PROCEEDINGS OF
@he Institute of Radin Engineers

Volume 8 . DECEMBER, 1920 Number 6
CONTENTS
PAGE
Orricers OF THE INSTITUTE OoF Rapio ENGINEERS .. .. 450
Francis M. Ryan, J. R. ToLmig, aND Roy O. Bach, “MvuLTIPLEX RADIO
TELEGRAPHY AND TELEPHONY' . . . . . . . . 451
J. ZENNECK, “A CONTRIBUTION TO THE THEORY OF MAGNETIC FRE-
QUENCY CHANGERS” . . . . . . . . . . 468
T. MINOHARA, “SOME CHARACTERISTICS OF THE FREQUENCY DOUBLER
As APPLIED TO RaAp10 TRANSMISSION” . . . . . . 493
FRrREDERICK C. RYAN, “THE STATUS OF THE STATIC FREQUENCY CHANGER
IN Rap1o ENGINEERING PRracTICE” . . . . L . 509
A. Press, “THEORY OF ANTENNA RapiaTioN” . .. 525

At the end of this number are the title page, page of general information, and
table of contents pages for the entire Volume 8 (1920) of the PROCEEDINGS.
These last may be suitably placed at the beginning of the volume for binding.

GENERAL INFORMATION

The ProceepINGs of the Institute are published every two months and
contain the rs and the discussions thereon as presented at the meetings
in New York, Washington, Boston, Seattle, San Francisco, or Philadelphia.

Payment of the annual dues by a member entitles him to one copy of
each number of the PRocEEDINGS issued during the period of his membership.

Subscriptions to the PROCEEDINGS are received from non-members at the
rate of $1.50 per copy or $9.00 per year. To foreign countries the rates are
$1.60 per copy or $9.60 per year. A discount of 25 per cent is allowed to
libraries and booksellers. The English distributing a m(:iy is “The Electrician
Printing and Publishing Company,” Fleet Street, London, E. C.

The right to reprint limited portions or abstracts of the articles, discus-
sions, or editorial notes in the PROCEEDINGS is granted on the express con-
dition that specific reference shall be made to the source of such material.
Diagrams and photographs in the PRocEEDINGS may not be reproduced with-
out securing permission to do so from the Institute thru the Editor.

It is understood that the statements and opinions given in the PRocEED-
INGs are the views of the individual members to whom they are credited, and
are not binding on the membership of the Institute as a whole.

PUBLISHED BY
THE INSTITUTE OF RADIO ENGINEERS, INC.
THE COLLEGE OF THE CITY OF NEW YORK
EDITED BY
ALFRED N. GOLDSMITH, Ph.D.



OFFICERS AND BOARD OF DIRECTION, 1920
(Terms expire January 1, 1921; except as otherwise noted.)

PRESIDENT
Jonn V. L. Hoaan

VICE-PRESIDENT
ERNsT F. W. ALEXANDERSON
TREASURER SECRETARY
WARREN F. HUBLEY ALFReED N. GoLosMmITH
EDITOR OF PUBLICATIONS
ALFRED N. GOLDSMITH
MANAGERS
(Serving until January 4, 1921)
FurLToN CUTTING CapraiN Guy HiLL
Lroyp ESPENSCHIED DonaLp McNicoL
DAvID SARNOFF

(Serving until January 3, 1922)

EpwiN H. ARMSTRONG ApMiraL W. H. G. BuLLARD
(Serving until January 2, 1923)
RoBERrT H. MARRIOTT MAaJoRr-GENERAL G. O. SQUIER

ADVERTISING MANAGER
Louis G. PACENT

WASHINGTON SECTION
ACTING EXECUTIVE COMMITTEE

CHAIRMAN
B. R. CuMMINGS Louis W. AusTIN
Navy Department, . Navy Department,
Washington, D. C. Washington, D. C
CapraiNy Guy HiLL ComuM. A. HoyT TAYLOR
War Department, Navy Department,
Washington, D. C. Washington, D.C.
BOSTON SECTION
CHAIRMAN SECRETARY-TREASURER
A. E. KENNELLY, MELVILLE EAsTHAM
Harvard University, 11 Windsor St.,
Cambridge, Mass. Cambridge, Mass.
SEATTLE SECTION
CHAIRMAN SECRETARY
ALBERT KaLIN C. E. WiLLIAMS
Seattle, Washington 8326 13th Avenue

