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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. I.R.E.), the McGraw-Hill Publishing Com-

— vii —
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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

— viii —
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EXPERIMENTALLY DETERMINED IMPEDANCE
CHARACTERISTICS OF CYLINDRICAL
ANTENNAS*}

By

GEORGE H. BROWN AND O. M. W0ODWARD, JR.

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

Summary— Measurements of resistunce 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 geries of graphs.

The maximum values of resistance encountered are displayed. The
shortening effect mear 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

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.

g- KNOWLEDGE of the base impedance of vertical antennas as a

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 X R320.
1 Reprinted from Proe. LR.E., April, 1945.

1
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2 RADIO AT ULTRA-HIGH FREQUENCIES, Volume 11

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 @ 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.

CENTRATOR AOTTID WEASING LNC
o =

Fig. 1—Physical arrangement used in making impedance measurements.

A (degrees) = 360a/)\ 1)

where A is the free-space wavelength measured in the same units in
which e 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

A (degrees) = aqf,,./2725 (2)
and A (degrees) = oS me/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 1) 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 eylinder was chosen so that this electrical spacing H
was one degree, 0
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Fig. 2—Measured resistance curves versus antenna length in degrees, for
# number of fixed diameters. Here the frequency is held constant and the
physical length of the antenna is changed.

1I11. RESISTANCE AND REACTANCE VARIATION, WITH DIAMETER AND
FREQUENCY CONSTANT, AND THE ANTENNA LENGTI 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 11

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 physieal 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 ). The corresponding value of the
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IMPEDANCE OF CYLINDRICAL ANTENNAS b

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 1) 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

N
LT N
= 4 It
{ m .
A 3
N ;
;. N ¥
£ < i
E N MaRAM R //
) [ %
\'\
— 200
ol
! o(n(ous.) ° ° *©

Fig. 4—Maximum resistance versus antenna diameter I 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.

1t might be added that the effect of this base capacitance only makes
itself felt where D is larger than one degree.
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6 RADIO AT ULTRA-HIGH FREQUENCIES, Volume 11

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.

\\NN L] I
I~ o
N
N~~ *
AN »
19 §

\iii'4 N
\ I

\\
\ )

0
© (omoarzs)

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 hase 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 (4/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.

Reactance curves as a function of A/ 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. T—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

pneth
Xy=———— (4)
w(rd?/4)
where p = permeability of free space = 4x X 10-?

¢ = velocity of radio waves in free space = 8 X 10" centimeters
per second 5

h = spacing of disk from plane (centimeters)
d = diameter of disk (centimeters)
w = 27rf

[ = frequency in cycles per second
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Fig. 8-—Resistance versus the ratio A/ with antenna length A
us a parameter.

Then we may rewrite (4) as
] 480 (ol /c)
B ((:td/P)2 ’

(5)

P4

However, if we express the spacing in electrical degrees H and the
diameter in the same way 1), (5) becomes

X, =27,500H /1), (6)
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10 RADIO AT ULTRA-HIGH FREQUENCIES, Volume 1

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.
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Fig. 9—Antenna reactance versus the ratio A/ 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 ratio 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 wag 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,

RN
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Fig. 11—Shortening effect near the quarter-wave point.
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0
e Rt
(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 4 shows
that R, is 42.0 ohms and X, is —39.5 ohms. Then to find the impedance

AN\
4 Ay
i A Y
i Z=NANN
g \ NN
@ AHRNS
4 ’ Sl N
3‘4/’,' A STt ﬁ
=43 e 1
D S 0 40 % 6 W M0 0 Ko W U0 00 140 10 @0 1D WO MO 200 20 500 230 760

ANTENNA LENCTH - DECRELS

Fig. 13—Resistance as a function of antenna legnth A. The diameter I
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.
765.0(42.0 — 739.5)

R+ jXy=—"""— — =174.0 + j20.5 ohms.
42.0 + 125.5

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.

ANTENNA Ltucrn - ECRLLS

! 'I’*I'"-H'---n-mngu -wnvﬁ_'rm_n_mmm.&]"

REACTANCE - OMMS

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, (.
~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 I) 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.

