
ratio of 10 to 20 decibels. 

40 

LO 

Fig. 8 -Power output re- 
quired from repeaters. 

Pr = (2.8 X 10 '.x2L-NPr) /D». 

If the foregoing reasoning is correct it seems that if a relay sys- 

tem is designed to provide a 50- decibel carrier -to -noise power ratio 
it will be quite adequate for television and will not make any significant 

contribution to noise in television- broadcast systems. This figure of 

50 decibels will be assumed in what follows. 

THE OVER -ALL PROBLEM OF TELEVISION RADIO RELAYING 

One of the first problems in planning a television radio -relay sys- 

tem is to make a proper choice of the average spacing between repeat- 

ers and the consequent height of repe eter- station towers. In this prob- 

lem the factors of cost are in conflict with the factors of over -all 

technical performance and reliability of service. 

Assuming that no less than a 500 -mile relay system will be re- 

quired to provide an acceptable range of service, a calculation has been 

made of the over -all technical requirements for a system of this length. 
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In making the calculations the following assumptions were made: 
1. The over -all length of the system would be 500 miles. This is 

roughly the length of a system linking Boston, New York, Philadelphia, 
Baltimore, Washington and some of the smaller cities along the route. 

2. Smooth spherical earth was assumed, keeping in mind the 
fact that rolling country would cause variations in repeater spacings 
and heights of towers, probably in a manner to increase the system 
requirements beyond the calculated requirements. To allow for bend- 
ing or refraction of the waves around the curvature of the earth, 
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Fig. 9- Antenna heights to provide equivalent of free -space propagation. 

o 

it is customary to calculate the required heights of antennas using a 
formula which increases the earth's radius by 1.33. For the present 
calculation a more conservative factor of 1.25 was used, it being nor- 
mal minima rather than average signal strengths which are considered 
important. 

3. It was assumed that antennas with reflectors 10 feet in diameter 
would be used and that they would be mounted at such a height that 
the direct ray of radiation and the ray reflected from the ground would 
lack 60 degrees of phase opposition. Any lower height would cause 
a rapid decrease in average received signal strength and a rapid 
increase in variations of the received signal strength. A greater height 
would add to the cost of towers. This assumption makes it possible 
to ignore variations in the percentage of power absorbed or reflected 
by the ground without introducing serious error. 

4. It was assumed that the final noise level at the output end of 
a relay system would be the summation of the noise levels introduced 
at all the repeaters and would therefore be proportional to the number 
of repeaters used in the 500 -mile distance. 
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5. It was assumed that all noise in the system would be developed 
in the input ends of the repeaters themselves and that a 50- decibel 
over -all carrier -to -noise power ratio would be required in order that 
the relay system might not make a substantial contribution to the 
level of noise which can be observed in the viewer's receiver. It 
seems probable that repeater noise will be predominant except pos- 
sibly for reception in cities where man -made noise reaches relatively 
high levels. Present experience seems to indicate that the noise gen- 
erated in the head -end of receivers, or repeaters, is of the order of 
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Fig. 10- Radio -relay relative 
costs. 

30 times the power level produced by thermal agitation in the first 
input circuit. This ratio is not a constant for all frequencies nor for 
all periods of development, but will probably be representative of 
the state of the art as any new band of frequencies is opened up for 
radio -relay use. It is the ratio which is assumed here. 

6. It was assumed that the effective frequency band -width of the 
system for determining carrier -to -noise ratio, to accommodate both 
modulation sidebands, would be 10 megacycles. This is believed to be 
a reasonable assumption, based upon the present television- broadcast 
standards. The actual total band occupied by a fully modulated carrier 
will be greater, perhaps 15 to 20 megacycles. 

Based on the foregoing assumptions, calculations were made ac- 
cording to the following symbols and formulas: 

LIST OF SYMBOLS 

a = radius of the earth in same units as A. 

(a = 6.375 X (10)° meters). 
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A= total amplification power ratio for a whole relay system. 

B = effective frequency bandwidth of the relay system, in cycles 
per second. Normally this will be twice the band of modulation 
frequencies, all other noise at higher modulation frequencies 
being presumed invisible on the television receiver screens. 

D = diameter of main parabolic reflector, in an antenna system of 
optimum design, in same units as A. 

E = radiation field strength in volts per meter. 
G= power -gain ratio, due to directivity, as compared with a short 

capacitance -loaded dipole antenna. 

h1 = antenna height required to give barely an equivalent line of 
sight between antennas at each end of a space circuit, taking 
into account refraction, assuming a smooth spherical earth. 

h2 = additional antenna height required to give equivalent of f ree- 
space propagation between antennas at each end of a space 
circuit. 

H = h1 + h,= total antenna height required to give equivalent of 
free -space propagation between antennas. 

I= current in a short capacitance -loaded dipole in amperes. 
= wavelength of the radio wave, in units consistent with other 

dimensions given in the formulas. 

L= distance between repeaters in same units as A. 

N = number of space -circuit hops in a relay system. 

P,= minimum theoretical thermal -agitation noisepower, in watts, 
in first circuit of each repeater. 

P= practical equivalent noise level, in watts, in the input circuit 
of the terminal receiver required to match the accumulated 
noise of a relay system of N hops. 

P, = practical equivalent noise level, in watts, required in input 
circuit of each repeater to give the actual noise in the system 
which is expected in practice. 

Pr= practical minimum required received power, in watts, after 
each hop, to provide a commercially acceptable relay system, 
assuming the noise to be substantially all repeater noise. 

PT = practical minimum required transmitted power, in watts, re- 
quired for each hop to provide a commercially acceptable relay 
system, assuming the noise to be substantially all repeater 
noise, for any given set of assumed conditions. 

R = radiation resistance of a short capacitance -loaded dipole an- 
tenna. 

X= length of a short capacitance- loaded dipole in meters. 
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FORMULAS"' 211 

1. P,,, = 0.8 X (10) 20B watt due to thermal agitation in each re- 
peater -input circuit, at a temperature of 20 degrees centigrade. 
(Another 0.8 X (10) -220B appears as radiated power in the matched - 

antenna system.) 

2. P,,= 24 X (10) -20B watt due to all equipment causes, equivalent 
noise power in each repeater input circuit, at present stage of 
vacuum -tube development, in the frequency range from 500 to 
4000 megacycles. At present the noise power level in good equip- 
ment is about 30 times the minimum thermal- agitation noise. 

3. P. = NP,, watts in final receiver -input circuit of a relay system, 
after N hops, due to accumulation of noise from all repeaters. 

4. P,. = (10) SNP watts required to give a barely acceptable over -all 
signal -to -noise ratio in a radio -relay system of N hops. This 
assumes a 50- decibel signal -to -noise ratio in the relay system 
which is 10 to 20 decibels better than the minimum permissible 
at the final television- receiver screen. 

5. G = 5D2/vi2 maximum obtainable gain due to directivity from an 
antenna system with a main parabolic reflector of D/À wave- 
lengths in diameter. The value of G must be squared to give 
total gain per hop if the same type of antenna is used for both 
transmitting and receiving. 

6. Pr. /P,. = 70L2/À2 ratio of transmitted to received power for equiva- 
lent of free -space propagation between short dipole antennas. 

7. PT 'P,. = 2.8a2L2/D' ratio of transmitted to received power for 
equivalent of free -space propagation between directional an- 
tennas with main reflectors D /A wavelengths diameter. 

8. A = (PT /P,.) = (2.8a2L2/D9 N the total amplification required in 
a relay system with a total length of LN /À wavelengths. 

9. PT = 2.8 X (10)5,í2L2NP,, /D' watts minimum acceptable power out- 
put from each repeater in a system of N hops, each L/À wave- 
lengths long, using antennas with reflectors D/X diameter, where 
P,, is the equivalent noise power in the first circuit of each repeater. 

10. PT = 6.72À2L2BN,i (10) "D' watts minimum acceptable power out- 
put from each repeater for giving 50 decibels over -all signal -to- 
equipment noise ratio in a system where the noise power in each 
repeater is 30 times that due to thermal agitation in the circuit 
of each repeater. 

11. PT = 6.72A2L2N/(10)'D' watts required to keep a 50- decibel sig- 
nal-to- equipment noise ratio in a practical relay system with a 
bandwidth of 10 megacycles (modulation band of 5 megacycles). 

18 J. B. Johnson and F. B. Llewellyn, "Limits to amplification," Trans. 
A.I.E.E. (Elec. Eng., November, 1941) , vol. 53, pp. 1449 -1454; November, 
1934. 

19 "Valve and Circuit Noises," Wireless World, vol. 46, pp. 262 -265; 
May, 1940. 

28 F. E. Terman, "Radio Engineers' Handbook," McGraw -Hill Book Co., 
Inc., New York, N. Y., 1943. 
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12. h, = L'/ 10a the antenna heights required to give equivalent clear 
line of sight over smooth spherical earth of radius a A wave- 
lengths, using a factor of 1 -'1.25 to account for normal refraction. 
The value of (a) in the above formula is 3960 miles, 6,370,000 
meters or 20,900,000 feet. ( All factors to be in same ,unit of 
measure.) 

13. h, = N/-LA additional height required to give equivalent of 
free -space propagation. This corresponds to 60 degrees from 
phase opposition for direct and reflected rays. Increasing h2 by 
V 3 will give phase addition of direct and reflected rays, a con- 
dition of maximum received signal strength where the received 
power can approach as a limit four times the received power 
for equivalent of free -space propagation. 

14. H = hl + h2 = L2/10a v/La /12 total antenna height over smooth 
spherical earth to give equivalent of free -space propagation. 

15. E = 60X//LA field strength in volts per meter in the direction 
of maximum radiation from a short, capacitance- loaded, dipole 
antenna carrying a uniform current 1 over a length of conductor X. 

16. R = 789X/A2 ohms, the radiation resistance. of a short capaci- 
tance- loaded doublet antenna. 

17. P,. = PR = 789X212/À2 the power radiated from a short capaci- 
tance- loaded doublet antenna. 

18. P,. = E2X2 /4R = E2À2/3156 watts, the received power from an im- 
pedance- matched short capacitance- loaded dipole antenna in a 
radiation field of E volts per meter (all other dimensions also 
in meters). 

SAMPLE CALCULATION 

Assume that we have a 500 -mile radio -relay system comprising 
10 hops of 50 miles each. Each repeater will use receiving and trans- 
mitting antennas with reflectors which are 3 meters (about 10 feet) 
in diameter, mounted at a height required to give the equivalent of 
free -space propagation. The frequency will be assumed to be 1000 
megacycles, corresponding to a wavelength of 0.3 meter and the band- 
width will be taken as 10 megacycles. 

Expressed in symbols, with dimensions in meters: 
N = 10 

D = 3 meters 
a = 0.3 meter 
B = (10)' cycles 

L = 50 X 1610 = 80,500 meters 
The minimum thermal -agitation noise power, at 20 degrees centi- 

grade, effective in the first circuit of each repeater, assuming that the 
circuit is matched to the antenna system, and taking into account that 
half of the total thermal- agitation noise power is radiated, is P,,, = 
0.8X (10) -20X (10)7 =0.8X (10)-13 watt. 
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According to the present state of the art, the actual effective noise 
power in each repeater will be about 14.8 decibels, or 30 times greater 
than the minimum thermal -agitation noise power. This raises the effec- 
tive noise level in each repeater, as referred to the input circuit, to 
the practical value of P, = 30P,= 24 X (10) -13 watt. 

Since there are 10 repeaters in cascade, and each adds its quota of 
noise power to the final signal -to -noise ratio, the final noise power ac- 
cumulated and made effective in the terminal -receiver input circuit is 
P. = 10Pp = 24 X (10) -12 watt. 
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Fig. 11- Cable and radio - 
relay systems, gain per re- 
peater required for various 

repeater spacings. 

The received power at each input circuit, required to give an over - 
all 50- decibel signal -to -noise ratio for the relay system is P,. = (10) 5P = 
2.4 X (10) -6 watt. 

The ratio of transmitted to received power over each hop, if we 
assumed that short capacitance -loaded dipole antennas without re- 
flectors were used, would be Pr /P,. = 70 X (80,500) 2/ (0.3) 2 = 5.05 X 
(10)12, or 127 decibels. 

If we use directional antennas for both transmission and reception, 
with maximum practical gain obtainable from parabolic reflectors, as 
compared with the short dipoles, the gain for each antenna will be 
about G = 5 X (3)2/À2= 500 in power, or 27 decibels. 

This gain is effective at both ends of the circuit and provides a total 
gain of G = 25 X (10)4, or 54 decibels. 

The directional- antenna gain reduces the gain required for trans- 
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mission between short dipoles to PT /Pr = (5.05 X (10)12) / (25 X (10)4) 
= 20 X (10) 6, or 73 decibels. 

This figure of 20 X (10)6, or 73 decibels, is the required amplifica- 
tion gain per repeater in the system. 

The total gain of the 10 repeaters in cascade is A = (PT /Pr)1 ° 

= [20 X (10)910= (10)7' approximately, or 730 decibels. 
The output power required from each repeater is PT = 20 X (10)6 

X 2.4 X (10)-6= 48 watts. 
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Fig. 12 -Cable and radio -relay systems amplification required in 500 miles. 

The antenna height required to give the equivalent of free -space 
propagation is 

H = (80,500)2/(10 X 6.37 X (10)6) 

-I- V (80,500 X 0.3)/12 
= 101.8 + 44.8 = 146.6 meters, or 480.8 feet. 

SUMMARY OF CALCULATIONS 

Calculations made from the formulas led to the results outlined in 
Tables I, II, and III. The data in all of these tables are based on the 
assumption that antenna heights are adjusted to give the equivalent 
of free -space propagation and that reflector diameters are 3 meters 
(10 feet) in diameter. 

The data contained in the tables indicate that the total decibels 
power gain, or total amplification of all the repeaters in cascade, 

www.americanradiohistory.com

www.americanradiohistory.com


324 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

decreases rapidly as the spacing between repeaters is increased. Since 
the amount of repeater equipment in cascade, the probability of failures 
in operation, and the undesirable distortions of the useful modulation, 
all increase more or less in proportion to the total required power gain 
in the system, it will be evident that excellence of technical perform- 
ance favors a large spacing between repeaters. 
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Fig. 13- Undesired coupling paths in radio -relay systems. 

Table I- 500 -Megacycle Television Radio -Relay System 

Repeater Spacing 
in Miles 

Repeater Gain 
in Decibels 

Repeater Power 
in Watts 

Antenna Height 
in Feet 

10 65 38.7 106.3 
15 68.6 58 144.1 
20 71 77.3 185.3 
25 73 96.7 230.9 
:30 74.6 116 281.8 
35 75 135.3 338 
40 77.2 154.8 399.8 
45 78.2 174 467.5 
50 79 193.3 541.5 
55 79.8 212.5 623 
60 80.6 232 709.3 
65 81.4 252 800.5 
70 82 271 901.5 
75 82.6 290 1005 
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Table 11 -1000- Megacycle Television Radio -Relay System 

Repeater Spacing 
in Miles 

Repeater Gain 
in Decibels 

Repeater Power 
in Watts 

Antenna Height 
in Feet 

10 59 9.68 79.1 
15 62.6 14.5 111.3 
20 65.2 19.38 146.4 
25 67 24.2 187.6 
30 68.6 29.05 234 
:35 70 33.9 287.1 
40 71 38.75 349 
45 72.2 43.6 409.8 
50 73 48.4 480.8 
55 73.9 53.2 558.8 
60 74.6 58.1 642.3 
65 75.4 62.9 731 
70 76 67.8 829.3 
75 76.6 72.6 930.5 

Table 111- 2000 -Megacycle Television Radio -Relay System 

Repeater Spacing 
in Miles 

Repeater Gain 
in Decibels 

Repeater Power 
in Watts 

Antenna Height 
in Feet 

10 53 2.41 59.8 
15 56.6 3.62 87.1 
20 59.2 4.825 119.4 
25 61 6.03 157.1 
:30 62.6 7.25 200.9 
35 64 8.45 250.9 
40 65 9.65 306.6 
45 66.2 10.9 368.8 
50 67 12.1 437.5 
55 67.9 13.3 513.8 
60 68.6 14.5 595.2 
65 69.4 15.7 681.8 
70 70 16.9 778.3 
75 70.6 18.1 877.5 

Opposed to the use of large spacings between repeaters is the 
necessity to use higher output power and greater gain at each repeater, 
which increases the equipment and repeater -station -development diffi- 

culties. In addition, large spacing between repeaters requires the use 
of high and costly towers. A contributing factor of unknown future 
importance is the mutual hazard which high towers and airplanes 
provide for each other. This may result in a need for co- ordination 
and compromise in respect to regulations which at present appear to 
limit heights of radio structures without similarly limiting other 
structures, such as chimneys. 

An attempt has been made to arrive at the relative cost per mile 
year for radio -relaying systems for several assumed radio frequencies 
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and for various spacings between repeaters. The costs have had to be 
based upon more or less arbitrary assumptions and cannot be accurate 
for determining actual costs, but are believed to be nearly correct for 
relative costs for various assumed conditions. They have led to the 
conclusion that, over ideal smooth spherical earth, if that were possible, 
repeater spacings in the range of 35 to 45 miles would provide mini- 
mum annual cost. 

These cost studies indicate that the investment cost and annual cost 
per television channel can decrease quite rapidly as the number of 
channels provided over a given system is increased above the assumed 
minimum of one channel in each direction, operable simultaneously. 
This suggests that, whenever possible, each relay system should be 
designed to handle a number of channels in each direction. 

As to choice of radio -carrier frequency, it is quite evident that the 
highest possible frequency should be used up to some unknown limit 
where it is no longer possible to make effective use of a certain size 
of antenna, and where the space- circuit propagation becomes too 
variable. Before the war the highest frequencies which could be used 
were in the neighborhood of 500 megacycles, but it is possible that 
frequencies up to 3000 megacycles or more might be chosen if there 
were no equipment limitations. 

At the present time it is a reasonable assumption that, except for 
unusual cases where natural obstacles require very long distances 
between repeaters, television relaying can be started soon after the 
end of the war in the range of 300 to 1500 megacycles. 

Assuming that sufficient incentive, in the form of business oppor- 
tunities for qualified organizations, is held out it may be anticipated 
that repeater development soon will extend the range of available 
frequencies up to, and perhaps beyond, 3000 megacycles. 

COUPLINGS BETWEEN DIRECTIONAL ANTENNAS 

Several years ago a series of measurements were made to determine 
the order of magnitude of the coupling between directional- antenna 
systems of the type which comprise simple dipole radiators in parabolic 
reflectors. These measurements are considered reliable only for deter- 
mining order of magnitude, because there are many variations in 
conditions which can have an effect upon practical results. The results 
obtained may be summarized very briefly as follows: 

1. Antennas Close Together Pointed in Same Direction 
(a) Radiators Either in Same Straight Line or with One Turned 

by 90 Degrees 
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In this case the ratio of power transmitted from one antenna to 
power picked up by the other can be approximately PT, /Pr = 60,000 
(D /À)'. 

(b) Radiators Turned Parallel, at Right Angles to Line between 
Them 

U 

PT/Pr = 600 (DIX) '. 

= 60000 M. 

Fig. 14 -Order of magnitude of 
ratio of transmitted power to 
power received over undesired 

v_ 6000) coupling paths. 

PORw+Rn -IS000(0)? / ----- i éc.,..,a 7 
vtw P.wO, 

CROSS COUPLING BETWEEN ANTENNAS 

2. Effect of Spacing between Reflectors 

If the spacing between reflectors is increased from substantially 
zero to a distance between the closest points equal to the diameter, the 
cross coupling is reduced by about 10 -to -1 in power for antennas with 
reflectors about 5 wavelengths in diameter. However, for radiators 
end to end, the change was not smooth but showed oscillations over 
a range of about 20 decibels upward from the values which would be 
given by the foregoing formula for PT /P,. These oscillations are 
undoubtedly due to passing through conditions which balance portions 
of the coupling paths against other portions. 

No oscillations of feedback coupling with increasing spacing were 
observed when the dipoles in the reflectors were set parallel to one 
another and at right angles to the line between them. In this case the 
energy fed across from one to the other falls off smoothly as the 
distance between reflectors is increased. 
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3. Ratio of Power Forward to Power Backward 

From general theoretical considerations it might be expected that 
the ratio of power forward to power backward from an antenna system 
with a parabolic reflector would vary about in proportion to (D /Á)2 5. 

However, in practice, lack of symmetry of objects near the reflector, 
such as are caused by the supporting structure, and reflections back - 
ward from objects on the ground out in front are likely to cause a 
lower ratio. 

For the present it seems safer and more realistic to say that our 
experience indicates, when reflectors 5 to 10 wavelengths in diameter 
are used, the ratio of power in the forward direction to power in the 
backward direction can be of the order of that obtained by using the 
following formula: P(m,,,,i /Piaward = 45,000(D /.l)2. 

4. Coupling between Radiators with Crossed Polarization, in Saine 
Reflector 
It is possible, theoretically, to place two radiators in the same 

reflector which are polarized at right angles, and which have couplings 
between them balanced out. Our experience would indicate that this 
expedient should not be relied upon to provide more than about 20 

decibels of uncoupling between the radiators. Even this figure may 
prove to be too optimistic under conditions of snow and ice on the 
antenna system. 

5. Artificial Balancing of Cross Couplings 
It is theoretically possible, in any particular case, to introduce a 

balancing or neutralizing coupling to obtain a reduction in net coupling 
between antennas. In one trial of this we were able to reduce the 
coupling between two antenna systems from an initial value of 70 
decibels to a final value of 85 decibels, a gain of 15 decibels. However, 
in wide -band service such balancing methods may prove difficult and 
complicated because there probably will be a variety of component 
coupling paths of different length and time delay, each of which would 
require its own balancing path. In the experimental trial mentioned 
above it was found that there were a number of relatively short paths 
and other paths corresponding to distances down to the ground and 
back over the supporting structure, or out to near -by reflecting objects 
and back. 

In any practical case it would seem that, if artificial balancing is 
used, it must be done with care to provide proper time delays and, at 
least until it is covered by more experience, should not be relied upon 
for improvements of more than 10 to 20 decibels. 
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6. Polarization Discrimination over Long Distances 
Insufficient information is available to indicate to what degree 

differences in polarization may be relied upon to discriminate between 
channels working in the same direction over the same space circuit. 
Our experience indicates only that such discrimination may be of 
substantial aid, but only tests for long periods over actual operating 
circuits can give us information as to how much discrimination can 
be relied on. As a conservative and very preliminary guess we might 
place the figure at about 10 decibels. 

7. Coupling Between Antennas with Reflectors Pointed in Opposite 
Directions 
The coupling between antennas in reflectors pointed in nearly 

opposite directions is more subject to the conditions under which they 
are mounted than is the coupling in the other cases considered. In 
general it should be possible, by using all the available technical 
expedients, to count on a reduction of coupling to about PT/P,.= (10) 5 

X (1)/A)4. 
This would indicate that, by using reflectors 10 wavelengths or more 

in diameter it will generally be possible to receive and retransmit 
without shift of carrier frequency in the repeater. 

However, this matter of relaying without shift of carrier frequency, 
while it has been demonstrated in one of our relay experiments, is a 
matter which should receive more experimental development. All we 
can say with certainty at present is that we are confident that it can 
be done in most instances and that higher radio frequencies and large 
antennas will help to make it possible. 

BANDWIDTHS REQUIRED FOR TELEVISION RELAYING INTENDED TO SERVE 

PRESENT STANDARD TELEVISION -BROADCAST STATIONS 

The present television- broadcast standards provide for modulation 
frequencies ranging from 0 to about 4.25 megacycles. 

In a relay system it is considered essential to transmit the zero or 
very low- frequency components of the modulation so that the syn- 
chronizing pulses may occupy a fixed range of the modulation charac- 
teristic. Otherwise, variations in image background level may modu- 
late the wave form and amplitude of the synchronizing pulses in a 
manner to detract from the quality of reproduced images. This means 
that the highest frequency modulations of the frequency -modulated 
carrier current will be superimposed upon a carrier frequency which 
can vary between the values set for the black- and -white levels. This 
requires that the radio-frequency bandwidth be equal to twice the 
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highest modulation frequency plus the range of frequency lying between 
the black- and -white levels. 

According to the present standards, the difference between the 
black- and -white levels occupies about 75 per cent of the modulation 
characteristic. Therefore, if we so design the modulator that it can 
produce plus and minus 4.25 megacycles frequency deviation at any 
modulating frequency from 0 to 4.25 megacycles, then the minimum 
band required for a frequency -modulated radio -relay system, to match 
the present standards, will be B = (2 X 4.25) X 1.75 = 14.9 megacycles. 
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Fig. 15- Frequency range of frequency -modulation television modulated - 
carrier current. 

From this we may conclude that the nominal bandwidth allowed 
for a television -relay channel should be at least 15 megacycles. 

In practice, a larger frequency band is desirable to permit some 
increase in quality and reduction in noise, to help guarantee that the 
relay system will not be a substantial factor in detracting from the 
quality of service from the broadcast stations which it serves. 

It is therefore suggested that relay channels to serve the present 
standard television- broadcast stations should be allowed a nominal 
channel band of 20 megacycles. 

BANDWIDTHS REQUIRED FOR RELAY SYSTEMS TO SERVE 

TELEVISION IN THEATERS 

It now appears that future needs of theater television will call for 
an increase in the picture resolution over that now considered standard 
for television broadcasting. This is particularly true where television 
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programs may be interspersed with motion pictures, affording almost 
direct comparisons. 

For some classes of theater television, it is, therefore, assumed that 
more scanning lines would be used and, for the purpose of the present 
analysis, a minimum bandwidth in a radio -relay system for theater 
television programs of 60 megacycles and a nominal bandwidth of 80 

megacycles is assumed. 
It may be noted that, if this bandwidth is available for theater 

television, it may be used also for carrying future color television to 
the home with the same or better definition than is provided by the 
present standard for black -and -white images. 
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Fig. 16- Suggested minimum channel spacings for any one relay system- 
megacycles. 

GUARD BANDS BETWEEN CHANNELS WORKING IN THE SAME 

DIRECTION OVER THE SAME SYSTEM 

In existing television -broadcast systems, operating near 50 mega- 
cycles, a frequency interval of 0.5 megacycle is allowed within which 
to provide cutoff with a filter, for preventing interference between 
vision and sound transmitters. This suggests that guard bands between 
channels, for single -hop relays, might be nominally 1 per cent of the 
carrier frequency. 

In multiple -hop relays there tends to be an accumulation of the 
effects of cross coupling between channels, but perhaps this can be 
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balanced off against the reduction in cross -coupling effects provided 
by use of frequency modulation and by the effects of expedients other 
than frequency selectivity, such as polarization discrimination. It 
therefore seems reasonable, until further data are available, to assume 
that guard bands between channels should be 1 per cent or more of the 
carrier frequency. 

A suggested allowance for various ranges of frequency is shown in 

Table IV. 

Table IV- Circuits in Same Direction over Same Relay Path 

Range in Megacycles Megacycles Guard Band 
Total Band Per Channel 

Broadcast Theater 

300 to 1000 10 30 90 
1000 to 2000 20 20 100 
2000 to 3000 :30 50 110 
3000 to 4000 40 60 120 

GUARDS BETWEEN CHANNELS WORKING IN OPPOSITE 

DIRECTIONS OVER THE SAME SYSTEM 

For channels working in opposite directions the interference intro- 
duced at each repeater between channels is provided by the cross 
coupling between antennas pointing in the same direction, one of which 
is transmitting and the other receiving. This cross coupling, which 
has been given in a previous section, is determined by the approximate 
formula PT /Pr = 60,000 (D /À)'. 

If this ratio is the same as the gain required in each repeater, our 
receiving conditions will be identical with those where two channels 
operate in the same direction. 

Ordinarily, the gains per repeater may be on the order of 80 decibels 
or 100,000,000 -to -1 in power. Therefore PT /P,. = 100,000,000 = 60,000 

(D /À)', or D /,l = 6.4. 
From this we conclude that the spacing between channels going in 

opposite directions may be the same as that between channels going 
in the same direction provided the reflectors for the antennas are 6.5 

wavelengths or more in diameter, in a system engineered as outlined 
in the early part of this paper. 

PROBABLE FUTURE USES FOR RADIO -RELAY SYSTEMS 

Since the only justification for investing large sums of money in 

radio -relay systems, and for becoming involved in the toils of technical 
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development, business promotion, and government regulation, is the 
usefulness of the systems, it may be appropriate to consider what some 

of the uses may be. 

Radio relays have such outstanding technical and economic advan- 
tages for the distribution of television that, eventually, they should 

be regarded as essential for this service. However, the costs for 
adequate radio -relay systems are substantial and, unless the costs of 

relay- station sites, towers, and facilities can be spread over a number 
of channels and services, they may be so burdensome as to delay the 
initial spread of television service. 

In holding unit costs down it is essential that the relay stations 
be designed and utilized to provide several television channels, all 

utilizing the same towers. It is also essential that the investment and 

operating expenses be shared with as many secondary, services as 

possible. 
In general, relay stations will occupy the highest points and provide 

the highest towers in each community. They are, therefore, the natural 
choice for location of radio broadcast stations. By combining relaying 
and broadcasting, where this is possible, both can benefit. 

High towers, occupying the highest points, are natural gathering 
places for pleasure seekers and the curious. In many cases, observation 
platforms at the top of the towers, television theaters, restaurants 
and other entertainment facilities may be provided to give a greater 
public service and to help in paying the costs. 

One of the most natural secondary services, from a technical stand- 
point, will be that of facsimile communication, by which is meant the 

transmission of any sort of picture or message which is to be recorded 
at the receiving end as a copy of the original. An adequate television - 
radio -relay circuit has a potential speed of transmission of 108,000 

pages per hour. 
There are as many uses for facsimile service as there are for the 

existing telegraph and mail services. It is a means for giving the 
service with far greater speed and less effort. Soon, for example, it 

could provide a nationwide newspaper delivery faster than papers can 

now be printed. Newspaper publishers then will no longer be dependent 
upon the slow and inefficient type of delivery service which was already 
in use when printing was invented. 

There is another probably important use for future radio -relay 
systems which is closely related to the struggle just beginning to obtain 
the use of frequencies above 30 megacycles. It is that of providing 
radio services to airplanes. 

As the number of airplanes in flight increases, the demands for 

www.americanradiohistory.com

www.americanradiohistory.com


334 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

Fig. 17- Recommended design of television tower. 
It provides: 

1. Rigid mounting of antennas at any height and pointed in any di- 
rection. 

2. Housing for repeaters at antenna heights to save losses in trans- 
mission lines or wave guides. 

3. Means of access protected from wind, rain, ice, and snow. 
4. Observation platform for visitors. 
5. Cost comparable with less -desirable steel towers. 
6. Mounting for broadcast antennas when required. 
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radio service will increase to such a degree that it will be unreasonable 
to provide radio frequencies and facilities so that all of the airplanes 
flying over land may communicate by radio over long distances. Fur- 
thermore, as the speed and efficiency of airplanes has increased, it has 
become more unreasonable to provide either large protruding antennas, 
or powerful equipment, needed to operate on the frequencies required 
to reach large distances. 

Looking ahead it seems inevitable that much of the communication 
with aircraft must be limited to short distances and carried out on 

higher frequencies with smaller equipment and without protruding 
antennas. This will require a large number of ground .stations, spread 
out along the air routes. Substantially these same routes will be fol- 
lowed by the radio -relay systems, and the radio -relay stations are 
natural sites for airline radio ground stations. 

The railroads, long- distance bus and truck lines, and portions of 
the traveling public have communications needs similar in character 
to those of the airlines, and radio -relay systems might very well con- 
tribute to the fulfillment of these needs. 

Radio relays may, of course, be used for long -distance multiplex 
telephone communication, particularly for the distribution of sound 
broadcast programs. Sound accompanying television obviously should 
pass over the radio relays so that its handling may be properly co- 

ordinated and so that vision and sound will be subject to equal time 
delays. 

Finally, there is a growing need for means to interconnect a variety 
of newly developed business machines so that manufacturing, trans- 
portation, and merchandising organizations, and the public they serve, 
may benefit from the advantages of decentralized and widespread 
operations, with centralized management and control. 

With all the pent -up new needs, and the apparent ability of radio - 
relay systems to fill these needs, what is now needed most to make 
radio relaying a great new American industry is a more general 
understanding of its value; a well- defined and stable licensing policy; 
a relaxation of restraints which dampen the hope of expansion and 
profit and which discourage joint action by those in need of relay 
service; and a few good promoters who have caught the vision. 
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BY 

LELAND E. THOMPSON 

Engineering Products Department. RCA Victor Division, 
Camden N i. 

Summary -A method of double -frequency modulation suitable for long - 
distance transmission of multichannel signals by means of radio -relay 
stations is described. Propagation, radio -frequency bandwidth, and radio - 
frequency power' are discussed briefly. The signal -to -noise ratio and dis- 
tortion of the system are shown by theory and experiment. An experimental 
circuit between Philadelphia and New York is described and the ,results 
are given. 

INTRODUCTION 

I1E development of microwave power generation and radiation 
during the war advanced so -far that it now seems economically 
possible to transmit multichannel telephone and telegraph signals 

over long distances by means of relay stations spaced from 25 to 50 
miles apart. Such services require a high degree of reliability. Inter- 
ruptions due to interference and propagation failures should be entirely 
absent. 

The microwave region from 2000 to 10,000 megacycles is particu- 
larly well suited for such transmissions. In this frequency range the 
received signal over a propagation path only slightly above grazing is 
near the free -space value.' Interference from a station on the same 
frequency channel at a much greater distance away than the desired 
station, even under conditions of unusual propagation and without the 
help of the directivity of the antennas, is considerably reduced just 
because the distance to the interfering station is greater than that to 
the desired station. This is a more favorable condition than on lower 
frequencies where, for example, on 40 to 100 megacycles the received 
signal at a distance of 25 miles over a propagation path slightly above 
grazing would be considerably below the free -space value and an inter- 
fering signal from a greater distance may be so much nearer the f ree- 
space value that, with the same transmitted power, it is actually 
stronger than the desired signal under unusual propagation conditions. 

This more favorable propagation characteristic of microwave fre- 

* Decimal classification: R480 X R310. 
t Reprinted from Proc. I.R.E., December, 1946. 
I C. W. Hansell, "Radio- relay -systems development by the Radio Cor- 

poration of America," Proc. I.R.E., vol. 33, pp. 156 -168; March, 1945. 
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quencies together with sharply directional antennas provides a much 
greater opportunity to use the same frequency channel over and over 
again than was ever possible on lower frequencies. 

It is well known that frequency modulation with a large deviation 
ratio provides a gain in signal -to -noise ratio at the expense of increased 
bandwidth 2 3 In other words, for a given signal -to -noise ratio, less 
radio -frequency power is required than in an amplitude -modulation 
system, or in a frequency -modulation system with a low deviation ratio. 
In addition to the economy of a low -power system, there is the advan- 
tage of the greater possibility of using the same frequency channel 
over and over even in the same local geographical area, because of the 
interference -suppression effect of frequency modulation. 

For example, assume that in a terminal station in a metropolitan 
area, which is the terminating point of several microwave relay cir- 
cuits, each relay circuit is a two -way circuit and that each radiates 
from the terminal station in a different direction. All the receivers at 
the terminal station may use one common frequency channel and all the 
transmitters may use a second one. Interference between the different 
circuits would be eliminated by the directivity of the antennas and by 

the interference suppression of frequency modulation. With an ampli- 
tude- modulation system, or any system which would depend on the 
antenna directivity alone for interference elimination, such common 
use of one frequency channel would not be practical, at least not with 
the antenna designs in use at the present time. In this case, although 
the frequency band required for each of the circuits would be smaller, 
each circuit would require a separate frequency channel. Probably a 

total frequency spectrum greater than that used when all the circuits 
can operate on a common frequency channel would be required. 

It is evident that bandwidth alone is not a measure of the "space" 
required by a particular system. The type of modulation and the 
amount of radio -frequency power used are of great importance in 

efficient use of the spectrum. 

THE DOUBLE- FREQUENCY -MODULATION SYSTEM 

The ability to modulate, relay, and demodulate a number of simul- 

taneous signal channels without objectionable noise or cross talk is 

as important as the ability to generate and to radiate radio- frequency 
power. This system of modulation makes use of frequency separation 

2 Edwin H. Armstrong, "A method of reducing disturbances in radio 
signaling by a system of frequency modulation," Proc. I.R.E., vol. 24, pp. 
689 -740; May, 1936. 

3 Murray G. Crosby, "Frequency modulation noise characteristics," 
Proc. I.R.E., vol. 25, pp. 472 -514; April, 1937. 
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of the various signal channels. The modulation range is from 30 cycles 
to 150 kilocycles. Any of the systems of channeling used on long wire - 
line telephone' and telegraphs systems may be used. 

The intelligence or signaling band of frequencies is used to fre- 
quency- modulate or phase -modulate a subcarrier to 1.0 megacycle. The 
modulated subcarrier then frequency -modulates the radio -frequency 
carrier. A pre- emphasis network is used to increase the deviation of 
the subcarrier to approximate linearity with increasing modulating 
frequency between 10 and 150 kilocycles, so that the signal -to -noise 
ratio on all of the channels will be the same. Below 10 kilocycles, pre - 
emphasis does not take place. Above 10 kilocycles the modulation is 
more correctly called phase modulation, since the deviation increases 
with modulating frequency. 

The method of generating and modulating the subcarrier is shown 
in Figure 1. Two oscillators are frequency -modulated by two reactance - 
modulator tubes. Each oscillator output is coupled to a tripler stage, 
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Fig. 1 -Block diagram of the terminal transmitter. 

and the outputs of the two tripler stages couple to a mixer stage. The 
plate circuit of the mixer stage is tuned to the frequency difference 
between the frequencies of the two input voltages. The input modu- 
lating voltage is fed in push -pull fashion to the grids of the reactance 
modulators. The output frequency swing of the 1.0- megacycle sub - 
carrier is, because of the action of the tripler stages, three times the 
sum of the swings produced by the two modulators. The maximum 
frequency swing of the subcarrier is plus and minus 400 kilocycles. 

The microwave unit of the transmitter uses a reflex oscillator .° A 
relatively low -power oscillator tube has been used in the experimental 
system. The modulated subcarrier is coupled to the repeller electrode 
circuit of the oscillator tube to produce the frequency modulation of 

B. W. Kendal and H. A. Affel, "A twelve -channel carrier telephone 
system for open -wire lines," Bell Sys. Tech. Jour., vol. 18, pp. 119 -142; Janu- 
ary, 1939. 

s F. B. Bramhall and J. E. Boughtwood, "Frequency- modulated carrier 
telegraph system," Trans. A.I.E.E., vol. 61, pp. 36 -39; January, 1942. 

J. R. Pierce, "Reflex oscillators," Proc. I.R.E., vol. 33, pp. 112 -118; 
February, 1945. 
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the microwave carrier. The frequency swing is plus and minus 2.0 
megacycles. 

The frequency control consists of a high -Q cavity circuit which 
stabilizes the frequency of the oscillator by means of an automatic - 
frequency- control circuit. 

At a relay station the signal is received by a superheterodyne 
receiver with an intermediate frequency of 32 megacycles and a band- 
width of 4 megacycles. Figure 2 is a block diagram of a relay receiver 
and transmitter. The last limiter in the intermediate -frequency ampli- 
fier connects to a 32- megacycle discriminator which has a frequency 
range from audio frequencies up to about 1.5 megacycles. The fre- 
quency- modulated subcarrier output of the discriminator is amplified 
by a two -stage amplifier and limiter with interstage -coupling circuits 

Fig. 2 -Block diagram of a relay receiver and transmitter. 

broadly tuned to 1.0 megacycle. The output of this amplifier is coupled 
to the repeller- electrode circuit of the relay- transmitter oscillator and 
thus frequency- modulates the relay transmitter. 