Seattle, Washington
TREASURER

W. A. Kieist, 902 S. Yakima Avenue
Tacoma, Washington

SAN FRANCISCO SECTION

CHAIRMAN SECRETARY-TREASURER
Masor J. F. DiLLON, : . D. B. McGowx,
526 Custom House, Custom House.
San Francisco, Cal. i i San Francisco, Cal.

CoryRIGHT, 1920, BY
THE INSTITUTE OF RADIO ENGINEERS, 1inc.
Tae CoLLeGE oF THE CitY oF NEW YORK
New York N. Y.

450



MULTIPLEX RADIO TELEGRAPHY AND TELEPHONY*

By
Francis M. Ryan, J. R. TorLmig, aNp Roy O. Bacu

(FORMERLY AT THE UNIVERSITY OF WASHINGTON, SEATTLE, WASHINGTON)

Various methods have been described for the simultaneous re-
ception with a single antenna of radio signals from more than one
transmitter. Similar methods have been recorded for multi-
plex transmission.f These methods of multiplexing may be
classified as follows:

(1) Those employing several radio frequencies and obtain-
ing selectivity by means of radio frequency tuning.

(2) Methods using a single radio frequency and several tone
frequencies, selectivity being obtained by audio frequency
tuning.

(3) The use of a single radio frequency modulated by several
intermediate frequencies each of which has been modulated by
an audio frequency. Selectivity is obtained in this case by
tuning at the intermediate frequencies.

The principal example of (1) is the divided antenna method
emploved by Marconi for both transmission and reception and
which may be used for either telegraphy or telephony. Method
(2) has been used by the Telefunken Company,! but has never
proven satisfactory owing to difficulties arising from strays.
Obviously this method is not applicable to telephony. The
third method was originated by Mr. R. A. Heising? and is applic-
able to both telegraphy and telephony. Altho somewhat more
complicated than method (1), it is superior in so far as secrecy
of transmission is concerned. A consideration of the effect of
modulation shows that this method utilizes a considerable range
of radio frequencies. .

* Received by the Editor, January 9, 1920. Presented before the Seattle
Section of the Institute, October 15, 1919; presented before the Institute at
New York, February 4, 1920.

t Since the preparation of this paper, it has come to the writer’s atten-
tion that John Stone Stone patented in 1905 circuits similar to those de-
scribed for multiplex transmission and reception. .

1 Zenneck, “Wireless Telegraphy,” page 325.

2Craft and Colpitts, “Radio Telephony,” ‘‘Proceedings of the American
Institute of Electrical Engineers,” March, 1919.
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Let wi=27X (Carrier Frequency).
w2=2 7 X (Modulation Frequency).
1= Antenna Current.
I, = Amplitude of the carrier frequency.
I,=Amplitude of the modulation frequency.
k=A constant depending on the degree of modu-
lation.
Then ¢ =1, sinwi !
But I,is variable, I, =1, sin w2 t+k
7 =Ig sin wrt sin 2 t+k sin wi it

i= 152 c08(w; — wa)t — -Ié’cos (r+ws) t+k sin wy t

From this last equation, it is apparent that not only the
carrier frequency will be present, but also the sum and difference
of the carrier and modulation frequencies. Each of these fre-
quencies will be further broadened by voice or other audio fre-
quency modulation. The intermediate frequencies used are of
the order of 30 kilo-cycles per second, and therefore the antenna
must operate at radio frequencies differing by about 60 kilo-
cycles per second. This is not possible at wave lengths exceed-
ing about 400 meters without the use of some special device in
the antenna circuit.