1X. CONCLUSION

Measured values of resistance and reactance of cylindrical antennas
operated against ground have heen 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 resistunce element is in the form of a film
so there 18 negligible skin effect. When the electrical length of the resistor
is « small fraction of a wavelength, it is shown that certain optinem pro-
portions of the resistor exist in order best to terminate a radio-frequency
transmission line.

INTRODUCTION

as transmission lines has been discussed frequently.’? 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,

THE theoretical and experimental behavior of resistors employed

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.

t Reprinted from Proc. I.R.E., February, 1946.

1G. H. Brown and J. W, Conklin, “Water-Cooled Resistors for Ultra-
High Frequencies,” Electronics, Vol. 14, pp. 24-28; April, 1941.

2J. 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).

15
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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).

/a

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

! = length of line in inches
D = diameter of inside of outer conductor in inches
d = diameter of resistor in inches
Z, = 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
fu = operating frequency in megacycles
A = free-space wavelength in inches

o =2nf = 2xnf,. X 108

From the classical theory
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D T
Z, = 138 log,g — (1) Zy= — (2)
d C
i 1 1l Z, l IX fone
C=—X 3) L=—x— (4) —= (5)
A ZyXf A f A 11,800
R +j(l)IA -
Z,= ——— tanh V (R + julL) (G + jo(). (6)
G + joC

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

Z, R 1 1\? I R
— = 1—j————tanh —dnt | — ) 4+ 2r——. (D
Z, Z, 27 (1/\) A A Z,

Two independent parameters are now involved, R/Z, and I/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 values 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 I/ are of interest:

I/X very small; I/A very large; /A =1/4.

SMALL VALUES OF I/A

Expanding (7) in powers of 2xl/A we obtain

R, R R 2 2 R\3
— =4 (2xl/))? —_— ) —_—{ — + 2rl/A) ) +...
zZ, 2z, Zy/ 2 15 \Z,
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Fig. 7—Impedance of short-circuited transmission line. R/
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RAN\®1Y\ .
Ll l1— — ) —j+ @Crl/N)3C ) +... . (8)
. Z, 3

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.
since the expression for R,/Z,, the term involving (I/\) to the first
power is missing, we conclude that the slope of all the resistance curves
will be zero at 1/Xx = 0. Figures 2, 3, 4, 5, 6, 7, 8 9, 10, and 11, illus-
trate this. For R/Z,= V5, 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 I,’A — 0.

...... 8
B %T BF :;e'-;-.;/:'-'m'-.r.-*-:.a:'—'-'-'—'

A

L
Fig. 11—Resistance of short-cir-

cuited transmission line. All slopes Fig. 12 — Reactance of short-cir-
are zero at /A = 0. For R/Z.= V5, cuited transmission line. For R/Z.
curvature is zero at I/x = (. = V3, slope is zero at I/A = 0.

Since in the expression for X,/Z,, the term involving I/\ to the
second power is missing, we conclude that the curvature of all the re-
actance curves (Figure 12) will be zero at /A =0. For R/Z,= V3,
the coefficient of the first term in the expression for R,/Z, vanishes.
Thus, for this value, the slope of the reactance curve will be zero at
/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/Z, = V3 gives the widest frequency 1
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 V3 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 V2 in-
sted of V3.

A plot has been made in Figure 13 to show how the standing-wave
vatio varies with frequency when a coaxial line is terminated with a
resistor. The value of R is taken equal to the characteristic imped-
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Fig. 13—Standing-wave ratio versus R/Z, for constant I/A. Note as /\
increases, the standing-wave ratio is minimum for R/Z, = V3.

ance of the line to be terminated. This insures that the line will be
matched at low frequencies.

The value of R/Z, is determined by the ratio of the resistor diam-
eter to the diameter of the transmission-line jacket in which the re-
gistor is mounted. Thus the value Z, 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/Z,
= V3.

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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/A =0.1.

From the curves of Figure 13, we see that if the jacket is chosen
so R/Z,= \/3, 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/X = 0.05. Putting this value in (5)

0.0 = ——— (9)

o1 approximately

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 megacyeles.