At a terminal receiving station, the output circuit of the subcarrier 
amplifier connects to a second demodulator. The circuits of the de- 
modulator are shown in block- diagram form in Figure 3. By the use 
of an oscillator and a balanced mixer circuit, the 1.0 megacycle sub - 
carrier is changed to a frequency of 13.0 megacycles. A three -stage 
limiter is used before the final discriminator, which operates at the 
center frequency of 13.0 megacycles. 

The modulation characteristic of the transmitter oscillator as well 
as of the 32- megacycle discriminator need not be linear because the 
modulation applied to the oscillator and the output voltage of the 
discriminator are the subcarrier wave, and this is a frequency -modu- 
lated wave and not subject to any harmful effects by passing through 
nonlinear circuits. 
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A comparatively simple system of relaying is thus provided, since 
the relay- transmitter radio -frequency circuits contain a single tube, 
the reflex oscillator. 

For successful operation and maintenance of a relay system con- 
sisting of a number of relay stations that are normally unattended, a 
means of communication from a terminal station to any relay station, 
and also between any two relay stations, is very desirable. A means 
of locating failures in the system from a terminal station is almost a 
necessity for prompt repair and servicing. This service channel is 
provided by frequency -modulating the transmitter oscillator directly 
with audio frequencies in addition to the subcarrier modulation. 

At each relay station, this audio frequency is separated from the 
subcarrier at the 32- megacycle discriminator and then applied again 
to the outgoing transmitter oscillator. A microphone and headphone 
are connected in this circuit at each relay station. This service channel 
also provides the necessary circuit for the signals which locate failure. 
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Fig. 3 -Block diagram of the demodulator used at a 
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terminal station. 

Nonlinearity in the modulation characteristics of the oscillator and 
the 32- megacycle discriminator cause distortion in this channel, but a 
relatively high value of distortion here is not objectionable. Because 
of the large frequency separation, cross modulation with the subcarrier 
channels does not result. 

The radio -frequency circuit components of the experimental equip- 
ment are illustrated in Figure 4. The antenna is shown at the top. 
The transmitter oscillator appears at the lower left. These components 
were designed for a frequency range of 3000 to 3300 megacycles. The 
concentric -line output of the oscillator tube is capacitance -coupled to a 

section of concentric line containing two sliding insulator sections, 
each a quarter -wavelength long. By adjusting the position of the two 
insulators, the oscillator tube is matched to the transmission line and 
antenna. At the lower right in Figure 4 is shown the receiver oscillator 
and mixer unit. The output of the oscillator tube couples to a quarter - 
wave concentric -line resonant circuit by means of a capacitance probe. 
A small loop couples the antenna to the resonant circuit across which 
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the crystal rectifier is connected. The output terminal shown at the 
top of the unit connects to the intermediate -frequency amplifier. 

SIGNAL -TO -NOISE RATIO 

The received -carrier -to -noise ratio depends on a number of factors. 
First, the propagation path should be clear of any obstructions such 
as hills, trees, etc. The other factors determining the received- carrier- 
to -noise ratio are transmitter power, diameter of the antenna reflector, 
wavelength, distance, receiver bandwidth, and receiver noise factor. 
The value of the carrier -to -noise ratio may be calculated for these 
latter factors from the formulas given by Hansell.' 

With either frequency modulation or amplitude modulation the 
signal -to -noise ratio at the output of the receiver is not the same value 
as the carrier -to -noise ratio before the last detector; this is the case 

Fig. 4- Experimental radio -frequency circuit components. 

if the bandwidth of the intermediate- frequency -amplifier circuits is 
greater than twice the frequency- response range of the audio circuits. 
The signal -to -noise ratio is improved by a factor that is determined 
by the bandwidth reduction. In the case of amplitude modulation the 
equation for signal -to -noise ratio (S /N) is 

CN/a.0 M Y (23) N 
(1) 

where (BW) is the intermediate- frequency bandwidth, fa is the audio - 
frequency bandwidth, M is the modulation factor, C is the carrier 
voltage, and N the noise voltage ahead of the last detector. When the 
frequency -modulation improvement factor3 is applied to (1), the equa- 
tion for the signal -to -noise ratio with frequency modulation is 
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S /(BW) 
_ D, 

N Hom V 2f N 
(2) 

where D is the ratio between the frequency deviation and the highest 
modulating frequency. 

The signal -to -noise ratio equations for the double- frequency -modu- 
lation system are derived in the appendix. The equation for the first 
or audio -frequency channel is 

S 3 (BW) C - ) DID_ 
N / DF.v Nji 2fa N 

(3) 

where D, is the ratio between the frequency swing of the carrier and 
the subcarrier frequency, and D2 is the ratio between the frequency 
deviation of the subcarrier by the audio frequencies and the highest 
audio frequency of this channel. 

The signal -to -noise ratio equation for the carrier channels above 
the audio channel, where the subcarrier is phase modulated, is 

S 
t D D, (BW) C - I A/ 

N ,,v,,, \/2 Y 24, N 
(4) 

where D3 is the ratio between the frequency deviation of the subcarrier 
by any one channel and the mid -frequency of this channel and fa is 
the band -width of this signal channel. It is assumed in all of the above 
cases that the carrier -to -noise ratio is above the threshold value and 
that the total frequency swing of the subcarrier by all of the signal 
channels does not exceed the linear range of the subcarrier modulator 
and demodulator. 

I)ISTORTION 

Cross talk in a multichannel modulation system depends on the 
distortion in the system. The sources of distortion in frequency modu- 
lation are the amplitude nonlinearity of the modulator and the demodu- 
lator as well as the nonlinear phase characteristics of the circuits 
between the modulator and the demodulator. 

Measurements of the distortion in this system with the modulator 
connected directly to the demodulator are shown by the curve in 
Figure 5. 
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The second source of distortion, nonlinear phase characteristics of 
tuned circuits, is an important factor in a relay system composed of 
a large number of relay stations. Both Roder' and Jaffe" show that 
this distortion is high, even in one circuit, when the frequency swing 
is near or greater than the bandwidth of the tuned circuit and when 
the modulating frequency is a high audio frequency. The distortion 
reduces rapidly with a reduction of frequency swing. However, dis- 
tortion is still a serious factor when a large number of tuned circuits 
are used, as in a long relay system. 

The nonlinear phase characteristic of the receiver intermediate - 
frequency- amplifier circuits will first be considered. The action of these 
circuits on the signal frequencies is of the greatest importance because 
of the relatively large number of such circuits in the system. It was 
determined in the experimental system that tuning all these circuits 
to one side or the other of resonance did not produce a measurable 

FR[QZ 4CY SWING WG. 

Fig. 5 -Over -all distortion of the modulator and demodulator units. 

change in the over -all distortion. Also it was found that the over -all 
distortion did not change with the percentage modulation (or frequency 
swing) of the carrier. It was concluded that the intermediate-fre - 
quency- amplifier circuits are not an important source of distortion in 
this double- frequency -modulation system. 

The subcarrier amplifier and limiter tuned circuits are a source of 
distortion. By making these circuits sufficiently broad in frequency 
response, a satisfactory phase characteristic can be obtained such that 

7 H. Roder, "Effects of tuned circuits upon a frequency -modulated 
signal," Proc. I.R.E., vol. 25, pp. 1617 -1647; December, 1937. 

e David Lawrence Jaffe, "A theoretical and experimental investigation 
of tuned- circuit distortion in frequency -modulation systems," Proc. I.R.E., 
vol. 33, pp. 318 -333; May, 1945. 
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a large number of relay stations may be used. An advantge of such 
low -Q circuits is that they are relatively stable under normal changes 
of temperature and humidity, and thus make practical the use of 
phase- corrective networks should they be necessary in an extremely 
long relay system. 

COMPARISON WITH SINGLE FREQUENCY MODULATION 

It is reasonable to compare the signal -to -noise ratios of this system 
with a single- frequency -modulation system on the basis of equal trans- 
mission bandwidths and equal transmitted powers. Both systems can 
be designed for any given bandwidth and power, within practical limits. 

Comparing (2) for frequency modulation with (3) for double 
frequency modulation, assuming equal bandwidths, power, and modu- 
lating frequencies, 

S 

N I Fd/ \IT'D 

S 

N DFJf 

gives the ratio of the signal -to -noise ratios of the two systems. Assum- 
ing values for D1 and D2 according to the system described, D1 is equal 
to 2 and the ratio of D to D2 is 5, since the maximum frequency swing 
of the subcarrier is 400 kilocycles and the maximum frequency swing 
for a frequency- modulation system with a bandwidth of 4.0 megacycles 
would be 2.0 megacycles. The single -frequency- modulation system has 
a greater signal -to -noise ratio by a factor of 3.5, or about 11 decibels. 

In the case of the single- frequency -modulation system, the modula- 
tion on the carrier passing through the intermediate- frequency circuits 
of the receivers is the signaling frequency. To maintain a sufficiently 
low value of cross talk due to nonlinear phase distortion, it is probable 
that the full peak -to -peak deviation equal to the bandwidth could not 
be used, and the signal -to -noise ratio would therefore be reduced. 
Another factor to be considered in the single- frequency -modulation 
system (assuming relaying is accomplished without demodulation at 
the relay stations) is the frequency instability of the transmitters. 
The instability adds up along the system. That is, the frequency of 
the received carrier at the final receiver in the chain depends not only 

on the last transmitter, but on all of the transmitters and all of the 
receiver oscillators in the chain. A suitable allowance for frequency 
drift would reduce the permissible peak frequency swing. 

While these results have indicated reasons for choice of the double- 

D1D2 
(5) 
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frequency- modulation system, it is difficult to make an exact com- 
parison at the present time. The normal progress of development will 
make a more conclusive comparison possible in the future. However, 
the experimental results described below tend to confirm the correct- 
ness of these conclusions. 

EXPERIMENTAL RESULTS 

An experimental two -way circuit constructed between Philadelphia 
and New York City was placed in operation in April, 1945. The location 
of this circuit is shown on the map of Figure 6. Two relay stations are 
used, one near Bordentown, New Jersey, and the other near New 
Brunswick, New Jersey, at a site named Ten Mile Run. 

P 

RADIO RELAY CIRCUI 

AMCilONO 

NEW 

RN li-( 

Fig. 6- Location of stations in the experimental circuit. 

The photograph of Figure 7 shows the tower with antenna reflectors 
at the Bordentown relay station. The Ten Mile Run station is similar. 
The towers are 100 feet in height. The experimental equipment was 
placed in the enclosure at the top of each tower. The design of later 
models permits the installation of most of the equipment at ground 
level, with the transmitter oscillator, receiver oscillator, mixer, and 
first amplifier located near the antennas. 

The facilities for the installation of the terminal stations at both 
Philadelphia and New York were made available by the Western Union 
Telegraph Company, the Engineering Department of which organiza- 
tion co- operated in the field tests of the circuit. 

The frequencies used in the experimental tests are near 3300 mega- 
cycles. Two frequency channels are used for the complete two -way 
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circuit. At each relay station the transmitters in both directions are 
on the same channel frequency, and the receivers in both directions 
operate on the other channel frequency. 

The transmitter power is approximately 0.1 watt. The antenna 
parabolic reflectors are 4 feet in diameter. This dimension gives an 
antenna gain of about 30 decibels and an angular beam width of about 

Fig. 7 -Relay station near Bordentown, New Jersey. 

5.5 degrees at the half -power points. The antennas are dipoles fed by 
concentric transmission lines. 

The propagation path between Philadelphia and Bordentown is 
sufficiently clear above hilltops to allow a geometrically unobstructed 
path above trees of normal height. The distance is 26.5 miles. The 
path of the link between Bordentown and Ten Mile Run is well above 
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trees and other obstructions. The distance of this link is 20 miles. The 
propagation path between Ten Mile Run and New York is not suffi- 
ciently clear of the terrain to allow for trees and buildings near the 
center of the path. The distance is 37.5 miles. 

The received -carrier -to -noise ratio was measured over each link of 
the circuit under normal weather conditions when the received signals 
were constant. The value of this ratio measured on the Ten Mile Run 
to New York link was 20. Between Ten Mile Run and Bordentown the 
ratio was 90, and between Bordentown and Philadelphia the ratio 
was 68. 

To obtain an experimental confirmation of the signal -to -noise ratio 
of (3), a measurement was made under the following conditions. The 
subcarrier circuit on the New York receiver was connected directly to 
the transmitter to form a relay station, so that a one -way loop circuit 
of 168 miles in length was obtained with the transmitting and receiving 
ends of the circuit in Philadelphia. Measurements were made at audio 
frequencies with a filter on the receiver output with a noise band of 
15 kilocycles. A modulating frequency of 1000 cycles was used with a 
swing of 60 kilocycles on the subcarrier. 

The signal -to -noise root- mean -square voltage ratio measured about 
1000, or 60 decibels. From (3) the calculated value is 67 decibels, with 
the carrier -to -noise ratio of 20 obtained on the lowest signal link in the 
circuit. There were two such links of about equal strength and there- 
fore 3 decibels should be subtracted from this calculated figure, giving 
a value of 64 decibels. The noise contributions of the links having the 
stronger received signals would be small by comparison and were 
neglected. Other tests made over a single link checked the theoretical 
value to about the same degree. 

The distortion over the circuit, measured at a modulation frequency 
of 200 cycles and a frequency swing of 240 kilocycles on the subcarrier, 
was about 0.1 per cent, or 60 decibels below the audio signal. This is 
about the same value as was measured with the modulator unit con- 
nected directly to the demodulator and not going through the radio 
circuit, as is shown in the data of Figure 5. 

The distortion increased with modulating frequency, and at 5000 
cycles and a frequency swing of 240 kilocycles, the distortion was 0.7 
per cent. This measurement showed the effect of the nonlinear phase 
characteristic of the subcarrier circuits. Although the frequency swing 
of 240 kilocycles is very much more than would be used normally with 
a modulation component at 5000 cycles, the measurement indicated that 
such distortion can be serious at higher modulation frequencies. 

In co- operation with the Engineering Department of the Western 
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Union Telegraph Company, practical tests were made with the use of 
two carrier telephone channels, about 50 teleprinter channels, a slow - 

speed tape -facsimile channel, and an audio channel with a fidelity of 
30 cycles to 10,000 cycles. This combined modulation extended to a 

frequency of about 50 kilocycles. Listening tests showed cross talk and 
noise to be at an acceptably low level. The operation of the teleprinter 
channels was satisfactory, with no errors noted during the period of 
the tests on the single printer that was used at the radio terminal. 

Propagation records were made over this circuit for about nine 
months. Generally the results show quite satisfactory performance 
with the power of 0.1 watt. It is proposed to conduct further tests at 
greater distances. These tests may indicate that, with sufficient 
propagation path clearance, distances of 50 to 60 miles may be practical 
with this low value of power. 

The noise level of the circuit was apparently determined entirely 
by receiver noise. Both terminal receivers are in locations where the 
noise level caused by electrical machinery is very high at the receiver 
intermediate frequency of 32 megacycles. Proper grounding and 
shielding of the intermediate -frequency circuits was necessary to 
prevent noise from being introduced directly into the intermediate - 
frequency amplifier. 

CONCLUSION 

From both a theoretical and a practical viewpoint, the system of 

radio relaying described is sufficiently promising fór multichannel 
voice and telegraph communication to warrant further development 
and an extension of the test circuit. Such work is now in progress. 
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APPENDIX 

Consider the signal and noise at the first frequency -modulation 
detector in the receiver. If the frequency -modulation peak -to -peak 
swing of the carrier by the subcarrier wave before detection is equal 
to the intermediate -frequency bandwidth, the amplitude of the sub - 
carrier after detection is the same as the amplitude of the carrier 
ahead of the detector, if the efficiency of the frequency -modulation 
detector is 100 per cent. Crosby3 has shown that, if sufficient limiting 
is used, the efficiency of the detector does not change the output signal - 
to -noise ratio, both the signal and the noise being reduced with a 
detector of low efficiency. It is then permissible to assume an efficiency 
of 100 per cent. 

In Figure 8, the rectangle OABC represents the average noise -power 
output of an amplitude -modulation detector, and the area OBC repre- 
sents the average noise -power output of a frequency -modulation de- 

Fig. 8-Amplitude-modulation and frequency- modulation 
receiver noise -power spectra. 

tector. Crosby3 has shown that the ratio of these two values of power 
is 3 to 1. This result is found by a comparison of the squared ordinate 
areas of the two noise- voltage spectra. Similarly, the area OBC com- 
pared to the area under the curve between F, and F0, is as the squared 
ordinate areas, and the power ratio is 
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Ttie subcarrier -to -noise root -mean- square voltage ratio following the 
first frequency -modulation detector, considering only noise between F, 
and F0, is then 
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(7) 
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where C/N is the carrier -to -noise ratio in the intermediate -frequency 
amplifier ahead of the detector and M is the amount of frequency swing 
compared to the bandwidth and is equal to 1 at a frequency swing 
equal to half the bandwidth. 

Following the second frequency -modulation detector, the signal - 
to -noise ratio improves over that ahead of the detector by the well - 
known factor f times the deviation ratio, and also because of a 

bandwidth reduction produced by the channel audio- frequency filter 
following the detector. The signal -to -noise ratio following this filter is 

S _ F.: -F 1 C.- /3 D_ 
N 2f N 

where fa is the audio band of the filter. 
Substituting (7) and (8) 

BW 

S 

V 
/( 2 ) C 

= 3MD2 ,I / 
N 2fa V F23- F,3 N 

3 2 --D- /(BW) C 

NIF. + F1F2 + F1ff 2fa N 

(8) 

(9) 

(10) 

Equation (10) gives the signal -to -noise ratio of the first audio - 
frequency channel with a filter passing frequencies up to fa. If F1 
and F._ approach F,., the frequency of the subcarrier, 

M(- S / M ( 2W ) 1 =_D1 
VF_' + F1F2 + F,' F,,,. V3 

where D1 is the ratio of the deviation of the carrier by the subcarrier. 
Equation (10) then becomes 

S V7 (BW) C 
) - DID,A/ 

N uv)1 \,/-2- Y 2fa N. (3) 
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In the system described, F1 is equal to 600 kilocycles and F. is 
equal to 1400 kilocycles, and the error in using (3) instead of (10) is 

V1.42+0.6 X 1.4+0.62 VT17 

V3X1 VT 
= 1.03. (12) 

It is not necessary to use a band -pass filter in the subcarrier circuits 
to eliminate noise components below F1 and above F0, as these com- 
ponents produce noise in the receiver output circuits beyond the modu- 
lation range and are eliminated by the channel filters. 

Similarly, the signal -to -noise ratio in any band of modulation fre- 
quencies between F3 and F4 at the output of the second frequency - 
modulation detector is 

F,- F1\2 

S /( 2 / Cac 
=v3Ml 

Y N F43- F33 N 

= V7 M, 
(F_-F1) 2 

VF42 + F3F4 + F32 

FZ-F1 Coo: 

2(F4-F3) N 

(13) 

(14) 

where M, is the amount of frequency swing of the subcarrier compared 
to the bandwidth of the subcarrier circuits and is equal to 1 at a fre- 
quency swing equal to (F_ -F1)/2. 

If F3 and F4 approach the mid -channel frequency, F,,,, 

(F 2 Fl/ M1 (F 2 F') 1 

M1 = = -D3 
VF42 + F3F4 + F32 v J Frn \rs 

(15) 

where D., is the ratio between the deviation of the subcarrier by the 
frequencies between F;, and F4 and the mid -channel frequency, F,,,. 
Equation (14) then becomes 

S F,- F1 C,. 
= D3 

N 2(F4-F3) N 
(16) 
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F: - F1 Cae = D3 (17) 
2fa N 

where fa is the bandwidth of any channel above the audio channel. 
The error introduced by the use of (15) is very small. For example, 
the error in calculating a channel of 4 kilocycles between 18 and 22 

kilocycles would be 0.16 per cent. 
Substituting equation (7) in (17) in the same manner as it was 

substituted in (8), it is found that 

S 
1 D D, (BW) C - Di D3 

Fr.v \a (4) 
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MICRO -WAVE TELEVISION RELAY *t 
BY 

W. J. POCH AND J. P. TAYLOR 

Engineering Products Department. RCA Virtor Division, 
Camden, N. J. 

Summary 
The need for radio links, particularly for use in relaying of television 

programs for networking purposes, is briefly reviewed and the advantages 
of microwaves for this purpose are discussed. The paper then describes 
in detail equipment which is available for use as television relays. This 
equipment uses the war -developed klystron circuits, operates in the super - 
high frequency band and is actual production equipment and not of u 
special or experimental nature. After a brief discussion of system tests, 
the arrangement of equipment units is described. The paper concludes with 
a detailed discussion of the transmitter, transmitter control unit, receiver, 
and receiver control units of this system. 

(8 pages; 20 figures) 

Decimal Classification: R389.1 X R310. 
f PM and Tele., August, 1946. 

DEVELOPMENT OF RADIO RELAY SYSTEMS 
BY 

C. W. HANSELL 

Research Department, RCA Laboratories Divi.iuu, 
Rocky Point, L. 1., N. Y. 

Summary 
Radio relay systems for long distance electrical communications over 

land have been accepted as replacements for wire lines and cables over 
some of the most heavily loaded telegraph circuits in the world. They are 
beginning to revolutionize and expand communications over land just as 
the development of short wave transoceanic communication 20 years ago 
revolutionized international communications. During the war this com- 
pany developed the AN /TRC -8 and AN /TRC -5 radio relaying equipments 
for the U. S. Army Signal Corps; at the end of the war, it developed Types 
CW -la and CW -2a radio relay equipment which it demonstrated for the 
Western Union Telegraph Co., with the result that Western Union has 
announced plans for establishing a national radio relay network. Long 
distance radio relaying is expected to be done in a band of frequencies 
ranging from about 1000 to 8000 megacycles, the upper limit of frequency 
being set by effect of rain storms upon reliability. Suggested minimum 
carrier -to- effective or apparent noise power ratios are as follows: for 
printer telegraph, 18 decibels; for ordinary broadcast material, facsimile, 
and television, 50 decibels; and for high grade music, 60 decibels. The fre- 
quency bandwidth occupied by a phase modulated multichannel radio relay 

Decimal Classification: R480. 
f RCA REVIEW, September, 1946. 
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system is 2B -I- 2Bd /'Ti where B is the 'modulation frequency band and d is 
the peak phase deviation. Radio relay equipment development is still in a 
state of flux but, since costs are mostly for sites, towers, and auxiliary 
facilities, which are permanent, there is no need to delay investment in 
radio relay systems. Automatic facsimile message communication at tele- 
vision speeds may well be the best answer to competition for the record 
communications industry. 

(18 pages; 3 figures) 

A MICROWAVE RELAY 
COMMUNICATION SYSTEM *t 

BY 

G. G. GERLACH 

Engineering Products Department, RCA Victor Division, 
Camden, N. J. 

Summary 

This paper reviews the experimental results obtained with a 4000 - 
megacycle multichannel relay system connecting New York and Philadel- 
phia. The system employs a frequency- modulated subcarrier which in turn 
is used to frequency- modulate the "al carrier. Demodulation to the sub - 
carrier frequency is effected at relay stations. The microwave relay equip- 
ment, which resulted from this experimental work and which will be installed 
by the Western Union Telegraph Company in a circuit connecting New 
York, Washington and Pittsburgh, is described. 

(25 pages, 21 figures, 2 tables) 

* Decimal Classification: R480. 
f RCA REVIEW, December, 1946. 

PULSE TIME DIVISION RADIO RELAY*t 
BY 

B. TREVOR, O. E. Dow, AND W. D. HOUGHTON 

Research Department, RCA Laboratories Division, 
Riverhead and Rocky Point. 1.. I. X. V. 

Summary 

This paper describes a radio relay set which provides eight telephone 
circuits and operates in the 1350 to 1500- meracycle band. The set uses a 
time division multiplex system and pulse position modulation. An explana- 
tion of the system is given. The signal -to -noise ratio at threshold signal 
condition is derived and compared with the measured signal -to -noise ratio. 
This radio set was developed for the U. S. Army during the war and is 
designated the AN /TRC -5. 

(14 pages; 10 figures) 

* Decimal Classification: R148.6 X R480. 
f RCA REVIEW, December, 1946. 
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ATTENUATION OF ELECTROMAGNETIC FIELDS 
IN PIPES SMALLER THAN THE 

CRITICAL SIZE' ̀1- 

BY 

E. G. LINDER 

Research Department, RCA laboratories Division, 
Princeton. N. J. 

Summary -A theoretical and experimental discussion is given of electro- 
magnetic fields in pipes smaller than the critical size, especially with regard 
to attenuation, and based upon wave -guide theory. It is shown that the rate 
of attenuation, as the wavelength increases and passes through the critical 
value, approaches a high asymptotic value. Confirmatory experimental data 
are given. Simple formulas for attenuation are included. 

R. 
ECENTLY several papers" have appeared in which the propa- 

gation of electromagnetic waves in pipes has been discussed. 
These have indicated that for a given frequency there is a 

critical pipe size below which wave propagation is not possible, or in 
other words, for a pipe of a given size there is a cutoff frequency fo 
below which wave propagation does not occur. Aside from this, so far 
as the writer is aware, no discussion has previously been made of 
phenomena below cutoff or very near to it. In fact most of the present 
published theory is not valid for frequencies very near to fo. It is the 
purpose of the present paper to discuss this case somewhat more 
completely. 

The general expressions for the fields in cylindrical tubes may be 
written in the form" 

E=Ei(r,B) exp (jwt±yz) 

H= 111(r, B) exp ( jwt ± yz) ' 
(1) 

whence it is seen that the field along the axis of the tube is controlled 
by the factor exp (jwt ± yz), where y, the propagation constant, may 
be written y = a + jß. The real part of y is the attenuation constant 
and the imaginary part is the phase constant. 

* Decimal Classification: R110. 
t Reprinted from Proc. I.R.E., December, 1942. 
1 W. L. Barrow, "Transmission of electromagnetic waves in hollow tubes 

of metal," Proc. I.R.E., vol. 24, pp. 1298 -1329; October, 1936. 
2 J. R. Carson, S. P. Mead, and S. A. Schelkunoff, "Hyper- frequency 

wave guides," Bell Sys. Tech. Jour., vol. 15, pp. 310 -333; April, 1936. 
G. C. Southworth, "Hyper- frequency wave guides," Bell Sys. Tech. 

Jour., vol. 15, pp. 284 -309; April, 1936. 
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The forms of propagation constant discussed in the above refer - 
ences1 -3 are not valid for f < fe, except in Barrow's paper. He gives a 
form of y which is valid for the E -type wave, over the whole frequency 
range, but does not discuss it, putting it immediately into a simpler 
form which does not hold over the whole range. Barrow's general 
expression is limited only by the assumption that the conductivity of 
the tube is very large but finite. After making several changes of 
notation it may be written 

2n r r ¡o ao°w "-wl 1`= 

y= 
o 

j 
L 

1-1 
a ) - 4r- ] +j 

a 
47r2 J, (2) 

where yo is the free -space wavelength corresponding to f, i.e., the 
cutoff wavelength, and 

V G 0,E1 (,)¡0.2 

w= ----, 
a R_ 

(3) 

where cl = dielectric constant of the medium (10- " /36vr farad per 
centimeter for air) 

/13 = permeability of the tube (henries per centimeter) 

0.3= conductivity of the tube (mhos per centimeter) 

a = radius of the tube. 

For copper pipes of practical sizes, the w term is negligibly small 
except very near cutoff. 

The real part of (2) determines the attenuation. It is of interest 
to consider its variation as a varies from below to above ao. This has 
been plotted in Figure 1, for the case of E0,1 type of field in a copper 
tube of radius a = 1.58 centimeters. For < ao the curve is identical 
with those published previously' 3, except as a -+ ao the attenuation 
does not become infinite as previously indicated, but rises very steeply 

. to a comparatively high value, and for À > À it approaches an asymp- 
totic value of 13.2 decibels per centimeter. 

The imaginary part of y determines the form of the field along the 
z axis. For < ao, it is seen from (2), the imaginary part is very 
large compared to the real part ; i.e., ß » a. Hence we see from (1) 

E = E1(r, B) exp (- az) exp (- jßz), 
that the field is simple harmonic with small attenuation. However, for 

> Ao, we have ß « a. The factor exp (- jßz) is very near unity. 
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The harmonic variation disappears and the field decreases at a high 
exponential rate as determined by exp (- az.) 

At the cutoff point Jt = ao and y = Vw ( -1 +j) = (cos 67.50 

+ j sin 67.50). Thus a and ß are of similar magnitude. 
It is evident that there is a continuous transition through the cutoff 

point, from a slightly attenuated simple harmonic wave to a highly 

a 

4 

w' 

io' 

ct 
db/c., 

a 

Wa ! .4 .5 .G A e I.. LI 1.2 LS 1.4 LS L6 L1 

Fig. 1- Attenuation for the case of an E,,, type of field in a copper pipe of 
1.58 centimeters radius, showing the variation through the cutoff point. 

attenuated exponential field. 
It is possible to derive very simple expressions for the attenuation 

which are accurate except close to À0. To do this write y2 in the form 

yZ = PE2°f 

whence 
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y = f E¢, a = Nrp cos ¢, and 

where, from (2) 

ß = VT sin 0, 

477'2 A02 Áo2w 2 \=w 1--- -I p 
A02 A2 4a2 471.2 

Except very near to A0 the w term is negligibly small and this is closely 
approximated by 

and 

477.2 A02 

p 
A0z A2 

-1J , for A < A0, 

\ o- / 
p =- 1 -- for A>Ao. 

Ao A2 

Consider the two cases: 

1. A<A0. 

Here y2 has a large negative real part, and a small positive 
imaginary part, hence 20 is almost 180 degrees and 4) is almost 90 
degrees. Hence we may write cos 95= w /2p, and sin 43= 1. 

Therefore 

A0w/4a 
a=Vpcos95= - 

A0z 

-1 
A2 

or, multiplying numerator and denominator by A/A0, 

and 

a = 
Aw/4a 

4/ A2 1-- 
A02 

27r A2 

(4) 

ß=-,/ 1--. (5) 
V Ao"- 
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These are identical with the expressions derived by Barrow;1 and 
Carson, Mead, and Schelkunoff', for this case. 

2. A. > A0. 

Here y2 has a large positive real part, and a small positive imaginary 
part. Hence, 2¢ is nearly zero, cos ¢ = 1, and sin 4 = w /2p. Therefore, 

and 

27r A02 1--, 
?to 

A2 

.low /4a 

A2 

(6) 

(7) 

It is of interest that the attenuation in this case depends only on 

A and A0 and is independent of the tube material, except for the 
assumption that it is of high conductivity. 

The above discussion applies only to E waves, since the basic 
expression (2) was derived for that case only.. The case of H waves 
for < A0 has been discussed in detail by Barrow; Carson, Mead, and 
Schelkunoff, etc. The case A > A0 may be handled by noting that the 
propagation constant for H waves may be written' 

2a / .102 

= /r`// 1- 
AO A2 

except for A very near to A0. For A > A0 this is real and thus represents 
the attenuation, which is seen to be identical with (6). The assump- 
tions are the same in both cases. Hence (6) is valid for both E waves 

and H waves. 
Equations (4) and (5) have been discussed in previous publica- 

tions,1 -3 and will not be dealt with further here. Equations (6) and (7) 
however appear not to have been mentioned previously.5 Equation (6) 

has been checked over the wavelength range from 7 to 10 centimeters 
for a tube of 1.58 centimeters radius, and for a field configuration of 

4J. A. Stratton, "Electromagnetic Theory," McGraw -Hill Book Com- 
pany. New York, N. Y., 1941, p. 539. 

6 R. A. Braden of this laboratory first noticed that our experimental 
measurements of attenuation rate followed an empirical law similar to 
equation (6). The similarity of this to expressions occurring in wave -guide 
theory led to the present investigation. 
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the H1.1 type. These data, which were obtained by G. Fernsler, are 
plotted in Figure 2. There is agreement within the accuracy of the 
measurements. 

The extension or fringing of fields into tubes has been discussed 
in a number of instances6 7 for static or low- frequency fields. These 
represent limiting cases given by A. co, and for which, from (6), 

a = 27r/h0 (8) 

Harnett and Casez have described three examples, to which this result 
is applicable, in which tubes are used as attenuators for signal gener- 
ators, and in which three different field configurations are employed. 
The first type has an input electrode consisting of a small circular disk 

a 
db/cen 

a an%) 

fi 7 a e l0 1 

Fig. 2- Attenuation for the case of 
an IL., type of field in a pipe of 
1.58 centimeters radius. The circles 
are experimental points. The line is 

computed from equation (6). 

centrally located in the tube. This produces a radial electric field similar 
to that of the E0,1 wave. Hence from wave -guide theory, X0= 2.62a. 
Therefore, from (8), 

27' 
a = -- napiers per centimeter 

2.62a 

20.9 
decibels per centimeter 

a 

= 20.9 decibels per radius, 

" , I. Langmuir and K. T. Compton, "Electrical discharges in gases, Part 
II," Rev. Mod. Phys., vol. 3, pp. 212 -213; April, 1931. 

7 D. E. Harnett and N. P. Case, "The design and testing of multirange 
receivers," Proc. I.R.E., vol. 23, pp. 578 -594; June, 1935. The attenuation 
formulas given in this paper were derived by H. A. Wheeler, but his deriva- 
tions have not been published. 
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which is in agreement with previous results.°' The second type has 
an input electrode consisting of a coil whose axis is normal to the axis 
of the tube. This produces a field configuration similar to that of the 
H1,1 wave. The limiting value of a is found to be 16.0 decibels per 
radius. The third type consists of an input electrode in the form of a 
coil whose axis coincides with that of the tube. The field is analogous 
to that of the H0,1 wave, and the limiting attenuation is found to be 
33.3 decibels per radius. These three cases are in agreement with the 
limiting values found by H. A. Wheeler, and given in the Harnett and 
Case paper. 

The formulas for A > a for these three cases may be written as 
follows: 

V 
E.1 type, a = 20.9 1 -- decibels per radius, (9) 

A2 

V / a,, 
H,,, type, a = 16.0 / 1 - decibels per radius, (10) 

V A2 

H.1 type, a = 33.3 1 - - - -- decibels per radius, (11) 
A2 

Formulas for other types of waves may be derived by inserting the 
proper value of a in (6). 

The accuracy of (6) and (7), also the derived formulas (9), (10), 
and (11) may be estimated as follows: From the accurate expression 
(2) we see that the terms involving w (which were neglected in 

obtaining (6) and (7)) affect the order of magnitude of the result 
only when 

A2 Ao2w 1- - 104 
A2 4,2 

for copper pipes. This may be written 

A2- A02= 10-4A2, or (a -4) (A + Ao) - 10-4Á2, 

10-4A2 
or (A -ao) _ or 10-4a 

211, 

Thus, A must be within 0.01 per cent of A0 before the w term is equal 
in magnitude to the sum of the other terms. 
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RESONANT -CAVITY MEASUREMENTS °t 
BY 

R. L. SPROULL AND E. G. LINDER 

Research Department, RCA Laboratories Division, 
Princeton, N. J. 

Summary - Satisfactory methods are described for measuring the reso- 
nant frequency, Q, and shunt resistance of resonant cavities. Some of the 
wavemeters and other equipment developed for these measurements are 
described. 

The methods of determining resonant frequencies permit moderate 
accuracy in absolute measurements and very high precision in the com- 
parison of the resonant frequencies of two cavities. 

Three methods of measuring Q are described which are similar in 
principle but different in detail. 

Shunt resistance has been determined by two methods which are con- 
venient and reliable. By inverting these methods, the dielectric constants 
and dielectric conductivities of liquids and gases can be measured. 

I. INTRODUCTION 

CAVITY resonators are indispensable in the micro -wave art, and 
in order to exploit them effectively it is necessary to be able to 
measure their characteristic properties. The parameters gen- 

erally used to describe cavities are resonant frequency, Q, and shunt 
resistance. The methods in use at longer wavelengths for measuring 
these properties of resonant circuits are not generally applicable in 
the centimeter -wave region of frequencies. For several years, meas- 
uring procedures suitable for resonant cavities in this frequency region 
have been developed concurrently with applications of cavities. The 
most satisfactory methods are described here. These methods have 
been used successfully in the wavelength range from 2 to 12 centi- 
meters and should also be useful at longer and shorter wavelengths. 

II. APPARATUS 

The frequency stability of microwave oscillators is usually poor, 
and it is desirable to avoid reliance on the constancy of frequency of 
the signal generator in any measurements in this frequency region. 
A "sweep frequency" technique' was therefore used, as sketched in 

* Decimal Classification: R209. 
t Reprinted from Proc. I.R.E., May, 1946. 
1 F. E. Terman, "Radio Engineers' Handbook," McGraw -Hill Book 

Company, New York, N. Y., 1943. 
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OSCILLO- 
SCOPE 

ERT. Mp0. 
}lt 7V, 0^' VARIABEL PHASE 

AMPLIFIER 

IO TO 
40.000f 

POWER SUPPLY 
AND MODULATOR 

MIRE 

WAVEM CICR 

i 
4 ; r , - :a 

Fig. 1- Diagram of 

CRYSTAL OSCILLATOR DETECTOR TUBE 
RESONANT 

CAVITY 

measuring equipment. 

Figure 1. The apparatus used is illustrated in Figure 2 and Figure 3. 

The frequency of the oscillator is modulated at a 60 -cycle rate. A 

short, tunable transmission line from the oscillator ends in a probe, 
which may be inserted into the cavity being tested. A similar probe 
abstracts from the cavity a very small fraction of the oscillator's 
power, and another short, tunable transmission line connects this 
probe to a crystal detector. The rectified current from the detector 
is applied to an audio amplifier, the output of which is connected to the 
vertical- deflection system of a cathode -ray oscilloscope. The horizontal 
deflection is at a 60 -cycle rate. 

The pattern traced out on the oscilloscope screen is, therefore, crys- 
tal current as a function of the modulating voltage applied to the 
oscillator. With some restrictions, this pattern is also a measure of the 
"response" of the cavity (the square of the absolute magnitude of its 
impedance) as a function of frequency. These restrictions are: (1) 

Fig. 2- Photograph of measuring equipment. The oscilloscope, audio ampli- 
fier, and power -supply modulator are in the background. The mixer box 
is in the center. In the foreground are the detector, cavity mounting, wave - 

meter, and oscillator. 
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the coupling into and out from the test cavity must be very loose; 
(2) the crystal must be "square law "; (3) the bandwidth of the 
coupling systems must be much greater than that of the cavity; (4) the 
amplifier and oscilloscope amplifiers must not distort the signals applied 
to them; (5) the oscillator must have negligible amplitude modulation 
over a frequency region of several times the bandwidth of the cavity ; 
(6) the frequency modulation must be linear; that is; frequency must 
be a linear function of the modulating voltage. 

The first four requirements can be satisfied quite generally, and the 
last two do not constitute serious difficulties except for very low -Q 
cavities. The probe coupling has been used in most of the measure- 
ments because the only modification of the cavity required for the 
measurements is the provision of two small holes in the cavity walls. 
For precise work, waveguide systems have been used, but they suffer 
from lack of versatility. 

Fig. 3- Detector, cavity mounting, and oscillator. The low -Q crystal detector 
circuit is a coaxial line, tunable by a rack- and -pinion control. Another rack 
and pinion controls the insertion of the detector probe into the resonator. 
The tunable transmission line from the oscillator is terminated by the small 

wire probe which projects into the cylindrical cavity being tested. 