From these considerations it would seem that the most
simple and practical method of multiplexing a radio system is
the usc of several radio frequencies, that is, method (1). In
order to employ successfully a number of radio frequencies in
the same antenna circuit, it is necessary that the antenna be
resonant to each of the frequencies, that is, that its reactance
be zero for the particular frequencies used. This may be accom-
plished by the use of certain types of impedance networks in
series with the antenna. Figure 1 shows the simplest applica-
tion of this method. The antenna circuit is given zero reactance
for two frequencies by the loop L, C, coupled to the antenna
by the common inductance L’,. Figure 2 shows the equivalent
lumped circuit. In this circuit the low frequency antenna
capacity is assumed lumped at Ca. La is made equal to the sum
of the inductances of the two coupling coils, (and load coil if one
is used), plus one-third the inductance of the antenna for uni-
form current.® The capacity of the actual antenna is most satis-
factorily measured by means of an impedance bridge. If then
the natural wave length of the antenna is measured, the induc-

3Circular 74 of the Bureau of Standards, page 73.
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tance may be calculated. At the transmitter, the two radio
frequency sources may be loosely coupled to the antenna by
means of the coils P, and P, as shown in Figure 1. The fre-
quencies of these two sources must, of course, correspond to the
two points of zero reactance for the antenna circuit. At the

L, —l
Ca la

£

Actuval Egquivalent Circuvit.

Antenna Cireuit.

FiGUvrEs 1 ANDp 2

receiver Py and P would be secondary coils forming parts of
two closed eircuits each tuned to one of the frequencies to be
received.  The coupling in hoth the transmitter and the receiver
must be quite loose in order that the points of zero reactance
may not be shifted or additional ones introduced.
In a circuit such as shown in Figures 1 and 2. neglecting
resistance, the loop reactance is:
’ y ’
\. (1)141 —w3( ]LlLl
A= 9 v » '
1“"(!)') IA] ( 1 w” L]l( 1
The antenna reactance is:
\— _ “)'.2"“ (.Ya - 1
N\a = \
u)( @
The total reactance of the eireuit then is:
4 ’ v ’
w*Lq Co—1 w L, —(j’3(1111 L! 3 (_v)\)
w(y 1—'(02141('1—0)2141’(,'1 ’

The design of such a duplex antenna is much simplified by
I Y

X,=
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tuning the loop and antenna circuits independently to the
same frequencies. The following familiar relations then hold:

K= - ,_l:'..,. — :
\/(Ll'f'Ll') (La+Ly")
where K = Coupling coefficient.
La+ L\’ =Total antenna inductance.

L+ L,"=Total loop inductance.

-1
$ Vi+K ®)
= Ak @

where f is the frequency to which the antenna and loop have been
independently tuned, and f; and f; are the frequencies for which
the reactance is zero

In order to test the practicability of such a method, a duplex
radio telephone transmitter was installed in the Electrical
Engineering Laboratory of the University of Washington The
constants of the antenna circuit used are given in Table 1. The
reactance of the equivalent antenna circuit has been calculated
for various frequencies and the results are shown graphically
in Figure 3. The dotted line shows the loop reactance, the
dashed line the antenna reactance, and the full line the reactance
of the complete circuit. Two points of zero reactance are to be
noted, at 143 and 159 kilo-cycles per second, corresponding to
wave lengths of 2,100 and 1,890 meters, respectively
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TaBLE 1

(' =0.00283 microfarads
(', =0.00250 microfarads
L\’ =42.1 microhenrys
L, =356. microhenrys
L,=408. microhenrys
The actual circuit employed in the transmitter is shown in
Figure 4. Western Electric type “E” vacuum tubes were used,

]

© 2 F 3
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Duplex Racbotelephone

Transmitter Clrevit.

FIGURE 4

both for generation and modulation, the Heising system of
modulation being employed.* A check of the frequency and
wave length of the emitted waves was obtained by taking a
resonance curve (Figure 5) with a decremeter placed in inductive
relation to the transmitting antenna. The two waves as meas-
ured differ less than one per cent from the calculated values.
The resonance curve is for the unmodulated waves.