Fig. 14—Equivalent lumped circuit of resistor.

The curves of Figure 13 were computed using the formulas

Z,
1—

) ) 1—|K| R,
standing-wave ratio = ————— K=m—— (10)
1+ |K| Z,

14—
R,

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 Z,= VL/C and Q =Z,/R.

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

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

*R. G. Anthes, “Behavior of Resistors at Radio Frequencies,” Electronic
Industries, Vol. 3, pp. 86-88; September, 1944.
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—=1.

Zo

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

R
—=VZ
Zy

The corresponding two values from the transmission-line analysis
are V3 and V5. Thus the lumped-circuit analysis gives only an ap-
proximate answer.

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

R
—= V3.
Zo

When such resistors are mounted near a ground plane, R/Z, 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 /A

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

A RV e
Zy 2n (/M) Zy [/ Ax(l/N)

This term gives the normalized characteristic impedance of the line,
and approaches unity in the limit as I/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/Z,. For l/A large,
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R l
tanh — + j tan 270 —
l R 2Z, A
tanh/‘/— 472 (/A 4+ 27 — — = . (12)
A Z, R l
1 4 jtanh — tan 27 —
2Z, A

As /X increases, the real part of this expression oscillates between
tanh R/2Z, and the reciprocal,

1
R

tanh —-
2Z,

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

1 R 1
— |tanh — — —
2 2Z, R
tanh —

27,

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 characteristie impedance
of the line.

Consider the example plotted in Figure 6.

R R
—_— =2 tanh — = 0.762.
Zy 2Z,

The normalized resistance oscillates for large I/A 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/Z,
=10 and tanh R/2Z, = 0.9999.

Di1scUSSION OF I/A =1/4

For small value of R/Z,, the resistance maximizes nearly /A =1/4.
The value of this maximum resistance is approximately
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< R > 2Z,
ZO max R

In Figure 2, R/Z,=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*t

By

0. M. WoODWARD, .IR.

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

Summary—High-frequency line impedunce measurements in luboratory
or ficld can he simplified by this compact comparison instrument that essen-
tially replaces the slotted coaxial line and sliding-probe voltmeter technique
for checking mutch 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.

N MATCHING a load with several adjustable elements, such as an
antenna array, to coaxial transmission lines the process may prove
to be tedious using the conventional slotted line and probe indicator.

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
junection 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 E at
the center of the T-junction. Hence the impedance of the load line at
the junction L is

* Decimal Classification: R244.3.
+ Reprinted from Electronics, April, 1947.
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\
TO LOAD

TO MATCHED
RESISTOR

TO GENERATOR

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

ZL - E/IL (1)
Since the opposite line is matched,
Z,=E/I, (2)

and

I,=1,(2./%,,) (3)

__TO MATGHED
RESISTOR

TO GENERATOR

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—Kxploded 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.tanp
= i —Z (4)
Z.+jPZ.tanp

|

L

Combining Equations 3 and 4
14+ jPtanp
I, =I,{ ——— (5)
P+ jtanp

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.
-]
2
et L--- o (P aooo0o H
5 o
N
SLE Miv
T
X
|
iF
e
L7
- et 0
'T0 LOAD Ze 3
TO MATCHED* |
RESISTOR |

TO GENERATOR

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

14+ jPtanyp >
R
P+ jtanp

(1—P) (1—jtanp)
=(TI) (6)
(P + jtan p)

I,=Td,—1)=1(TIL) <

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 currvent I’,, will be
proportional to the absolute magnitude of Equation 6, or
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1 + tan® P \Vl
r,=r|||-—— (1—P) (7)-
P + tan'—'p/

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 Iy pro-
portional to the vector sum of the load and matched line currents.

(1+P)(1+ jtanp)
I.=T«, + I =(TIL) (8)
(P + j tan p)

The receiver output current will then be

1 4 tan®p ks
Ue=T || —) (1+P) (9)
P: + tan®p
[
r, 1—P
——=—=K (10)
' 1470

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 DD and S are

II):T(II‘_IC)z— 1—— (11)
ZI, Zc
and
TE 7L
Is=Td,+ 1) = 1+ (12)
Z, Z,

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

I, Z, Z,

IL=—| 1— aP+—— 1+— by (13)
2 Z,

_'V'

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.