The mixer shown in Figure 1 permits the simultaneous appearance 
on the screen of resonance curves of two cavities, one of which is 

usually a wavemeter or secondary frequency standard. When these 
two cavities are tuned to nearly the same frequency, the oscilloscope 
vertical deflection is the algebraic sum of the signals from the two 
detectors. The relative amplitudes of the two signals may be varied 
by adjusting the coupling of the oscillator to the two cavities, or by 
adjusting the potentiometers in the mixer. 

Three kinds of wavemeters have been used, all based on resonant 
cavities. A carefully constructed concentric transmission line with 
movable terminating piston has been used as a frequency standard. 
The Q of this type of wavemeter is low, of the order of 1000, but 
it will appear that this does not constitute a serious limitation for 
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Fig. 4- Resonant- cavity wavemeter. The dielectric- covered antenna is at 
the left, and the threaded bushing above it and to the right is the connector 
for rectified crystal current. The micrometer which fixes the piston position 

is at the right. 

most frequency measurements. This meter is not satisfactory for 
measuring small frequency differences because of its low Q and small 
dispersion (small travel of piston and change in scale reading per 
unit of wavelength change). 

A resonant -cavity wavemeter, illustrated in Figure 4, has been 
developed2 for more accurate measurements. It consists of a rectangu- 
lar cavity, the length of which is variable by a piston driven by a 

micrometer screw; a crystal detector and a small probe antenna are 
loosely coupled to the cavity. This type of wavemeter has the advantage 
of a high Q; a further advantage is that a given motion of the piston 
corresponds to a smaller wavelength change than the same motion of 
the concentric -line plunger. Its chief disadvantage is its limited 
wavelength range. At the short -wavelength end of the scale the en- 
trance of higher modes of oscillation of the cavity limits the range, 
while the long- wavelength limit is caused by the proximity of the "cut- 
off" point. The resonant wavelength can never be longer than twice 
the width of the cavity, regardless of the piston's position. 

For higher dispersion in a much narrower range (about one half 
per cent of the mean wavelength) a wavemeter has been built using 
the TE1,_,o mode, also called the (1, 2, 0) mode' of a rectangular cav- 

Fig. 5 - Narrow -range resonant -cavity 
wavemeter. The small pin which varies 
the resonant frequency is driven by the 

micrometer screw. 

2 D. Blitz and E. G. Linder. 
s E. U. Condon, "Principles of microwave radio," Rev. Mod. Phys., vol. 

14, p. 347; October, 1942. 
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ity, as shown in Figure 5. The end of a micrometer screw was ground 
to form a small pin which was inserted through, but without touching 
the rim of, a small hole in the center of the broad side of the cavity. 
This arrangement permits very slight current flow on the part of the 
pin which lies outside the cavity, and secures maximum linearity of 
resonant wavelength as a function of the depth of insertion of the 
pin. Since the whole scale of the micrometer corresponds to only a 
fraction of a per cent change in a resonant wavelength, high dispersion 
is obtained. This wavemeter is made of Invar to minimize the tem- 
perature coefficient of frequency. 

III. RESONANT -FREQUENCY COMPARISONS 

No effort has been made in this work to attain great accuracy in 
the measurement of the absolute resonant frequencies of resonant cav- 
ities. The accuracy of such measurements has been limited by the 
accuracy of the frequency standards employed. The absolute accuracy 
of the coaxial -line wavemeter is probably no better than ± 0.1 per cent 
in the centimeter region. 

It is frequently desirable to be able to compare the resonant fre- 
quencies of cavities with a precision much higher than this accuracy 
of the absolute measurement of frequency. Measurement of small 
frequency differences or the construction of an internally consistent 
set of secondary frequency standards require such high precision. The 
frequency- comparison method described here is capable of as great 
precision as can be profitably employed at the present stage of the 
microwave art. 

As an introduction to the method actually used, it is worthwhile to 
describe a more rudimentary method. If, in the system shown in Fig- 
ure 1, the range of frequencies generated by the oscillator includes 
the resonant frequencies of both the wavemeter and the cavity under 
test, the pattern on the oscilloscope screen will resemble Figure 6(a).' 
In this and subsequent figures, the wavemeter resonant frequency and 
Q are called f,o and Q; f and Q are the properties of the cavity being 
tested. As f,,, becomes nearly equal to f,, the pattern of Figure 6(b) 
results, and Figure 6(c) portrays exact equality of frequencies. It 
is impossible to determine equality of frequencies with much less error 
than that represented by Figure 6 (b) , and even the difference between 
Figure 6 (b) and Figure 6 (c) is difficult to detect if the amplifier gain 

4 E. U. Condon, "Forced oscillations in cavity resonators," Jour. Appl. 
Phys., vol. 12, pp. 129 -132; February, 1941. Figures 6, 7, and 9 are computed 
from the known form of a high -Q cavity's transfer impedance as a function 
of frequency, when the coupling is very loose and the coupling systems are 
of low Q. The resonance curves are of the form [1 + 4Q2(f- fß)2] -1. 
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or oscillator power fluctuates. This constitutes a frequency -comparison 
precision of about (10'Q,.) per cent. While this is sufficient for 
many purposes, it is not adequate for measuring small differences in 
resonant frequency, such as will be encountered in shunt- resistance 
measurements. 

The frequency -comparison method actually used is a distinct im- 
provement over this simple arrangement. In the improved method 

Fig. 6 - Oscilloscope patterns 
for first method of frequency 

comparison. 
(a) Horizontal scale com- 

pressed. Wavemeter reso- 
nant frequency (fe) and 
cavity resonant frequency 
(f,.) considerably different. 

(h) f,. nearly equal to f., 
+ (f,. /10Q,) 

(c) f. exactly equal to f.. 

(a) 

(c) 

the detector outputs are combined in such a way that the signal from 
the wavemeter crystal decreases the deflection produced by the crystal 
coupled to the cavity under test. This may be accomplished by using 
crystals which differ in the sign of the rectified current or merely by 

reversing the leads from one crystal to the mixer. The oscilloscope 
patterns thus obtained are shown in Figure 7(a) for f W f in Figure 
7(b) for f,., and in Figure 7(c) for f.= f The inequality in 
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resonant frequencies is obvious from the unequal heights of the two 
limbs in Figure 7(b), even though the frequency difference is only 
1 /Qr per cent. One therefore has only to tune the wavemeter until the 

(b) 

Fig. 7 - Oscilloscope patterns 
for second precision method of 

frequency comparison. 
(a) Horizontal and v e r t i c a l 

scales compressed. f. con- 
siderably different from f., 
Qn =2Q,. 

(b) f. nearly equal to f<. fr= f <+0.01 (f < /Q <); 
Q. = 2Q<. 

(c) f. exactly equal to f<. 
Q,< =2Q<. 

(d) f. nearly equal to f<, but 
a value of Q.. /Q< different 
from parts (a), (b), and 
(c), f. = f.± 0.008 (f./ 
Q.) ; Q. = 1.10Q<. Vertical 
scale expanded. 

heights of these two limbs are approximately equal to obtain precise 
equality of f,,, and f.. 

This comparison is particularly sensitive when the wavemeter Q 
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is nearly equal to that of the cavity. The mixer is then adjusted to 
give equal amplitudes to the two resonance curves. If Q. = Q, and 
f,,. = f,., a straight line appears on the oscilloscope, and the slightest 
departure from equality of f,,. and f, is immediately apparent. A num- 
ber of cavities and a wavemeter with Q's within 10 per cent of 8000 
have been used in this measurement work. Figure 7(d) is typical of 
the patterns encountered with these cavities; the existence of a fre- 
quency difference is obvious, yet the difference is only one millionth 
of the resonant frequency f,.. 

It is essential to this method that the amplitudes of the two reso- 
nance curves be of the same order of magnitude, but only when 

Q, is it necessary to make them approximately equal. Some ad- 
vantage is obtained when Q,- Q, if the higher Q resonance is given 
a somewhat larger amplitude. Fluctuations in the power or frequency 
of the oscillator or in the gain of the amplifiers cannot cause errors. 
Amplitude modulation of the oscillator can cause a slight error, but 
this error is much smaller than its analogue in the former method. 
The resonance curves of both wavemeter and cavity must be undis- 
torted, any resonances in the transmission lines must be of very low 

Q, and the coupling to the cavities must be loose. It is not necessary 
that the frequency modulation be linear, though linearity is a con- 
venience in detecting distortion. The crystal capacitance and distrib- 
uted capacitance of wiring must be kept low enough that it does not 
cause a significant phase delay of the signal from one crystal relative 
to that from the other. This is easily possible because of the low 

repetition frequency (60 cycles). 
This method has proved reliable and convenient in operation Photo- 

graphs of the oscilloscope screen are shown in Figure 8. 

In the precision measurement of frequency using cavity wave - 

meters, corrections must be applied for atmospheric properties and 
cavity temperature. If the parts of the wavemeter which determine 
the dimensions of the resonant cavity are of a single metal, the tem- 
perature coefficient of wavelength is the coefficient of linear expansion 
of the metal. The temperature and humidity of the atmosphere within 
the wavemeter must be known in order to convert wavelength in this 
atmosphere to wavelength in vacuo, and hence to frequency. When 

comparing the frequencies of a wavemeter and a resonant cavity, both 
open to the same atmosphere, these corrections for the dielectric con- 

stant of the air need not be applied; but a correction for thermal expan- 
sion of the cavity dimensions must be applied whenever the cavities 
being compared are of different metals. 
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IV. Q MEASUREMENTS 

The oscilloscope presentation of a cavity- resonance curve permits 
measurement of Q value by measuring the difference Al in frequency 

(h) 

(c) 

Fig. 8-Photographs of oscilloscope screen. 
The conditions correspond roughly to those 

of Fig. 7(a), (b), and (c). 

at the two half -power points and using the value of f, already obtained 
to compute Q,. = f,. /Af. Under the conditions of coupling, linearity, 
etc., noted in the second section, the half -power points are the points 
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where the vertical diflection is one half the maximum deflection. If a 
wavemeter of sufficiently high Q is available, the wavemeter detector 
signal may be combined with the resonance curve and the two fre- 
quencies at the half -power points determined directly; Figure 9 (a) 
shows a wavemeter tuned to one of these two frequencies, where the 
wavemeter Q, is 15 times the Q, of the cavity. 

Fig. 9- Oscilloscope patterns 
for measurement of Q. 

(a) Method suitable when 
Q .r/Q <» y. 
Q.. =15Q.; 
f< =f <+ (f < /2Q <) 

(b) Method suitable for any 
Q. /Q< but not accurate if 
Q. is extremely large. Q.. 
= 4Q <; f.. = f< + (f. /2Q,) 

(cj Method suitable for any 
Q. /Q<. 

(a) 

(b) 

11,f, f- 
(c) 

,I; 
12,12 

This method becomes less accurate as the ratio Q,,. /Q,, becomes 
smaller than 10 or 15, since it becomes increasingly difficult to deter- 
mine the half -power points in the presence of the wavemeter signal. 
To overcome this difficulty, the amplitude of the wavemeter signal may 
be made exactly one half of that of the cavity. The wavemeter may 
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then be set to a half -power point by tuning it until it produces a dip 
in the resonance curve which just reaches the reference base line 
for the resonance curve, as in Figure 9(b). This method may be used 
for any Q,, /Q,. ratio, but becomes unsatisfactorily if Q0 is so large 
that the number of scale divisions of the wavemeter corresponding to 
the frequency difference becomes small. 

When measuring high -Q cavities it is often found that the wave - 
meter dispersion is insufficient for accurate measurements; the fre- 
quency difference between half -power points may correspond to only 
a fraction of a scale division of the wavemeter. It is then desirable 
to "calibrate the screen" of the oscilloscope as in Figure 9(c). The 
frequencies f, and f.: corresponding to two well- separated points It 

and l_ on the screen are determined by tuning the wavemeter until the 
peak of its resonance curve coincides with each of these points in turn. 
If the linear separation on the screen of the half -power points of the 
cavity being tested is At, then 

(12- f, 
l2 -1,)' (1) 

This is valid, of course, only if the frequency modulation and oscillo- 
scope horizontal deflection are linear functions of the modulating volt- 
age, and nonlinearity of modulation constitutes the most troublesome 
source of error in this method. This method also requires that the 
generated frequency at any one modulator voltage remain constant 
for the few seconds required to tune the wavemeter. None of the other 
methods described here has this limitation. 

If the Q is very low, it may be necessary to correct the measure- 
ments for amplitude modulation of the signal generator. The amplifier 
must pass an undistorted resonance curve for accurate measurements 
with any value of Q, which requires that its gain and time delay be con- 
stant from 60 to about 6000 cycles. The input and output couplings of 
the cavity must be very small if the measured Q is to be the "unloaded" 
Q of the cavity. This last requirement means that the power trans- 
mission into the detector must be very small. For example, if the 
measured Q is to be within 5 per cent of the unloaded Q, the power 
into the detector can be at most only 0.5 per cent of the power which 
could have been obtained from the same oscillator when coupled for 
maximum power transfer into the detector. 

V. SHUNT -RESISTANCE MEASUREMENTS 

In many applications of cavity resonators it is necessary to know 
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the shunt resistance of the cavity, which is its shunt impedance at reso- 
nance. This is particularly true if the resonator is to be excited by an 
electron beam, as in a microwave oscillator. 

The shunt resistance Ro of a cavity, like that of a conventional 
"lumped" circuit, can be defined from the relation 

V2 Ro=-- (2) 
2W1 

where W, is the power dissipated per second in the cavity (watts) and 
V is the amplitude of the "voltage" between two points on the cavity 
walls. By "voltage" is meant the line integral of the alternating elec- 

Fig. 10- Measurement of shunt resistance in a 
doughnut- shaped resonant cavity. Cylindrical 
symmetry about pP. The shunt resistance be- 
tween the points p, P is required. In (b) a di- 
electric cylinder is inserted, and in (c) the 
dielectric has been inserted in an easier manner, 
which gives approximately correct results when 

1/d>>1. 

(a) 

1rd 

(c) 

tric field. For a given W,, the value of V, and hence of Ro, depends 
on the two points chosen; this corresponds to the different values of 
resistance obtained by "tapping" at different turns of the coil in a 
coil -and -capacitor resonant circuit. Ro also depends, in the case of a 
resonant cavity, upon the choice of the path between these two points 
over which V is evaluated. In most applications of resonant cavities, 
the particular value of Ro of most interest is that obtained by choosing 
end points and path such that the maximum Ro is obtained. The Ro 

thus evaluated is consistent with the usual definitions and will be used 
in the remainder of this section. 

In applications involving electron beams, one is generally interested 
in cavities such that the amplitude of the electric field is nearly con- 
stant over the required path; such a case is illustrated in Figure 10(a), 

See p. 365 of footnote reference 3. 
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where Ro is to be evaluated over the straight -line path between p and 
P. Only such constant -field cases are susceptible to the following meas- 
uring methods. 

Two methods of measuring shunt resistance have been developed, 
and they will be called the "resistance- insertion" and "capacitance - 
insertion" methods. In the former, a small resistor is inserted between 
the two points where Ro is required and the effect upon the Q of the 
cavity is observed ; in practice, this "resistor" is usually a rod of lossy 
dielectric. In the latter method, a small dielectric cylinder is inserted 
as before, but the effect upon the resonant frequency of the cavity is 
observed. 

A small dielectric cylinder of cross -sectional area A and length l 

is inserted between the points p and P in Figure 10(a), such that the 
ends are in intimate contact with the cavity walls and the axis of the 
cylinder is perpendicular to the cavity walls. Since the electric field 
in the neighborhood of the dielectric is nearly constant and parallel 
to the elements of the cylinder, the electric field at the surface of the 
dielectric is entirely tangential to this surface, and hence is the same 
intensity inside the dielectric as it is just outside. If the cross -sectional 
area, dielectric constant, and conductivity of the rod are sufficiently 
small, the Q will remain of the order of 100 or more and the change 
in resonant frequency can be kept of the order of one per cent or less. 
Under these circumstances the electric and magnetic fields at reso- 
nance will not be substantially changed by the presence of the dielectric, 
and R can be calculated from either the change in Q or the change 
in fo. 

The algebraic expressions relating Ro to the observables in the 
two methods can be derived in several ways. Using the energy- decre- 
ment definition of Q and (2), and obtaining the power dissipated in 
the lossy dielectric from Maxwell's equations, the expression for the 
resistor- insertion method may be obtained. The relation for the capaci- 
tance- insertion method may be derived from the change in the average 
stored electric energy when the dielectric is inserted and the require- 
ment that the average electric and magnetic energies must be equal at 
resonance.° Also, both expressions may easily be verified directly from 
Maxwell's equations for the special cases of cavities the geometrical 
shapes of which permit analytical solutions for the fields before the 
dielectric was inserted. Derivations based on the "lumped " -circuit 

6 See p. 351 of footnote reference 3. This property of resonance holds 
for systems of electromagnetic standing waves, provided one sums the 
energies over an integral number of half wavelengths of the standing -wave 
pattern, which is what is done in computing the electric and magnetic 
energies of a cavity at its resonant frequency. 
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analogy are given below. The relations derived by any of these meth- 
ods are identical and subject to the same restrictions. 

In lumped circuits 

Qo = 2rf,CR0. (3) 

The essence of the methods for measuring Ro of cavities is to express 
the unmeasurable quantity C in terms of observable quantities. In the 
resistance- insertion method a resistance R inserted between the points 
p and P, as in Figures 10 (a) and (b), is essentially a resistance in 
parallel with the shunt resistance Ro between these points. If fo and 
Q,, were the resonant frequency and Q before the resistor was inserted, 
and f, and Q,' the new values with the resistor, Q' will be related to 
the parallel combination of R.and Ro in the same way that (3) related 
Q,, to Ro: 

1 

Q' 27rf,,C' \Ro +R/ - \fcC'/ Q,, \Ro FR/ 
If the resistor's size and dielectric constant are sufficiently small, f,,C 
nearly equals f, C'; setting f,,C = fá C' and rearranging terms gives 

(4) 

Ro=R(Qc/Qá -1). (5) 

Because of the limitation to situations of constant field, where the 
electric field is known to be substantially the same inside the resistor 
as it is outside, the effective resistance R of the cylinder is just the 
resistance calculated in the usual way: R = l /aA. Skin effect need not 
be considered since the skin depth is much larger than the diameter 
of the cylinder for all useful values of A and o. Therefore 

l 
R0, - (Qc /Q, -1) ohms. 

oA 
(6) 

Of course one must use the value of u, the dielectric conductivity' 
which pertains to the frequency at which the measurements are made. 
Note that in using (6) the change in frequency upon insertion of the 
resistor must be small compared to the frequency itself, the resistor 
must be of constant cross section and parallel to the electric field, its 

7 a is related to the tangent of the angle S of loss by tan S = a/2 rfKao. 
The "Q" of the dielectric is Q = 1 /tan 8 and sin 8 is its "power factor." a 
here is measured in m -k -s units (mhos per meter), but (6) may be used with 
1 and '11 '2 in centimeters and a in mhos per centimeter. 
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ends must make good contact with the cavity walls, and the amplitude 
of the electric field must be constant in the neighborhood of the re- 
sistor. The "good- contact" restriction frequently may be removed, as 
explained below. 

This method has been successfully used on a variety of cavities. 
The limitations associated with (6) make metallic resistors impractical, 
but lossy liquids and glasses exhibit the correct orders of magnitude 
of conductivities for use as resistors. The conductivities of common 
glasses and some common liquids range from about 0.015 (Corning 
705BA glass) to 15 (water) mhos per meter in the centimeter -wave- 
length region. For most cavities a thin Pyrex capillary tube containing 
water, water -ethyl -alcohol mixtures, or carbon tetrachloride has pro -. 
duced a satisfactory resistor. With bores of the order of 10-3 or 10 -' 
square centimeter and lengths of 0.1 to 1 centimeter, resistances of 
the order of 1000 ohms to 10 megohms may be obtained. The size and 
conductivity of the dielectric are so chosen that Q, /(4' is substantially 
different from unity, in order to avoid the situation where a small 
error in measuring Qc /Q,' introduces a large relative error in the 
determination of Ro. On the other hand, Q' must not be too low or 
difficulty will be encountered in measuring it because of the limited 
frequency -modulation range of the oscillator. 

In the capacitance -insertion method, the insertion of the small dielec- 
tric cylinder increases the capacity by the amount AC = (K -1) E0A /l. 
This comes about because the contribution to the total cavity capaci- 
tance of the volume occupied by the dielectric was E0A /l before the 
dielectric was inserted and KEOA /l afterwards. K is the dielectric con- 
stant of the material, co = 8.85 X 10 -12 farads per meter, and l and A'/"- 

are expressed in meters. 
The rate of change of resonant frequency with change in capaci- 

tance is obtained by differentiating 2af,= (LC)-1/2 and it is 

afa fc 

ôC 2C 

For small finite changes it is approximately true that 

fo -fc(K-1)EOA 
c 

2C 
OC 

2Cl 
(7) 

Using (7) in (3) to eliminate the unknown and unmeasurable quan- 
tity C, one obtains 
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- Q,l (ofc) 
Ro= 

7rfr2(K - 1)E0A 
(8) 

A simpler and more convenient relation is obtained by expressing the 
frequency change Afr in terms of a resonant -wavelength change oar; 
when this is done and the approximation (lrcco) -1 = 120 ohms is used, 
(8) becomes 

Qrl (oar) 
Ro = 120 ohms. 

(K -1)A 
(9) 

M -k -s units have been used to derive (9) but of course it is valid if 
1, iAr, and A112 are in the same units, whether or not these units are 
meters. The restrictions mentioned in connection with (6) apply as 
well to (9). 

This capacitance -insertion method is more convenient and accurate 
than the resistor method, since only one Q measurement is required 
in the former and the change in resonant wavelength, even though it 
may be very small, can be measured quite accurately by the method 
portrayed in Figure 7. But the capacitance method is less flexible 
because the range of K's of available materials is small compared to 
the range of a's. This means that for cavities of very low shunt resist- 
ance, A must be larger than in the resistor- insertion method in order 
to preserve a Dar of sufficient magnitude. 

In using either of these methods, it is much more convenient to 
drill small holes in the cavity walls and insert the dielectric cylinder 
through these holes than to install it completely inside the cavity. This 
"short -cut" is illustrated in Figure 10 (c) . It is satisfactory provided 
d «l; under these circumstances the fringing field in the dielectric 
near the cavity walls is not a serious source of error, and the contact 
of the dielectric rod with the walls is not important in either method. 
Tests have shown that even if d - l/4 the methods are still reliable. 

Both methods of measuring shunt resistance have been tested by 
measuring Ro of rectangular and cylindrical cavities, where the ratio 
of Ro to Q,. could be calculated. The measured ratio agreed with the 
theoretical Ro/Q, within a few per cent for all the cavities investigated. 
Since this ratio depends only on the cavity geometry and not upon the 
material or surface condition of the cavity walls, comparing experi- 
mental and theoretical values of this ratio is a better test of the meas- 
uring method than comparison of Ro values. 

The methods for measuring shunt resistance may be reversed to 
provide methods for measuring the conductivity o and dielectric con- 
stant K of solids and liquids at very high frequencies. A cavity of 
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simple geometrical shape is employed and Ro /Q0 is computed from the 
known electric and magnetic fields in the cavity. Then from measure- 
ments of Q4, and of and Pao when a dielectric cylinder is inserted, 
u and K may be obtained from (6) and (9). This method has been 
used for many different materials, and wherever comparison with 
values of u and K obtained by other methods was possible, good agree- 
ment was secured. 
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ABSORPTION OF MICROWAVES BY GASES. II*t 
BY 

JOHN E. WALTER AND W. D. HERSHBERGER 

Research Department, RCA Laboratories Division, 
Princeton, N. J. 

Summary -The absorption coefficients and dielectric constants of sixteen 
gases have been measured at the two wavelengths X = 1.24 cm and X = 3.18 
cm The gases are H :S, COS, (CH3)20, C2H3O, C_H;,CI, SO2, NHS, six 
halogenated methanes and three amines. Certain improvements in tech- 
nique are described; these improvements permit detection of absorption 
coefficients as small as 0.2 X 10 -4 cm-1 and measurement of larger coefficients 
with an accuracy of ± 5 percent. The measured dielectric constants at 
these wave -lengths are essentially equal to the static values. A quantitative 
interpretation of the absorption coefficients in terms of the known structure 
and spectra of the individual molecules is given. The theory indicates that 
all non- planar molecules which possess a permanent dipole moment should 
show appreciable absorption in the microwave region. 

INTRODUCTION 

ESULTS of an investigation on the absorption of microwaves 
by gases were given in an earlier paper.' Measurements on 
absorption are taken by noting the power loss suffered by a 

microwave transmitted through a rectangular wave guide operating in 
the TEIO mode. Dielectric constants are measured by comparing the 
wave -length in the guide when evacuated with the wave -length after 
the gas under study is admitted to the guide. Measurements are 
reported at two wave -lengths: 3.18 cm and 1.24 cm. The experimental 
values of the absorption coefficients a (in cm -1) are given in Table 1; 
the experimental values of the dielectric constants are listed in Table 2. 
The purpose of the present paper is to report improvements in tech- 
nique, to give the theory underlying the observed absorption, and to 
present new data and analyses of these data. 

TECHNIQUES AND ACCURACY OF MEASUREMENT 

One factor which has limited the accuracy with which small absorp- 
tion coefficients may be measured is the standing wave in the test sec- 
tion of guide. This effect was troublesome in the work reported earlier 
but has now been eliminated by placing a wedge of lossy solid material 

* Decimal Classification: R110. 
t Reprinted from Jour. Appl. Phys., October, 1946. 
1 W. D. Hershberger, J. App. Phys. 17, 495 (1946). 
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Table 1- Observed absorption coefficients. 

aX104 
(X = 3.18) 

aX104 
(X = 1.24) 

NH, 15.5 78.0 
CH,F 7.6 10.0 
CH,CI 5.5 8.0 
CH,Br 4.2 6.2 
C,H,CI 8.7 15.0 
CHFC13 5.2 10.6 
CHF,CI 7.2 12.0 
CF_Cla 0.3 3.1 
H2S -0.0 -0.3 
SO2 1.1 5.0 
COS - 0.8 
(CH,),O 0.7 3.9 
C2H,0 1.0 6.8 
CH,NH_ 2.1 10.5 
(CH,)_NH - 7.0 
C:HrNH_ 3.1 10.2 

in this section near the input window. The loss introduced by the 
wedge is 10 db and, since it is not inserted until the standing wave has 
been minimized by the usual tuning adjustments, no measurable stand- 
ing wave now exists when measurements are taken. The procedure for 
tuning is first to fill the 30 -foot test section with ammonia which 
effectively isolates the receiver from the generator and then adjust the 
tuner which is adjacent to the input window for a minimum standing 
wave. Next, the ammonia is removed and the tuner adjacent to the 
output window is adjusted for a minimum standing wave. As a result 

Table 2- Dielectric constants. 

83X103 
(calculated) 

8X103 
(X = 3.18) 

8X103 
(X = 1.24) 

NH3 6.3 5.3 5.5 
CH3F 9.2 8.1 8.4 
CH3C1 10.3 9.4 9.9 
CH3Br 9.7 9.5 10.0 
C,H,CI 12.7 11.1 11.6 
CHFC12 6.2 4.9 5.2 
CHF2C1 6.7 5.2 5.7 
CF,C1, 3.1 2.9 3.1 
H,S 3.6 3.0 3.5 
SO, 7.9 7.5 8.6 
COS 2.6 - 2.6 
(CH,),O 6.2 5.5 6.1 
C,H.O 10.4 10.2 10.7 
CH,NH, 5.3 4.8 5.3 
(CH,),NH 4.4 - 4.0 
C_H,NH_ 6.0 5.3 4.5 
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of this adjustment receiver power very nearly attains its maximum 
value. Finally, the 10 -db wedge is placed inside of the test section of 
guide and the operation of the system is relatively insensitive to 
changes in the frequency of the generator. The result is that an 
absorption coefficient as small as 0.2 X 10 ' neper per cm may be meas- 
ured, but of course the accuracy in this range is low. Thus if the 
received power falls to 98 per cent of its initial value on introducing 
a gas into a 30 -foot section of guide the absorption coefficient is 
0.18 X 10 -4 neper per cm, while if the power drops to 97 per cent of its 
initial value, the coefficient is 0.27 X 10 -4 neper per cm. When a gas 
with large absorption is used, the fact that absorption vanishes as the 
pressure is reduced is of great aid in following the course of a pressure 
vs. absorption curve. 

X. 1.24 CM 

METHYL CHLORIDE 

PRESSURE -ATMOSPHERES 

Fig. 1- Absorption of methyl chloride at X = 1.24 cm. 

When the absorption coefficient is of the order of 10-3 neper per cm 
or 40 times the minimum measurable absorption, the consistency of 
the results obtained is such that the accuracy of the absorption 
coefficients reported is estimated to be somewhat better than 5 per cent. 
Approximately the same accuracy is realized in the measurement of 
8, which is the amount by which the dielectric constant exceeds unity. 

Figure 1 represents the experimental points obtained in six absorp- 
tion runs with methyl chloride. These readings lie in the range of 
pressure and absorption for which accuracy is high, using the 30 -foot 
section of guide. 
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GENERAL THEORY 

The essential parameters which characterize an absorption line are 
vo, the frequency of the center of the line, and the half -width v, which 
is the difference between vo and the frequency at which the absorption 
has fallen to one -half of the absorption at the center of the line. In 
the microwave region the observed broadening of an absorption line 
is to be attributed to collision broadening; Doppler broadening and 
natural line breadth are negligible at these frequencies. Since at one 
atmosphere Av is found to be of the same order of magnitude as vo if 

o is in the microwave region, the exact shape of the absorption line 
becomes a matter of considerable interest. This problem of the shape 
of collision- broadened lines has been re- examined by Van Vleck and 
Weisskopf,' who have shown that the classical formula of Lorentz 
requires revision. The fundamental difference between the assump- 
tions made in the two theories, in applying them to absorption by 
molecules possessing a permanent dipole moment, is the following: 
Lorentz assumed that after each collision all orientations of the dipole 
with respect to the direction of the electric field are equally probable ; 

Van Vleck and Weisskopf assumed that the probability of a given 
orientation is given by the corresponding Boltzmann factor. The 
absorption coefficient a, for electromagnetic radiation of frequency v 

is calculated by the latter authors to be 

87r2vN (vtjv) 
a - e-w,"T r (1) v - 

She i e w,ikT 

1 y r w 
f (,riv) _ + 11} 

(2) 
a VU (vii -V)2+,VZ (vi i+v)2+OvZJ 

where N = number of molecules per cc, 

µti = electric dipole moment matrix element for the two states 
i and j which have a frequency separation vti, 

IV) = energy of jth state, and 

Ov = half -width of a line = 1 /2ar, where r is the mean time 
between molecular collisions. 

The other symbols have their usual significance. The summations 
are to be extended over all the states of the molecule. Equations (1) 
and (2) differ from the Lorentz result by the inclusion of the factor 

2 J. H. Van Vleck and V. F. Weisskopf, Rev. Mod. Phys. 17, 227 (1945). 
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v /vrj in (2) and by the change in the sign of the second term in (2). 
For a molecule with large moments of inertia and a permanent dipole 
moment po, these equations reduce to the familiar Debye formula 

ac 4rNp02 v,1v _-_ 
27v 3kT y2 + pv2 

(3) 

for the complex part of the dielectric constant. 
For our purposes it is convenient to specialize Equations (1) and 

(2) so that they apply directly to the ammonia problem. NH3 is a 
symmetrical top molecule with rotational energy levels specified by the 
quantum numbers J and K.3 Each rotational level is split into a close 
doublet as a result of the tunneling effect; the two components of the 
doublet are specified by the designation + and - . The selection rules 
for rotational transitions are AJ = 0, ± 1; AK = 0; + - . The 
"inversion spectrum" frequency corresponding to OJ = 0, OK = 0; 
+ <--* - is about 0.8 cm -' while the lowest frequency in the rotation 
spectrum corresponding to AJ = ± 1 is about 20 cm -'. For v < 1.0 cm-1 
only the absorption associated with the inversion spectrum need be 
considered, and Equation (1) can be reduced toe 

87r3vN +pr1"f (y+;, v) v+e TI-,/kT 

txv - 
6ckT e-wiikT-------, 

(4) 

where j and i now refer to the two components of a given doublet. The 
reduction follows from the relation hvu « kT. Aside from the neg- 
ligible difference in the Boltzmann factor, we obtain the same con- 
tribution to the sum in the numerator from the transition j -* i as from 
the transition i -* j. If W (J, K) is the mean energy of a given doublet, 
and g (J, K) is the total weight of the rotational level with quantum 
numbers J and K, Equation (4) becomes 

477 W J g(J,K)lp(J,K)12f'[v(J,K),vle-+f' cJ.K1kT 

n _ -- 
3ckT 

where 

g (J, K) e-W (, K)IkT 
J. 

(5) 

f' [y (J, K), v] _ 
, 

(6) 
[v(J, K) -v]-+cw" [v(J,K) +v]2+Jv'- 

3 G. Herzberg, Infra -Red and Raman Spectra (D. Van Nostrand Com- pany, New York, 1945), pp. 26 -34. 
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and where the sums over the rotational levels in the excited vibrational 

states have been omitted. µ (J, K) is the electric moment matrix 
element for the transition OJ = 0, OK = 0, + - and is equal to' 

K2 

µGI, K)12= µo2, 
J(J +1) 

(7) 

where µe is the permanent dipole moment of the molecule. For an 

accidentally symmetrical top the weights g (J, K) are (2J + 1) for 

K = 0, and 2 (2J + 1) for K $ O. For NH3 or CH;,CI the presence of 

the threefold symmetry axis and the nuclear spin of the hydrogen 

atoms introduce the additional factor 4 for K divisible by 3 and the 
factor 2 for K not divisible by 3.5 Since both numerator and denomi- 

nator of (5) involve the same set of weights, only the relative values 

are important. Factors such as the spin of N or Cl, which would change 

the absolute weights, will not affect the relative weights. In the sums 

we can therefore use the weights 

g(J,K) = (2J +1) times 4, 4, 4, 8, 4, 4, 8,4 
for K= 0,1,2,3,4,5,6,7. (8) 

If these weights are used, the sum in the denominator, which we donate 

by Q, becomes (in the high temperature approximation) 

Q = 8/3 ( Q0s) = 8/3 (1.027) L T3/B2A ] z, 

where Q,.1 is the classical rotational partition function for a sym- 

metrical top with rotational constants B and A, and T is the absolute 

temperature. The energy levels, in wave numbers, are 

W(J,K) =BJ(J+1) + (A-B)K2. (10) 

If v (J, K) = vo independently of J and K, the absorption coefficient is 

given by 

r Dv 4v 
a, =ßNv2 r + (11) 

(vo - v) 2 + 0 v2 (yo + v) 2 + A v2 

where ß is a constant which can be calculated from the sums in (5). 
We also note that 

4 Reference 3, p. 422. 
5 Reference 3, p. 28. 
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I. f' K), v]dv=7r, (12) 

Independently of 1, (J, K) and Av. Therefore, from (12) and (5), we 
have, as a measure of the total absorption arising from this inversion 
spectrum 

co 

«,,dv 47r3N µ02 K2 
V g (J, K) e-rv K)/aT 

0 v- 3ckT Q .171( . J (J + 1) 
(13) 

independently of any assumptions as to the detailed positions or 
breadths of the individual lines. 

Since our measurements are limited to two frequencies, they do not 
give any direct information on the half- widths Av of the absorption 
lines. From the kinetic theory of gases and the relation Av = 1 /2ar 
one would expect to find Av 0.05 cm -' or less at room temperature and 
atmospheric pressure. Adel and Barker' find Av = 0.067 cm -' for zero 
slit width for the lines in N20, which is a linear molecule with a very 
small dipole moment. For molecules with a large dipole moment much 
larger values of Av have been reported; for example, Cornell' reports 
Av - 0.3 for H00 and larger values for NH3 and HCN (not corrected 
for slit width). These larger values are to be expected in dipole mole- 
cules, since a "collision," as the word is applied to line broadening, 
means that the molecules have come sufficiently close to cause a per- 
turbation of the energy levels, not that they have collided in a billiard - 
sense. The "optical" collision diameters are as computed from observed 
values of At, are usually several times larger than the kinetic theory 
diameters. 

AMMONIA 

Although the absorption of microwaves by NH3 has been knowr 
for a long time and the general features understood,' the details of the 
structure of the line are not clear. Let us assume for the moment that 
the i'(J, K)'s are all essentially equal, so that the absorption is given 
by (11) . Since Av is inversely proportional to the mean timer between 
collisions, and since r is inversely proportional to the pressure P, 
At- P. Also, N - P. For the non -resonant case, with vo very different 
from v, Equation (11) shows that av -- P= as long as (V0- v) » Av. 

6A. Adel and E. F. Barker, Rev. Mod. Phys. 16, 236 (1944). 
7S. D. Cornell, Phys. Rev. 51, 739 (1937). 
8C. E. Cleeton and N. H. Williams, Phys. Rev. 45, 234 (1934). A com- 

plete discussion of the ammonia spectrum and references to the original 
literature may be found in reference 3, pp. 33, 221, 257, 416. 
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For the resonant case, with vo - v, a,, should rise very rapidly with 
increasing pressure and become relatively independent of P when 
iv » (vo - v) . These conclusions are in qualitative agreement with 
the observed behavior of the pressure dependence of the NH3 absorp- 
tion (Figure 2) ; the curve for v = 0.81 cm -' (A = 1.24 cm) is of the 
type corresponding to v = vo, that for v = 0.32 cm-' (A = 3.18 cm) is 

of the type corresponding to v < < vo. The situation is less favorable 
if looked at from a quantitative viewpoint. The NH3 curve for v = 0.81 

rises linearly with pressure above 0.1 atmos., and this rise continues 
to at least 2.5 atmos. The details of the curve cannot be accounted for 
by Equation (11) if As, is assumed to be proportional to P. Any other 
variation of Dv with P would have no theoretical justification at present. 
If we assume vo 0.80 cm -', a,, should decrease with frequency more 

AMMONIA 

i 24 cm X. 3.16 cm 

ioo "4 

IS 

Io 

S 

O 

OF \ 
T 

0 02 04 06 08 
PRESSURE - ATMOSPHERES 

1.0 

Fig. 2- Absorption of am- 
monia employing 5 -foot 

guide. 

rapidly than v2 in the region v < 0.80 cm -1. This is in serious disagree- 
ment with the observed decrease. Actually, the v (J, K)'s are not 
identical. The centrifugal distórtion of the molecule caused by rotation 
produces a change in the effective barrier height and thus a change 
in the doublet separation. This dependence of the doublet separation 
on J and K has been calculated by Sheng, Barker, and Dennison,9 who 
obtain the result 

v (J, K) - vo = -- 0.0011 (J= + J) + 0.0016K"-, (14) 

where vo is the doublet separation in the non -rotating molecule. If the 
Boltzmann distribution is taken into account, one finds that there are 

D H. Y. Sheng, E. F. Barker, and D. M. Dennison, Phys. Rev. 69, 786 
(1941). 
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lines of appreciable intensity spread over a region about 0.06 cm -' wide 
(at zero pressure). If the ammonia inversion spectrum consists of a 
series of lines starting at y - 0.80 cm -' and extending to considerably 
lower frequencies, the observed features of the absorption curve are 
more readily understood. This distribution of frequencies would in- 
crease the absorption at y = 0.32 cm -' relative to that at y = 0.81 cm -' 
above that expected for a single line near y = 0.80 cm -', and would also 
produce a pressure variation similar to that observed at y = 0.81 cm -'. 
Such a distribution would also explain the apparent discrepancy be- 
tween the doublet separation as obtained from the pressure curves 
(r0 0.80 cm -') and from the far infra -red spectra (vo 0.66 cm -') 
as observed by Wright and Randall.10 It would seem, however, that a 
spread greater than that by Equation (14) would be required. Van 
Vleck and Weisskopf' have pointed out that a variation of Ay with J 
and K would also tend to increase the absorption at the edge of the line 
relative to the absorption at the center. It appears that a quantitative 
description of the NH3 absorption must be postponed until an investi- 
gation at low pressures reveals further information about the y (J, K)'s. 