A working test was obtained by installing a duplex receiver
at the Seattle Young Men’s Christian Association, about five
miles (8 km.) distant from the University. The circuits used

{Craft and Colpitts, “Radio Telephony,” Proceedings of the American
Institute of Electrical Engincers,” March, 1919, page 360.
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are shown schematically in Figure 6. The design of the antenna
circuit was similar to that at the transmitter. Two wire tele-
phone lines were available during part of the tests, and were
used for talking back to the University as no transmitting appa-
ratus was installed at the Young Men’s Christian Association.
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With this arrangement, two people at the Young Men’s Chris-
tian Association could converse with two others at the Univer-
sity with practically no cross talk between the two waves used.
Other tests were made allowing a phonograph to play on onc of
the wave lengths while the other was used for talking. Prac-
tically perfect separation was obtained. It was found that a
separation of about 15 kilo-cycles between the two carrier waves
was the minimum which could be satisfactorily used for tele-
phony, but that for telegraphy the waves could be much closer
together.

Multi- Freevency Antenne. -

FIGURE 7

The successful completion of these tests suggested that fur-
ther experiments be conducted with a greater number of fre-
quencies. There are many networks that can be used to give
the antenna the desired characteristics. Three typical ones are
shown in Figure 7. The series loop type shown in Figure 7A
gives one more point of zero reactance than there are loops in
series with the antenna. The branch type, Figure 7B, has as
many points of zero reactance as there are branches in the net-
work. The number of points given by the mesh type, Figure
7D, is equal to twice the number of units, a unit being defined
as consisting of a loop such as as L,” L. C. and a series part
such as L,”” C;’ between loops.
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The =eries loop type of network seems to offer the greatest
flexibility and case of design, and was the most thoroly investi-
gated.  An experimental network of this type used with an
actual antenna to give five points of zero reactance was set up
in the University laboratory. The circuit constants used are
given in Table 2, the notation referring to Figure 7A. The
antenna was excited by five independent vacuum tube generators
mductively coupled to the antenna circuits.  The coupling coils
were inserted in series at the point £ in Figure 7A.  Figure 8
s a photograph of this “set up.” The network is seen on the

Frovre N -Five-wave Multiplex Radio Transmitter

table to the left and the generator circuits and coupling coils on
the table in the background.  When using a single tube for each
generator the operation was somewhat eritical, due to reactions
caused by coupling to the antenna eircuit.  This was overcome
by using a small oxcillator tube and an amplifier power tube for
cach of the five waves. The frequencies delivered were then
independent of what kind of a syvstem the amplifier tube fed,
and depended only on the constants of the eireuits of the oscillator
tubes.



TABLE 2

C, =0.00127 microfarads L.’ =213. microhenrys
L, =314. microhenrys Ly’ =179. microhenrys
L, =428. microhenrys L, =157. microhenrys
L. =522. microhenrys C, =0.00148 microfarads
L3 =922. microhenrys C. =0.00161 microfarads
L, =980. microhenrys C; =0.00141 microfarads
L’y =155.5 microhenrys Cy =0.00173 microfarads

The resonance curve shown in Figure 9 was taken by bring-
ing a decremeter in inductive relation to the antenna. The

”
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reactance of this antenna system has been computed for a num-
ber of frequencies and the results plotted in Figures 10 and 11.
Figure 10 gives the reactance curves of the separate loops and
of the remainder of the circuit, and Figure 11 the reactance of
the complete circuit. This last curve is obtained by adding
the five curves of Figure 10 algebraically. The discontinuities
or points of infinite reactance correspond to the natural fre-
quencies of the loops and the points of zero reactance to the
working points or frequencies which are to be radiated by the
antenna.