1.0 1.0
T T 1T
08 FREOUENCY-SC MC 08 FREQUENCY=S °hf£
W w
Sos £0s
o o -
£ 04 £
S OO#
@ @
Q2 a2
osﬂ
o] 02 04 06 08 1,0 0 02 03 06 08 0
COMPARATOR COMPARATOR
Fig. 6 — Standing-wave ratios ob- Fig. 7—Good agreement is found
tained with a slotted line inserted at 500 megacycles between slotted-
between adjustable load and com- line and comparator measurements
parator at 60 megacycles. of standing-wave ratios.

zZ,
1-—
r, Z. [

= (14)

I Z,
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.
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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 Fquation
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 recewver 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.

1,, min, (1—P)
(15)

1,, max. - (1—P)/P B

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
|Z,| 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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I, I,
1,,:T< —+ >=\/‘ZTI,. (16)
V2 V2

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

E CONSTANT

RELATIVE METER D2ZFLECTION

o L 1 1
04 05 o06 07 o8 09 10
STANOING -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.

I, I,
1,=T <-——_+ _> =VZ2TI, an
vZ V2 .

Forming the ratio and combining with Equation 3,

ry 2] s
r. 2

where |Z,| 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 |Z,|/Z,, or Z,/|Z,} 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 |Z;| from the four loop positions, the
resistive component R; of the load impedance may be found. From
Equation 4

Z, P+ijtanp R +jX,

—= =— (19)
Zy 1+ jPtang Z,
Equating the real terms and imaginary terms respectively
R, —X,Ptanp=2,P (20)
and
R, Ptanp+ X, =2Z_ tanp (21)

Eliminating tan p and solving for R,/Z,

R, < P [ZL]\?
- > |:< > +1:| (22)
Z, \Pr+1 z,

since P= (1—-K)/(1+K)

R, (1—K?) | Z,\2
_— +1 (23)
Z, 2(1+4K? Z,

Although the arithmetic value of the reactive component X, may
be derived knowing R, and |Z,|, the algebraic sign of X,, is not found
since the same loop reading of p and |Z,| 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 X;.

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 Z, as the
T-junction lines. Since the reactance of the eighth-wave shorted stub
is +iZ,

I.=E/+jiZ, (24)
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X, _E
Hence I,=1, | — —j (25)
Z, Z,

With the loop in position D,

' XL RL
I=TU,—1)=TI, (1 —— +]j (26)
ZO ZO

Likewise, with the loop in position S,

ILy=TU,+1)=TI, { 1 +——]j (27
Zc Zc

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

I'n 2X, | Z,| 2X, 1Z,1*\1*
K=—=|{1— + 1+ + (28)
Iy Z, Z2 Z, z2

Solving for X,/Z,,

X, (@(1—K% 1Z0]\?2

= +1 (29)
Z, 2(1+K? [< Z, > :l

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 4 electrical degrees in length
is given by

X=+jZ,tano (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.

10 0.20 0.25 0.30 0.35 0.40 o4 .
| | | I
)
0
H
5
20
1.5
o Ay
T % ¢
1.0
0.5{—
s} | . A
1.0 09 0.8 0.7 06 0.5 04 03 02 0.0
(MATCHED RESISTOR) O/
N8 (REACTANCE) 0, +X XL
(] N % FOR L/zc S/, FOR /Zc

_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
/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
183 +j6.5 18.2 + j 6.5
44.7—j 704 448 —j67.2
36.2-—j20.3 384 —j19.3 A
58.3 — j 100.0 56.8 — j 101.0
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PHASE-FRONT PLOTTER FOR CENTIMETER
WAVES*t

BY

HARLEY IAMS

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

Summary—In the centimeter-wave range it i8¢ mot 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 ¢ 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 cemtimeter-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.

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.