Application of Equation (13) to NH3 yields 

a,,dv 
= 74 X 10-" (theoretical). (15) 

y2 

(The NH3 constants are A = 6.31, B = 9.94, µo = 1.49 X 10 -18. The ratio 
/Q, where represents the sum in (13), is equal to 0.39 for NH3 at 

T = 300 °K.) From the data of Cleeton and Williams" 

^ a dv 

J v2 
35 X 10-" (experimental). (16) 

The origin of this discrepancy is not dear. Comparisons of this type 
often lead to even more serious disagreements," but these are usually 
attributed to errors arising from finite slit width. Foley and Randall'- 
have made a similar comparison on the line J = 14. J = 15 of NH3 
at a pressure of 20 cm and have found the experimental value to be 
only about 20 per cent lower than the theoretical value. It would be of 

'o N. Wright and H. M. Randall, Phys. Rev. 44, 391 (1933). 
" C. Shaefer and F. Matossi, Das Ultrarote Spectrum (Verlagsbuch- 

handlung, Julius Springer, Berlin, 1930). 
12 H. M. Foley and H. M. Randall, Phys. Rev. 59, 171 (1941). 
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interest to see whether or not the above discrepancy persists at low 
pressures. 

Figure 3 shows the effect of the admixture of oxygen on the 
ammonia absorption. Almost identical curves are obtained from NH3 - 
CH4 and NH3 -110 mixtures. The dotted curves connect points of 
equal NH3 partial pressure; if these lines were horizontal it would 
mean that the NH3 absorption is a function of the NH3 partial pressure 
only, since the absorption of 02 is negligible. The addition of 02 to 
NH3 changes the line breadth Av in the latter molecule and so effects 
the absorption. We can make a rough estimate of the relative collision 
cross sections for NH3 - 0_ and NH3 - NH3 collisions as follows. If 
the pressure of NH :, is greater than 0.1 atmos., the absorption is, 

= I 25 CM 
MIXTURE 

AMMONIA AND OXYGEN 

02 04 0.6 06 1.0 

PRESSURE -ATMOSPHERES 

Fig. 3- Absorption of mixtures of ammonia and oxygen. 

according to Equation (11), essentially proportional to 1 /Pv if the 
concentration of NH3 is constant. If we follow the dotted line which 
starts at a X104 = 40, we find that Ay increases by a factor (1.00 + 
0.48) as the total pressure is increased from 0.1 atmos. to 0.8 atmos. 
by the addition of oxygen. A corresponding increase in pressure caused 
by the addition of NH3 should increase Ay by a factor (1.00 + 7.00) . 

The relative cross sections for the two -collision process are thus in the 
ratio 14.5:1, and the relative collision diameters about in the ratio 4:1. 
Since optical collision diameters are considerably larger than kinetic 
theory diameters, we see that, roughly at least, the NH3 - 0_ collision 
diameter is close to the kinetic theory value. 
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METHYL HALIDES 

The methyl halides CH3F, CH3C1, CH3Br all show the type of 
variation a - P'= which is characteristic of absorption at a frequency 
far removed from the resonant frequency (Figure 4). In this figure 
the curves for CH3C1 are not shown. For this gas, at a given wave- 
length, the curve absorption coefficient vs. pressure lies between the 
corresponding curves for CH3F and CH3Br. The absolute magnitude 
of the absorption, the variation of a,. with r, and the similarity of the 
absorption in the three gases are all inconsistent with the assumption 
that the observed absorption arises from rotational transitions. Com- 

4 

2 

METHYL FLUORIDE 
METHYL BROMIDE 

O 0.2 0.4 0.6 0.6 

PRESSURE -ATMOSPHERES 

Fig. 4- Absorption of methyl fluoride and methyl bromide. 

CH3F Xa 1.24 

CH,F),c316 

CH3Bn). 1.24 

CH3Bw).3.16 

1.0 

paring the observed absorption at i' = 0.81 cm -' and v = 0.32 cm -' with 
Equation (11), we conclude immediately that ''D is very small. 

From a formal viewpoint, the energy levels of CH3X are exactly 
the same as those of NH3, and the selection rules are identical. Each 
rotational level characterized by the quantum numbers J and K is 
double, the two components being designated by the symbols + and - . 

The separation of this doublet depends on the height of the potential 
barrier which must be overcome if the molecule is to be turned into 
its mirror image. In NH3 this barrier (for the passage of N through 
the plane of the H's) is low and the corresponding doublet separation 
is large. The potential barrier preventing inversion in CH3X (perhaps 
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most easily visualized as an internal rotation of a CH2 group relative 
to the rest of the molecule) would be expected, on the basis of ordinary 
chemical concepts, to be much higher than the barrier for inversion 
in NH3, and the doublet separation would be expected to be much 
smaller. From (11), we see that the absorption becomes 

«r = ß'v24v/ (v2 + AV2) (17) 

for v » vo, which is independent of the exact value of v,,. The experi- 
mental results can be fitted to an equation of this form if we assume 
Ov proportional to the pressure. The selection rules, statistical weights, 
and matrix element$ are the same as in the ammonia problem. IT is 
then given by 

87r2N 1,02 K2 
p' = g Qxg (J, K) XI 

(J + 1) e 
ir(.. K> 1:T, (18) 

if, in (17), the v's and Av's are in cm -1. 

The experimental values of a were corrected for the contribution 
arising from rotational absorption; this contribution was estimated 
from the theory to be 0.00004 for CH3C1 and 0.00005 for CH3Br at 
v = 0.81 cm-1 and negligible in other cases. The experimental values 
of ß' and Ay were computed from the corrected values of a, for v = 0.81 
cm -1 and 0.32 cm -1 and P = 1.0 atmos. The variation of a, with P is 
reproduced satisfactorily by Equation (17) with these values of the 
constants. The experimental values of A are of the correct order of 
magnitude. The theoretical values of ß' are 30 -40 per cent higher than 
the experimental values; this agreement may be regarded as sufficiently 
exact to verify the correctness of the assumed theory. The results are 
compared in Table 3; it is to be noted that the variation of ß' is not 
identical with the variation in µo since the sums in (18) are appre- 
ciably different for the different molecules. 

Since we have assumed the doublet separation to be negligibly small, 
and the frequency associated with the absorption to be essentially zero, 
we should arrive at the same result if we simply consider the molecules 
to be rigid rotators, characterized by the quantum numbers J and K. 
Now a non -rotating dipole molecule can absorb energy from an electro- 
magnetic field because of the effect of collisions; the absorption is given 
by the Debye formula (3), which can be derived from classical theory. 
The mechanism can be visualized as the following: After each collision 
the dipole has a tendency to be oriented parallel to the field; between 
collisions the dipole is stationary. If the field is varying with time, the 
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net effect of this mechanism is the production of a polarization which 
lags behind the field. The polarization current then has a component 
parallel to the field, resulting in an absorption of energy. The dipole 
moment vector of a symmetrical top molecule such as CH3C1, in the 
state characterized by J and K, can be resolved into a component 
parallel to the direction of the total angular momentum vector and a 
component perpendicular to this direction. The former component is 
stationary in space, and hence gives a full contribution to the Debye 
absorption; the latter component has a time average equal to zero and 
hence gives no Debye absorption. The square of the component of the 
permanent dipole moment µo parallel to the total angular momentum 
vector is, since the dipole moment vector is along the symmetry axis, 
equal to MK2 µ02 /M2 where MX is the angular momentum about the 
symmetry axis of the molecule and M2 is the total angular momentum. 
From quantum mechanics MK2 = K2h /27, M2 = J (J + 1) h /.2,r; the 
square of this component is thus equal to K2 02 /J (J +1). If, in Equa- 
tion (3), we replace µo22 by this last expression, and sum over all values 
of J and K weighted by the proper statistical factors, we arrive exactly 
at Equations (17) and (18). In other words, the quantum- mechanical 
theory and the essentially classical theory of Debye lead to identical 
results. This is no accident, since the Debye theory is the limiting 
form of the general theory as the resonant frequency approaches zero.2 
It should be emphasized that the Debye theory cannot be applied in the 
form (3), the essential modification being that µ 2 in (3) must be 
replaced by the square of that component of µo which is stationary in 
space. Although the two viewpoints concerning the CH3X absorption 
are formally equivalent, the Debye picture is perhaps more in agree- 
ment with our conventional ideas. 

Table 3 

AP (exp) P' (exp) ß' (theor.) µo X 1018 

CH,F 0.20 0.0053 0.0067 1.81 
CH,C1 0.22 0.0037 0.0054 1.87 
C11,13r 0.21 0.0029 0.0038 1.78 

COS 

From the known moment of inertia of the linear molecule COS, 
namely, 1.37 X 10-38 g -cm2, the wave- length for the transition J =1 
É- + J =2 is very nearly 1.24 cm, the operating wave -length. The 
wave- length is given by 
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4ir2c1 
= 

h(J +1) 
The computed absorption is given by 

ao = 
2µ02vo2h2 N 

X -, 
3c1(kT)2 Av 

(19) 

(20) 

where /10 for COS is 0.65 Debye units, r0 is 2.4 X 10'" cycles per sec- 
ond, and N is the number of molecules per cc. At one atmosphere, we 
obtain the observed value for ao namely 0.8 X 10 -' neper 1 cm, when 
Pv is taken to be about 3 X 10" or 0.10 cm -'. The form of Eq. (20) 
shows that if both N and Ay vary linearly with pressure, ao is inde- 
pendent of pressure. The curve in Figure 5, showing the absorption 
of COS, is of the resonant type as expected. In view of the above 

a 
1,0X10-4 

0.3 

ñ= 124 CM 4° C OSO 

025 050 075 i 0 

PRESSURE -AT MO S PHE RES 

Fig. 5- Absorption of carbonyl sulphide. 

mentioned result Ov = 0.067 cm -' on the rather similar molecule N20, 
this seems to be a very reasonable value, and indicates a verification 
of the theory. 

H2S 

A survey of the known rotational levels of H2S reveals no energy 
separations in the region 0 < v < 3.0 cm-' which corresponds to an 
allowed transition." The microwave absorption in H_S should, there- 
fore, be very small, as is observed. The small absorption at y = 0.81 
cm-' (a,, X 10' = 0.3) is probably the cumulative effect of the numer- 
ous lines at higher frequencies. 

SO2 

The rotational levels of SO2 are not known experimentally, so a 
detailed calculation is not possible. The levels can be computed if the 

13P. C. Cross, Phys. Rev. 47, 7 (1935). 
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molecule is considered to be a rigid unsymmetrical top. It is found 
that there are, up to J= 12, about 10 lines in the frequency range 
0 < v < 1.50 cm-' which correspond to allowed transitions. At J = 12 

the Boltzmann factor is about 0.80, so there will undoubtedly be many 
strong lines in this frequency range arising from transitions involv- 
ing levels higher than J = 12. It is, therefore, reasonable to assume 
that the observed absorption SO2 could be accounted for on the basis 
of ordinary rotational transitions, indeed, no other mechanism seems 
possible. 

OTHER MOLECULES 

The other molecules listed in Table 1 are non -planar unsymmetrical 
tops. As we proceed from a symmetrical top to an unsymmetrical top, 
we find that each K level splits into two levels, and a transition be- 
tween these two levels is generally allowed. Transitions of this type, 
corresponding to OJ = 0, OK = 0 in the symmetrical top, will produce 
a series of lines from v = 0 upward. Also, certain transitions corre- 
sponding to OK $ 0 are allowed in unsymmetrical tops. The moments 
of inertia of these molecules are large; therefore, transitions cor- 
responding to of = i- 1 will involve low frequencies. The net result is 
that we have a very complicated rotational spectrum, containing many 
lines with frequencies from v ^- 0 upward, and thickly scattered 
throughout the microwave region. Any exact calculations are almost 
impossible; however, we should expect the magnitude of the absorption 
to be about the same as for the methyl halides. The pressure curves 
often show a behavior intermediate between the resonant and non - 
resonant types, which is accounted for by the distribution of lines 
described above. Figure 6 shows such curves for ethylamine. 

In general, one would expect all heavy non -planar unsymmetrical top 
molecules which have a large dipole movement to show an appreciable 
absorption in the microwave region. Since the selection rules are more 
stringent for planar and linear molecules, each molecule must be con - 
sideréd individually. Non -planar symmetrical top molecules should be 
analogous to the methyl halides. 

DIELECTRIC CONSTANTS 

Van Vleck and Weisskopf2 have given the appropriate formula 
for the computation of that part of S which arises from the permanent 
dipole monument µo. To this must be added the contribution arising 
from the electronic polarization P.4. For zero frequency, S is given by 
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3 (P® + Pd) 47rNµ02 
So = + 

V 3kT 
(21) 

where V is the molar volume." 8 should not differ very much from So 

in the microwave region, since this is on the low frequency side of the 
region of large absorption. This is illustrated by the comparison of 
calculated static values and observed values in Table 2. The necessary 
data were taken from Smyth's text," except for the substituted 
methanes, for which the data were taken from later papers by Smyth 
and his co- workers.' 

02 04 06 06 
PRESSURE -ATMOSPHERES 

Fig. 6- Absorption of ethylamine. 

10 

For the methyl halides, the contribution to 8 arising from the fre- 
quencies near zero (the ones to which we attributed the absorption) 
is given by 

47rNp.02 pv2 
S,, _ (22) 

3kT Q v2 + pv2 

14 C. P. Smyth, Dielectric Constant and Molecular Structure (Chemical 
Catalog Company, New York, 1931). 

15C. P. Smyth and R. H. Wiswall, Jr., J. Chem. Phys. 9, 356 (1941) ; 

C. P. Smyth and K. B. McAlpine, J. Chem. Phys. 1, 190 (1933) ; and J. Chem. 
Phy3. 2, 499 (1934). 
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where is the sum of the numerator of (18). For the complex part 
of the dielectric constant we have 

a,.c 47rNµ02 vpv 
E "_ - v 

2av 3kT Q v2+ Ov2 
(23) 

If we assume that the contribution to S arising from the rotational 
frequencies is equal to the static value of this contribution, the above 

equations lead to 

Sv = 60-c,," (v /Av) = So - (a,. /27%10. (24) 

Insertion of the observed values of a,, for CH3C1 gives 8 X 103= 9.9 at 
a = 3.18 and S X 103 = 9.7 at a = 1.24, as compared with the observed 
values 9.4 and 9.9. This agreement is not too good, but perhaps is 

within the limits of error of the measurements. The observed increase 
in S as a is decreased from 3.18 cm to 1.24 cm if real, must be at- 
tributed to the effect of the absorption lines at higher frequencies. 
As the frequency is increased from zero upward, the S value of NH3 

should first increase above the static value and then decrease as the 
microwave absorption band is approached. The observed values are 
both lower than the static value; the meaning of this result is un- 
certain. 
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Note added in proof, July 9, 1946.- Figure 4 in the paper referred to 
in reference 1 shows the absorption of ammonia at reduced pressure at three 
different wave -lengths. The information in this figure is quite consistent 
with the map of the fine structure of ammonia published by Bleaney and 
Penrose in the March 16, 1946, issue of Nature. The curve in Figure 4 at 
1.243 centimeters rises steeply at low pressure, but, after a few millimeters 
of pressure are reached, bends over and rises less steeply. A curve of this 
character indicates that the observations were taken near the maximum of 
one of the spectral lines. True enough, Bleaney and Penrose map an unre- 
solved pair of lines at this wave -length to which they assign the quantum 
numbers (4,4) and (10,9). The curve at 1.320 centimeters also exhibits a 
point of inflection and these observations were taken on the complex and 
unresolved absorption line designated (5,4), (4,3), and (6,5). By contrast, 
the experimental curve at X = 1.227 is linear which is consistent with the 
fact that this wave -length falls between the (4,4) and (5,5) lines. 
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WAVE GUIDES AND THE SPECIAL 
THEORY OF RELATIVITY *f 

BY 

W. D. HERSHBERGER 

Research Department, RCA Laboratories Division, 
Princeton, N. J. 

Summary 

The Lorentz transformation is applied to the H. solution of Maxwell's 
equations used to describe wave propagation in conducting pipes of rectangu- 
lar cross section. When group velocity for the wave is employed in the 
transformation, the solution obtained is that one characterizing wave -guide 
operation at cut-off frequency, thus demonstrating that the speed associated 
with power or signal transmission is group velocity. When phase velocity 
for the wave is employed in the transformation, and we treat all quantities 
appearing in the new solution as real, we find that the problem has been 
reduced to one in magnetostatics and the significance of this solution is 
pointed out. The use of the inverse Lorentz transformation to find wave 
guide solutions from known solutions of problems in statics is indicated. 

(4 pages; 5 figures) 

* Decimal Classification: R118. 
t Jour. Appl. Phys., August, 1945. 

THE ABSORPTION OF MICROWAVES BY GASES'** 

BY 

W. D. HERSHBERGER 

Research Department, RCA Laboratories Division, 
Princeton, N. J. 

Summary 

The absorption by ammonia of electromagnetic waves having a length 
in the one -centimeter range has been known for some years. An investiga- 
tion has been made to determine whether other gases show similar absorp- 
tion for microwaves and as a result fourteen additional gases have been 
found whose absorption is comparable to that of ammonia. Among these 
gases are dimethyl ether, a variety of amines and alkyl halides, and sev- 
eral others. Measurements on the absorption coefficient and dielectric con- 
stant of these gases taken at 1.25 cm at room temperature and a pressure 
of one atmosphere are given. The frequency at which the absorption coeffi- 
cient attains its maximum value may be inferred from the curve; absorp- 
tion coefficient vs. pressure. Data on the absorption of several gas mixtures 
are given. Possible molecular mechanisms adequate to account for the large 
absorptions observed are discussed together with the conclusions reached. 

(6 pages; 5 figures; 1 table) 

* Decimal Classification: R110. 
f Jour. Appl. Phys., June, 1946. 
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THERMAL AND ACOUSTIC EFFECTS ATTENDING 
ABSORPTION OF MICROWAVES BY GASES*t 

BY 

W. D. HERSHBERGER, E. T. BUSH, AND G. W. LECK 

Research Department, RCA Laboratories Division, 
Princeton, N. J. 

Summary 

As a result of an investigation of the absorption spectra of gases at 
microwave frequencies, it has been found that of the 50 -odd materials that 
are gaseous at room temperature and a pressure of one atmosphere, 15 

strongly absorb microwaves. The experimental techniques used in taking 
measurements are described and the theoretical interpretation of the 

observed absorption for some of the simpler molecules is given. The 

energy absorbed by the gas from the microwaves reappears as heat and 
sound. Thermal conversion is demonstrated by confining an absorbing gas 

in a cavity resonator which communicates with a 11 -tube. The gas not only 
absorbs the microwaves but serves as the thermometric substance of a 

gas thermometer. A 12 -inch deflection of the U -tube column is obtained 
when the average input power is ten watts. Acoustic conversion is shown 

by exposing a gas -filled balloon to a modulated microwave field; the sound 

frequencies generated depend on the modulation. The absorbing gas may 
be confined in an organ pipe closed at one end by a disk in contact with 
a piezo- electric crystal. This organ pipe is resonant electromagnetically 
to the impressed microwave frequency and acoustically to the modulation 
frequency. A detector of this type has a square law response and is suffi- 
ciently sensitive to detect 10 milliwatts of power. 

(10 pages; 4 figures; 1 table) 

* Decimal Classification: R110. 
f RCA REVIEW, September, 1946. 

MICA WINDOWS AS ELEMENTS IN 
MICROWAVE SYSTEMS`# 

BY 

L. MALTER, R. L. JEPSEN AND L. R. BLOOM 

Tube Department, RCA Victor Division. 
Lancaster. Pa. 

Summary 

The design of a virtually reflectioniess, vacuum -tight window made of 

mica for use in a waveguide system is described. The technique of manu- 

facture and the experimental results with a number of models are given. 

Such mica windows have many applications but are particularly useful for 
the transmission of microwave power or electro- magnetic radiation in par- 

ticular portions of the spectrum. 
(12 pages; 11 figures) 

* Decimal Classification: R310. 
j- RCA REVIEW, December, 1946. 
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RECEIVER INPUT CONNECTIONS FOR 
U -H -F MEASUREMENTS *t 

BY 

JOHN A. RANKIN 
RCA License Laboratory. New York 

Summary -Three methods of obtaining push -pull output voltage front a 
signal generator with single -sided output are discussed in relation to u-h-f 
receiver measurements. The three circuits are compared from the standpoint 
of output voltage accuracy, impedance presented to the receiver input cir- 
cuit, and operating convenience. It is pointed out that for accurate voltage 
measurements the proper dummy antenna resistance must be used, and that 
the receiver input circuit must be connected to the receiver chassis. 

The most convenient input connection for making u-h-f receiver meas- 
urements is a direct connection between the signal -generator output and 
the receiver input. This connection requires no special equipment, and is 
adequately accurate for most receiver measurements. Certain precautions 
in making the ground return path correct in length arc necessary and are 
discussed fully in the text. 

THE technique of making overall receiver measurements on tele- 
vision and frequency- modulation receivers is complicated by the 
fact that these receivers are frequently designed with balanced 

or push -pull antenna input systems, while standard signal generators 
are equipped with single -sided output. Furthermore, receivers designed 
with balanced input systems are intended to be used with a balanced 
transmission -line input from the antenna. The antenna and transmis- 
sion -line system will generally look to the antenna circuit like a pure 
resistance load equal to the characteristic impedance of the transmis- 
sion line, so that any measurements made with a signal generator 
should present the same loading to the input circuit. In the case of 
television receivers, if the loading presented to the antenna circuit is 
different than that out of which the antenna circuit is designed to 
work, reflection may exist. 

The problem of obtaining a balanced output from a standard signal 
generator with single -sided output, and of having this output presént 
the correct loading to the input circuit, will be discussed in this paper. 
Three methods of interconnection will be presented, any one of which 
will give satisfactory results, but with various degrees of operating 
convenience. 

* Decimal Classification: R243 X R861.114 
i Reprinted from RCA REVIEW, April, 1942. 
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TRANSFORMER COUPLING 
A transformer, the circuit of which is illustrated in Figure 1, will 

transform single -sided r -f voltage from a signal generator to a balanced 
r -f voltage. 

The transformer coils are wound on % -inch tubing with the two - 
turn primary winding located between the two secondary windings 
which are three turns each. All of the coils are wound with No. 36 
enameled wire close spaced so as to provide the maximum coupling. 
The coupling is 69 per cent, a value which requires that the leakage 
reactance be tuned out, otherwise the device will not present a pure 
resistance input load to the receiver under test. The leakage reactance 
is tuned out by means of the ganged tuning condensers C1 and C2 which 
have a range of 8 to 140 µµf per section. The capacitor range provides 
a frequency coverage of 20 to 63 Mc. Because this range is not suffi- 

S /G. 
GEN. 

/NSY/L.?EO 
CW.WL.HG 

Fig. 1 

To ANT 
/NP/T 

TERMINAL S 

cient to cover all of the television bands, it was extended by adding the 
series condensers C3 and C4 which in combination with C1 and C2 
provide an additional tuning range of from 64 to 90 Mc. It would be 
possible to lower the self- inductance of the secondary coils and raise 
the frequency range to some extent with C3 and C4 shorted. However, 
this procedure results in a lower coefficient of coupling and, hence, 
a higher percentage of leakage reactance, and, therefore, is not as 
beneficial as it might first appear. The reduction of the coefficient of 
coupling is due in part to the fact that an appreciable amount of the 
leakage reactance is in the leads, hence, can not be changed by coil 
changes. 

The tuning out of the leakage reactance is best accomplished by 
terminating the primary with a resistance equal to the output resist- 
ance of the signal generator that is to be used, and adjusting the 
tuning condenser to the setting that makes the output impedance look 
like a pure resistance. An impedance bridge or impedance- measuring 
device may be used to indicate the nature of the output impedance and 
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the establishment of the tuning points for the calibration of the tuning 
condensers. It would be possible to determine the correct tuning point 
of C1 and C2 if a receiver with balanced input that presents a pure 
resistance to the antenna were available. However, most receiver input 
circuits do not look like a pure resistance, but have a reactance com- 
ponent as well. If a reactance component is present in the input circuit 
of the receiver, an erroneous calibration of C1 and C ;1 will result, as in 
this case C1 and C3 will tune out the total reactance in the circuit 
rather than that residing only in the balanced input device. 

The voltage gain from a single -sided input to a balanced output 
measured in a high- impedance secondary load is tabulated below for 
the two operating ranges. 

Range Frequency Gain 

Low 30 Mc 2.1 

35 2.1 
" 40 2.1 
" 
id 

45 
50 

2.1 
2.0 

55 1.8 

GO 2.0 

High 65 1.7 

" 70 1.3 
46 75 1.5 
di 80 1.5 
Go 85 1.7 

The impedance transformation or step -up is four to one when the 
input is terminated in a resistor of the order of 15 ohms. 

In the use of this device some precautions are necessary if reliable 
results are to obtain: The lead lengths to and from the device must 
be short. A separate calibration of tuning, voltage gain, and impedance 
transformation ratio for each different unit should be made, as small 
mechanical changes in such a coil arrangement lead to seriously large 
electrical changes. In making measurements it is necessary to set the 
condensers C1 and C. for each new frequency and to use the corre- 
sponding gain factor. 

Another method of constructing such a transformer is to use a 

trifilar winding. In this case the three wires comprising the separate 
circuits are twisted together% While somewhat higher coupling may 

be secured by 'this winding method, the same precauticns should be 

observed as with the transformer described above. 
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TRANSMISSION -LINE COUPLING 

A balanced transmission line may be so connected with respect to 

ground that the short -circuiting effect of the ground return is not 

present due to the standing -wave phenomenon existing on the ground 
return. Such an arrangement is shown in Figure 2. In effect two 

transmission lines are used, one is indicated by L1, the twisted pair, 
(not necessarily a twisted pair in practice), and the second is made 

up of the ground return "G" and the two wires of "L1" acting together 

as a single conductor. This second transmission line is indicated in 

Figure 2 as "L.." and is seen to be an open wire line. 

The physical length and electrical length of an open wire trans- 
mission line are equal for all practical purposes and the characteristic 
impedance of the line may be made relatively high by merely increasing 

the spacing between the two wires. Impedance in excess of 1000 ohms 

are easily obtained in practice. 

S /G. 4 N" ZOW67N 

GEN) 

T. 
C 

Fig. 2 

The input impedance of a 1/4 wave length transmission line is 

Z02 

Zr 
Where Z,,= the characteristic impedance of the line and, 

Zr = far end terminating impedance. 
The physical length (and electrical length) of the open wire line 

L2 of Figure 2 is made 1/4 wave length at the mean operating frequency 
and the characteristic impedance is made high (say 1000 ohms) by 
spacing the two conductors. 

With the above factors in mind, the magnitudes of the impedance 
looking into either end of the line L._ may be determined with sufficient 

accuracy to evaluate the shunting effect of the ground- return circuit. 
First consider the impedance Z., between the ground return lead 

"G ", and the side of the transmission line L1 that connects to the 
ground side of the signal generator at A. The terminating resistance 
Zr in this case is a short- circuit; therefore, Z2 looks like an infinite 
impedance (or open -circuit) and no short -circuiting action takes place 

at the receiving end. 

Ztn = 
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In determining the magnitude of Z2 for the side of the transmission 
line L1 connected to the high side of the signal generator, it is neces- 
sary to know the apparent output impedance of the signal generator. 
The apparent output impedanceof the signal generator will usually be 
such as to correctly terminate the transmission line L1. Most transmis- 
sion lines currently used for connection between the antenna and re- 
ceiver have approximately 100 ohms characteristic impedance, so that 
it is reasonable to assume the apparent signal -generator output imped- 
ance to be 100 ohms. From this assumption the value of Z. may be 
determined for the side of the line L1 connected to the high side of the 
signal generator, bearing in mind that the characteristic impedance of 
line L2 may be of the order of 1000 ohms or higher. 

Zoe 10002 
ZZ = -_ -- = 10,000 ohms 

ZT 100. 

This value is high compared to the impedance across half of the 
antenna input circuit, so may be disregarded so far as its shorting 
effect is concerned. 

The value of Z1 may be determined in a similar fashion to that 
above. However, the impedance between either side of this antenna 
input circuit and its center tap can never be greater than one -half the 
characteristic impedance of the transmission line L1, provided L1 is 
properly terminated at the signal -generator end. Assume again the 
same values of characteristic impedances for lines L1 and L_, namely 
100 and 1000 ohms; then, Z1 for either side of the line L1 will never 
be less than 

Z,2 10002 
Z1= -= = 20,000 ohms. 

Zr 100 

2 

This value is also high compared to the output impedance of the 
signal generator and, hence, has no short- circuiting action on it. 

The frequency range over which this system will operate satisfac- 
torily is approximately 1.5 to one. 

From the above discussion it is evident that the ground return con- 

nection "G" acts electrically as if it'were not present and that a single - 

sided voltage is effectively transformed into a push -pull voltage by the 
circuit of Figure 2. 

The transmission through the line L1 from signal generator to 

receiver may be considered to be loss free, due to the short length of 

line used, when the line is properly terminated. If the line is not cor- 

rectly terminated, the fransfer loss is still negligible if the mismatch 

is of the order of two or three to one. For a transfer loss of 10 per 
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cent the mismatch may be 2.5 to one. Such an error in receiver sensi- 
tivity measurements is not excessive at ultra -high frequencies. 

The impedance that the line L, presents to the receiver antenna 
circuit will be the characteristic impedance of the transmission line 
when the line is correctly terminated at the signal generator end. For 
a line not so terminated but with negligible loss the impedance at the 
receiving end is 

Z,; cos O+jl,n sin 
7R - 

Z,; 
cos O+j- - - sin 0 

Zn 

where Z = Signal generator output impedance, 
Z.= Characteristic impedance of line L, and 

O = The electrical length of the line in radians. 

This method of obtaining push -pull voltage from a signal generator 
with single -sided output is convenient provided the transmission L, 

EQU /VAL ENT 
$ /6NAL 6ENEPATOR 
ourmiT pes /ST.INCE 

Fig. SA. 

has a characteristic impedance equal to the impedance out of which the 
antenna circuit is designed to work, and that the apparent signal -gen- 
erator output impedance is made equal to the characteristic impedance 
of the line. 

DIRECT CONNECTION BETWEEN SIGNAL GENERATOR 

AND RECEIVER 

The circuit for direct connection between signal generator and 
receiver is shown in Figure 3A with an equivalent circuit in Figure 
3B. In the circuit of Figure 3A two ground points are shown; one, the 
output of the signal generator at "S" which is connected to the chassis 
of the signal generator; and the other, the center tap of the antenna 
input circuit connected to the receiver chassis at "R ". The ground path 
through the chassis of the two units back through the power line is 

shown as an impedance Z in the equivalent circuit of Figure 3B. At 

frequencies in the u -h -f range, Z has generally been found to be so 

high in any practical set up as to be entirely negligible in its effect 
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on shunting one -half of the input circuit. At frequencies at which the 
return circuit is close to series resonance (an even number of quarter - 
wave lengths), this impedance may drop to an undesirably low value. 
Changing the physical length of the return circuit will correct this 
and may be used as a test for low impedance in this circuit. 

This type of operation is illustrated by a series of sensitivity meas- 
urements on a typical receiver at 43 Mc. In this series of measure- 
ments the only changes that were made were changes in the connections 
between the signal generator and the receiver. The signal generator 
nsed had an output resistance of 15 ohms, while the antenna input 
circuit was designed to operate out of a 100 -ohm balanced transmission 
line. It was, therefore, necessary to add an 85 -ohm dummy antenna 
between the signal generator and receiver input terminals. 

Twelve different methods of connecting the signal generator to the 
receiver are illustrated in Figure 4. The ground points shown on the 
circuits of Figure 4 represent connection from the signal source to 

Fig. 3B. 

the chassis of the signal generator, and from the primary winding to 
the receiver chassis, respectively. The two ground points on each of 
the Figures 4A to 4J inclusive are connected together as shown by the 
impedance Z of Figure 3B. It must be kept in mind that these two 
ground points are not a common or low- impedance ground connection, 
but rather the ground points of the two units. 

The output for each measurement, illustrated by Figure 4, was 
maintained at the same level. The antenna input necessary to produce 
this standard output is tabulated on Figure 4 along with the different 
connections. It is to be noted that the input circuit is unbalanced in 

some of the measurements. This was done to show that the point of 
grounding the antenna primary winding is not critical, so far as this 
introduced voltage is concerned. 

The circuits of Figures 4K and 4L have the primary ground re- 
moved and are not reliable. The input necessary with the circuit of 

4L shows the largest departure from the average of any of the circuits 
considered. 

The average input required to produce standard output for the 
eonnections shown by Figures 4A to 4J inclusive is 9.53 microvolts. 
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The departure from the average of Figure 4D is the largest of any of 
the cases with a ground connection on the primary winding. However, 
the departure is only eight per cent, an error which is believed to be 
very small for receiver sensitivity measurements at these frequencies. 

For these sensitivity measurements, the dummy antenna resistance 
was varied, both above and below the correct value of 100 ohms. The 
sensitivity followed the variations of the dummy antenna very closely 
when the impedance of the input circuit was taken into consideration. 

The series of sensitivity measurements discussed above leads to 
two conclusions regarding the use of a direct connection between the 
output of a single -sided signal generator and the input of a balanced 
antenna circuit; first, the primary of the antenna input circuit must 
be connected to the ground point of the input circuit, and second, the 
correct value of dummy antenna resistance must be used. In using this 
direct connection between the signal generator and receiver, it is well 

to make two simple tests to be sure that measurements are valid. First, 
the polarity of the signal -generator output should be reversed, and 
second, the power -line connection for either the signal generator or the 
receiver should be moved to a different outlet. Normally no change in 
receiver sensitivity should be observed on making either of these two 
changes. 

Other methods of obtaining balanced output from a single -sided 
generator have suggested themselves. However, in view of the sim- 
plicity offered by the last, of the three methods discussed, they do not 
appear to be attractive. 
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A COAXIAL -LINE DIODE NOISE 
SOURCE FOR U -H -F * t 

BY 

HARWICK JOHNSON 

Research Department, RCA Laboratories Division 
Princeton, N. J. 

Summary -The 50 -ohm coaxial line construction of the present diode 
extends the usefulness of temperature- limited diode noise sources in untuned 
circuits through the ultra -high frequency region. A direct measurement of 
receiver sensitivity is obtained by doubling the noise power output of the 
receiver. The noise factor is given by the diode current in milliamperes 
except for a transit time correction and a minor correction for spurious 
responses of the receiver. A maximum temperature -limited emission of 100 
milliamperes enables the measurement of receiver noise factors up to about 
20 decibels. The transit time reduction of noise is 3 decibels at 3000 mega- 
cycles which is probably the upper limit of usefulness of the diode. The 
effect of standing waves introduced by the diode and its termination on the 
accuracy of measurement is discussed. 

INTRODUCTION 

THE temperature -limited diode has proved to be a convenient 
known noise source in receiver measurement work. However, 
its use at ultra -high frequencies has been limited by the lack of 

tubes of suitable construction and, even at very- high- frequencies where 
present tubes must be used in conjunction with tuned circuits, the 
temperature -limited diode has lost much of its convenience. The pur- 
pose of this work has been the development of a diode that may be used 
as a noise source at ultra -high frequencies and, moreover, that will be 
adaptable for use with untuned circuits. 

This is accomplished in the present tubes following the suggestion 
of E. W. Heroldt in 1942 to construct the diode as a section of coaxial 
line with the electron stream flowing between the inner and outer con- 
ductors. By the use of suitable electrode spacing a structure is obtained 
in which the electron transit time is small and which is readily adapted 
to wide -range coaxial -line circuits. Developmental tubes known as the 
R -6212 were designed and constructed by H. A. Finke# during 1944. 

* Decimal Classification: R261.2 X R361.114. 
j Reprinted from RCA REVIEW, March, 1947. 
$ RCA Laboratories Division, Princeton, N. J. 
# Formerly RCA Laboratories Division, Princeton, N. J. 
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The internal structure of this early type was subsequently revised to 
produce the type R -6212A described in this paper. This tube is a 
laboratory development only. 

The noise diode as a means of determining the noise factor of a 
receiver is first considered with some generality. The construction of 
the R -6212A is then described and the operating characteristics of the 
tube given. This is followed by consideration of various factors which 
affect the accuracy of measurement when using the noise diode as a 
noise source. These factors include the transit time reduction of noise, 
for which an approximate calculation is given, and sources of reflection 
due to the diode such as the diode filament capacitance. The diode 
termination is briefly discussed and the results of experimental meas- 
urements are given. 

ANTENNA PLUS 
RECEIVER NOISE 

t. 4MTAI 
F R 

RECEIVER (\ ' 

NOISE METER / 
0100E NOISE 

72,TdAT,W(I) 

Fig. 1- Equivalent circuit for receiver sensitivity measurements. 

THE NOISE DIODE IN RECEIVER NOISE FACTOR MEASUREMENTS 

As a noise source, one of the most important applications for the 
noise diode is the measurement of the noise factor of a receiver. The 
use of a noise source in such a measurement will be shown to be much 
simpler than the conventional method using a signal generator. 

Since, at present, no standard definition for the noise factor of a 
receiver has been established, it is well to point out that the noise 
factor referred to herein is that based on the use of the noise band- 
width of the useful signal channel alone as the noise bandwidth of the 
receiver.' This definition, as far as is known, is that most often used 
in laboratory measurements using signal generators. Thus agreement 
should be secured in the quotation of noise factors measured by the 
conventional signal generator procedure and those measured by a 
diode noise generator as described below. 

' D. O. North, "Noise Figures of Radio Receivers" (Contributed dis. 
cussion), Proc. I.R.E., Vol. 33, No. 2, p. 125 -126, February, 1945. 

For the original definition of noise factor see D. O. North, "The Absolute 
Sensitivity of Radio Receivers," RCA REVIEW, Vol. VI, No. 3, pp. 332 -343, 
January, 1942. 
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If F is the noise factor of a receiver, the total noise output of a 
receiver may be considered to result from a noise current generator of 
value (Figure 1) 

4kT p fl 
2 n= F 

Ra 
(1) 

at the receiver input, where k is Boltzmann's constant (1.38 X 10 -23 
joules per degree Kelvin), T is the temperature in degrees Kelvin, 
A f 1 

is the noise bandwidth of the useful signal channel alone and R. 
is the antenna resistance. 

If a temperature -limited diode carrying an average current, I, is 
placed across the receiver terminals, this diode may also be represented 
by a current generator of value2 

i = 2e1 A f2 

where e is the electronic charge (1.60 X 10 -19 coulombs) and A f.., is 
the overall receiver noise bandwidth including possible responses at 
image frequency or in the vicinity of frequencies harmonically related 
to that of the local oscillator. 

For use at ultra -high frequencies, with tubes in which the electron 
transit time is an appreciable part of a period, the diode noise must be 
modified to account for the transit time reduction of noise.3 In this case 

t2 = 2e1 f2* (f) (2) 

where *CI) is the frequency- dependent correction for the transit time 
reduction of noise. This correction will be discussed later. 