Equation (2) may be extended to apply to a network of this
type having four loops by the addition of three more terms to
represent the reactance of the additional loops. This equation
then becomes: ‘

- (_l)_zglg Caw—_l + _(l)Ll’—(l)s C] L, Lg, + i (l)Lz,—ms Cz Lsz’ i
wCaq , 1—w?Ci Ly = w?*Ci Ly ,l - (:)26'2L2—5Q202Lz'

+ wLy —w*C3Ls Ly +- oLy --w*CyLyL, " (5)
l—(DZCsL:q—wzCsLa l—w’CHl«—w’C;L;
The notation refers to Figure 7A.
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In designing a network for use with a given antenna, the
problem resolves itsclf into one of determining the circuit con-
stants necessary to give the points of zero reactance at the de-
sired working frequencies or wave lengths. It will be shown

) | ] |
| |
aso | |
| |
i i '
Q 200
£
.
i.
v mo 150 200 250
3 Fregquercy. | Kilocyctes.
[ 3
-200 Reactarce Curve
for
Anternna Circui?
with
a0 Four Loep Netwerx
€oo I

FiGere 11
460



how this may be done for a system having five points of zero
reactance. Reducing to a common denominator equation (5)
becomes:

v = Ao+t ot Asoit Az 0’ A (6)
o Ao +Ar0"+ A, 0+ A P+ A0
where:

Ao=Ca[Lauyuzusas+ Ly By az s as+ Lo uy Be g s
+ Ly @y a2 By s+ Ly as g a3 By)
Ay=—CuLa (y az ast oty a2 s+ v az as 4 a2 az as) + Ly’ (B) a2 a3
+ B8y as s+ Bz as+ az as as) + Lo’ (Be ety s+ By 13+ B az ey
+ay as as) + Ly’ (Bs ar az+Bs a2 as+ By er s+ 1 a2 )
+ Ly (Byar ax+Bs a2 s+ By an as+ a2 az) |+ ey az s g

Ay=Ca[La (m1 a2+ m as+m as+ a2 as+ a2 as+ as as) + L' (By ae
+B1 a3+ B astur st uz astasas) + L’ (Bean+Be as
+Br s+ @ as+ar as+az as) +Ls' (Bs ar+Bs e+ Bs s +ay as
+aastuza)) + Ly’ (Bs aa+ By ae+ By as+ s+ ay s+ 12 as))

Fm a2 ustm wast s asautaz as o

A¢= —Ca|La (tx+uz+as+as) + L (Bl+ll2+a3+(u)
+ Ly (aa+Ba+as+as) + Ly’ (ar+ s+ Ba+ )
4Ly (i +aztas+Bs)]+a ae+ i as+ ey s+ az a3

Fas as+az a;
As=Cao[La+L\/+Ly'+Ls'+ L1+ wtr+as+aus+m
A10= -1

Ar1=Ca s a2 s s

As=—Calw a2 s+ a1 a2 s+ a2 s g+ oy a3 @)
As=Colws w2+ a2 w3+ w a3+ a2 s+, ay+aza,)
A;=—Cala,+a,+a3+4-a,]

Ag=C,
a,=C,L,+C LY Bi=C1 L,
ay=C3L,+Cs Ly’ B:=C: L,
a3=C3Ls+C;Ls’ Bs=CsL;
a,=CyLi+C, L/ Bi=CiL,

In order that the effective resistance of the antenna system
may not be excessive the natural frequencies of the loops must
differ considerably from the working frequencies, that is, it is
desirable to place the points of infinite reactance about midway
between those of zero reactance. The points of infinite react-
ance are determined by the roots of the denominator of equation
(6) equated to zero. If Ry, R, R; and R; are the squares of the
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respective values of @ for which the reactance is desired infinite,
then the following relations satisfy the condition that the de-
“nominator equals zero, thereby fixing the infinite points.

1
a;= —
1
a_l
=
R
’ (7
a=1
3 R3
ay=-L
‘" R.

This group of equations determines the values of a,, a,, as,
and aq; and when the frequencies for which the reactance is to
be infinite are decided upon, the a’s become numerics and their
values may be substituted in the numerator.