DIRECTIONAL patterns of antennas are determined by both the

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.
7 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 B (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 1Y%-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-

WAVE GUIDE i
rHpeerereeeeerrees

Fig. 3—Phase front near the
Fig. 2—Self-plotting probe. 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. G6— Phase fronts at right Fig. 7—Waves from a long-wire
angles to horn axis. 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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1 ]
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 pha'se 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#*f

By

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

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

Summary—This paper describes a circularly-polarized antemma 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 antemna 18 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
XPERIENCE in airport-to-airplane communication has indicated
E 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 wouid
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 - sinot (1)

This field intensity component is vertical.

* Decimal Classification: R320.
4 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 e, =A - cos ot (2)
At any given instant of time, the resultant field intensity vector has
a magnitude equal to V e;? + ez = A4, and this vector makes an angle
a with the horizontal where tan a = i = tan ot (3)

€y
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 ’

7601,

E, = e—Jkr (4)

r

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

— 60nkR - J,(kR)
Ey= Iy e (5)
r

where Iy =the current at the center of the dipole,
Iy =the current in the loop,
A =the wavelength, k=2=/A,

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

1 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:

1,/1, = nkR - 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:

R/A I/l
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.

(¢) An Equivalent Arrangement

An arrangement which produces the same result but which is not
difficult to attain has been proposed by Lindenblad.>?® 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 in 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.

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

1941.
3N. 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

|
28—

PLAN VIEW-HORIZONTAL POLARIZATION

N

1
|
fe—28 —»m

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 Ie—H*r
Ey=j——— - sinacos § [cos (kS cos ¢ cos 6)
”
+ cos (kS sin ¢ cos 0)]
— 120 Je—J%r
and Ey= ~cos @ [cos ¢ sin (kS cos ¢ cos §)

-
+ sin ¢ sin (kS sin ¢ cos 0)]

(D

(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

8 = 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 anc. 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 - cospcos ) =1

cos (kS - sin¢cos ) =1

sin (kS - cos ¢ cos §) = kS - cos ¢ cos

sin (kS : sin ¢ cos 8) = kS - 8in pcos @

120 Je—i%r
and (7) becomes Ey,=j— —— + 28inacos 0 (9)
r
while (8) takes the form
— 120 J¢— %
Ey= -— - cos a [ kS cos? ¢ cos § + kS sin? ¢ cos 0]
r
— 120 Je—*r
= e+ kS cO8 @ cos § (10)
i

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 ¢. In other words, the radiation pattern is uniformly circular.
Both vertical patterns vaxy simply as cos §. Hence, if we satisfy the

condition 2 - 8ina=kScosa

or 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

sina [1 + cos (kS)] = cos a sin (kS)
or tan @ = 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 kS
tan a = tan <——> (13)
V2 V2

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

S kS o (degrees)
(waveiengths) (degrees) From equation (12) From equation (13)
0 0 0 0
0.0833 30 15° 15° 227
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.

Eagh 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

o

N
AW

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
characteristies.

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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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 @ 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).

Horizontally-polarized Vertically-polarized
Angle ¢ field field
_(degrees) « Theoretical Measured Theoretical Measured
0 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#t
By

N. E. LINDENBLAD

Research Department, RCA l.fnbnr.nunec Division,
Rocky Point, L. L.,

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

The general aspects of the phenomcna which are involved are cxamined,
and it hecomces cvident 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 influencc upon such vital characteristics as
radiation patterns, slot impedance, and bandwidth.

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

INTRODUCTION

neers of the RCA Laboratories Division at Rocky Point, L. 1,

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.

F()R a number of years, extending throughout the war, the engi-

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.
+ Reprinted from P’roc. 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

"SR I o streamlined, slotted cylin-
[ ~Sh of cynnin-  der antennas mounted in
front of leading edge of

i airplane wing. Polariza-
" tion perpendicular to cyl-
inders. Polar radiation
diagrams for one antenna
element are included.

et

\ Pedern r\

LT MO e,

.I..""'.E.... ]

. 0‘-\(1-".»/“ Y
A L R

X

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 con-

L S
" DIRECTIVITY IN

PLANE OF WING

DIRECTIVITY IN PLANE
PERPENDICUL AR\TO PL ANE
OF WING X

Fig. 2(b)—Same combination as in Fig. 2(a) with parasitic 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 ea