With the system shown in Figure 1, the noise factor of the receiver 
may be most readily obtained in the following manner. With the diode 
turned off, the noise output of the receiver is observed on the receiver 
output meter. This meter may be of any type capable of being cali- 
brated in terms of noise power. The diode is turned on and its filament 
emission increased until the noise output power of the receiver is 
double its original reading. The diode current Id is recorded. This pro- 
cedure of doubling noise output of the receiver means that the current 
generator representing the diode is equivalent to that representing the 

2 W. Schottky, "Spontaneous Current Fluctuations in Various Con- 
ductors," Ann. Physik, Vol. 57, p. 541, 1918. 

3 S. Ballantine, "Schrot -Effect in High Frequency Circuits," Jour. 
Frank. Inst., Vol. 206, p. 159, August, 1928. 
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receiver noise, and (1) and (2) may be equated using Id for the diode 
current 

whence 

4kT A f1 

R° 
F=2eld A fa `Y(f) 

e I2 F= R° Id 11`(f) 
2kT f, 

(3) 

Many ultra -high frequency receivers are designed to work from 

an antenna impedance of 50 ohms as seen through a standard connect- 

ANODE 

* - 
FILAMENT 

BY -PASS 
CONDENSER 

FILAMENT 
LEADS 

A 8 

Fig. 2- Outline drawing of coaxial -line noise diode. 

ing cable of 50 -ohm characteristic impedance; thus, if R° is 50 ohms 

and T is taken as 290° Kelvin, 

A 12 
F=1á 4' (f) 

A fi 
(4) 

where'd is the diode current in milliamperes. 
Further, in the many cases where' the spurious responses of the 

receiver are negligible, the bandwidth correction, A f2 /A fi, becomes 

unity so that 

F (f) 

Expressing the noise factor in decibels the expression is simply 

F(db) = 10 login (Id' 4' (f) ) 

(5) 

It is thus seen that the noise factor is readily measured using a 

temperature -limited diode by the simple procedure described above, 

requiring only a single observation made without tuning adjustments 
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or knowledge of the receiver bandwidth. If the bandwidth correction, 
A f2 /A fl, must be evaluated to obtain an accurate measurement of 
noise factor, the noise diode loses some of its convenience. 

DESCRIPTION OF THE NOISE DIODE 

The R -6212A coaxial -line noise diode is shown in outline in Figure 
2 and consists of an outer cylinder (anode) and a central conductor 
whose diametric ratio is that of a coaxial line of 50-ohm characteristic 
impedance. The tungsten wire filament is supported from the central 
conductor into which is constructed a mica condenser to by -pass the 
filament lead brought in coaxially through one end of the center con- 

BY -PASS CONDENSER 

375± 005 DIA 

095t 

003 

3 DIA 

ANODE 

G A 

MAX. I V4 

S 

!i /ii .iii 
k. 1 

_ - -.-_ iiis 
FI A 

1.600t.005 

2L10tV32 V2 
= V32 

Fig. 3- Details and dimensions of coaxial -line noise diode. 

ductor. This construction makes both filament terminals available at 
one end of the tube. The constructional details of the tube are shown 
in Figure 3, while the photograph of Figure 4 shows the central con- 
ductor subassembly, the anode outer conductor, and the completed tube. 
The central conductor is undercut at the position of the glass seals to 
compensate partially for the change in characteristic impedance at this 
point due to the presence of the glass. 

The operating data for the tube are given in Table I. With an anode 
voltage of 300 volts the filament emission is temperature -limited up to 
about 100 milliamperes. From Equation (4) it is seen that this emis- 
sion enables noise factors up to about 20 decibels to be measured at low 
frequencies by the method described above. Transit time effects reduce 
this to about 17 decibels near the upper end of the ultra -high frequency 
band. 
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Anode Voltage 
Anode Current 
Filament Voltage 
Filament Current 

Table I 

300 Volts 
100 milliamperes (maximum) 
3.0 -3.5 volts (approximately) 
2.5 amperes (approximately) 

Static characteristics of three sample tubes are shown in Figure 
5. Differences result from a variation of the geometry of the .005 -inch 

Fig. 4- Central conductor subassembly, anode outer conductor and 
the completed tube. 

tungsten filament with respect to the anode; however, all tubes are 
temperature -limited at the operating voltage of 300 volts. It is neces- 
sary to provide means of cooling the anode when the anode dissipation 
exceeds 18 watts. This is most readily accomplished by thermal con- 
duction to the adjoining radio -frequency plumbing. 

Figure 6 shows the calculated4 minimum life expectancy of the 
tungsten filament, by computation of the time for 10 per cent evapora- 
tion (by weight) of the filament. 

4 Calculations by H. A. Finke based on data published by Howard A. 
Jones and Irving Langmuir "The Characteristics of Tungsten Filaments as 
Functions of Temperature -Part II" G.E. Review, Vol. 30, No. 7, pp. 354- 
361, July, 1927. 
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IF'ig. 5- Typical static characteristics of coaxial -line noise diode. 

TRANSIT TIME CORRECTION 

The Schottky equation for the shot noise in a temperature- limited 
diode 

di$ = 2eldf 

is based on the assumption that the current induced by the passage of 
one electron through the diode is (in the limit of negligible transit 
time) an impulse function whose Fourier transform shows the energy 
distribution to be uniform throughout the frequency spectrum. How- 
ever, as the transit time of an electron approaches an appreciable part 
of the period of the frequency components of interest, the current pulse 
due to the passage of one electron can no longer be idealized as an 
impulse function and the induced current pulse mùst be analyzed in 
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Fig. 6- Minimum life expectancy and measured emission of noise diode. 
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order to determine the distribution. It is evident that under such con- 
ditions the high frequency components will be of reduced amplitude. An 
analysis for the parallel -plane diode has been given in the literature.' 

While the R -6212A coaxial -line noise diode resembles a cylindrical 
diode there are important differences bearing on the transit time 
reduction of noise. The tube geometry essential for this discussion is 
shown in Figure 7. In this construction it is obvious that those elec- 
trons leaving the innermost part of the filament experience a different 
field and hence have a different transit time than those leaving the 
outermost portion of the filament wire. The transit time correction 
must, therefore, be an integrated effect accounting for the difference 

-COAXIAL CENTER CONDUCTOR 

ELECTRON PATHS 

Fig. 7- Geometry of noise diode on an axial plane through one half of diode. 

in the electron paths (the shape of the induced current pulse) and the 
electron transit times (duration of the induced current pulse). 

A rigorous computation of the transit time correction would involve 
the calculation of the shape of the current pulse for each electron path, 
an adjustment to the proper time scale as determined by the transit 
time for each path and a summation to find the integrated effect. This 
is a difficult procedure for the geometry involved; the correction term 
to be calculated here will be the result of simplifying assumptions in 
order to obtain at least the approximate correction. 

Consider the elementary diode indicated in Figure 7 composed of 
an emitting surface covering an angle d¢ of the filament wire and the 
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corresponding active anode surface dA as determined by the connecting 
electron paths. Let the current pulse induced by the passage of an elec- 
tron through this elementary diode be 

i(43, t) = e h (¢, t) 

where e is the electronic charge and ¢ may be considered a parameter 
identifying the elementary diode. The shot noise due to this elementary 
diode is then 

di" =2elyIH2 (4),w) df 

where H2 (¢, ru) is the Fourier transform of h (¢, t) and l0 is the 
average current through the elementary diode. 

The filament wire is assumed to emit uniformly so that 

I 
l4,=-dy5 

27r 

and the total shot noise in a frequency band df being upon integration 
over the entire emitting surface 

di2 = 2eldf 1 1 H2 (¢, co) I dO 

o 

Now H2 (0, ,) is a slowly varying function over the bandwidth of a 
receiver so that an integration over df gives 

= 2e1 A f-o I H2 (, (o) ) Q0 
7r 

For the purpose of this approximate calculation H2 (4), (u) will be 
approximated by'the form for the parallel plane diode given by Ballan- 
tine' in the form H2 (w r) where r is the transit time and in this case 
is a function of 4). Writing O (the transit angle) for 01 r, Ballantine 
gives 

4 
H' (0) I = - (2 (1 - cos 0) + 0 (0 -2 sin 0)) whence 

04 
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CENTER CONDUCTOR 
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Fig. 8- Approximate field plot and electron paths. 

1 4 i2=2elpf- --{2 (1- cos B) +B (B-2 sin B)}d0 
ga 

where B is a function of 0 and the frequency. 

The integral term is evidently the transit time correction 4, (f) of 
equation (2), that is 

,r 

1 4 (f) _- -(2 (1- cos B) +B (B-2 sin B)}d0 (6) 
a n 

94 

where O = 27r f r and r is a function of 0. 
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Fig. 9- Variation of transit 
time with 0. 
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Fig. 10- Calculated approximate 
transit time reduction of noise in 

noise diode. 
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The approximate calculation of 4' (f) was then made in the follow- 

ing manner. An approximate field plot of the geometry of Figure 7 

was obtained in an electrolytic tank with parallel electrodes. From 
this field plot, together with data from rubber membrane studies, the 
electron paths were laid out as shown in Figure 8. The transit times 
for the various paths could then be computed numerically, thus supply- 
ing an explicit relation between the transit time (or transit angle for 
a given frequency) and ¢ as shown in Figure 9. The numerical integra- 
tion of (6) to determine 4' could then be performed for a particular 
frequency. 

The resulting transit time correction factor 4, (f) as a function of 
frequency is shown in Figure 10. It is seen that the diode noise output 
drops off to about 1/2 (3 decibels) at 3000 megacycles. 

RECEIVER 

1% NOISE METER 

ANT( RNA PLUS 
RE, E IV(R NOISE DIODE _N SE 

41R TA1,( '2t(Op1,V(1) 

Fig. 11- Equivalent circuit including diode filament capacitance 
for receiver sensitivity measurements. 

EFFECT OF DIODE CAPACITANCE 

In the equivalent circuit of Figure 1 it is implied that the diode may 

be introduced into the antenna circuit without affecting the circuit 
constants. This is not entirely valid for the R -6212A at ultra -high 

frequencies because of the impedance discontinuities introduced by the 

diode. It is of interest to consider the circuit of Figure 11 in which 

a reactance jX has been added, where this may be considered to be 

the capacitance added across the line by the diode filament. 

In Figure 11, F' is the noise factor of the receiver with an antenna 

impedance of R. and jX in parallel. It is evident that a measurement 
procedure such as that described above will result in the measurement 

of F' which, however, may differ from F of Figure 1 which is the 

desired noise factor. 
If the receiver is considered to have been adjusted previously for 

minimum noise factor with respect to changes in the operating para- 

meters, then F' is not sensibly different from F for small changes in 

the antenna impedance caused by the addition of jX. The extent to 

which the circuit of Figure 11 may be used to determine the noise 
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factor of the circuit of Figure 1 depends, under these conditions, on 
the broadness of the minimum noise factor adjustment with respect to 
changes in X. This is a characteristic of the receiver and no general 
statement may be made concerning the limits of its validity. 

Lacking specific knowledge of the receiver characteristics it is of 
interest, in order to gain an insight into the magnitude of the effect 
of the diode filament capacitance, to consider the variation of the noise 
power input (i.e. antenna circuit noise or diode noise) into a receiver 
as the reactance X is varied. It will be assumed that the input impe- 
dance of the receiver is matched to a transmission line whose charac- 
teristic impedance Zo equals Ra. This is very close to the condition of 
minimum noise factor for ultra -high frequency receivers. 

0 2 3 4 
x,z* 

Fig. 12 - Variation of standing 
wave ratio with filament capaci- 

tance. 

5 6 7 

Io 
a 
z 

a 
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a 
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0.4 

2 
0.2 

0 
J 10 

a 
15 2 0 2.5 3.0 

STAND NG WAVE RATIO 

Fig. 13- Variation of receiver 
noise power input with standing 
wave ratio due to filament capaci- 

tance. 

Since ultra- high- frequency impedance measurements are generally 
made by means of standing wave measurements on a transmission 
line, it is desirable to discuss the effect of the diode filament capaci- 
tance in terms of the standing wave ratio it introduces in a transmis- 
sion line which is otherwise terminated in its characteristic impedance. 
This standing wave ratio, ,l, is given in Figure 12 as a function of 
X /Zo. The two points indicated for p = 1.2 and ,l = 1.4 indicate the 
calculated effect of the R -6212A filament capacitance at 1500 and 3000 
megacycles respectively. 

The variation of the noise power input as a function of the stand- 
ing wave ratio is shown in Figure 13. It is seen that the change in 
the noise power input is not large for standing wave ratios less than 
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1.5. In view of the small changes in noise power input (less than 5 per 
cent) caused by these values of the standing wave ratio, it appears 
reasonable to expect the presence of the filament capacitance alone 

would not seriously limit the operation of the tube up to nearly 3000 

megacycles. Thus, in an experimental system, if the filament capaci- 
tance is so small that the noise input due to the diode is not greatly 
in error (Figure 13) and, if the noise output of a receiver when con- 

nected to the antenna impedance of Ra and jX in parallel differs only 

a few per cent from that when connected to an antenna impedance Ra, 

the error in the measured noise factor should be negligible. 
The above discussion has been concerned with the effect of the 

diode filament capacitance alone. In an actual circuit, other sources of 
reflection are present, for example -the glass beads of the tube, the 
cable connectors or an improper termination for the diode. A general 

2.2 

2.0 

1.8 

1.6 

1.4 

LO 5 20 25 
STANDING WAVE RATIO 

Fig. 14 -Ratio of receiver noise power input to that for 
unity standing wave ratio. 

calculation of their effect is not practicable since these sources are 
disposed along the transmission line and, as mentioned above, one has 
no knowledge (except in a limited region near the minimum noise 
factor) of the variation of receiver noise due to these reflections. An 

insight into the uncertainties of attempting to predict the behavior of 

a system possessing these distributed sources of reflection may be 

gained by consideration of the following simple calculation. Let all the 
sources of reflection lie on the terminated side of the diode filament and 

assume that the receiver input impedance is that of the characteristic 
impedance of the connecting transmission line. Then the variation of 

the noise power input to the receiver from the diode will be in the 
shaded region of Figure 14 depending on the magnitude and phase of 

the reflection coefficient associated with the standing wave ratio. It 
is therefore evident that any usable system must be made as reflection - 

less as possible. 
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WIDE BAND TERMINATIONS 

One of the principal objectives for the construction of the R -6212A 
diode in the form of a coaxial line is to make possible its use in wide 
range (untuned) ultra -high frequency circuits. The circuit techniques 
to achieve a wide -range circuit equivalent to that of Figure 1, or Figure 
11, are more difficult than appears at first sight. This complication 
arises from the necessity of providing heating power for the diode 
filament. Although a minimum of work has been done on this aspect 
of the problem, the development of a suitable termination is essential 
to the exploitation of the full possibilities of the tube. 

Methods of introducing the filament leads through the simpler 
forms of radio- frequency chokes are generally subject to the criticism 
of narrow band operation. Possibilities of introducing the filament 
current through the receiver end of the diode are rejected as un- 
desirable in a generally useful device. 

Probably the simplest general method of providing a wide band 
termination is that of a long "lossy" line. This suggests that the long 
"lossy" line be constructed of two concentric coaxial pairs as shown 
in Figure 15 which shows a typical circuit with the R -6212A diode for 
the noise factor measurement of an ultra -high frequency receiver. In 
Figure 15, coaxial pair "B" is used for the filament connections and 
pair "A" having a characteristic impedance of 50 ohms is used for the 
diode termination. The termination loss may be introduced in the 
dielectric of pair "A ", the outer conductor of pair "A ", the inner con- 
ductor of pair "A" or a combination of these. If the loss is introduced 
in the inner conductor of pair "A ", this conductor should be a high 
conductivity tube clad with a high resistivity material. This would 
provide a low resistance path for the filament current but still introduce 
loss in pair "A ". 

Long "lossy" lines are relatively bulky items to handle. To avoid 
this inconvenience it should be possible to attain relatively wide band 
operation with a termination in which a high resistivity material is 
introduced into the interconductor space of pair "A" if the material 
is introduced in the proper manner. This would make possible a less 
bulky termination. 

AIternatively, the "lossy" line may be made in the form of a two - 
wire shielded pair; the two inner conductors would be operated in 
parallel for radio frequencies and serve as the filament connections. 
The losses are introduced by one of the methods described above. This 
type of termination, with the loss introduced in the dielectric of the 
two -wire shielded pair, was used for the experimental checks on the 
tube performance to be described later. The reasons dictating the use 
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of this termination were simply those of available materials and facili- 
ties. Since the available two -wire line had a 34 -ohm characteristic 
impedance, a tapered section was necessary to transform this im- 

pedance to the 50 ohms required for the diode termination.. A variant 
of this type of termination is that of a parallel connection of two 

coaxial pairs. 

EXPERIMENTAL MEASUREMENTS 

The noise factor of a receiver was measured both by the conven- 

tional signal generator method and by the noise diode using the 
termination described above. A comparison of the results of several 
measurements for different receiver adjustments is given in Table II. 

COAXIAL PAIR "13* 
FILAMENT LEADS 

+300 VOLTS 

50 OHMS 

LOSSY LINE 
TO PRODUCE 

5011 LOAD R-6212 A IS LATION 
RECEIVER 

NOISE 
METER 

Fig. 15 -A typical circuit for measurement of receiver sensitivity 
with the noise diode. 

(A) 

Table II 

Noise Factor Measurement Comparison 

Frequency 750 Megacycles 

Pf2 /Afl =1.1 
F= 1.1X0.83Id' 

Signal Generator 
F F(db) 

Diode 
F F(db) 

(f) = 0.83 

Difference 
OF (db) 

12.2 10.9 13.6 11.3 + 0.4 

12.9 11.1 13.6 11.3 + 0.2 

10.2 10.1 10.4 10.2 + 0.1 

38.5 15.9 42.7 16.3 + 0.4 
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(B) Frequency 1500 megacycles 4' (f) = 0.67 

Due to an oversight Of._ /t fl was not evaluated. It is assumed to 
be the same as in A. 

F= 1.1X0.67'd 
Signal Generator Diode Difference 

F F(db) F F(db) AF(db) 
40 16.0 42.9 16.3 + 0.3 
45 16.5 44.0 16.4 - 0.1 

The termination previously described and used for the above meas- 
urements had a standing wave ratio of 1.1 and 1.25 at 750 and 1500 
megacycles, respectively, including the cable connectors. With the 
R -6212A diode inserted, the standing wave ratio was 1.4 and 1.15 at 
750 and 1500 megacycles, respectively. At 750 megacycles it was 
determined that the presence of the filament was the greatest single 
contributing factor in affecting the standing wave ratio. Since this 
was the case, the system was expected to satisfy the conditions pre- 
viously set forth for a usable system, permitting experimental checks 
to better than 1 decibel. As indicated in Table II such was the case. 

It is well to point out that general precautionary measures are 
necessary when making receiver noise measurements by any method. 
Noise due to hum and interference signals may be attributed to thermal 
and tube noise in overall receiver output noise measurements unless 
required steps are observed. It is often necessary to shut down or 
isolate certain circuits to gain a true evaluation of the effect of thermal 
and tube noise effects in receiver output noise. 

CONCLUSIONS 

The convenience of a temperature -limited diode as a noise source 
in receiver measurement work has been demonstrated, in particular 
for the determination of the noise factor of a receiver. The develop- 
ment of the R -6212A coaxial -line noise diode has made possible the 
application of these procedures at ultra -high frequencies. This is due 
principally to the coaxial form of construction permitting it to be 
incorporated readily into coaxial -line circuits. 

While the R -6212A diode, when used as a standard noise source, 
must be corrected for transit time effects, experimental measurements 
of receiver noise factors have shown that the use of the approximate 
correction calculated above results in agreement on the order of the 
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experimental accuracy (better than 0.5 decibels) with measurements 
up to 1500 megacycles using a conventional signal generator. Increased 
accuracy may be obtained with an experimental calibration. 

The usable high- frequency limit of the tube is determined by the 
reflections arising from imperfections in the tube. Insufficient circuit 
work was undertaken to establish definitely this upper limit. While 
the measurement of noise factor has been particularly stressed in this 
report, the tube may also be used in other applications requiring an 
ultra -high frequency noise source. 

It must be emphasized that the R -6212A coaxial -line noise diode was 
developed purely as a laboratory and not as a commercial product. 
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AN ULTRA -HIGH -FREQUENCY LOW -PASS FILTER 
OF COAXIAL CONSTRUCTION 

BY 

C. L. CUCCIA AND H. R. HEGEAR 

Research Department, RCA Laboratories Division, 
Princeton, N. J. 

Summary -The design of an ultra- high -frequency low -pass filter of 
coaxial construction is described. The design equations and design criteria 
are derived and are applied to two coaxial filters whose cut -off frequencies 
are 800 megacycles and 1800 megacycles, respectively, and whose mechan- 
ical details and transmission characteristics are discussed. 

InURING the course of an investigation of modes of oscillation 
in cavity magnetron blocks by means of cold- resonance meas- 
urements, it was found that the harmonics in the output of the 

test oscillator excited modes belonging to multiplets other than the 
fundamental one. These cold- resonance tests were conducted for modes 
existing in the range from 600 to 1500 megacycles and troublesome 
oscillator harmonics were identified up to 10,000 megacycles. It was 
evident that a filter with low -pass characteristics could be used to 
eliminate this difficulty without modification of the oscillator or the 
other elements of the testing apparatus and a simple coaxial filter 
that was successfully utilized will be described. 

It was required that the low -pass filter, which was to be designed 
for this application, have a minimum number of pass bands above the 
cut -off frequency. Since the phase shift and input impedance variation 
over the low -pass band were not of primary importance, these aspects 
are not considered here. To be most useful, a filter for experimental 
work at these frequencies should be fitted with coaxial connectors per- 
mitting rapid connection to coaxial cables, and should be completely 
closed to prevent radiation and coupling with other apparatus. It is 
always desirable that such units be of simple and rugged mechanical 
construction. 

After consideration of various filter designs which might be satis- 
factory, it was decided that the most direct approach to the problem 
was to construct a constant -K, T -type, low -pass filter in which the 
lumped series inductances and shunt capacitances used in low -pass 
filters were to be replaced by lengths of coaxial transmission line whose 
distributed parameters would closely simulate the lumped parameters. 

* Decimal Classification: R310 X R386.2. 
t Reprinted from RCA REVIEW, December, 1947. 
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L L j.. 
2 a 

k 
LSECTONECT ON NTNTILTE TNP ILTEq 

SECTION SECTION 1 
r`ig 1- Lumped parameter constant -K T -type low -pass filter with 

N sections. 

1'he design of the filter was carried out in the following way: It 
is known' that for the low -pass, constant -K, T -type filter shown in 
Figure 1, 

1 RO 
C = farads (1) L = - henries (2) 

f.R0 irf0 

where fa is the cut -off frequency in cycles per second and Ro is the 
terminating resistance in ohms. 

In the ultra- high- frequency coaxial filter being described, a section 
of coaxial line having a large characteristic impedance with respect 
to Ro is used as the inductance element and a section of coaxial line 
having a small characteristic impedance with respect to Ro is used as 
the capacitance element. The conditions for which a short length of 
coaxial line will appear to be a series inductance or a shunt capacitance 
are derived in the Appendix and are listed there in Equations (5 -a), 
(6 -a), and (10 -a). 

The geometry used for the coaxial filters is shown in Figure 2. 
Expressions for the characteristic impedance of the inductance and 
capacitance sections are 

CAPACITANCE SECTION 

`\ \. \\ \\` \\\\`"`\ .\ \ ` \ 
IrI / / ///I.. 

ENO ILTCII NTN LILTS 
SEC ION SECTION I SECTION 

Fig. 2- Detail of UHF low -pass coaxial filter with N sections. 

' Ware and Reed, COMMUNICATION CIRCUITS, John Wiley and 
Sons, New York, N. Y., 1944 ( Equations 9 -14, 9 -15, pp. 126 -127.) 
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rl r1 
ZoL = 138 Log10 - (ohms) (3), 

ro 
Zoe = 138 Log10 - - (ohms) . (4) 

r2 

The total inductance of the inductance section of length, d1, is approxi- 
ZoL d1 

mately L (5) 
v 

and, neglecting fringing, the total capacitance of the capacitance see- 
d., 

tion of length, d2, is approximately C y -- - (6) 
Zoo l) 

where y is the velocity of light. Equations (5) and (6) are suitable 
representations for lumped inductance and capacitance if 

27rf Lo d1 274 Lo d1 
tan (7) 

ZoL ZoL 

and tan 27rf Zoo Cod._ 274 Zoe Code (8) 

as specified in Equation (6 -a). Lo and Co are the inductance and 
capacitance per unit length of line, respectively. 

Substituting Equations (5) and (6) into Equations (1) and (2), 
the following design relationships are obtained: 

dl = 
Ro Ao 138 Ao r1 

(9) d2 = Logic, - (10) 
r1 7r Ro r2 

138 77. Loglo - 
ro 

where d1 and d2 are in centimeters and Ao is the cut -off wavelength in 
centimeters. It is evident that Equations (9) and (10) may be com- 
bined to yield the general relationship 

A=7r 

I 

dl d2 

r1 
Logro - 

ro 

r1 
Logro - 

r2 

in terms of the lengths, d1 and d2, and the radii, ro, r1, and r_ which 
are interrelated by Equations (9) and (10). 
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The design relations- Equations (9), (10), and (11) -for a prac- 
tical ultra- high- frequency coaxial filter will be valid if the following 
criteria are observed: 

d2 < d, «Ac/8 (12) 2x. ri < A, (13) 

rl - r2 < d2/4 (14) r, - ra < dl/4 (15) 

fttis 

Pig. 3- Photograph of the 800 -megacycle and 1800 -megacycle coaxial 
low -pass filters. The 800 -megacycle filter is shown dismantled. 

Equation (12) is deduced from Equations (7) and (8). Equation (13) 
is specified so that the design of the filter will be made for the funda- 
mental mode of any of the component sections of coaxial line. Equa- 
tions (14) and (15) are intended to minimize end effects and represent 
an average of information which has been yielded by numerous field 
plots. 

Two of the filters which were constructed were designed using 
Equations (9) and (10) for cut -off frequencies of 800 and 1800 mega- 
cycles and are pictured in Figure 3 with the 800 -megacycle filter shown 
dismantled. The center structure was made by soldering discs at 
proper intervals on a center rod. Army -Navy coaxial cable connectors 
were used at both ends of the structure and served to hold and position 
the center conductor in the enclosing cylinder. All of the metal com- 
ponents were made of brass and were silver plated. 

The details of these filters are tabulated as follows, with the dimen- 
sions in inches: 
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LO 

o 0.5 

o. 

0.7 

0.0 

; 0.5 

0.4 
o 

ï 

50 OHMS 

050 700 750 000 650 000 
MEGACYCLES 

Fig. 4- Transmission curve of 800 -megacycle coaxial filter in 
the vicinity, of cutoff. 

Number of 
f Sections Ro r0 rl r2 dl d2 

800 4 50 0.0937 0.500 0.450 2.34 0.583 
1800 4 50 0.0468 0.3125 0.275 0.95 0.312 

Measurements were made with and without the filters between an 
oscillator and a 50 -ohm load using 50 -ohm coaxial cable for frequencies 
in the range of 500 to 3750 megacycles. The ratio of the power to the 
load with and without the filter for both filters is shown in Figures 4 

and 5 in the vicinity of cut -off. Although the actual power transfer 
through the filter is a function of the impedance reflected back to 
the oscillator and so will vary with different oscillators and filters, 
the cut -off frequency of the filter will not be appreciably affected by 
the over -all circuit and it is this cut -off region which is of interest. 
The 800 -megacycle filter design adheres closely to Equations (12 -15) 
and Figure 4 shows its experimentally observed cut -off to be closely in 
accord with the predicted value. The 1800 -megacycle filter's experi- 
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Fig. 5- Transmission curve of 1800 -megacycle filter in the vicinity of cutoff. 
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mentally observed cut -off in Figure 5 does not agree exactly with the 
predicted cut -off since it is evident from the dimensions listed in the 
table that Equation (12) is exceeded to such an extent that the angle 
in Equation (7) is not an accurate approximation of the tangent of 

the angle. The effective cut -off of the 1800 -megacycle filter is seen in 

Figure 5 to be in the neighborhood of 1650 megacycles and represents 
an over -all error of about eight per cent. 

There are frequencies above cut -off where pass bands will result 
due to resonances on the part of either the capacitance or the induc- 

tance sections. At 2690 megacycles, for example, the 800 -megacycle 

filter was found to have an extremely sharp pass band in which con- 

siderable transmission was observed. This is precisely that frequency 
at which the inductance section length, d1, is equal to a half wave- 

length and the filter becomes a line composed of a series of resonant 
sections connected by short lengths of low characteristic impedance 

line. Resonance on the part of the capacitance section will also produce 

a pass band. These pass bands may be predicted and if, in general, 

d1 and d2 are made very small compared to the cut -off wavelength, the 

resonant pass bands will be far removed from the main pass band of 

the filter. It is possible to decrease the transmission in these pass bands 

by including sections in the structure with different d1 and d2 which 

are designed to cut -off at the correct frequency. 
Since the coaxial low -pass filter will decrease in size as the cut-off 

frequency is increased, the upper limit of design and usage will be 

determined by mechanical considerations which will become important 
above 5000 megacycles. It is particularly important at these higher 
frequencies that the connectors do not introduce reflections of large 

magnitude and that the termination be made as close to R. in value as 

possible. In the specific application of the filters being described, a 

termination made up of a small 50-ohm resistor which was bent into 

the shape of a loop was found to function satisfactorily, but at higher 

frequencies the termination must be carefully engineered to preserve 

the cut -off characteristic of the filter. 
When installed into the cold- resonance equipment for which they 

were designed, the low -pass coaxial filters were found to be completely 

satisfactory with respect to performance and during the course of 

numerous experiments, indications due to higher modes getting through 

the high -pass bands of the filters were not observed. 
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APPENDIX 

A. Consider the use of a short length of coaxial transmission line, 
having zero dissipation, as a series -lumped inductance in series with 
a terminating impedance, ZL. Let the characteristic impedance of this 
line be Z. and let it be terminated by ZL such that the input impedance, 
Z1, may be written 

ZL cos ßl + j Z, sin ßl 
Z1 = Z. 

Z. cos ßl +jZL sin ßl 

where the lengthof the line is l and 

L 
Zo = o 

(2-a) ßl = w L, C, l (3-a) 
C. 

(1 -a) 

L. and Co are the inductance and capacitance per unit length of line, 
respectively. Equation (1 -a) may be rewritten 

Z1 = 
Z1, + ,Z, tan ßl 

ZL 
1 j- tan 131 

Z, 

ZL 
If the length, 1, and the ratio, -, are such that 

Z, 

Z, - tan ß! 
Zo 

and tan 131 131 (6 -a) 

(4 -a) 

<< 1 (5-a) 

then Z1 = ZL + jw Lot (7 -a) 

which shows that the short length of line will appear to be a series 
inductance if (5-a) and (6 -a) are adhered to. 

B. Consider the use of a short length of coaxial transmission line, 
having zero dissipation, as a lumped capacitance in shunt with a ter- 
minating impedance ZL. Let the characteristic impedance of this line 
be Z. and let it be terminated by ZL such that the input admittance, Y1, 

may be written 
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Yl 
Za Z, cos ßl + j Z. sin ßl 

1 Zo coa ßl + j ZL sin in 

1 1 -+j- tan ßl 
ZL Z. 

Zo 
1 + j tan ßl 

ZL 

Z. 
If the length, 1, and the ratio, -, are such that 

ZL 

and tan ßl ßl (6 -a) 

tanßll «1 
ZL 

(8 -a) 

(9 -a) 

(10 -a) 

1 
then Y1 = -+ j» Co/ (11 -a) 

ZL 

which shows that the short length of line will appear to be a shunt 
capacitance if (10 -a) and (6 -a) are adhered to. 

If the radius of the outer conductor, r0, is much larger than the 
radius of the inner conductor, rb, fringing may not be neglected and 
it is convenient to include an approximate fringing factor such that 

1 ra - ro 
Yi -+ja+ 

[1+ 
Cal 

ZL l 
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MEASUREMENT OF IRON CORES AT RADIO 
FREQUENCIES f 

BY 

DUDLEY E. FOSTER AND ARTHUR E. NEWLON 

RCA License Laboratory, 
New York, N. Y. 

Summary 

Iron cores are used in radio -frequency coils primarily to obtain 
increased inductance. The amount of inductance increase due to the iron 
core depends upon the physical dimensions of the coil and the core, and on 
the effective permeability of the core. In addition to the inductance increase, 
the iron core increases the effective radio- frequency resistance of the coil 
due to hysteresis and eddy -current losses in the iron. This paper describes 
a method of measuring the effective permeability and loss factor of iron 
at radio frequencies, and develops expressions by means of which the char- 
acteristics of a given coil can be predicted when the iron constants are 
known. The measurement method described is employed to measure several 
cores. Sample calculations and curves are given to illustrate the use of the 
formulas developed herein. 

(11 pages, 17 figures, 4 appendices) 

* Decimal Classification: R231 X R232.3 
t Proc. I.R.E., May, 1941 

DIRECT -READING WATTMETERS FOR USE AT 
RADIO FREQUENCIES *t 

BY 

GEORGE H. BROWN, J. EPSTEIN AND D. W. PETERSON 

Research Department, RCA Laboratories Division, 
Princeton, N. .1. 

Summary 

The principle upon which the operation of direct- reading wattmeters 
is based has been known for many years. The contribution of this paper 
lies in the application of this principle to a practical operating instrument 
for the measurement of high power at radio frequencies. Two instruments 
are described. The first is useful in the range of frequencies from 500 to 
2000 kilocycles. This instrument contains circuits which permit operation 
at any frequency in this band with no tuning or other change in the instru- 
ment. The second instrument operates in the region near 50 megacycles. It 
is inherently a single- frequency device constructed from sections of trans- 
mission lines. The theory of operation is discussed, as well as calibration 
methods. Test data taken with the instruments with loads having a wide 

* Decimal Classification: 621.374.6 X R251 
t Proc. I.R.E., August, 1943 
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range of power factors are compared with power measurements made on 
water- cooled loads. 

(8 pages, 12 figures, 2 tables) 

SPECIAL APPLICATIONS OF ULTRA -HIGH- 
FREQUENCY WIDE -BAND SWEEP 

GENERATORS *t 
BY 

JOHN A. BAUER 

Engineering Products Department. RCA Victor Division, 
Camden, N. J. 

Summary 

Three unusual uses of wide -band frequency- modulated signal generators 
are described. Instruments suitable for two uses immediately applicable 
to television receiver development are also shown. These applications are 
as follows: 

1. Radio -frequency impedance measurements; 
2. Overall frequency response measurements of television receivers; 
3. Microwave frequency measurements. 

Practicality has already been demonstrated with resulting large laboratory 
and factory test time savings. 

(12 pages, 7 figures) 

* Decimal Classification: R355.913.2 X R200 
RCA REVIEW, September, 1947 

www.americanradiohistory.com

www.americanradiohistory.com


434 RADIO AT ULTRA -HIGH FREQUENCIES, Volume 11 

AN OMNIDIRECTIONAL RADIO -RANGE SYSTEM'` 

Part I- Principles of Operation 
BY 

DAVID G. C. LUCK$ 

Research Laboratories, RCA Manufacturing Gi., Ina, 
Camden, N. J. 

Summary 

Radio navigation may be done with direction- finding receivers on 
mobile craft, with fixed direction finders on the ground or with directional 
beacon transmitters on the ground. Each method has its unique merits 
and faults, but the last seems especially suited for aircraft guidance in the 
United States and has, in the form of four- course radio "range" beacons, 
rendered outstanding service. The disadvantages of limited choice of 
courses and of difficulty in definitely determining on which course a craft 
may be, inherent in the present four- course ranges, may be avoided by 
rotating a transmitted radio beam and timing its passage over the receiv- 
ing craft, to determine uniquely the bearing of that craft from the known 
location of the beacon transmitter. A rotating beam, of figure -eight shape, 
may be produced without mechanical motion by setting up two fixed antenna 
systems, having figure -eight directivity, at right angles and feeding them 
with radio -frequency signals modulated at the desired rotation frequency, 
the modulation of the separate supplies to the two crossed antennas being 
in phase quadrature. Unmodulated carrier to resolve the ambiguity of the 
figure -eight beam, by changing its shape to a limacon, is radiated from a 
non- directive antenna, and a timing reference is provided by interrupting 
all transmission momentarily just as the beam points north. The audio 
output from a receiver tuned to this beacon comprises a sine wave produced 
by the sweep of the beam and a train of impulses produced by the reference 
keying. The sine component is filtered, split in phase and used to drive a 
cathode -ray beam in a circle, in step with the rotation of the transmitted 
beam. The impulses are used to slow up the beam electrons momentarily, 
marking the swept circle, with an outward jog and so indicating receiver 
hearing directly. The impulses also actuate a zero -center meter, while the 
sine wave renders this meter insensitive at a certain moment of the cycle 
and oppositely sensitive just before and just after that moment. By adjust- 
ing the sine wave phase, the meter may be centered when the receiver is on 
any desired bearing, and thereafter will indicate any departure from that 
bearing. A special broadcast transmission may be used to check adjustments 
of receiving indicators. Certain conditions as to modulation phases and 
amplitudes, antenna- current phases and amplitudes, antenna geometry and 
cathode -ray indictor voltage phases, amplitudes and tube geometry must be 
fulfilled if accurate bearings are to be obtained. Study of these conditions 
shows all adjustment tolerances to be of reasonable magnitude, though con- 
siderable care in antenna construction is necessary to insure adequate sym- 
metry of antenna -current phase. 

(27 pages, 7 figures) 

* Decimal Classification: R526.1 
RCA REVIEW, July, 1941 

$ Now with the Research Department, RCA Laboratories Division, 
Princeton, N. J. 
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AN OMNIDIRECTIONAL RADIO -RANGE SYSTEM'"t 

Part II-Experimental Apparatus 
BY 

DAVID G. C. LUCK 

Research Laboratories, RCA Manufacturing Co.. Inc., 
Camden. N. J. 

Summary 

Experimental omnidirectional ranges have been developed and tested 
in flight at frequencies of 6425 kilocycles per second and 125 megacycles 
per second. In each case, a radiating system consisting of five vertical 
antennas and a metallic ground mat was used. Each transmitter was of a 
normal radiotelephone type, supplemented by a pair of balanced modulators, 
an impulse keyer, and a set of modulation controls. Full monitoring of 
the effect of all transmitter adjustments was provided. Essentially normal 
aircraft receivers and antennas were employed. Both cathode -ray azimuth 
indicators and pointer -type deviation from course indicators were provided. 

(26 pages, 17 figures) 

* Decimal Classification: R526.1 
t RCA REVIEW, January, 1942 
$ Now with Research Department, RCA Laboratories Division, Prince- 

ton, N. J. 

AN OMNIDIRECTIONAL RADIO -RANGE SYSTEM' t 

Part III - Experimental Results and Methods of Use 

BY 

DAVID G. C. LUCKt 

Research Laboratories, RCA Manufacturing Co.. Inc., 
Camden, N. J. 

Summary 

Tests of experimental omnidirectional ranges have been made at 6425 - 
kilocycles and 125 -megacycle operating frequencies. Ground measure- 
ments at the higher frequency showed directive pattern shapes to be imper- 
fect but acceptable and showed overall instrumental errors of indicated 
azimuth averaging less than one degree. Flight tests at both frequencies 
showed considerably larger errors, apparently related to terrain or trans- 
mitter -site characteristics. Sky -wave operation at the lower frequency 
was found satisfactory in the absence of violent fading. Standing wave 
effects were sought but not found in the ultra -high -frequency field. Trouble 

* Decimal Classification: R526.1 
t RCA REVIEW, March, 1946 
$ Now with the Research Department, RCA Laboratories Division, 

Princeton, N. J. 
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was experienced in the higher -frequency tests with spurious modulation 
of receiver signals produced by spinning propellers and imperfect struc- 
tural bonding of aircraft, as well as with ignition interference. Behavior 
of the experimental equipment itself was on the whole satisfactory. Omni- 
directional ranges may be used to fly straight radial courses to or from 
range stations, in which service the technique of their use is rather similar 
to that employed with other visual course -type ranges, or they may be used 
for general cross -country navigation following a uniquely simple technique. 
Omnidirectional ranges lend themselves well to safe air -traffic control. 