The frequencies for which the reactance is zero are deter-
mined by the roots of the numerator of equation (6) equated
to zero. If the squares of the values of « for which the reactance
is desired zero are 7y, s, 73, 74, and 75, then the following relations,
follow from the theory of equations:

A.

1= —(n+ratrs+ritrs)

A,
A =nret+rrstnritnrstrerstrarstrarsrsridrars+rars
[

As
L= —(nrerstnrarstrrerst s rrsrs i rars ®)

A
¢ +rars Tyt ra rs e Ta T T3 Ty 1)

3
A =P rersTadr Ty s Ta s rs i e a5 T 3T
o
A
=TT
A,

This group consists of five simultancous equations in the
unknowns B, By, Bs, B, La, L\, L', Ly, L/, and Ca. Five of
these may be given arbitrary values providing care is taken not
to choose values which lead to physically impossible solutions.
It has been found convenient to give values to 8, B Bs,
and B, and to solve for Ls, L, L.’, Ls’, and L, in terms of
Cs. The solution may then be carried out by means of deter-
minants.

Equation (5) may be extended to apply to a general case
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giving g points of zero reactance and having g—l loops in
circuit.
_ wzla Ca—] _ (I)Ll —(1)3L| Ql!‘_l _
Xi= ®Ca + -—w"L: Ci—w*Ly C|+
+ wLy, —w*L,C.L,’ 9)

1— w"' Lm Cm -(02 Lm, Cm

Reducing to a common denominator equation (9) becomes of
the following general form:

Ao +Ar 0" 2+ A0 - - - 4 A, 0+ A4, (10)

Alw" T3 A0 34450 ° - -« FA, 30+ An_10

The coefficients Ao, A,, A;, and so on, are functions of the
electrical constants of the system as in the case of the four-loop
network. The roots of the denominator equated to zero merely
show that the points of infinite reactance occur whenever the
frequency is equal to the natural frequency of one of the loops.
In a manner similar to that shown for the four-loop network,
equations may be set up relating the roots and the coefficients
of the numerator. There will be g of these equations and n
variables. In general, this system of equations will be inde-
terminate, but by reducing the complexity of the network or by
imposing certain arbitrary conditions upon it, the system will
become determinate. The complexity of the network may be
reduced by removing the inductance from the capacity sides of
the loops. This is not usually advantageous as it often leads
to inconvenient magnitudes for the remaining circuit constants.
Arbitrary values may be assigned (within limits) to 8,, 8,, 8;,
and so on, as in the four-loop case, and then the values of L,
Ly, L), and so on, may be determined in terms of Ca. The
solution is then applicable to any suitable antenna. The values
of L)/, Ly, L3, and so on, can be assigned and solution made for
La, By, Bs, Bs, and so on, if desired.

Equation (10) can be written in the following condensed
form.

Xt=,'l,'Q e (ll)



The cquivalent expansion for the branch type network

will be: n=1
O n—-qg+2
q
> 4,0
L X=emn (12)
n

2 Ay, 0" —21

¢ =0

Equation (12) differs from the reciprocal of equation (11»
only in the degree of the odd terms. If, however. the series
loop type of circuit, Figure 7A, contains capacity in both branches
of the loop its reactance is given by equation (12) instead of
equation (11). The mesh type of circuit shown in Figure 7D
gives a reactance expansion similar to equation (11).

The following numerical solution, of an antenna with a two-
loop network is given to illustrate the method of design and
calculation of multi-frequency circuits. The results were
checked experimentally to show the degree of accuracy that
might be expected.

The desired working frequencies were chosen to correspond
to wave lengths of 1,600, 1,900, and 2,200 meters. The fre-
quencies for infinite reactance, that is, the frequencies of the
respective loors, were taken to correspond to wave lengths of
1,750 and 2,050 meters. B, and B,, that is, the product of induc-
tance and capacity on the condenser side of the loops, were
selected for wave lengths of 1,550 and 1,850 meters.

It is first necessary to obtain the cquation for the total
reactance of the entire network. This is as follows:

oLaCa=1 " wL/'—oPLiC\L | L —w’L:C: Ly (13)
wla 1—?LiCy— @ Ly/'Ciy ' 1= @?LaCo— w?L2'C.

In a manner exactly similar to that previously shown for the
four-loop network three simultaneous equations are obtained

from equation (13).

X‘=

L, a,+a2+ﬁ'2a|ag]+lq' I:a2+Bl+‘:2a2BI]

+L,’ a1+32+‘4’3“1 B:| = —al,%

Ao Cq
L, l—j‘a; az]‘f‘Ll" [1—3‘0231]4-14’ [1—‘:—4411 B‘:]
) _ _uta
Ca

y A A 1

&a1a22:+L1'azBI A:+L2’ax Bzi= —(.u
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These cquations are of the following form:

Lead L/ b+Ls =~
where
a;=—3.21983 X 10712 b= —4.35003 X107 2 ¢; = —4.41122X 1072
a;=—2.17443 = —1.49029 = —1.58529

as= —1.02424X10'* bs;= —0.80364 X 1C'* ¢3= —0.8343 X 10'?
k= —1.02155X 1072
k2= —204676)( 10""'
k3= -1

Solving these equations by determinant for L., L,’, and L/,
we obtain

_ 0.00884x 1072

L=, x0.01227 henrys
,_0.002398X1072

L= x001227 henrys
r_0.00264% 1072 "

L= "G xo001207 Penrys

For Ca=0.00283 microfarads
« =255 microhenrys
L, =69 microhenrys
L,’ =76 microhenrys

The values of L,, L., Cy, and C; are then found from the known
values of a,, as, B, and B..

TaBLE 3
Per Cent.
/ (Assumed) / (Experimental) _Error
1,600 1,620 1.2
1,900 1,900 0.0
2,200 2,260 2.7

The discrepancies observed in the experimental check are
probably due to the effect of long leads and to the fact that some
of the constants were measured at audio frequencies.

The previous equations may be considerably simplified by
making 8,=8;=L, Ca. A network of this type was set up and
checked experimentally. The results obtained are as follows:
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TaBLE 4

Per Cent.
/. (Assumed) / (Experimental) Error
1,600 1,605 0.3
1,900 1,905 0.2
2,200 2,208 0.4

It is believed that such systems of multiplexing by means
of multi-frequency antennas will be of considerable value for
fleet communication in the Navy. It should also prove valuable
in marine coast stations designed to connect ship radio telephone
stations with the existing land wire telephone system. Another
possible application is that of trans-oceanic communication at
long wave lengths.

In high power stations, the output is often limited by the
corona voltage of the antenna. [t is to be noted that in using a
multi-frequency antenna for multiplex transmission, the maxi-
mum instantaneous voltage will be the arithmetic sum of the
maximums of the several frequencies impressed. This will
oceur at a relatively low frequency, but demands consideration.
Another limitation of the methods proposed is the lack of flexi-
bility of adjustment. The effective resistance of such networks
becomes excessive when it is attempted to place the working
waves very close together. Some additional work should be
done studying the effective resistance and efficiency of multi-
frequency antennas. In spite of these limitations the method
will probably find considerable application in special instances.

The writers are deeply indebted to Dr. C. E. Magnusson and
Prof. L. F. Curtis of the Electrical Engineering Department of
the University of Washington for the excellent facilities pro-
vided for the experiments described, and for their interest in the
work. Thanks is also due to Mr. V. I. Kraft, of the Seattle
Young Men’s Christian Association for his generosity in allow-
ing the use of their antenna and premises. It should also be
mentioned that the Navy Department, thru Lieutenant-Com-
mander Frank Luckel, District Communication Superintendent
at the Navy Yard, Puget Sound, very kindly extended the
privilege of using the transmitter. The Office of the Chief
Signal Officer of the Army co-operated by furnishing the neces-
sary vacuum tubes without which the experiments would have
heen impossible.