(24 pages, 8 figures) 

RADIATING SYSTEM FOR 75- MEGACYCLE 
CONE -OF- SILENCE MARKER'*' 

BY 

EDMUND A. LAPORT$ AND JAMES B. KNOX 

RCA Victor Company, Ltd., 
Montreal, Quebec, Canada 

Summary 

A brief description is given of a new 75- megacycle cone -of- silence 
marker radiating system developed for use on the Canadian airways. This 
system provides a. sharper marker beam and reduces orientation error over 
previous marker radiating systems. 

(3 pages, 4 figures) 

* Decimal Classification: R526.1 
t Proc. I.R.E., January, 1942 
$ Now Chief Engineer, RCA International Division, New York, N. Y. 

SHORAN PRECISION RADAR0t 
BY 

STUART WILLIAM SEELEY 

Manager, Industry Service Laboratory. RCA Laboratories Division, 
New York, N. Y. 

Summary 

Shoran navigational radar is generally credited with being the most 
precise system of its type devised by man. The history of the conception 
and development of the principles employed, as well as a description of 
the physical make -up of the equipment are discussed in this paper. The 
history traces the development from the fall of 1938 through to the actual 
application of Shoran equipment both in the European and Far Eastern 

* Decimal Classification: R526 X R537 
Elcc. Eng., April, 1946 
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theaters of war in 1944 and 1945. Following the historical section, the 
Shoran system is described in general. The specific plane and ground 
equipment is then covered in some detail and a statement concerning oper- 
ational results is included. 

(9 pages, 12 figures) 

TELERAN *t 

Part I - Air Navigation and Traffic Control 
by Means of Television and Radar 

BY 

D. H. EWING AND R. W. K. SMITH 

Engineering Products Department, RCA Victor Division, 
Camden, N. J. 

Summary 

Wartime development of radar techniques offer a new approach to the 
problem of improving air navigation and traffic control, two fields in which 
existing equipment is obsolescent. Since no one military equipment appears 
to be ideally suited for solving the many problems, a re- investigation of the 
requirements necessary to handle very heavy traffic is first made. After 
analyzing the requirements, a system is descriled which appears to fulfill 
these requirements and offers unique advantages. In this system (Teleran), 
aircraft position information is presented to ground observers and con- 
trollers on a series of plan position indicators. One indicator is used for 
each altitude layer. Information on the position of aircraft in a given 
altitude layer is superimposed on a map of the region covered by the 
ground radar; this, together with weather, traffic control, and other desired 
information, is transmitted by television to each aircraft in the region. 
Each cooperating aircraft is equipped with a transponder beacon which 
serves not only to reinforce the radar echo but also to provide an altitude - 
dependent reply which allows the ground station to differentiate among 
aircraft by altitude. The application of this system to concrete problems 
of navigation and traffic control is also discussed. Included are the 
problems of enroute navigation, approach and landing procedures, auto- 
matic flight and landing, collision prevention, personal identification and 
communication, and air traffic control. 

(21 pages, 12 figures) 

* Decimal Classification: 629.132.5 X R583 X 537 
f RCA REVIEW, December, 1946 
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TELERAN *t 

Part II - First Experimental Installation 
BY 

D. H. EWING, H. J. SCHRADER AND R. W. K. SMITH 

Engineering Products Department, RCA Victor Division, 
Camden, N. J. 

Summary 

A set of equipment designed to demonstrate the principles of Teleran 
as outlined in a previous paper is described. Liberal use of conventional 
circuits and practices has been made and only those new circuits designed 
specifically for Teleran are described here. Pictures of the airborne 
equipment are included. The paper covers in detail the choice of television 
parameters, synchronizing equipment, the television transmitter, altitude 
coding, cameras and mixing, the landing display, the airborne beacon, and 
the airborne television receiver. 

(21 pages, 6 figures) 

* Decimal Classification: 629.132.5 X R583 X R537 
RCA REVIEW, December, 1947 

NoTE -It is planned to publish Part III of this series, concerning 
experimental tests and operational results, in RCA REVIEW soon after 
these tests have been completed, possibly late during 1948 or early in 1949. 
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RADIO AT ULTRA -HIGH FREQUENCIES 
A Bibliography of Technical Papers 

by RCA Authors 
1925 - 1947 

This listing includes some 330 technical papers on 
ultra -high frequencies and closely related sub- 
jects, selected from those written by RCA Authors 
and published during the period 1925 -1947. 

Papers are listed chronologically except in cases 
of multiple publication. Papers which have ap- 
peared in more than one journal are listed once, 
with additional publication data appended. 

Abbreviations used in listing the various journals 
are given on the following pages. 

Any requests for copies of papers listed herein 
should be addressed to the publication to which 
credited. However, RCA Licensee Bulletins are 
not published and are issued only as a service to 
licensees of the Radio Corporation of America. 
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telegraphy", H. H. Beverage and H. O. Peterson, Proc. I.R.E 
(April) 1931 

"Diversity Telephone Receiving System of R.C.A. Communications, 
Inc. ", H. O. Peterson, H. H. Beverage and J. B. Moore, Proc. I.R.E 
(April) 1931 

"Application of Frequencies Above 30,000 kc to Communication Prob- 
lems", H. H. Beverage, H. O. Peterson and C. W. Hansel, Proc. 
I.R.E. (August) 1931 

"Development of Directive Transmitting Antennas by R.C.A. Com- 
munications, Inc. ", P. S. Carter, C. W. Hansell and N. E. Linden - 
blad, Proc. I.R.E. (October) 1931 

"Efficient System for Complete Modulation of Amateur Radio Trans- 
mitters", L. E. Barton, QST (November) 1931 

"Mica Condensers in High -Frequency Circuits ", I. G. Maloff, Proc. 
I.R.E. (April) 1932 

"Circuit Relations in Radiating Systems and Applications to Antenna 
Problems ", P. S. Carter, Proc. I.R.E. (June) 1932 

"The Precision Frequency Measuring System of RCA Communica- 
tions, Inc. ", H. O. Peterson and A. M. Braaten, Proc. I.R.E. (June) 1932 

"New Forms of Short Wave Tubes ", I. E. Mouromtseff, G. R. Kilgore, 
H. V. Noble, Electronics (September) 1932 

"Magnetostatic Oscillators for Generation of Ultra Short Waves ", 
G. R. Kilgore, Proc. I.R.E. (November) 1932 

"Transoceanic Reception of High- Frequency Telephone Signals ", R. M. 
Morris and W. A. R. Brown, Proc. I.R.E. (January) 1933 

"Notes on Propagation of Waves Below Ten Meters in Length ", 
B. Trevor and P. S. Carter, Proc. I.R.E. (March) 1933 

"A Study of Propagation of Wavelengths Between 3 and 8 Meters ", 
L. F. Jones, Proc. I.R.E. (March) 1933 

"Tubes to Fit the Wavelength ", B. J. Thompson, Electronics (August) 1933 
"Super- Regeneration and Its Application to High -Frequency Recep- 

tion", D. Grimes and W. S. Barden, RCA Licensee Bulletin LB -267 
(November 8) 1933 
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Year 
"Vacuum Tubes of Small Dimensions for Use at Extremely High 

Frequencies ", B. J. Thompson and G. M. Rose, Jr., Proc. I.R.E 
(December) 1933 

"An Efficient C -W and Phone Transmitter Using the New Tubes and 
Circuits ", L. C. Waller, QST (December) 1933 

"Transoceanic Radio and Solar Activity ", W. A. R. Brown, Trans- 
actions of the American Geophysical Union 1933 

"The 150 -Watt Mobile Transmitters ", C. Dietsch, Broad. Eng. Jour 
(January) 1933 

"Transmission and Reception of Centimeter Waves ", I. Wolff, E. G 
Linder and R. A. Braden, Proc. I.R.E. (January) 1934 

"Note on Paper Condensers in Short Wave Receivers ", W. S. Barden, 
RCA Licensee Bulletin LB -286 (April 27) 1934 

"A Short Wave Coil Study ", W. S. Barden, RCA Licensee Bulletin 
LB -287 (April 27) 1934 

"The Input Impedance of Vacuum Tubes ", J. Yolles, RCA Licensee 
Bulletin LB -290 (April 28) 1934 

"Improved Magnetron Oscillator for the Generation of Microwaves ", 
E. G. Linder, Phys. Rev. (May 1) 1934 

"Notes on an Ionized Gas Modulator for Short Radio Waves ", E. G 
Linder and I. Wolff, Proc. I.R.E. (June) 1934 

"Multi -Range Receiver Problems ", M. Clay, RCA Licensee Bulletin 
LB -292 (June 1) 1934 

"The Double Doublet Antenna ", W. Hollander Bohlke, Radio News 
(September) 1934 

"Design and Use of `Acorn' Tubes for Ultra -High Frequencies ", 
B. Salzberg, Electronics (September) 1934 

"The Radio -Relay Link for Television Signals ", C. J. Young, Proc 
I.R.E. (November) 1934 

"An Electron Oscillator with Plane Electrodes ", B. J. Thompson and 
P. D. Zottu, Proc. I.R.E. (December) 1934 

"Transmission and Reception of Centimeter Waves ", I. Wolff, E. G 
Linder and R. A. Braden, Proc. I.R.E. (January) 1935 

"A Method of Measuring Noise Levels on Short -Wave Radio -Telegraph 
Circuits ", H. O. Peterson, Proc. I.R.E. (February) 1935 

"New Antenna System for Operating Control of Radiation ", J. L. 
Reinartz, QST (February) 1935 

"A Review of Radio Communications in the Mobile Services ", I. F 
Byrnes, Proc. I.R.E. (May) 1935 

"Notes on Propagation at a Wavelength of Seventy -three Centimeters ", 
B. Trevor and R. W. George, Proc. I.R.E. (May) 1935 

"Development of Transmitters for Frequencies Above 300 Megacycles ", 
N. E. Lindenblad, Proc. I.R.E. (September) 1935 

"Recent Developments in Miniature Tubes ", B. Salzberg and D. G 
Burnside, Proc. I.R.E. (October) 1935 

"Crystal Control for Ultra Short Waves ", Berthold Sheffield, Elec- 
tronics (November) 1935 

"Transmission of 9 CM Electro- Magnetic Waves ", I. Wolff, Broadcast 
News (December) 1935 

"Antennas ", E. A. Laport, Section Of RADIO ENGINEERS' HANDBOOK, 
Henney, McGraw -Hill Book Co., New York, N. Y. 1935 . 

"Input Resistance of Vacuum Tubes as Ultra- High- Frequency Ampli- 
fiers", W. R. Ferris, Proc. I.R.E. (January) 1936 

"Analysis of the Effects of Space Charge on Grid Impedance ", D. O 
North, Proc. I.R.E. (January) 1936 

"A Detector Circuit for Reducing Noise Interference in Phone Recep- 
tion", L. E. Thompson, QST (February) 1936 

"Sun Spots and Short Waves ", O. B. Hanson, Today (February 1) 1936 
"A Turnstile Antenna for Use at Ultra -High Frequencies ", G. H 

Brown, Electronics (March) 1936 
"Terrestrial Magnetism and Its Relation to World -Wide Short -Wave 

Communications ", H. E. Hallborg, Proc. I.R.E. (March) 1936 
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Year 
"Ultra- High- Frequency Receiver Considerations ", S. W. Seeley, RCA 

Licensee Bulletin LB -350 (March 9) 1936 
"Frequency Control by Low Power Factor Line Circuits ", C. W. Han - 

sell and P. S. Carter, Proc. I.R.E. (April) 1936 
"Description and Characteristics of the End -Plate Magnetron ", E. G 

Linder, Proc. I.R.E. (April) 1936 
"A Quarter Kilowatt on Four Bands, Rapid QSY ", L. R. Moffett, Radio 

(May) 1936 
"An Urban Field Strength Survey at 30 and 100 Mc ", R. S. Holmes 

and A. H. Turner, Proc. I.R.E. (May) 1936 
"Ultra- High- Frequency Bands for All -Wave Receivers ", H. B. Deal, 

RCA Licensee Bulletin LB -360 (May 19) 1936 
"Frequency Modulation Propagation Characteristics ", M. G. Crosby, 

Proc. I.R.E. (June) 1936 
TELEVISION, Vol. I, RCA Institutes Technical Press, New York, 

N. Y. (July) 1936 
"The New York -Philadelphia Ultra -High- Frequency Facsimile -Relay 

System ", H. H. Beverage, RCA REVIEW (July) 1936 
"Micro -Waves in NBC Remote Pickups ", R. M. Morris, RCA REVIEW 

(July) 1936 
"Magnetron Oscillators for the Generation of Frequencies Between 

300 and 600 Megacycles ", G. R. Kilgore, Proc. I.R.E. (August) 1936 
"Ultra- High- Frequency Transmission Between RCA Building and 

Empire State Building in New York City ", P. S. Carter and G. S. 
Wickizer, Proc. I.R.E. (August) 1936 

"Electrical Measurements at Wavelengths Less than Two Meters ", 
L. S. Nergaard, Proc. I.R.E. (September) 1936 

"Fade -Out Observations at Riverhead, N. Y. ", A. M. Braaten, The 
T. & R. Bulletin (Brit.) (September) 1936 

"Harbor Telephone Service ", I. F. Byrnes, RCA REVIEW (October) 1936 
"Television Radio Relay ", B. Trevor and O. E. Dow, RCA REVIEW 

(October) 1936 
"5 -Meter Crystal Controlled Push -Pull 800 Output ", J. L. Reinartz, 

QST (October) 1936 
"Multitube Oscillators for the Ultra- High- Frequencies ", P. D. Zottu, 

QST (October) 1936 
"A Study of the Characteristics of Noise ", V. D. Landon, Proc. I.R.E. 

(November) 1936 
THE ULTRA -HIGH FREQUENCY DOMAIN, A. N. Goldsmith, 

University of Chicago Press, Chicago, Ill. 1936 
"Fixed Services Above 30,000 Kc ", C. B. Jolliffe, Statements Made by 

RCA before FCC 1936 
"Some Notes on Ultra- High- Frequency Propagation ", H. H. Beverage, 

RCA REVIEW (January) 1937 
"Directional Antennas ", G. H. Brown, Proc. I.R.E. (January) 1937 

Broadcast News (June) 1937 
"Frequency Assignments for Television ", E. W. Engstrom and C. M. 

Burrill, RCA REVIEW (January) 1937 
"Reply to C. R. Burrow's Discussion on `An Urban Field Strength 

Survey at 30 and 100 Mc' ", R. S. Holmes and A. H. Turner, Proc. 
I.R.E. (January) 1937 

"A Coupling System for Rod Antennas", D. E. Foster and G. Mount - 
joy, RCA Licensee Bulletin LB -387 (February 16) 1937 

"UHF Diode with Movable Anode ", Berthold Sheffield, Electronics 
(March) 1937 

"Frequency Modulation Noise Characteristics ", M. G. Crosby, Proc. 
I.R.E. (April) 1937 

"Some Problems of Aviation Radio ", F. X. Rettenmeyer, RCA RE- 
VIEW (A Drill 1937 

"A New Method of Measurement of Ultra- High- Frequency Imped- 
ance" S. W. Seeley and W. S. Barden, RCA Licensee Bulletin 
LB -392 (April 27) 1937 
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Year 
"Determination of the Radiating System which will Produce a Speci- 

fied Directional Characteristic ", I. Wolff, Proc. I.R.E. (May) 1937 
"The Ultra- High -Frequency Domain ", A. N. Goldsmith, Eke. Eng 

(June) 1937 
"Recent Developments in Diversity Receiving Equipment ", J. B 

Moore, RCA REVIEW (July) 1937 
"Television Transmitters Operating at High Power and Ultra -High 

Frequencies ", J. W. Conklin and H. E. Gihring, RCA REVIEW 
(July) 1937 

TELEVISION, Vol. II, RCA Institutes Technical Press, New York, 
N. Y. (October) 1937 

"The Magnetron as a High -Frequency Generator ", G. R. Kilgore, 
Jour. Appl. Phys. (October) 1937 

"A Novel Relay Broadcast Mobile Unit ", M. W. Rife, RCA REVIEW 
(October) 1937 

"Televisual Use of Ultra -High Frequencies ", A. N. Goldsmith, TELE- 
VISION, Vol. II (October) 1937 

"Some Notes on Ultra- High- Frequency Propagation ", H. H. Beverage, 
TELEVISION, Vol. II (October) 1937 

"The Requirements and Performance of a New Ultra- High -Frequency 
Power Tube ", W. G. Wagener, RCA REVIEW (October) 1937 

"Field Strength Observations of Transatlantic Signals, 40 to 45 
Megacycles ", H. O. Peterson and D. R. Goddard, RCA REVIEW 
(October) 1937 
Proc. I.R.E. (October) 1937 

"On the Optimum Length for Transmission Lines Used as Circuit 
Elements ", B. Salzberg, Proc. I.R.E. (December) 1937 

"A Compact 56 Mc Portable- Mobile Transmitter Receiver ", H. C. 
Lawrence, Jr., QST (December) 1937 

"Effects of Space Charge in the Grid -Anode Region of Vacuum Tubes ", 
A. V. Haeff and B. Salzberg, RCA REVIEW (January) 1938 

"Time- Division Multiplex in Radiotelegraphic Practice ", R. E. Mathes, 
J. L. Callahan and A. Kahn, Proc. I.R.E. (January) 1938 

"Oscillator Frequency Stability in Relation to Receivers with Spread 
Short Wave Bands ", D. E. Foster, RCA Licensee Bulletin LB -418 
(January 8) 1938 

"High Fidelity Broadcasting at Ultra- High- Frequencies ", E. W. 
Herold, Proc. I.R.E. (March) 1938 

"Excess Energy Electrons and Electron Motion in High Vacuum 
Tubes ", E. G. Linder, Proc. I.R.E. (March) 1938 

"Putting the Harmonic Generator to Work ", J. L. Reinartz, QST 
(April) 1938 

"A Rotatable Mast for Beam Antennas ", W. van B. Roberts, Radio 
(April) 1938 

"The Developmental Problems and Operating Characteristics of Two 
New Ultra- High- Frequency Triodes ", W. G. Wagener, Proc. I.R.E. 
(April) 1938 

"Equipment and Methods Developed for Broadcast Facsimile Service ", 
C. J. Young, RCA REVIEW (April) 1938 

"Facsimile Broadcasting ", D. E. Foster, RCA Licensee Bulletin LB -426 
(April 25) 1938 

"Effect of High- Energy Electron Random Motion Upon the Shape of 
the Magnetron Cut -off Curve ", E. G. Linder, Jour. Appl. Phys. 
(May) 1938 

"The NBC Type ND -32 UHF Cue Receiver ", NBC Eng. Notice (Ap- 
paratus) No. 10 (June 10) 1938 

"The NBC Type ND -31 UHF Pack Transmitter ", NBC Eng. Notice 
(Apparatus) No. 11 (June 10) 1938 

"The NBC Type ND -20 UHF Portable Transmitter ", NBC Eng 
Notice (Apparatus) No. 12 (June 10) 1938 

"Photoradio Transmission of Pictures ", H. Shore, RCA REVIEW 
(July) 1938 
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Year 
"The Relation Between Radio -Transmission Path and Magnetic -Storm 

Effects ", G. W. Kenrick, A. M. Braaten and J. General, Proc. I.R.E 
(July) 1938 

"Carrier and Side- Frequency Relations With Multitone Frequency or 
Phase Modulation ", M. G. Crosby, RCA REVIEW (July) 1938 

"Phase Shift Measurement ", A. A. Barco, RCA Licensee Bulletin 
LB -442 (August 16) 1938 

RADIO FACSIMILE, Vol. I, RCA Institutes Technical Press, New 
York, N. Y. (October) 1938 

"Review of Ultra- High- Frequency Vacuum -Tube Problems ", B. J 
Thompson, RCA REVIEW (October) 1938 

"Selective Side -Band Versus Double- Side -Band Transmission of Tele- 
graph and Facsimile Signals ", B. Trevor, J. E. Smith and P. S 
Carter, RCA REVIEW (October) 1938 

"A Survey of Ultra- High- Frequency Measurements ", L. S. Nergaard, 
RCA REVIEW (October) 1938 

"Propagation Requirements for Facsimile ", R. E. Mathes and J. E 
Smith, RADIO FACSIMILE, Vol. I (October) 1938 

"A Narrative Bibliography of Radio Facsimile ", J. L. Callahan, 
RADIO FACSIMILE, Vol. I (October) 1938 

"Tape Facsimile: Historical and Descriptive Note ", C. J. Young, 
RADIO FACSIMILE, Vol. I (October) 1938 

"U -H -F Equipment for Relay Broadcasting ", W. A. R. Brown, RCA 
REVIEW (October) 1938 

"Photoradio Apparatus and Operating Technique Improvements ", J. L. 
Callahan, J. N. Whitaker and Henry Shore, RADIO FACSIMILE, 
Vol. I (October) 1938 

"Practical Application of an Ultra -High -Frequency Radio -Relay Cir- 
cuit", J. E. Smith, F. H. Kroger and R. W. George, Proc. I.R.E 
(November) 1938 

"A Study of Ultra- High- Frequency Wide -Band Propagation Charac- 
teristics", R. W. George, Proc. I.R.E. (January) 1939 

"Analysis and Design of Video Amplifiers -Part II ", S. W. Seeley and 
C. N. Kimball, RCA REVIEW (January) 1939 

"Charts for Transmission -Line Measurements and Computations ", 
P. S. Carter, RCA REVIEW (January) 1939 

"Construction and Alignment of Television Receiver ", C. C. Shumard, 
QST (January) 1939 

"New Television Amplifier Receiving Tubes ", A. P. Kauzmann, RCA 
REVIEW (January) 1939 

"Observations on Sky -Wave Transmission on Frequencies Above 40 
Megacycles ", D. R. Goddard, Proc. I.R.E. (January) 1939 
RCA REVIEW (January) 1939 

"Recent Developments in Radio Transmitters ", J. B. Coleman and 
V. E. Trouant, RCA REVIEW (January) 1939 

"Input Loading of Receiving Tubes at Radio Frequencies ", RCA Tube 
Dept. Applic. Note No. 101 (January 25) 1939 

"An Ultra- High- Frequency Power Amplifier of Novel Design ", A. V. 
Haeff, Electronics (February) 1939 

"Communication by Phase Modulation ", M. G. Crosby, Proc. I.R.E 
(February) 1939 

"Transmitter Circuit Design for Frequencies Above 100 Mc ", O. E 
Dow, Proc. Rad. Club Amer. (March) 1939 

"Wide -Band Variable -Frequency Testing Transmitters ", G. L. Ussel - 
man, RCA REVIEW (April) 1939 

"Antennas ", H. H. Beverage, Radio and Tele. (April) 1939 
RCA REVIEW (July) 1939 

"Field Strength Measuring Equipment for Wide -Band U -H -F Trans- 
mission", R. W. George, RCA REVIEW (April) 1939 

"Measurements of Admittances at Ultra -High Frequencies ", J. M 
Miller and B. Salzberg, RCA REVIEW (April) 1939 
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Year 
"Television Transmitting Antenna for Empire State Building ", N. E. 

Lindenblad, RCA REVIEW (April) 1939 
"Directional Antennas ", G. H. Brown, Broadcast News (May) 1939 
"Radio Frequency Generator for Television Receiver Testing ", A. H. 

Turner, RMA Eng. (May) 1939 
"A Push -Pull Ultra -High- Frequency Beam Tetrode ", A. K. Wing, 

RCA REVIEW (July) 1939 
Radio Tech. Digest (November, December) 1939 

"Effect of Electron Transit Time on Efficiency of a Power Amplifier ", 
A. V. Haeff, RCA REVIEW (July) 1939 

"The Use of Gas -Filled Lamps as High- Dissipation, High -Frequency 
Resistors, Especially for Power Measurements ", Ernest G. Linder, 
RCA REVIEW (July) 1939 

"Notes on the Random Fading of 50- Megacycle Signals Over Non - 
optical Paths ", K. G. MacLean and G. S. Wickizer, Proc. I.R.E 
(August) 1939 

"Resonant Impedance of Transmission Lines ", B. Salzberg and L. S 
Nergaard, Proc. I.R.E. (September) 1939 

"Ultra- High- Frequency Propagation ", M. Katzin, Proc. Rad. Club 
Amer. (September) 1939 

"A Theoretical Analysis of Single Side -Band Operation of Television 
Transmitters ", L. S. Nergaard, Proc. I.R.E. (October) 1939 

"Simple Television Antennas ", P. S. Carter, RCA REVIEW (October) 1939 
"Radio in Navigation ", C. D. Tusks, Jour. Frank. Inst. (October, 

November) 1939 
"Ultra -High- Frequency Propagation Formulas ", H. O. Peterson, RCA 

REVIEW (October) 1939 
"Radio Facsimile by Subcarrier Frequency Modulation ", J. N. Whit- 

aker and R. E. Mathes, RCA REVIEW (October) 1939 
"The Anode -Tank -Circuit Magnetron ", Ernest G. Linder, Proc. I.R.E 

(November) 1939 
"Transatlantic Reception of London Television Signals ", D. R. God- 

dard, Proc. I.R.E. (November) 1939 
"Note on Early Fade -Out Investigations ", Arthur M. Braaten, Ter- 

restrial Magnetism and Atmospheric Electricity (December) 1939 
"Application of the Abelian Finite Group Theory to Electromagnetic 

Refraction ", K. A. Whiteman, RCA REVIEW (January) 1940 
"The Service Range of Frequency Modulation ", M. G. Crosby, RCA 

REVIEW (January) 1940 
"Television Reception in an Airplane ", R. S. Holmes, RCA REVIEW 

(January) 1940 
"Frequency Modulation ", S. W. Seeley, RCA Licensee Bulletin LB -505 

(January 19) 1940 
"A Cathode Ray Frequency Modulation Generator ", Robert E. Shelby, 

Electronics (February) 1940 
"Directional Antenna Gain Chart ", W. S. Duttera, Electronics (Feb- 

ruary) 1940 
"Propagation of Ultra -High Frequency Waves ", D. E. Foster, RCA 

Licensee Bulletin LB -509 (February 15) 1940 
"Sound Broadcasting on Ultra -High Frequencies with Special Refer- 

ence to Frequency Modulation ", A. F. Van Dyck, RCA Licensee 
Bulletin LB -518 (March 14) 1940 

"The Limits of Inherent Frequency Stability ", W. Van B. Roberts, 
RCA REVIEW (April) 1940 

"Mobile Field Strength Recordings of 49.5, 83.5, and 142 Mc from 
Empire State Building, New York -Horizontal and Vertical Polari- 
zation", G. S. Wickizer, RCA REVIEW (April) 1940 

"Motorboat Ship -Shore Radiocommunication System ", H. B. Martin, 
Proc. Rad. Club Amer. (April) 1940 

"A Method of Measuring Frequency Deviation ", M. G. Crosby, RCA 
REVIEW (April) 1940 
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Year 
"Selective Sideband Transmission in Television ", R. D. Kell and G. L 

Fredendall, RCA REVIEW (April) 1940 
RADIO AT ULTRA -HIGH FREQUENCIES, Vol. I, RCA Institutes 

Technical Press, New York, N. Y. (April) 1940 
"A New Method for Measurement of Ultra- High- Frequency Imped- 

ance", Stuart W. Seeley and William S. Barden, RADIO AT 
ULTRA -HIGH FREQUENCIES, Vol. I (April) 1940 

"Simple Antennas and Receiver Input Circuits for Ultra -High Fre- 
quencies", R. S. Holmes and A. H. Turner, RADIO AT ULTRA- 
HIGH FREQUENCIES, Vol. I (April) 1940 

"A Compact 112 -Mc. Station ", H. C. Lawrence, Jr., QST (May) 1940 
"Antennas and Transmission Lines at the Empire State Building ", 

Nils E. Lindenblad, Communications (May) 1940 
(April, May) 1941 

"Direction Finding on 1.67 -meter Waves ", Luke C. L. Yuan, Science 
(May) 1940 

"U.H.F. Oscillator Frequency Stability Considerations ", S. W. Seeley 
and E. I. Anderson, RCA Licensee Bulletin LB -524 (May 6) 1940 

"A 500 -Megacycle Radio -Relay Distribution System for Television ", 
F. H. Kroger, B. Trevor, and J. E. Smith, RCA REVIEW (July) 1940 

"An Efficient U.H.F. Unit for the Amateur Television Transmitter ", 
L. C. Waller, QST (July) 1940 

"An Ultra- High- Frequency Antenna of Simple Construction ", G. H. 
Brown and J. Epstein, Communications (July) 1940 

"Field Strength Measuring Equipment at 500 Megacycles ", R. W. 
George, RCA REVIEW (July) 1940 

"Field- Strength Survey, 52.75 Megacycles from Empire State Build- 
ing", G. S. Wickizer, Proc. I.R.E. (July) 1940 

"Measurements of Frequency Modulated Field Intensity ", B. W. 
Robins, Broadcast News (July) 1940 

"Ultra- High- Frequency Propagation Through Woods and Under- 
brush", Bertram Trevor, RCA REVIEW (July) 1940 

"U -H -F Oscillator Stability Considerations ", E. I. Anderson, S. W. 
Seeley, and W. Stuart, RCA REVIEW (July) 1940 

"Compact U.H.F. Antennas ", D. E. Foster and A. E. Newlon, RCA 
Licensee Bulletin LB -530 (July 10) 1940 

"An Ultra- High- Frequency Superheterodyne Receiver for Direction 
Finding ", Luke C. L. Yuan and C. E. Miller, Rev. Sci. Iastr. 
(September) 1940 

"Field Strength of Motor Car Ignition Between 40 and 450 Mega- 
cycles", R. W. George, Proc. I.R.E. (September) 1940 

"NBC Frequency -Modulation Field Test ", R. M. Morris and R. F. Guy, 
RCA REVIEW (October) 1940 
Radio (January) 1941 

"Vertical vs. Horizontal Polarization ", G. H. Brown, Electronics 
(October) 1940 

"Input Connections for U.H.F. Measurements ", J. A. Rankin, RCA 
Licensee Bulletin LB -537 (October 9) 1940 

"More About Horizon Distances ", A. M. Braaten, T and R Bulletin 
(Brit.) (December) 1940 

"The RCA Miniature Tubes ", RCA Tube Dept. Applic. Note No. 106 1940 
"A New Ultra -High Frequency Tetrode and Its Use in a One Kilowatt 

Television Sound Transmitter ", A. K. Wing and F. E. Young, Proc. 
I.R.E. (January) 1941 

"A Transmitter for Frequency Modulated Broadcast Service Using a 
New Ultra- High- Frequency Tetrode", A. K. Wing and J. E. Young, 
RCA REVIEW (January) 1941 

"A Vestigial Side -Band Filter for Use With a Television Transmitter ", 
G. H. Brown, RCA REVIEW (January) 1941 

"Impulse Noise in FM Reception ", V. D. Landon, Electronics (Feb- 
ruary) 1941 
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Year 
"The Distribution of Amplitude with Time in Fluctuation Noise ", 

V. D. Landon, Proc. I.R.E. (February) 1941 
"A New Series of Insulators for Ultra- High- Frequency Tubes ", L. R. 

Shardlow, RCA REVIEW (April) 1941 
"Short Wave Radio Transmission and Geomagnetism ", H. E. Hallborg, 

RCA REVIEW (April) 1941 
"Water- cooled Resistors for Ultra -High Frequencies ", G. H. Brown 

and J. W. Conklin, Electronics (April) 1941 
"Correlations of Short Wave Radio Transmission Across Atlantic 

with Magnetic Conditions ", H. E. Hallborg, Proc. Amer. Phil. Soc. 
(May) 1941 

"Measurement of Iron Cores at Radio Frequencies", D. E. Foster and 
A. E. Newlon, Proc. I.R.E. (May) 1941 

"An Omnidirectional Radio Range System ", David G. C. Luck, RCA 
REVIEW (July) 1941 

"Duplex Transmission of Frequency- Modulated Sound and Facsimile ", 
D. E. Foster and Maurice Artzt, RCA REVIEW (July) 1941 

"NBC Short -Wave Listening Post ", G. O. Milne, RCA REVIEW 
(July) 1941 

"Applications of the Inductive Output Tube ", O. E. Dow, Proc. Rad. 
Club Amer. (August) 1941 

"A Simplified Television System for the Radio Amateur and Experi- 
menter", L. C. Waller and P. A. Richards, RCA REVIEW (Oc- 
tober) 1941 

"Narrow Band FM Police Receiver ", H. E. Thomas, RCA REVIEW 
(October) 1941 

"Behavior of Electron Multipliers as a Function of Frequency ", L. 
Malter, Proc. I.R.E. (November) 1941 

"The Orbital -Beam Secondary- Electron Multiplier for Ultra -High 
Frequency Amplification ", H. M. Wagner and W. R. Ferris, Proc. 
I.R.E. (November) 1941 

"Voltage -Controlled Electron Multipliers ", B. J. Thompson, Proc. 
I.R.E. (November) 1941 

"An Analysis of the Signal -to -Noise Ratio of U -H -F Receivers ", 
E. W. Herold, RCA REVIEW (January) 1942 

"An Omnidirectional Radio Range System -Part II ", David G. C. 
Luck, RCA REVIEW (January) 1942 

"Radiating System for 75 -Mc. Cone -of- Silence Marker ", E. A. Laport 
and James B. Knox, Proc. I.R.E. (January) 1942 

"The Absolute Sensitivity of Radio Receivers ", D. O. North, RCA 
REVIEW (January) 1942 

"The Design and Development of Three New Ultra- High -Frequency 
Transmitting Tubes ", C. E. Haller, Proc. I.R.E. (January) 1942 

"Impedance Determinations of Eccentric Lines ", G. H. Brown, Elec- 
tronics (February) 1942 

"Receiver Input Connections for U -H -F Measurements ", J. Rankin, 
RCA REVIEW (April) 1942 

"Ultra -High Frequency and Frequency Modulation ", A. F. Van Dyck, 
RCA Licensee Bulletin LB -595 (August) 1942 

"Discussion on 'The Distribution of Amplitude with Time in Fluctua- 
tion Noises' ", V. D. Landon, Proc. I.R.E. (September) 1942 

"Attenuation of Electromagnetic Fields in Pipes Smaller Than The 
Critical Size ", E. G. Linder, Proc. I.R.E. (December) 1942 

"Direct- Reading Wattmeters for Use at Radio Frequencies ", G. H. 
Brown, J. Epstein and D. W. Peterson, Proc. I.R.E. (August) 1943 

"FM and UHF ", R. F. Guy, Communications (August) 1943 
"Practical Analysis of Ultra -High Frequency ", J. R. Meagher and 

H. J. Markley, Booklet, RCA Service Co., Inc., Camden, N. J. 
(August) 1943 

"Some Aspects of Radio Reception at U -H -F, Part I- Antenna and 
Receiver Input Circuits", , E. W. Herold and L. Malter, Proc. I.R.E. 
(August) 1943 
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Year 
"Use of Subcarrier Frequency Modulation in Communication Sys- 

tems", W. H. Bliss, Proc. I.R.E. (August) 1943 
"Some Aspects of Radio Reception at U -H -F, Part II- Admittances 

and Fluctuation Noise of Tubes and Circuits ", E. W. Herold and 
L. Malter, Proc. I.R.E. (September) 1943 

"Some Aspects of Radio Reception at U -H -F, Part III- Signal -to- 
Noise Ratio of Radio Receivers ", E. W. Herold and L. Malter, 
Proc. I.R.E. (September) 1943 

"ijltrashort Electromagnetic Waves, Part VI- Reception ", B. Trevor, 
Elec. Eng. (September) 1943 

"Characteristics of Resonant Transmission Lines ", J. B. Epperson, 
Electronics (October) 1943 

"Some Aspects of Radio Reception at U -H -F, Part IV- General Super- 
heterodyne Considerations at U -H -F ", E. W. Herold and L. Malter, 
Proc. I.R.E. (October) 1943 

"Some Aspects of Radio Reception at U -H -F, Part V- Frequency 
Mixing in Diodes ", E. W. Herold and L. Malter, Proc. I.R.E. 
(October) 1943 

"The ND -28 (The 'Beer Mug' Miniature UHF Transmitter) ", NBC 
Eng. Notice (Apparatus) No. 5 (November 15) 1943 

"The ND -25 UHF Program Receiver ", NBC Eng. Notice (Apparatus) 
No. 7 (November 15) 1943 

"Antenna Arrays Around Cylinders ", P. S. Carter, Proc. I.R.E. (De- 
cember) 1943 

"Television? FM? Facsimile ? ", O. B. Hanson, Pamphlet, National 
Broadcasting Co., Inc., New York, N. Y. (December) 1943 

"Sunspots and Radio ", H. E. Hallborg, Radio Craft (January) 1944 
"Grounded -Grid Radio- Frequency Voltage Amplifiers ", M. C. Jones, 

Proc. I.R.E. (July) 1944 
"Coverage Curves for FM Antennas ", R. D. Duncan, Jr., Broadcast 

News (August) 1944 
"Sun, Earth and Short Wave Propagation ", H. E. Hallborg, Proc 

Rad. Club Amer. (December) 1944 
"Television Coverage Curves For Turnstile Antennas ", R. D. Duncan, 

Jr., Broadcast News (January) 1945 
"The Use of Radio Frequencies to Obtain High Power Concentrations 

for Industrial Heating Applications ", W. M. Roberds, Proc. I.R.E 
(January) 1945 

"Radio Relay Systems Development by the Radio Corporation of 
America ", C. W. Hansel], Proc. I.R.E. (March) 1945 

"Experimentally Determined Impedance Characteristics of Cylindrical 
Antennas ", G. H. Brown and O. M. Woodward, Jr., Proc. I.R.E 
(April) 1945 

"Radio Relay Systems Development ", C. W. Hansel], Proc. Nat. Elec 
Conf. (May 15) 1945 

"Wave Guides and the Special Theory of Relativity ", W. D. Hersh - 
berger, Jour. Appl. Phys. (August) 1945 

"Artificial Antenna ", S. Wald, Electronics (November) 1945 
"Range Prediction Chart for FM Stations ", F. C. Everett, Communi- 

cations (November) 1945 
"Frequency- Modulation Distortion Caused By Multipath Transmis- 

sion", M. S. Corrington, Proc. I.R.E. (December) 1945 
"High Output Transmitter -Receiver ", B. W. Southwell, CQ (January) 1946 
"RCA Micro -Wave Relay System ", H. F. Mickel, Broadcast News 

(January) 1946 
"The Grounded -Grid Amplifier", C. J. Starner, Broadcast News 

(January) 1946 
"The Super Turnstile Antenna ", R. W. Masters, Broadcast News 

(January) 1946 
"Radio- Frequency Resistors as Uniform Transmission Lines ", D. R 

Crosby and C. H. Pennypacker, Proc. I.R.E. (February) 1946 
"RCA Time- Division Multiplex ", R. Hutchens, Relay (February) 1946 
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Year 
"The Teleran Proposal ", P. J. Herbst, I. Wolff, D. Ewing, and L. F 

Jones, Electronics (February) 1946 
"Transmission of Television Sound on the Picture Carrier ", G. L. Fre- 

dendall, K. Schlesinger, and A. C. Schroeder, Proc. I.R.E. (Febru- 
ary) 1946 

"An Omnidirectional Radio Range System -Part III ", D. G. C. Luck, 
RCA REVIEW (March) 1946 

"Induction Heating in Radio Electron -Tube Manufacture ", E. E 
Spitzer, Proc. I.R.E. (March) 1946 

"Local Oscillator Radiation and Its Effect on Television Picture 
Contrast ", E. W. Herold, RCA REVIEW (March) 1946 

"Merchant Marine Radar ", I. F. Byrnes, RCA REVIEW (March) 1946 
"Frequency Converter Considerations at 100 Mc. ", H. A. Finke, and 

A. A. Barco, RCA Licensee Bulletin LB -665 (March 25) 1946 
"Grounded -Grid Power Amplifiers ", E. E. Spitzer, Electronics (April) 1946 
"Shoran Precision Radar ", S. W. Seeley, Electronics (April) 1946 
"Shoran Precision Radar ", S. W. Seeley, Elec. Eng. (April) 1946 
"Super Turnstile Antenna ", R. F. Holtz, Communications (April) 1946 
"Radar Aids to Navigation- Loran, Teleran, Television ", I. Wolff, 

Princeton Eng. (May) 1946 
"Resonant- Cavity Measurements ", R. L. Sproull and E. G. Linder, 

Proc. I.R.E. (May) 1946 
"A Multi- Channel VHF (Radio Communications Systems ", J. B. Knox 

and C. H. Brereton, RCA REVIEW (June) 1946 
"An Experimental Color Television System ", R. D. Kell, G. L. Freden- 

dall, A. C. Schroeder, and R. C. Webb, RCA REVIEW (June) 1946 
"Development of an Ultra Low Loss Transmission Line for Tele- 

vision", E. O. Johnson, RCA REVIEW (June) 1946 
"Development of Pulse Triodes and Circuit to Give One Megawatt at 

600 Megacycles ", R. R. Law, D. G. Burnside, R. P. Stone, and 
W. B. Whalley, RCA REVIEW (tune) 1946 

"FM Field Survey Techniques ", P. B. Laeser, Broadcast News (June) 1946 
"Frequency Modulation Mobile Radiotelephone Services ", H. B. Mar- 

tin, RCA REVIEW (June) 1946 
"Pulse Communication ", C. W. Hansell, Electronics (June) 1946 
"Radar Aids to Air Navigation ", I. Wolff, RCA Lab. News (June) 1946 
"The Absorption of Microwaves by Gases ", W. D. Hershberger, Jour. 

Appl. Phys.. (June) 1946 
"Problems in the Design of High -Frequency Heating Equipment ", 

W. M. Roberds, Proc. I.R.E. (July) 1946 
"Canada's New Short Wave Transmitters ", H. B. Seabrook and F. R. 

Quance, Electronic Ind. (July) 1946 
"New RCA 160 MC Mobile and Fixed Station EQT ", R. W. Obenour, 

Calling All Chiefs (July) 1946 
"Micro -Wave Television Relays, Operating on 6,800 to 7,050 Mc. ", 

W. J. Poch and J. P. Taylor, FM and Tele. (August) 1946 
"Rotating Joints for U.H.F. Transmission Lines ", Tom Gooteé, Radio 

News (September) 1946 
"Thermal and Acoustic Effects Attending the Absorption of Micro- 

waves by Gases", , W. D. Hershberger, E. T. Bush and G. W. Leek, 
RCA REVIEW (September) 1946 

"Characteristics of the Pylon FM Antenna ", R. F. Holtz, FM and 
Tele. (September) 1946 

"Miniature Airborne Television Equipment", R. D. Kell and G. C. 
Sziklai, RCA REVIEW (September) 1946 

"Development of Radio Relay Systems ", C. W. Hansell, RCA REVIEW 
(September) 1946 

"A 100 -KW Portable Radar Transmitter ", H. C. Lawrence, Communi- 
cations (September) 

"Wave -Guide Output Magnetrons with Quartz Transformers ", L. 
Malter and J. L. Moll, RCA REVIEW (September) 1946 
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Year 
"Naval Airborne Television Reconnaissance System ", R. E. Shelby, 

F. J. Somers and L. R. Moffett, RCA REVIEW (September) 1946 
"Absorption of Microwaves by Gases, II ", J. E. Walter and W. D. 

Hershberger, Jour. Appl. Phys. (October) 1946 
"And Now the `Pylon' Antenna ", R. F. Holtz, Broadcast News (Oc- 

tober) 1946 
"Microwave Equipment for Television Relay Service ", W. J. Poch 

and J. P. Taylor, Broadcast News (October) 1946 
"Grounded -Grid Power Amplifiers ", E. E. Spitzer, Broadcast News 

(October) 1946 
"Electromagnetic Horns and Parabolic Reflectors ", T. Gooteé, Radio 

News (November) 1946 
"The RCA Antennalyzer -An Instrument Useful in the Design of 

Directional Antenna Systems ", G. H. Brown and W. C. Morrison, 
Proc. I.R.E. (December) 1946 

"Frequency Modulation Distortion Caused by Common- and Adjacent - 
Channel Interference ", M. S. Corrington, RCA REVIEW (De- 
cember) 1946 

"Teleran ", D. H. Ewing and R. W. K. Smith, RCA REVIEW (De- 
cember) Proc. Nat'l Elec. Conf. 1946 

"A Microwave Relay Communication System ", G. G. Gerlach, RCA 
REVIEW (December) Proc. Nat'l Elec. Conf. 1946 

"Mica Windows as Elements in Microwave Systems ", L. Malter, R. L 
Jepsen, and L. R. Bloom, RCA REVIEW (December) 1946 

"Simultaneous All Electronic Color Television ", RCA REVIEW (De- 
cember) 1946 

"A Microwave Relay System ", L. E. Thompson, Proc. I.R.E., (De- 
cember) 1946 

"Television Equipment for Aircraft ", M. A. Trainer and W. J. Poch, 
RCA REVIEW (December) 1946 

"Pulse Time Division Radio Relay ", B. Trevor, O. E. Dow, and W. D 
Houghton, RCA REVIEW (December) 1946 

RADAR -WHAT RADAR IS AND HOW IT WORKS, O. E. Dun- 
lap, Jr., Harper and Bros. -New York 1946 

"Military Television ", George M. K. Baker, TELEVISION, Volume 
IV (January) 1947 

"Multi- Channel Radiotelephone for Inland Waterways ", G. G. Brad- 
ley, Tele -Tech (January) 1947 

TELEVISION, Volume III (1938- 1941), RCA REVIEW, RCA Labo- 
ratories Division, Princeton, N. J. (January) 1947 

TELEVISION, Volume IV (1942- 1946), RCA REVIEW, RCA Labo- 
ratories Division, Princeton, N. J. (January) 1947 

"A Coaxial -Line Diode Noise Source for U -H -F ", H. Johnson, RCA 
REVIEW (March) 1947 

"Excess Noise in Cavity Magnetrons ", R. L. Sproull, Jour. Appl. Phys. 
(March) 1947 

"The Maximum Efficiency of Reflex -Klystron Oscillators ", E. G. Linder 
and R. L. Sproull, Proc. I.R.E. (March) 1947 

"The Pocket Ear ", J. L. Hathaway and W. Hotine, RCA REVIEW 
(March) 1947 

THEORY AND APPLICATION OF RADIO- FREQUENCY HEAT- 
ING, G. H. Brown, C. N. Hoyler and R. A. Bierwirth, D. Van 
Nostrand Company, Inc., New York, N. Y. (March) 1947 

"Comparator for Coaxial Line Adjustments ", O. M. Woodward, Jr , 

Electronics (April) 1947 
"Teleran ", D. H. Ewing and R. W. K. Smith, Airways Radio Journal 

(April and June) 1947 
Reprinted from RCA REVIEW (December) 1946 

"Input Admittance of Receiving Tubes ", RCA Application Note AN- 
118, RCA Tube Department, Harrison, N. J. (April 15) 1947 

"Use of the 2E24 and 2E26 at 162 Megacycles ", RCA Application Note 
AN -119, RCA Tube Department, Harrison, N. J. (May 15) 1947 
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Year 
"The AN /ART -13 Radio Transmitter - Characteristics and Tests ", 

NBC Eng. Notice (Apparatus) No. 33, National Broadcasting 
Co., Inc., New York, N. Y. (June) 1947 

"Circularly- Polarized Omnidirectional Antenna ", G. H. Brown and 
O. M. Woodward, Jr., RCA REVIEW (June) 1947 

"Coaxial Tantalum Cylinder Cathode for Continuous -Wave Mag- 
netrons", R. L. Jepsen, RCA REVIEW (June) 1947 

"Input Impedance of a Folded Dipole ", W van B. Roberts, RCA RE- 
VIEW (June) 1947 

"Miniature Tubes in War and Peace ", N. H. Green, RCA REVIEW 
(June) 1947 

"Phase -Front Plotter for Centimeter Waves", H. Iams, RCA RE- 
VIEW (June) 1947 

"Precision Device for Measurement of Pulse Width and Pulse Slope ", 
H. L. Morrison, RCA REVIEW (June) 1947 

"Radar for Merchant Marine Service ", F. E. Spaulding, Jr., RCA 
REVIEW (June) 1947 

"The Radio Mike ", J. L. Hathaway and R. Kennedy, RCA REVIEW 
(June) 1947 

"Stabilized Magnetron for Beacon Service ", J. S. Donal, Jr., C. L. 
Cuccia, B. B. Brown, C. P. Vogel and W. J. Dodds, RCA REVIEW 
(June) 1947 

"Compensation of Frequency Drift ", W. A. Harris and D. P. Hea- 
cock, RCA Licensee Bulletin LB -715 (June 12) 1947 

"Operation of the RCA- 6SB7 -Y Converter ", RCA Application Note 
AN -120, RCA Tube Department, Harrison, N. J. (June 16) 1947 

"A Frequency -Modulated Magnetron for Super -High Frequencies ", 
G. R. Kilgore, C. I. Shulman, and J. Kurshan, Proc. I.R.E. (July) 1947 

"Propagation Studies on 45.1, 474, and 2800 Megaeycles Within and 
Beyond the Horizon ", G. S. Wickizer, and Arthur M. Braaten, 
Proc. I.R.E. (July) 1947 

"A 1- Kilowatt Frequency -Modulated Magnetron for 900 Megacycles ", 
J. S. Donal, Jr., R. R. Bush, C. L. Cuccia, and H. R. Hegbar, Proc. 
I.R.E. (July) 1947 

"The NBC ND -310 Receiver ", NBC Eng. Notice (Apparatus) No. 
29, National Broadcasting Co., Inc., New York, N. Y. (August) 1947 

"Beam- Deflection Control for Amplifier Tubes ", G. R. Kilgore, RCA 
REVIEW (September) 1947 

"An Experimental Simultaneous Color- Television System, Part III - 
Radio- Frequency and Reproducing Equipment ", K. R. Wendt, 
G. L. Fredenall and A. C. Schroeder, Proc. I.R.E. (September) 1947 

"Special Applications of U -H -F Wide Band Sweep Generators", J. A. 

Bauer RCA REVIEW (September) 1947 
"An Experimental Simultaneous Color Television System", RCA 

Licensee Bulletin LB -729 (September 3) 1947 
"The Behavior of 'Magnetic' Electron Multipliers as a Function of 

Frequency ", L. Malter, Proc. I.R.E. (October) 1947 

"Variation of Bandwidth with Modulation Index in Frequency Modu- 
lation ", M. S. Corrington, Proc. I.R.E. (October) 1947 

"Laboratory Antenna Distribution System ", F. Mural, RCA Licensee 
Bulletin LB -730 (October 6) 1947 

"Compensation of Frequency Drift ", RCA Application Note AN -122, 
RCA Tube Department, Harrison, N. J. (October 15) 1947 

"Frequency Allocations ", P. F. Siling, RCA REVIEW (December) 1947 

"Slot Antennas ", N. E. Lindenblad, Proc. I.R.E. (December) 1947 

"Small- Signal Analysis of Traveling -Wave Tube ", C. I. Shulman and 
1947 M. S. Heagy, RCA REVIEW (December) 

"Storage Orthicon and Its Application to Teleran ", S. V. Forgue, RCA 
1947 REVIEW (December) 

"TELERAN -Part II, First Experimental Installation ", D. H. Ewing, 
H. J. Schrader and R. W. K. Smith, RCA REVIEW (December) .. 1947 

"Ultra -High- Frequency Low -Pass Filter of Coaxial Construction ", 
C. L. Cuccia and H. R. Hegbar, RCA REVIEW (December) 1941 
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APPENDIX II 

Summaries of papers published in RADIO AT ULTRA -HIGH FRE- 
QUENCIES, Volume I (which is now out of print), are included below as 
basic reference material on earlier developments. Original publication data 
are shown in each case. 

RADIO AT ULTRA -HIGH FREQUENCIES 
Volume I 
Summaries 

PAPERS PUBLISHED IN FULL IN VOLUME I 

SIMPLE TELEVISION ANTENNAS *t 
BY 

P. S. CARTER 

Engineering Department. RCA Communications, Inc., 
Rocky Point, N. Y. 

Summary -The frequency band widths demanded by high- definition 
television have considerable range when considered in relation to resonant 
circuits. The transmitting antenna and transmission -line systems must, 
therefore, meet stringent requirements if multiple images or ghosts in the 
received picture are to be avoided. 

Before discussing the characteristics of particular antenna systems, the 
transmitting and receiving antenna problems are considered. The input 
impedance of a transmission line, even when loaded with a resonant circuit 
having a Q as low as 2, undergoes considerable variation with frequency 
within the transmission band. If the television receiver is designed to 
present a pure resistance to its transmission line, equal to the characteristic 
impedance of the latter throughout the transmission frequency band, the 
receiving antenna requirements are not difficult to meet. 

The measured impedance -frequency characteristic of a half -wave dipole 
of large diameter conductors, when compared with that obtained for a ' 

similar antenna of small diameter conductors, shows the advantages of the 
former. 

A method of impedance matching has been devised whereby the usual 
narrowing of the useful frequency hand caused by impedance transforma- 
tion is overcome. 

The "folded dipole" antenna and combinations of these units are 
superior to ordinary dipoles for television purposes. Measurements indicate 
that ground and other reflecting surfaces considerably affect the impedance- 
frequency characteristics of antennas. 

Decimal Classification: R326.6. 
t RCA REVIEW, October, 1939. 

464 
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The use of a type of antenna called the "double cone" or "hour glass" 
antenna results in a very fiat impedance- frequency characteristic at the 
input terminals of a transmission line over a wide range of frequency. By 
properly proportioning the dimensions of this antenna its impedance can 
be made to match the characteristic impedance of all practical open -wire 
transmission lines. The current and electric field distributions along the 
surfaces of the conical conductor have been measured. The theory of this 
antenna is briefly considered. 

Curves of the characteristics of the systems discussed are included. 
For comparison purposes the measurements of line reflection vs. frequency 
for the several antenna systems considered arc shown by a family of curves 
in a single figure. 

(18 Pages; 27 Figures) 

TELEVISION TRANSMITTING ANTENNA FOR 
EMPIRE STATE BUILDING"t 

BY 

NILS E. LINDENBLAD 

Transmitter Laboratory. RCA Communications, Inc., 
Rocky Point, N. Y. 

Summary -The theory for a. new approach to the design of wide -band 
radiators for vision antennas is set forth and demonstrated in its application 
both to models and to the television antenna recently installed on top of the 
Empire State Building in New York City. A band width was obtained which 
is several times that required to meet television standards in the United 
States. 

The design principles of a sound antenna capable of being located close 
to the vision antenna without causing mutual interference, are described 
and demonstrated. 

The paper also deals with important transmission line phenomena and 
circuit problems, particularly as they occur in connection with this antenna. 

A short description of mechanical and auxiliary details is included. 
(22 Pages; 22 Figures) 

* Decimal Classification: R326.61. 
t RCA REVIEW, April, 1939. 

A TURNSTILE ANTENNA FOR USE AT 
ULTRA -HIGH FREQUENCIES;: 

BY 

GEORGE H. BROWN 

RCA Manufacturing Co., Inc., Camden, N. J. 

Summary -The Turnstile antenna provides a circular horizontal radia- 

* Decimal Classification: R321.32. 
t Electronics, April, 1936. 
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Lion pattern, with a concentration of energy in the vertical plane. This 
paper describes the antenna, its theoretical aspects, the experimental tests 
made on the antenna, as well as the procedure and the circuits necessary in 
its operation. 

(12 Pages; 13 Figures) 

FREQUENCY CONTROL BY LOW POWER 
FACTOR LINE CIRCUITS *t 

BY 

CLARENCE W. HANSELL AND PHILIP S. CARTER 

RCA Communications, Inc., Rocky Point, L. I., New York 

Summary -This paper points out the advantages of concentric conductor 
lines as low power factor or high Q resonant circuits for controlling the 
frequency of very high frequency oscillators. The electrical characteristics 
of lines of various dimensions at various frequencies is given. Several forms 
of temperature compensated lines are described. Oscillator circuits, circuit 
combinations, and precautions for obtaining stable transmitter frequencies 
are suggested. Photographs of typical line controlled transmitters are 
included. The results obtained with line control indicate that the method 
has great potential usefulness comparable with the usefulness of piezo- 
electric crystal control. 

(23 Pages; 17 Figures) 

* Decimal Classification: R355.6. 
t Proc. I.R.E., April, 1936. 

CARRIER AND SIDE -FREQUENCY RELATIONS 
WITH MULTI -TONE FREQUENCY OR 

PHASE MODULATION *t 

BY 

MURRAY G. CROSBY 

RCA Communications, Inc.. Riverhead. N. Y. 

Summary -The equation for the carrier and side frequencies of a fre- 
quency or phase -modulated wave is resolved for the case of two applied 
modulating tones. It is shown that when more than one modulating tone is 
applied, the amplitude of the carrier is proportional to the product of the 
zero -order Bessel Functions of all of the modulation indexes involved. The 
amplitudes of the side frequencies are proportional of the products of Bessel 
Functions equal in number to the number of tones applied and having orders 
respectively equal to the orders of the frequencies involved in the side fre- 
quency. Beat side frequencies are produced which have higher -order ampli- 
tude and do not appreciably widen the band width occupied by frequency 
modulation. 

(4 Pages) 

* Decimal Classification: R630.1. 
t RCA REVIEW, July, 1938. 

H 
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A CATHODE -RAY FREQUENCY- MODULATION 
GENERATOR *t 

BY 

R. E. SHELBY 

Engineering Staff, National Broadcasting Company, Inc., 
New York, N. Y. 

Summary -A new device is described for phase or frequency modulating 
a carrier wave obtained from a source of constant frequency and phase. It 
consists essentially of an electron gun, a target anode of special design and 
a means for deflecting the cathode -ray beam. Deflection of the beam is by 
means of two carrier voltages derived from a common source, but differing 
in phase by 90° and applied in such a way that the electron stream traces 
a circular path on the target anode. When amplitude modulation is applied 
to the deflection voltages, a phase -modulated signal is obtained in the circuit 
associated with the target anode. Frequency modulation may be obtained 
by proper pre -distortion of the audio -frequency signal prior to modulation. 

A U -H -F radio transmitter set -up used in testing such a device is 
described. 

(10 Pages; 8 Figures) 

* Decimal Classification: R630.3. 
t Electronics, February, 1940. 

A STUDY OF ULTRA -HIGH -FREQUENCY WIDE - 
BAND PROPAGATION CHARACTERISTICS: 

BY 

R. W. GEORGE 

RCA Communications, Inc., Riverhead, N. Y. 

Summary -Signals reflected front buildings and other large objects 
introduce distortion in the received signal because of their relative time 
delay and phase relations. This distortion is especially evident in the form 
of blurred and multiple images in television reception. Data on the relative 
merits in this respect, of vertically and horizontally polarized waves trans- 
mitted from the Empire State Building in New York City, were obtained at 
the two frequency ranges of 81 to 86 megacycles and 140 to 145 megacycles. 
Some data using circular polarization at the lower frequency range were 
also obtained. 

The effects of indirect -path signals were indicated on recorded curves 
showing field strength versus frequency. The methods and equipment used 
to record these data at a number of representative receiving locations are 
briefly described. 

A minimum of indirect -path signal interference was found to be gen- 
erally had with horizontal polarization at both signal -frequency ranges. In 
this respect, circular polarization was found to be slightly preferable to 

* Decimal Classification: R113.7. 
t Proc. I.R.E., January, 1939. 
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vertical polarization. Horizontal polarization also gave somewhat greater 
average field strength. 

Miscellaneous data and observations are described, including sample 
propagation -characteristic curves. In conclusion, some relations between 
direct- and indirect -path signals and propagation path are discussed. 

(17 Pages; 11 Figures; 2 Tables) 

ULTRA -HIGH -FREQUENCY PROPAGATION *t 
BY 

M. KATZIN 

RCA Communications, Inc., Riverhead, N. Y. 

Summary -This paper presents a short summary of the subject of 
ultra -high -frequency propagation, with theoretical and experimental results 
presented side by side, to show the general agreement between them. The 
quasi -optical behavior of u -h -f waves is exhibited in the phenomena of 
reflection, diffraction, and refraction. The reflecting properties of the 
ground, and their application in explaining propagation over plane earth, 
are shown. The presence of multipath reflections in urban areas and their 
effect on wide -band transmission is discussed. Diffraction and refraction 
are discussed, the variable nature of refraction giving rise to fading experi- 
enced beyond the horizon. Coverage data of the Empire State television 
transmitter are used to illustrate the practical application of many of the 
points discussed in the paper. 

(36 Pages; 34 Figures) 

'` Decimal Classification: R112 X R113. 
t Proc. Radio Club of America, September, 1939. 

FREQUENCY MODULATION PROPAGATION 
CHARACTERISTICS' 

BY 

MURRAY G. CROSBY 

RCA Communications, Inc., Riverhead, N. Y. 

Summary -Early work on frequency modulation is described wherein 
the propagation characteristics of frequency modulation were determined 
for frequencies between 9000 and 18,000 kilocycles. Oscilloscopic wave form 
and aural program observavtions, taken on a circuit between California and 
New York, showed that frequency modulation is much more distorted by 
the effects of multipath transmission than is amplitude modulation. The 
distortion is greatest at the lower modulation frequencies and higher depths 
of modulation where the side frequencies are most numerous. 

Oscilloscopic observations of the Lissajou figures formed by placing 
the outputs of receivers connected to spaced antennas on opposite oseillo- 

* Decimal Classification: R.148. 
t Proc. I.R.E., June, 1936. 
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scope plates showed that the diversity characteristics of frequency modula- 
tion are similar to those of amplitude modulation. That is, the dected 
outputs of the receivers tend to remain in phase for the lower modulation 
frequencies and become more phase random as the modulation frequency is 
increased. However, this tendency is almost obliterated on the lower modu- 
lation frequencies of frequencies modulation by the presence of unequal 
harmonic distortion in the two receiver outputs. 

Theory is given analyzing the distortion encountered in a two -path 
transmission medium under various path amplitude and phase relation 
conditions. The theory explains phenomena observed in the tests and points 
out the extreme distortion that can be encountered. 

(17 Pages; 8 Figures) 

FREQUENCY MODULATION NOISE 
CHARACTERISTICS 't 

BY 

MURRAY G. CROSBY 

RCA Communications, Inc., Riverhead, L. L, New York 

Summary -Theory and experimental data are given which show the 
improvements in signal -noise ratio effected by frequency modulation over 
amplitude modulation. It is shown that above a certain carrier -noise ratio 
in the frequency modulation receiver which is called the "improvement 
threshold," the frequency modulation signal -noise ratio is greater than the 
amplitude modulation signal -noise ratio by a factor equal to the product 
of a constant and the deviation ratio (the deviation ratio is equal to the 
ratio between the maximum frequency deviation and the audio modulation 
band width). The constant depends upon the type of noise, being slightly 
greater for impulse than for fluctuation noise. In frequency modulation 
system with high deviation ratios, a higher carrier level is required to 
reach the improvement threshold than is required in system with low 
deviation ratios; this carrier level is higher for impulse than for fluctuation 
noise. At carrier -noise ratios below the improvement threshold, the peak 
signal -noise ratio characteristics of the frequency modulation receiver are 
approximately the same as those of the amplitude modulation receiver, but 
the energy content of the frequency modulation noise is reduced. 

An effect which is called "frequency limiting" is pointed out in which 
the peak value of the noise is limited to a value not greater than the peak 
value of the signal. With impulse noise this phenomenon effects a noise 
suppression in a manner similar to that in the recent circuits for reducing 
impulse noise which is stronger than the carrier in amplitude modulation 
reception. 

When the power gain obtainable in certain types of transmitters by 
the use of frequency modulation is taken into account, the frequency modu- 
lation improvement factors are increased and the improvement threshold 
is lowered with respect to the carrier=noise ratio existing in a reference 
amplitude modulation system. 

(48 Pages; 16 Figures) 

* Decimal Classification: R148 X R270. 
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THE SERVICE RANGE OF FREQUENCY 
MODULATION'tt 

BY 

MURRAY G. CROSBY 

Engineering Department, RCA Communications, Inc., 
Riverhead, N. Y. 

Summary -An empirical ultra- high- frequency propagation formula is 
correlated with experimentally confirmed frequency modulation improve- 
ment factors to develop a formula for the determination of the relation 
between signal -noise ratio and distance in a frequency -modulation system. 
Formulas for the distance between the transmitter and the point of occur- 
rence of the threshold of frequency- modulation improvements, as well as 
formulas for the signal -noise ratio occurring at this distance, are also 
developed. 

Results of calculations and listening tests are described which evaluate 
the signal -noise ratio gain obtained by applying pre -emphasis to the higher 
modulation frequencies of both amplitude and frequency modulation systems. 

Examples using a typical set of conditions are given and discussed. 
(23 Pages; 10 Figures) 

* Decimal Classification: R113.7 X R630.1. 
t RCA REVIEW, January, 1940. 

PRACTICAL APPLICATION OF AN ULTRA -HIGH- 
FREQUENCY RADIO -RELAY CIRCUIT `t 

BY 

J. ERNEST SMITH, FRED H. KROGER, AND R. W. GEORGE 

RCA Communications, Inc., New York, N. Y. 

Summary -The utilization of an ultra -high -frequency radio circuit for 
the transmission of telegraph, teletype printer, and facsimile signals is 
described. The operating procedure is stressed throughout, particularly with 
regard to equipment maintenance tests and the methods employed to deter- 
mine the conditions of the circuit such as degree of modulation, signal -to- 
noise ratio, etc. Considerations are presented with respect to the most 
efficient division of the total modulation band into the communication chan- 
nels, as well as the signal -to -noise ratios required for the different types of 
service. It is found that fading, static, and weather conditions at these 
frequencies are of little importance as to their effect on the economic use 
of the circuit. However, diathermy machines and similar sources of dis- 
turbance are troublesome and their effect must be minimized. Experience 
during the past year and a half indicates that the dependability of the 
ultra- high -frequency radio circuit is of a high order. 

(16 Pages; 10 Figures; 2 Tables) 
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WIDE -BAND VARIABLE- FREQUENCY TESTING 
TRANSMITTERS` t 

BY 

G. L. USSELMAN 

Engineering Department, RCA Communications, Inc., 
Rocky Point, N. Y. 

Summary -A wide -band variable- frequency transmitter, designed pri- 
marily for testing purposes is described. The transmitter consists of a 
single -tube oscillator stage with a high degree of frequency control. Two 
models have been built which operate in the frequency range of 40 to 100 
megacycles, with 500 to 1000 watts output. Means are also provided for 
telegraphically keying the transmitters; This type of transmitter supplies 
a need for a source of high -frequency power which is continuously variable 
over a wide range of frequency, but which will accurately maintain any 
frequency to which it is adjusted. 

(7 Pages; 3 Figures) 

* Decimal Classification: R355.15. 
t RCA REVIEW, April, 1939. 

FIELD STRENGTH MEASURING EQUIPMENT FOR 
WIDE BAND U -H -F TRANSMISSION"t 

BY 

R. W. GEORGE 

RCA Communications, Inc., Riverhead, N. Y. 

Summary -Mainly in the interest of television service, some quantita- 
tive data were required on the characteristics of ultra -high- frequency propa- 
gation paths. Portable measuring equipment and methods devised to obtain 
these data are described. 

Transmitter systems giving constant output over the ranges of 81 to 86 
Mc and 140 to 145 Mc were used, the frequency of each transmitter varied 
at the rate of 166 kc per second from one extreme of its range to the other. 
Field strength was measured at each 70 -kc increment of the frequency 
range, a measurement being recorded automatically as the signal frequency 
passed through the receiver pass -Sand. The circuits were arranged to hold 
the recorder indication until changed by the following measurement. About 
70 measurements were recorded in one -half minute by means of a novel 
automatic tuning arrangement. 

The signal generator and calibration methods used are also described. 
(10 Pages; 6 Figures) 
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U -H -F EQUIPMENT FOR RELAY BROADCASTING *t 
BY 

W. A. R. BROWN 

Assistant Development Engineer, National Broadcasting Company, Inc., 
New York, N. Y. 

Summary -Several types of portable transmitting and receiving equip - 
ment, which have recently been developed to meet the increasing demands 
imposed upon operating facilities by the constantly expanding scope of 
ultra- high- frequency relay broadcasting are described, and their functions 
in relay- broadcast operations outlined in this paper. 

(13 Pages; 10 Figures) 

* Decimal Classification: 8310. 
t RCA REVIEW, October, 1938. 

A NEW METHOD FOR MEASUREMENT OF ULTRA- 
HIGH FREQUENCY IMPEDANCE *t 

BY 

STUART W. SEELEY AND WILLIAM S. BARDEN 

License Laboratory, Radio Corporation of America, 
New York, N. Y. 

Summary -A technique for measuring impedances at ultra -high fre- 
quencies with a high degree of accuracy is described. A vacuum-tube volt- 
meter, and a small air condenser, the value of which need only be known on 
an incremental basis, are the critical elements required in the measurements. 
A detailed description as well as an analytical explanation of the method 
is given. 

(22 Pages; 7 Figures) 

* Decimal Classification: R244. 
t Original material -not reprinted. 

A SURVEY OF ULTRA -HIGH -FREQUENCY 
MEASUREMENTS*t 

BY 

L. S. NERGAARD 

Research and Engineering Department, RCA Manufacturing Company, Inc., Harrison, N. J. 

Summary -A simple magnetron signal generator is described. The more 
useful transmission -line and skin -effect formulas are listed. In connection 

* Decimal Classification: R200. 
t RCA REVIEW, October, 1938. 
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with transmission lines, it is pointed out that even at very high frequencies 
the quadrature component of the characteristic impedance cannot be ne- 
glected. Methods which have been used for the measurement of the following 
quantities are described: 

(1) Wavelength -Wavelength has been measured by reflection of 
waves in free -space and transmission -line wavemeters. A method of deter- 
mining the end correction of a transmission -line wavemeter is described. 

(2) Power -Thermocouples for the measurement of small powers are 
described. The use of incandescent lamps for the measurement of large 
powers is discussed. 

(3) Voltage -Diode voltmeters and thermocouples have been used for 
the measurement of voltage. The errors of these voltmeters are discussed. 

(4) Reactance -Reactance has been measured by tuning the unknown 
reactance to resonance with a transmission line of known characteristics. 
The method is illustrated by two examples: the determination of the reso- 
nant wavelength, the inductance and capacitance of a diode, and the calibra- 
tion of a variable condenser. 

(5) Resistance - Resistance has been measured by the substitution 
method, the resistance -variation method, and the reactance -variation 
method. The reactance -variation method has been used in all of its forms, 
namely, capacitance variation, line- length variation and frequency varia- 
tion. The pertinent formulas and examples of the methods are given. A 
transmission line and condenser for the measurement of resistance by the 
capacitance -variation method are described. 

(6) Current -The measurement of current with thermocouples is 
discussed. 

(40 Pages; 15 Figures) 

VACUUM TUBES OF SMALL DIMENSIONS FOR USE 
AT EXTREMELY HIGH FREQUENCIES *t 

BY 

B. J. THOMPSON AND G. M. ROSE, JR. 

Research and Engineering Department, RCA Manufacturing Company, Inc., 
Harrison, N. J. 

Summary -This paper describes the construction and operation of very 
small triodes and screen -grid tubes intended for reception at wavelengths 
down to 60 centimeters with conventional circuits. 

The tubes represent nearly a tenfold reduction in dimensions as com- 
pared with conventional receiving tubes, but compare favorably with them 
in transconductance and amplification factor. The interelectrode capaci- 
tances are only a fraction of those obtained in the larger tubes. 

The triodes have been operated in a conventional feed -back oscillator 
circuit at a wavelength of 30 centimeters with a plate voltage of 115 volts 
and a plate current of 3 milliamperes. 

Receivers have been constructed using the screen -grid tubes which 
afford tuned radio- frequency amplification at 100 centimeters and 75 centi- 
meters, a gain of approximately four per stage being obtained at the longer 
wavelength. 

(15 Pages; 15 Figures) 
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SIMPLE ANTENNAS AND RECEIVER INPUT 
CIRCUITS FOR ULTRA -HIGH- FREQUENCIES*t 

BY 

R. S. HOLMES AND A. H. TURNER 

RCA Manufacturing Company, Inc., Camden, N. J. 

Summary -This paper describes some of the factors affecting the per- 
formance of antennas, transmission lines and receiver input circuits. The 
effect of antenna selectivity, directivity and gain is discussed, and selectivity 
curves for some simple antenna arrangements are given. Some of the factors 
governing selectivity, gain and signal -to- receiver hiss ratio are discussed. 
The discussion covers both narrow and wide band circuits. 

(11 Pages; 7 Figures) 

* Decimal Classification: R326.7. 
t Original material -not reprinted. 

MAGNETRON OSCILLATORS FOR THE 
GENERATION OF FREQUENCIES BETWEEN 

300 AND 600 MEGACYCLES*t 
BY 

G. R. KILGORE 

Research and Engineering Department. RCA Manufacturing Company, Inc., 
Harrison, N. J. 

Summary -The need for vacuum tube generators capable of delivering 
appreciable power at frequencies from 300 to 600 megacycles is pointed out 
and the negative resistance magnetron is suggested as one of the more 
promising generators for this purpose. 

An explanation of the negative resistance characteristic in a split -anode 
magnetron is given by means of a special tube which makes possible the 
visual study of electron paths. In this manner it is demonstrated how most 
of the electrons starting toward the higher potential plate reach the lower 
potential plate. 

From the static characteristics it is shown how the output, efficiency, 
and load resistance can be calculated, and from this analysis it is concluded 
that the negative resistance magnetron is essentially a high efficiency device 
at low frequencies. 

Measurements of efficiency at ultra -high frequencies are given for 
several magnetrons under various operating conditions. It is concluded 
from these measurements that the decrease of efficiency at very high fre- 
quencies is mainly due to electron -transit -time effects. A general curve is 
given showing efficiency as a function of the "transit -time ratio." This 
curve indicates that for a transit time of one -fifteenth of a period, approxi- 
mately fifty per cent efficiency is possible; for one -tenth of a period, thirty 
per cent; and for one -fifth of a period, the efficiency is essentially zero. 

* Decimal Classification: R355.9. 
t Proc. I.R.E., August, 1936. 
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1`wo methods are described for increasing the plate- dissipation limit. 
One method is that of increasing the effective heat- dissipating area by the 
use of an internal circuit of heavy conductors. The other method is that of 
a special water -cooling arrangement which also makes use of the internal 
circuit construction. 

Examples of laboratory tubes are illustrated, including a radiation - 
cooled tube which will deliver fifty watts at 550 megacycles and a water - 
cooled tube which will deliver 100 watts at 600 megacycles. 

(18 Pages; 16 Figures) 

AN ULTRA -HIGH -FREQUENCY POWER 
AMPLIFIER OF NOVEL DESIGN *t 

BY 

ANDREW V. HAEFF 

Research and Engineering Department. RCA Manufacturing Gnnpany, Inc., 
Harrison. N. J. 

Summary-For many high- frequency applications a non- regenerative 
power amplifier is of primary importance. It is the purpose of this paper 
to describe an amplifier of a novel type, consisting of a new tube combined 
with a tank circuit. Successful operation is obtained at frequencies much 
higher than those which can be handled by conventional devices of com- 
parable power capabilities. 

(8 Pages; 7 Figures) 

* Decimal Classification: R363.1. 
t Electronics, February, 1939. 

DEVELOPMENT OF TRANSMITTERS FOR 
FREQUENCIES ABOVE 300 MEGACYCLES *t 

BY 

N. E. LINDENBLAD 

RCA Connnunications, Inc., Rocky Point, L. I.. N. Y. 

Summary -The fundamental functions of the electrons and their work 
cycle, in the interelectrode space of high vacuum tubes, are discussed. It 
is shown how the triode feed -back circuit becomes inoperable at very high 
frequencies due to space -time and reactance characteristics. It is further 
shown how the space -time conditions can be organized to benefit the main- 
tenance of oscillation instead of becoming a detriment. Some of the more 
familiar arrangements, such as the Barkhausen and the magnetron circuits, 
which are based on this principle, are discussed in some detail. With these 
illustrations as a background the author describes a new method of fre- 
quency multiplication at very high frequencies. This method yields much 

* Decimal Classification: R355.5. 
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greater power outputs than hitherto possible and promises to become very 
useful. 

Various means for frequency stabilization are referred to and the 
merits of frequency controlling devices, such as crystals and low power 
factor circuits, are compared. 

Special problems encountered in the application of modulation at very 
high frequencies are described and reference is made to methods developed 
to meet these problems. 

Practical considerations of circuit arrangements are described in some 
detail. Several examples of transmitter design are given. These sections 
are illustrated with photographs. 

Important points in connection with antennas and transmission lines 
are discussed and the results of some measurement are given. 

The paper ends with a brief reference to some propagation results 
obtained by RCA Communications engineers and others. 

(15 Pages; 23 Figures; 1 Table) 

TRANSMISSION OF 9 -CM. ELECTRO- 
MAGNETIC WAVES '+ 

BY 

IRVING WOLFF AND E. G. LINDER 

Research Division, RCA Manufacturing Company, Inc., 
Camden, N. J. 

Summary -A 9 -cm beam transmitter and a receiver are described for 
making tests of the transmission of electromagnetic waves of this wave- 
length. 

Using this transmitter with the receiver placed at a series of locations 
from Vs up to a line of sight distance of 16 miles, measurements of field 
strength failed to show any noticeable attenuation due to the atmosphere. 
A series of more accurate tests comparing the transmission over a 2 -mile 
distance during alternate clear and rainy periods indicated that the attenu- 
ation due to rainfall was less than .1 db per mile. 

(9 Pages; 9 Figures; 1 Table) 

* Decimal Classification: R113.5. 
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PAPERS PUBLISHED IN SUMMARY FORM IN VOLUME I 

FREQUENCY ASSIGNMENTS FOR TELEVISION'` 

BY 

E. W. ENGSTROM AND C. M. BURRILL 

RCA Manufacturing Company, Camden, N. J. 

Summary -This article is not a report of original work, but is a corre- 
lation or synthesis of information pertinent to the subject, available to 
the authors within the RCA Services or through published papers. Since 
the results of 'all have been taken into account it has not seemed feasible 
or desirable to give credit to individual sources except to mention the 
article by H. H. Beverage entitled "Some Notes on Ultra Short Wave 
Propagation" appearing in this number of RCA REVIEW, and the bibliog- 
raphy forming a part of that article. Much credit is due collectively to 
the many workers in this field, who have made possible the drawing with 
reasonable certainty of the conclusions here stated. The basic plan of any 
new service must always be determined by the work of such pioneers before 
commercial experience has made everything plain. Because fundamental 
plans for broadcast television are now in the making, it is hoped that this 
brief article will be found both timely and interesting. 

(6 Pages) 

* Decimal Classification: R007.1 X R583. 
t RCA REVIEW, January, 1937. 

THE REQUIREMENTS AND PERFORMANCE OF A 
NEW ULTRA- HIGH -FREQUENCY POWER TUBE *t 

BY 

W. G. WAGENER 

Formerly with Research and Engineering Department, RCA Manufacturing Company, Inc., 
Harrison, N. J. 

Summary -Large values of power are difficult to obtain in the ultra- 
high- frequency region. At the limiting frequencies it is increasingly more 
difficult to find vacuum tubes that will deliver such power and perform 
efficiently. The principal factors that affect the design and performance 
of the tubes are those involving the electrical circuit, the size requirements 
for the power desired, and the transit time of the electrons within the 
evacuated space of the tube. 

The design principles that result from a consideration of these factors 
have been used in the development of a new ultra- high- frequency triode. 
A triode capable of delivering approximately 700 watts at 100 megacycles 
is described. This tube, which is cooled by water and air, is capable of 
operation as a neutralized power amplifier up to 200 megacycles with an 
output of approximately 500 watts. 

(7 Pages; 5 Figures) 
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TELEVISION TRANSMITTERS OPERATING AT HIGH 
POWERS AND ULTRA -HIGH FREQUENCIES *t 

BY 

J. W. CONKLIN AND H. E. GIHRING 

RCA Manufacturing Company. Inc., Camden, N. J. 

Summary -A general review of some of the unusual problems encoun- 
tered in the development of high -power ultra- high -frequency transmitters 
and particularly television power amplifiers. Tube and circuit problems 
are discussed and also some of the difficulties encountered with associated 
components. 

(15 Pages; 12 Figures) 

* Decimal Classification: R583.4. 
t RCA REVIEW, July, 1937. 

EFFECT OF ELECTRON TRANSIT TIME ON 
EFFICIENCY OF A POWER AMPLIFIER *t 

BY 

ANDREW V. HAEFF 

Research and Engineering Department. RCA Manufacturing Company, Inc., 
Harrison. N. J. 

Summary -Measurements of the plate efficiency of a neutralized triode 
amplifier operated at high frequencies are reported. The results are com- 
pared with those obtained for an oscillator operated at the same fre- 
quency. At a frequency at which the oscillator efficiency approaches zero 
the amplifier efficiency is found to be reduced to only 50 per cent of the 
low -frequency value. It is shown that the difference in efficiency is pri- 
marily due to a large phase angle between the plate current and the grid 
voltage produced by the electron transit time. 

(9 Pages; 5 Figures) 

* Decimal Classification: R334 X R339.2. 
t RCA REVIEW, July, 1939. 

ON THE OPTIMUM LENGTH FOR TRANSMISSION 
LINES USED A' CIRCUIT ELEMENTS *t 

BY 

BERNARD SALZBERG 

Research and Engineering Department, RCA Manufacturing Company, Inc., 
Harrison, N. J. 

Summary -The existence of an optimum length for transmission lines 

* Decimal Classification: R117.1. 
t Proc. I.R.E., December, 1937, 
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which are tuned by low -loss capacitor to give maximum sending -end im- 
pedance is discussed. This optimum length is found to be 0.185X for a 
shorted line and 0.472X for an open- circuited line, resulting in impedances 
14 and 3 per cent higher, respectively, than can be obtained from lines 
without tuning condensers. 

(4 Pages; 2 Figures) 

OBSERVATIONS ON SKY -WAVE TRANSMISSION ON 
FREQUENCIES ABOVE 40 MEGACYCLES*t 

BY 

D. R. GODDARD 

RCA Communications, Inc., Riverhead, L. I., N. Y. 

Summary -The results of daily observations at Riverhead, L. I., N. Y., 
since September, 1937, of European 40 -to -45 megacycle transmitters are 
reported. Measurevents of field strength were made on English, French, 
and German television signals. Muttipath propagation of the English video - 
frequency channel was observed optically and the difference in path length 
determined. 

(4 Pages; 5 Figures) 

* Decimal Classification: R112.4. 
t Proc. I.R.E., January, 1939. 

NOTES ON THE RANDOM FADING OF 50 -MEGA- 
CYCLE SIGNALS OVER NON -OPTICAL PATHS01" 

BY 

K. G. MACLEAN AND G. S. WICKIZER 

RCA Communications, Inc., Riverhead, L. I., N. Y. 

Summary -To obtain data on the variation of field strength beyond the 
horizon, simultaneous recordings were made at three locations, one within 
the optical path of the transmitter, one 700 feet below the line of sight, 
and one 11,400 feet below the line of sight. All three locations were on 
the same line from the transmitter. Recordings extended over a two -week 
period, chosen at a time when atmospheric refraction was likely to be 
favorable. Analysis of the recorded data indicates several things of inter- 
est. The variation of field strength at each location was random and showed 
no correlation with any tither location; the range of field -strength variation 
exceeded 49 decibels at the most remote location; maximum fields generally 
occurred at night; and previous data on the rate of attenuation beyond the 
horizon were confirmed. 

(5 Pages; 12 Figures; 2 Tables) 

* Decimal Classification: R113.1. 
t Proc. I.R.E., August, 1939. 

www.americanradiohistory.com

www.americanradiohistory.com


470 RADIO AT ULTRA -HIGH FREQUENCIES, Volume II 

A STUDY OF THE PROPAGATION OF WAVE- 
LENGTHS BETWEEN THREE AND EIGHT METERS' "j' 

BY 

L. F. JONES 

RCA Manufacturing Company, Inc., Camden, N. J. 

Summary -A description is given of the equipments used in an air- 
plane, dirigible, automobile and indoors to measure the propagation char- 
acteristics of wavelengths between about three and eight meters. The 
majority of observations were of television transmissions from the Empire 
State building. 

The absorption of ultra -short -waves traveling through or around large 
buildings is shown to be in terms of amplitude about 50 per cent every 
500 feet for seven meters and 50 per cent every 200 feet for three meters. 
A number of reflection phenomena are discussed and the influence of inter- 
ference patterns on receiving conditions is emphasized. It is shown that 
any modulation frequency is partly or completely suppressed if propaga- 
tion to the receiver takes place over two paths differing in length by half 
of the hypothetical radio wavelength of the modulation frequency. For 
a good television picture this corresponds to a difference of about 500 feet. 

Various types of interference are mentioned. There are maps of the 
interference patterns measured in a typical residential room. The manner 
in which traffic movements cause severe fluctuations in ultra -short wave 
field strengths at certain indoor points is shown by recorded field strengths. 

It is shown that the service range of the Empire State transmitters 
includes most of the urban and suburban areas of New York, and that the 
interference range is approximately 100 miles. Variations of field strength 
with altitude, beyond line of sight, are shown. Observations made at a 
distance of 280 miles are described. 

An empirical ultra -short -wave propagation formula is proposed. Curves 
are then calculated showing the relations between wavelength, power, range, 
attenuation, and antenna height. 

(38 Pages; 28 Figures; 2 Tables) 

* Decimal Classification: R112. 
t Proc. I.R.E., March, 1933, and Television, Vol. 1, 1936. 

AN URBAN FIELD -STRENGTH SURVEY AT THIRTY 
AND ONE HUNDRED MEGACYCLES *t 

BY 

R. S. HOLMES AND A. H. TURNER 

RCA Manufacturing Company, Inc., Camden, N. J. 

Summary-A description is given of the transmitter and receiver equip- 
ment used in making field strength surveys in the Camden -Philadelphia 
area for a low power transmitter whose antenna is 200 feet above the 
ground, at frequencies of thirty and one hundred megacycles. 

* Decimal Classification: R270. 
t Proc. I.R.E., May, 1936, and TELEVISION, Vol. 1, 1936. 
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Field strength contour maps for the area within approximately ten 
miles of the transmitter are given. From these maps the average field 
strength obtained at various distances from the transmitter was deter- 
mined, and the attenuation of the signal was found to be proportional to 
the 1.84 power of the distance for thirty megacycles and the 2.5 power of 
the distance for one hundred megacycles for the region between one and 
ten miles from the transmitter. 

Curves showing the variation from the average field strength of the 
signal along three routes radiating fifteen miles from the transmitter are 
given, and these variations are compared with the elevation profiles of the 
respective routes. It is shown that the signal is usually strongest on the 
brows of hills facing the transmitter. 

Measurements were made in three representative residences, and from 
these data, curves showing the power required at the transmitter to fur- 
nish one hundred microvolts input to receivers with short indoor antennas 
located in houses at various distances up to ten miles from the transmitter 
were computed for the two frequencies. 

(16 Pages; 14 Figures; 1 Table) 

ELECTRICAL MEASUREMENTS AT WAVE- 
LENGTHS LESS THAN TWO METERS 

BY 

LEON S. NERGAARD 

Research and Engineering Department, RCA Manufacturing Company, Inc., 
Harrison, N. J. 

Summary -In this paper the measurement of power and voltage at 
ultra -short waves is considered. A signal generator delivering adequate 
power output with satisfactory stability over the wave -length range from 
twenty to 200 centimeters is described. The requirements of thermocouples 
satisfactory for the measurement of power are considered and a set of 
thermocouples covering the power range from 0.1 milliwatt to fifty watts 
is described. A study of vacuum tube voltmeters has shown that diode 
voltmeters have very small loading (of the order of 105 ohms) on the circuits 
to which they are connected, whereas conventional triode voltmeters using 
RCA -955's have an input impedance of about 104 ohms at a wave length 
of one meter. The errors of diode voltmeters at ultra -short wave lengths 
have been studied and found to be of two kinds: 

1. An error due to partial series resonance between the lead induc- 
tances and the interelectrode capacity. 

2. An error due to a transit time effect. This has been called "pre- 
mature cutoff." These errors have been studied experimentally and theoreti- 
cally, the results being in qualitative agreement. In the course of the 
experimental work very small diodes have been built, the smallest diode 
having an anode diameter of only 0.0065 inch. Calibrations for these diode 
voltmeters have been obtained. The calibration of the diode having an 
anode diameter of nine mils at a wavelength of 100 centimeters differs from 
the sixty -cycle calibration by less than one per cent due to premature 
cutoff and by about six per cent due to resonance error. Voltmeters of this 
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type have been supplied to other workers and have been found to give 
very useful and consistent results. 

The RCA -955 acorn tube with grid and plate tied together has been 
studied as a diode voltmeter. From this study it is concluded that the RCA - 
955 is useful as a voltmeter down to the sixty- centimeter wave length, but 
that small diodes are necessary for precise measurements below 150 centi- 
meters and for general measurements below sixty centimeters. 

(23 Pages; 15 Figures) 

APPLICATION OF ABELIAN FINITE GROUP THE- 
ORY TO ELECTROMAGNETIC REFRACTION;: t 

BY 

R. A. WHITEMAN 

Instructor of Physics, RCA Institutes, Inc., New York 

Summary -This paper presents the direct relationship between the 
group theory and indices of refraction encountered in the solution of opti- 
cal problems. The properties and advantages of the group theory are made 
available by using the double -subscript notation when designating the 
indices of refraction. The notation is developed from fundamental concepts 
of refraction at a plane surface and applied to two specific refraction prob- 
lems in the following order: 

a. refraction the Kennelly -Heaviside layer (radio waves) 
b. electronic refraction (electron optics) 

The criterion to be used in determining the applicability of the method 
developed in this paper to any refraction problem is reduced to a simple 
equation. 

(9 Pages; 3 Figures) 

* Decimal Classification R113.605 X R138.3 X 510. 
t RCA REVIEW, January, 1940. 

THE USE OF GAS -FILLED LAMPS AS 
HIGH -DISSIPATION, HIGH -FREQUENCY RESISTORS, 

ESPECIALLY FOR POWER MEASUREMENTS *t 
BY 

ERNEST G. LINDER 

RCA Manufacturing Company, Inc., Camden, N. J. 

Summary -A type of hydrogen -filled lamp suitable for use as a high - 
frequency resistance is described, which possesses unusually great heat - 
dissipation ability. This dissipation may be several hundred times that 
obtainable with vacuum lamps, and the gain is greatest for filaments of 

* Decimal Classification: R245 X R383. 
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the smallest diameter. Other advantages are pointed out. The theory 
of heat loss in a gaseous atmosphere is summarized. Details of experi- 
mental lamps are given. Design data are presented in the form of a chart 
which includes, watts dissipated, resistance, temperature, and filament 
diameter. 

(6 Pages; 1 Figure; 2 Tables) 

MEASUREMENTS OF ADMITTANCES AT 
ULTRA -HIGH FREQUENCIES :1'f 

BY 

JOHN M. MILLERS AND BERNARD SALZBERG 

Research and Engineering Department, RCA Manufacturing Company, Inc., 
Harrison, N. J. 

Summary -A substitution method is described for determining admit- 
tances at ultra -high frequencies. Typical measurements of resistors and 
insulators are given. 

The method employs a short transmission line excited by an ultra -high- 
frequency oscillator. The receiving end of the line is short -circuited and 
the sending end is shunted by a variable capacitor and the unknown ad- 
mittance. A vacuum -tube voltmeter indicates the resonant voltage at a 
point on the line. The unknown admittance is removed, resonance restored 
by the variable capacitor and the same voltage obtained by sliding a known 
resistor along the line. The unknown admittance is then determined by 
the frequency, capacitance change, and the position of the known resistor. 
With proper line constants, the equivalent sending -end resistance of the 
resistor is equal to the product of its resistance and the square of the ratio 
of the total line length to the distance of the resistor from the receiving end. 

(19 Pages; 4 Figures; 5 Tables) 

* Decimal Classification: R244.1. 
t RCA REVIEW, April, 1939. 
Formerly with RCA Manufacturing Company. 

RADIO -FREQUENCY GENERATOR FOR 
TELEVISION RECEIVER TESTING'' 

BY 

A. H. TURNER 

RCA Manufacturing Company, Inc., Camden, N. J. 

Summary -An automatic recording signal generator is described which 
has proven extremely useful in the development of television receivers. 
The more important specifications and characteristics of this signal gen- 
erator are as follows: 

* Decimal Classification: R355.913.2. 
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1. Consists of push -pull r -f oscillator and push -pull modulated r -f 
amplifier. 

2. Frequency range (motor -driven linear control) 40 to 100 megacycles. 
3. R -F output (motor- driven continuously variable control and uni- 

form logarithmic scale) 1 to 100,000 microvolts. 
4. Modulation (from external source or 400 cycles internal) 30 to 

3,000,000 cycles for both side -bands or may be altered for 30 to 5,000,000 
cycles for single side -band. 

5. R -F output impedance -50 ohms approximately. 
6. Slow, normal, and fast curve -paper frequency scales selected by 

gear shift. 
7. Receiver output may be set and held constant at any level between 

0.5 volt and 25 volts by the automatic mechanism. 
(2 Pages; 2 Figures) 

INPUT RESISTANCE OF VACUUM TUBES AS 
ULTRA -HIGH -FREQUENCY AMPLIFIERS *t 

BY 

W. R. FERRIS 

Research and Engineering Department. RCA Manufacturing Company, Inc.. 
Harrison. N. J. 

Summary- Vacuum tubes which when operated as voltage amplifiers at 
low frequency require no measurable grid input power have been found 
to take very serious amounts of power at ultra -high frequencies. The grid 
input conductance is shown to be very accurately represented for electrodes 
of any shape by the expression 

go = Ks.f2r2 

where g, is the input conductance, s, the grid -plate transconductance, f the 
frequency, and r the electron transit time. K is a parameter which is a 
function of the geometry of the tube and the voltage distribution. A physi- 
cal picture of the effect, a simple theoretical derivation, and experimental 
proof with conventional tubes are given. 

The magnitude of g, is such that it is the principal limitation for am- 
plifiers at frequencies of the order of 100 megacycles, and it seriously 
affects the amplification at frequencies as low as fifteen megacycles. The 
input resistance of a typical commercial tube, the RCA -57, is approximately 
20,000 ohms at thirty megacycles. Other commercial tubes, being of the 
same general construction and size, have input resistances of the same 
order. The use of very small tubes, such as the RCA -954, with correspond- 
ingly short transit times is shown to be a practical means of increasing the 
amplification obtainable with conventional circuits. 

Input capacity variation with frequency is found to be negligible with 
the RCA -57 even up to eighty megacycles and higher. However, the grid - 
cathode capacity is a function of the applied voltage; the ratio of this 
capacity under operating conditions to that with the tube cold having a 
value of four thirds for its minimum. The change in input capacity from 
cold to hot is of the order of one micromicrofarad for the RCA -57. No 
change in grid -screen capacity is indicated. 
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The plate resistance of screen -grid tubes is found to vary with fre- 
quency but with the RCA -57 at eighty megacycles it is over twenty times 
the grid resistance and thus constitutes a negligible amount of the total 
loss in the circuit. 

(24 Pages; 13 Figures) 

MULTI -TUBE OSCILLATORS FOR THE 
ULTRA -HIGH FREQUENCIES *t 

BY 

PAUL D. ZOTTU 

Formerly with Research and Engineering Department, RCA Manufacturing Company, Inc., 
Harrison, N. J. 

Summary -An important limitation on the effective use of the ultra- 
high frequencies is the fact that with present methods the output power 
that can be developed is small. With the feedback type of oscillator, output 
decreases approximately inversely as the square of the frequency. Although 
the use of two tubes in push -pull permits doubling the output of a single - 
tube oscillator, in the region of 300 Mc this increase amounts to only a 
few watts with commercially -available tubes. Paralleling of tubes is out 
of the question because this method causes tube capacities to add and there- 
fore requires reduction of inductance to maintain the same frequency. At 
the frequencies considered, inductance is already at a premium and further 
reduction necessitates making the oscillatory circuit inside the tube. An- 
other disadvantage of the direct- parallel system is that the generated 
frequency changes with the addition or subtraction of a unit. It is evident, 
therefore, that a means of combining the output of two or more independent 
oscillators in such a way that these disadvantages are overcome would be 
highly desirable. 

By proper utilization of two well -known effects in the operation of 
oscillators, a method for combining several oscillators in the desired man- 
ner becomes possible. Consider first a simple oscillator coupled to a tuned 
circuit which will be termed the secondary circuit. If the coupling is very 
loose, the secondary tuning will have negligible effect on the oscillator fre- 
quency, except in a small region near the point where the two circuits are 
in resonance, where a slight change in oscillator frequency will occur. 
With closer coupling, a considerably greater change in frequency results; 
as the coupling is still further increased, a "jump" in frequency as the 
secondary is tuned through resonance will occur. The behavior is modified 
somewhat by the presence of a load on the secondary, although the general 
effect is the same. The interesting point is that, depending upon the 
coupling and load, the oscillator frequency is seriously affected by the 
tuning of the secondary circuit. 

The power output to the secondary circuit depends upon the coupling 
and tuning; with small values of coupling the output rises as the secondary 
is tuned into resonance, decreases on tuning away. With coupling values 
greater than the critical, two points of maximum power output will appear, 
with a minimum point occurring at resonance. The important thing is 
that maximum output of the oscillator can be obtained with coupling values 
equal to or greater than critical. 

(4 Pages; 7 Figures) 
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ANALYSIS OF THE EFFECTS OF SPACE 
CHARGE ON GRID IMPEDANCE*t 

BY 

D. O. NORTH 

Research and Engineering Department, RCA Manufacturing Company, Inc., 
Harrison, N. J. 

Summary- Previous theory of transit -time phenomena in high vacuum 
diodes is extended and augmented to provide an explanation of the high - 
frequency behavior of high -p amplifiers with parallel plane electrodes. For 
mathematical reasons the analysis is restricted to triodes with plate at 
alternating -current ground and to tetrodes with screen grid at alternating - 
current ground. Expressions for internal input loading and capacity are 
derived, showing the dependence upon frequency, voltages, and tube dimen- 
sions, and it is shown how the theory in its present form can be made 
quantitatively applicable to many commercial tubes of cylindrical design. 

In agreement with both elementary theory and observation, the theory 
shows that at the threshold of the effect the input loading varies as the 
square of the frequency. For the RCA -57 there is calculated an internal 
input resistance of 21 megohms at one megacycle, dropping to 2100 ohms 
at 100 megacycles. These figures are in excellent agreement with actual 
measurement, and illustrate the tremendous importance of transit times in 
the design of tubes for ultra -high frequencies. It is likely that internal 
input power losses of this character, together with closely allied losses in 
transconductance, are primarily responsible for high -frequency failure of 
both amplifiers and oscillators. 

"Hot" input capacity exceeds the "cold" value. The magnitude and 
dependence upon tube parameters is given, the increase is primarily due 
to space charge but also depends upon r: /r,, the ratio of the electron transit 
time between control grid and plate to the transit time between cathode and 
control grid. In agreement with observation, the theory indicates very slight 
frequency dependence. 

There is included a brief account of temperature- limited diodes, illus- 
trating their possibilities as a source of high -frequency negative resistance. 

(29 Pages; 3 Figures) 

* Decimal Classification: R138.1 X R339.2. 
t Proc. I.R.E., January, 1936. 

RECENT DEVELOPMENTS IN MINIATURE TUBES *t 
BY 

BERNARD SALZBERG AND D. G. BURNSIDE 

Research and Engineering Department. RCA Manufacturing Company, Inc.. 
Harrison, N. J. 

Summary -The development of two indirectly heated miniature tubes, 
a triode and a sharp cut-off amplifier pentode especially suited for use at 
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high frequencies, is described. The electrical and mechanical factors in- 
volved in the design and application of these tubes are discussed and their 
novel structural appearances is described. 

Because of their decreased lead inmpedances, interelectrode capaci- 
tances, and transit times, these miniature tubes allow considerable improve- 
ment to be made in high -frequency receiving equipment. It is possible to 
operate the triode as an oscillator in a conventional circuit down to a 
wavelength of approximately 40 centimeters. The pentode can be operated 
as a radio -frequency amplifier down to a wavelength of approximately 70 
centimeters. It is practicable to obtain stable gains with it of from ten to 
fifteen at three meters, a wavelength at which standard tubes are almost 
entirely ineffectual. Both tubes can be used, down to much lower wave- 
lengths, in exactly the same manner and for the same applications that 
the corresponding conventional tubes are used; i.e., as oscillators, amplifiers, 
detectors, converters, and as negative -resistance devices. 

The small size of the tubes and their novel structural design allow 
compact and convenient receiving equipment to be built. Even at the longer 
wavelengths, they are applicable to a large number of uses for which their 
excellent characteristics, small size, and low weight make them particularly 
useful. 

(16 Pages; 13 Figures; 2 Tables) 

EFFECTS OF SPACE CHARGE IN THE GRID -ANODE 
REGION OF VACUUM TUBES`t 

BY 

BERNARD SALZBERG AND A. V. HAEFF 

Research and Engineering Department, RCA Manufacturing Company, Inc., 
Harrison, N. J. 

Summary -The effects of space charge in the region between grid and 
anode of a vacuum tube, for the case where the planes of the grid and plate 
are parallel are determined from the results of a simple analysis. The 
main effects of the space charge are (a) to introduce departures from the 
linear potential distribution of the electrostatic case; (b) to set an upper 
limit, under certain conditions, for the anode current; (c) to introduce 
instabilities and hysteresis phenomena in the behavior of the tube; and 
(d) to increase the electron transit time in this region. 

Four modes of potential distribution which may exist in this region 
are treated: (1) Neither potential minimum nor virtual cathode exist; (2) 
potential minimum exists; (3) space -charge- limited virtual cathode exists; 
and (4) temperature- limited virtual cathode exists (negative anode poten- 
tials). For each of the various states of operation, expressions are derived 
for the distribution of potential and electric intensity throughout the region; 
the time of flight of electrons from grid to anode, and from grid to the 
plane of zero potential; and the location and magnitude of the minimum 
potential. An expression is also derived for the dependence of the anode 
current on the space current, grid -anode distance, grid voltage, and anode 
voltage. Curves are plotted from these expressions, and it is shown how the 
behavior of a large variety of practical tubes can be predicted and explained 
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with their aid. The assumptions which underlie the theory are stated, and 
the effects of the neglected phenomena are discussed qualitatively. 

Anode -current vs. anode -voltage and anode -current vs. space -current 
curves representing observations made on a specially constructed tefrode 
are presented by way of experimental verification of the theoretical results. 

For purposes of illustration, application is made of these results to 
elucidate the theory of the type of power -amplifier tube which employs a 
minimum potential, formed in front of the anode as a result of the space 
charge of the electrons, to minimize the passage of secondary electrons 
from anode to grid. In addition, it is shown how the decrease of anode 
current with increasing space current which occurs when a space- charge- 
limited virtual cathode is formed in the grid -anode region, may be utilized 
to provide negative transconductance amplifiers and oscillators. 

(39 Pages; 21 Figures) 

NEW TELEVISION -AMPLIFIER RECEIVING TUBES'* 
BY 

A. P. KAUZMANN 

Research and Engineering Department. RCA Manufacturing Company, Inc., 
Harrison. N. J. 

Summary- Television circuits require amplifying tubes of high grid - 
plate transconductance and low input and output capacitances to real- 
ize a voltage gain per stage sufficient to keep the amplifying stages at a 
reasonable number. To this end the 1851 and 1852, sharp cut -off, 9000 - 
micromho grid -plate transconductance tubes -and the 1953, semi -remote 
cut -off, 5000- micromho grid -plate transconductance tube were developed. 
The improvements are the result of decreasing the control -grid -to- cathode 
spacing, and at the same time decreasing the pitch and diameter of the 
control -grid wires. 

The maximum allowable resistance in the control -grid circuit is deter- 
mined from the grid -plate transconductance of the tube, the cathode -bias 
resistor, and the screen voltage -dropping series resistor. Also, the use of 
a small un- bypassed resistor in the cathode circuit to neutralize the changes 
in input capacitance and input loading with varying plate current is pre- 
sented. 

The 1851 and 1852 have the highest ratios of grid -plate transconduct- 
ance to plate current of any commercially available tubes with the result 
that they have high signal -to -noise ratios. The high grid -plate trans - 
conductances also result in high -conversion transconductance when these 
tubes are used as mixer tubes; the 1851 and 1852 give a maximum of 3500 
micromhos, and the 1853 a maximum of 1500 micromhos. With practical 
circuits the 1851 and 1852 have produced gains per stage of 3.5 to 7.0 at 50 
megacycles, and of 20 to 45 at 11 megacycles. Similarly, the 1853 has pro- 
duced gains per stage of 2 to 4 at 50 megacycles, and of 6.5 to 13 at 11 
megacycles. All of these values are for a band -pass of 2.5 megacycles. 

(19 Pages; 14 Figures; 2 Tables) 
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AN ELECTRON OSCILLATOR WITH 
PLANE ELECTRODES `t 

BY 

B. J. THOMPSON AND P. D. ZOTTU# 

Research and Engineering Department. RCA Manufacturing Company, Inc.. 
Harrison, N. J. 

Summary -This paper describes a new type of thermionic tube capable 
of producing ultra -high frequencies by means of electron oscillations. Tubes 
of this type are characterized by having parallel plane electrodes, instead 
of cylindrical electrodes as in the conventional Barkhausen -Kurz tubes, 
and a fourth element called a backing plate. 

The relations between wavelength and amplitude of oscillation and 
the various electrode potentials are shown by measurements on a typical 
tube. It is found that in these tubes the filament voltage is not critical, 
space- charge -limited operation being satisfactory, and that only one mode 
of oscillation is obtained. Both of these factors appear to give these tubes 
an advantage in stability over cylindrical Barkhausen -Kurz tubes. 

A tube of the fiat type is described which has produced oscillations 
at a wavelength of less than 10 cm in the fundamental mode with a posi- 
five grid potential of 150 volts. 

(12 Pages; 14 Figures) 

* Decimal Classification: R138.4. 
t Proc. I.R.E., December, 1934. 
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THE DEVELOPMENTAL PROBLEMS AND 
OPERATING CHARACTERISTICS OF TWO NEW 

ULTRA -HIGH -FREQUENCY TRIODES'`+ 
BY 

WINFIELD G. WAGENER 

Formerly with Research and Engineering Department, RCA Manufacturing Company, Inc.. 
Harrison, N. J. 

Summary -Large values of power are difficult to obtain in the ultra- 
high- frequency region. At the limiting frequencies it is increasingly more 
difficult to find vacuum tubes that will deliver such power and perform 
efficiently. The principal factors that affect the design and performance of 
the tubes are those involving the electrical circuit, the size requirements 
for the power desired, and the transit time of the electrons within the 
evacuated space of the tube. 

The design principles that result from a consideration of these factors 
have been used in the development of two new ultra -high- frequency triodes. 
A triode capable of delivering approximately 700 watts at 100 megacycles 
is described. This tube, which is cooled by water and air, is capable of 
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operation as a neutralized power amplifier up to 200 megacycles with an 
output of approximately 500 watts. A second triode is described which is 
a radiation- cooled glass tube with a 300 -watt plate -dissipation rating. Nor- 
mal efficiency is obtained up to 40 megacycles and operation as a neutral- 
ized power amplifier is possible up to 100 megacycles. The efficiency at 
100 megacycles is approximately 60 per cent. 

(14 Pages; 10 Figures) 

A PUSH -PULL ULTRA -HIGH -FREQUENCY 
BEAM TETRODE'` t 

BY 

A. K. WING 

Research and Engineering Department. RCA Manufacturing Company. Inc., 
Harrison, N. J. 

Summary -The design of a vacuum tube capable of delivering 10 watts 
useful power output at frequencies of the order of 250 megacycles and 
with a d -c plate voltage of 400 volts and good economy of space and cathode 
power, is discussed. In order to keep the physical dimensions of the tube 
small and to make it adaptable to straightforward circuit arrangements, 
the tube was designed as a push -pull beam tetrode. Unusual construc- 
tional features include the use of short, heavy leads sealed directly into 
the moulded glass bulb. 

Characteristics of the tube are given. Tests show that the tube will 
operate as a stable Class C amplifier at frequencies up to 250 megacycles. 
At that frequency a power output of the order of 13 watts with an 
efficiency of 45 per cent has been obtained. Satisfactory operation as a 
frequency multiplier is possible in the same frequency range. Oscillator 
operation has been obtained at considerably higher frequencies. The varia- 
tion of output and efficiency with frequency is shown. 

(11 Pages; 6 Figures) 

* Decimal Classification: R339.2. 
t RCA REVIEW, July, 1939. 

DESIGN AND USE OF "ACORN" TUBES FOR 
ULTRA -HIGH FREQUENCIES 

BY 

BERNARD SALZBERG 

Research and Engineering Department. RCA Manufacturing Company. Inc., 
Harrison, N. J. 

Summary -Early work on the extension of the high- frequency limit of 
receiving equipment indicated that in conventional circuits employing 
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standard tubes, the tubes became less and less effective as the frequency 
was increased and that ultimately, at frequencies of the order of 200 
megacycles, tubes were practically useless. B. J. Thompson and G. M. 
Rose, Jr., conclusively demonstrated that the limitations to the successful 
operation of vacuum tubes at the higher frequencies may be overcome by 
reducing the dimensions of the tubes. The small tubes, which they built, 
being intended for a research study, were not suited for manufacture. 
However, the possibilities of these tubes aroused an interest sufficiently 
widespread to warrant their further development for use by experimenters. 
This article deals with the factors which were involved in the design and 
application of the first of such tubes, a Lilliputian triode. 

(3 Pages; 4 Figures) 

REVIEW OF ULTRA -HIGH -FREQUENCY 
VACUUM -TUBE PROBLEMSt 

BY 

B. J. THOMPSON 

Research and Engineering Department. RCA Manufacturing Company, Inc., 
Harrison, N. J. 

Summary -The effects of electron transit time and of lead inductance 
and interelectrode capacitance which become of importance at ultra -high 
frequencies are reviewed. It is shown that, in radio -frequency amplifier 
tubes for use in receivers, the most serious effect is the high ratio of input 
conductance to transconductance, which is independent of the trans - 
conductance and is proportional to the square of the frequency. This ratio 
may be reduced by reducing the electron transit time, the lead inductances, 
and the interelectrode capacitances. In power amplifiers and oscillators 
for transmitters, the important effects are much the same as in receiving 
tubes. The solution is complicated, however, by the problem of obtaining 
sufficient power output in a small structure. 

(10 Pages; 2 Figures) 

* Decimal Classification: R339.2. 
t RCA REVIEW, October, 1938. 

CONSTRUCTION AND ALIGNMENT OF THE 
TELEVISION RECEIVER *t 

BY 

C. C. SHUMARD 

Research and Engineering Department. RCA Manufacturing Company, Inc., 
Harrison. N. J. 

Summary -The design of coupling circuits which will pass the extraor- 
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dinarily wide frequency band necessary for good picture reception is 
one of the most critical features of a television receiver. In this article the 
construction of these circuits is discussed in detail. The exact dimensions 
given, as well as the carefully worked out alignment procedure, should 
enable the constructor to get the receiver into operation with a minimum of 
trouble. In conjunction with the deflection circuits for small cathode -ray 
tubes described in October QST, it constitutes a complete television receiv- 
ing system. 

(9 Pages; 15 Figures) 

NOTES ON PROPAGATION AT A WAVELENGTH OF 
SEVENTY -THREE CENTIMETERS *f 

BY 

B. TREVOR AND R. W. GEORGE 

RCA Communications. Inc., Riverhead. L. I., N. Y. 

Summary- Quantitative field strength observations have been made on 
a wavelength of 73 centimeters with improved apparatus. The methods 
are described. Propagation data have been obtained with the receiver in- 
stalled in an automobile and an airplane. Further observations were made 
on the ground at a distance of 113 miles, 8,000 feet below the line of sight 
from the transmitter. The results show the nature of the propagation of 
73- centimeter waves over distances up to 175 miles. Below the transmitter's 
horizon, rapid attenuation occurs with increase in distance from the trans- 
mitter, the plane of polarization of the tranmitted signal remains un- 
changed, and various types of fading are observed. 

(9 Pages; 5 Figures) 

* Decimal Classification: R113. 
t Proc. I.R.E., May, 1935. 

DESCRIPTION AND CHARACTERISTICS OF 
THE END -PLATE MAGNETRON *t 

BY 

ERNEST G. LINDER 

RCA Manufacturing Company, Inc.. Camden. N. J. 

Summary -A new type of magnetron is described which is especially 
adapted to the generation of centimeter waves. It possesses several advan- 
tages over the simple magnetron, namely: (1) greater stability with respect 
to fluctuations of supply voltages, (2) less tendency to oscillate at indesired 
long wavelengths, (3) greater efficiency, (4) greater output, and (5) greater 
ease of adjustment. Static and dynamic characteristics are discussed. The 
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effect of space charge on electron motion and tube performance is treated 
mathematically, and supporting experimental data are presented. Evidence 
is given that for best operation an optimum space- charge condition is re- 
quired, which can conveniently be established and maintained by the use of 
end plates. Power output is limited by a type of instability involving elec- 
tron bombardment of the filament, and apparently initiated by excessive 
space charge. 

(21 Pages; 18 Figures) 

THE MAGNETRON AS A HIGH -FREQUENCY 
GENERATOR *t 

BY 

G. ROSS KILGORE 

Research and Engineering Department. RCA Manufacturing Company, Inc., 
Harrison, N. J. 

Summary -The search for methods of generating ultra -high frequencies 
has followed two main paths. One has been the improvement of the nega- 
tive grid tube as an oscillator and amplifier so as to extend its upper fre- 
quency limit. The other has been the investigation of less conventional 
vacuum tubes that appear to be applicable at high frequencies. Of the 
latter group the magnetron now stands out as one of the most promising 
tubes. 

The device first called a "magnetron" by Hull in 1921 is well known 
as a vacuum tube having cylindrical plate structure and coaxial filament, 
with a uniform magnetic field directed along the electrode axis. Its use 
as a generator of high frequency currents has developed mainly in the 
past decade and its investigation has claimed the attention of a large 
number of research workers in many countries. 

Magnetrons in a variety of structural forms and in a number of 
operating modes have been used for oscillation generation. Broadly speak- 
ing, magnetron oscillators can be divided into two classes; one using an 
alternating magnetic field, and other using a constant magnetic field. The 
alternating -field type described by Elder, in which the field coil is part of 
the oscillating circuit, is obviously limited to low frequencies and need not 
be considered in the present discussion. The constant field types which are 
useful in generating ultra -high frequencies can be subdivided as negative 
resistance oscillators and transit time oscillators. 

The negative resistance magnetron oscillator may be defined as one 
which operates by reason of a static negative resistance between its elec- 
trodes and in which the frequency is equal to the natural period of the 
circuit. In Europe this type is sometimes called "dynatron magnetron" 
or Habann oscillator. 

The transit time magnetron oscillator may be defined as one which 
operates by reason of electron transit time phenomena and in which the 
frequency is determined by the electron transit time. This type is often 
referred to as an "electronic oscillator" and sometimes as a "magnetostatic 
oscillator." 

* Decimal Classification: R355.912.1. 
t Jour. of Applied Physics, October, 1937. 
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It is the purpose of the present paper to survey the various types of 
magnetron generators with particular reference to their performance and 
limitations at ultra -high frequencies. 

(11 Pages; 15 Figures) 

MICRO -WAVES IN NBC REMOTE PICK -UPS * t 
BY 

ROBERT M. MORRIS 

Development Engineer, National Broadcasting Company, N. Y. 

Summary -The National Broadcasting Company in its efforts to best 
serve the public interest has constantly endeavored to take its microphones 
to more and more remote points. To do this has required the use of radio 
to an increasing extent. In many cases wire lines have not been available 
in time to do the job. In other instances the very nature of the pick -up 
point (ship, airplane, balloon, etc.) has necessitated the use of radio circuits. 
Radio apparatus for these special events or spot news broadcasts has in 
general fallen into two classifications; first, portable units of from 10 to 
100 watts and second, self- contained pack -sets of less than 1 watt, and 
light enough to be carried by one person. The extreme mobility of this 
latter type of equipment has made it of special interest for unusual or 
difficult broadcasts. 

(8 Pages; 8 Figures) 

* Decimal Classification: R310. 
t RCA REVIEW, July, 1936. 

APPLICATION OF FREQUENCIES ABOVE 30,000 
KILOCYCLES TO COMMUNICATION PROBLEMS= 

BY 

H. H. BEVERAGE, H. O. PETERSON, AND C. W. HANSELL 

RCA Communications. Inc.. 
New York, Riverhead and Rocky Point. N. Y. 

Summary -The authors briefly describe the results of a number of ex- 
periments with frequencies above 50,000 kc covering a period of several 
years. Since the major interests of radio communications companies has 
been in long- distance communications, this paper includes some qualitative 
data covering propagation beyond the optical, or direct vision, range. 
The authors have found that the altitude of the terminal equipment loca- 
tion has a marked effect on the signal intensity, even beyond the optical 
range. 

Frequencies below about 43,000 kc appear to be reflected back to earth 

Decimal Classification: R531.84. 
t Proc. I.R.E., August, 1931. 

www.americanradiohistory.com

www.americanradiohistory.com


APPENDIX II 485 

at relatively great distances in the daytime in north -south directions, but 
east -west transmission over long distances is extremely erratic. 

Frequencies above about 41,000 kc do not appear to return to earth 
beyond the ground wave range, except at rare intervals, and then for only 
a few seconds or a few minutes. These frequencies, which do not return to 
earth, also appear to be free of echoes and multiple path transmission 
effects. Therefore, they are free from distortion due to selective fading 
and echoes. The range is also limited to the ground wave range, so these 
frequencies may be duplicated at many points without interference. As the 
frequency is raised, the range tends to approach the optical distance as a 
limit. Experiments with frequencies above 100,000 kc have, so far, indi- 
cated that the maximum range is limited to the optical distance. A num- 
ber of possible applications are suggested, based on the unique properties 
of these frequencies. A specific application to telephony between the Islands 
of the Hawaiian group is briefly described. 

(21 Pages; 11 Figures) 
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