University of Washington,
Seattle, Washington,
December 16, 1919
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SUMMARY: The authors classify the chief methods of multiplex radio
communication as multi-radio frequency, mono-radio-frequency with multi-
audio-frequency, and mono-radio frequency modulated at several super-audio-
frequencies each of which is itself modulated at audio frequency.

The authors classify antenna systems for the first method as of the series
loop type, the branch type, and the mesh type. Each of these systems has
zero reactance at a number of radio frequencies. The series type is investi-
gated mathematically for several cases and checked experimentally with good
accuracy.

Duplex and quintuplex radio telephony and telegraphy over 5 miles
(8 km.) at wave lengths around 2,000 meters were experimentally accom-
plished, and are described.
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A CONTRIBUTION TO THE THEORY OF MAGNETIC
FREQUENCY CHANGERS *
By
J. ZENNECK

(PROFESSOR OF EXPERIMENTAL PHYSICS, INSTITUTE OF TECHNOLOGY,
MunicH, GERMANY)
I. ARRANGEMENT OF CIRCUITS

The arrangement on which the following theoretical con-
siderations are based, is well known.t It consists of two iron
cores, A and B (Figure 1), on each of which are wound three
coils; a primary coil (N,), a direct current coil (o) and a

secondary coil (A2).

By

S
[1]

A 9—;& 2
=
T4
R
S -
413 4 5.".’?&&
FiGrre 1

" * Presented before The Institute of Radio Englneers, New York, Septem-

ber 1, 1915.
{See *‘Radio Fre uency Changers,” t\)’}l A N. Goldsmlth PROCEEDINGS
olu

oF THE INSTITUTE OF RADIO ENGINEERS, me 3, page 55.
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The two primary coils N, are connected in series, and in-
serted in the circuit of the radio-frequency alternator A. The
direct current coils Ny are fed by a direct current source G, the
circuit of which contains a choke coil D. These coils are wound
on the two iron cores in such a way that if, at a given moment
the direct current in the iron core A assists the magnetic field
of the primary current, in the iron core B the magnetic fields
of the direct current and that of the primary current are op-
posed to each other. The secondary coils N, can either be
conrected in series (assisting) or in opposition by a switch U.

II. ASSUMPTIONS

1. The inductance of the coil D is assumed to be so large
that no radio-frequency current of any appreciable amplitude
is allowed to flow in the direct current circuit.

2. The size and material of the two iron cores are alike
and the corresponding coils have the same number of turns
(N1, N,, Na).

3. The maghetic field intensity in the iron cores being H,
the magnetic induction B cannot be assumed as being propor-
tional to H. In fact, the operation of the magnetic frequency
changers is due precisely to the fact that such proportionality
does not exist. The relation between the magnetic induction
and the magnetic field intensity may therefore be expressed by
an equation:

B=sH-s'H*. . . . . (1)
where s and s’ are constants of the iron used.

The magnetic flux in the iron cores (®, and ®,) is propor-
tional to B, and the magnetic field intensity H is proportional
to the number of ampere turns (F,, F,). We may therefore
write

D, =pF,—qFy
p and ¢ being constants.
The curve corresponding to this equation has a maximum for
Fol_.|p _
F b} B 3q =S
Evidently we are not entitled to use equation (2) beyond this
point, as then by a further increase of the ampere turns, a
decrease of the magnetic flux would be produced. This implies
that always

Y, =pF,—qF;?
PFa—q }.....(2)

Fal ¢ ¢
F,,}i‘s"""""(?’)
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Substituting the maximum value S in equation (2), we get

¢,,=pp,,[l_;<&)* l
q>,,=pp,,[1_§<§»>2g SRR O

The curve corresponding to this equation is shown in Figure 2.

ot
(A
l
N
45 -7 -4 -4 * 9 Fvgf, sy
— |5
Fi1GURE 2

III. EMF. IN THE SECONDARY COILS
As the secondary coils in Figure 1 are not inserted in a
closed circuit, no secondary current i, of any appreciable ampli-
tude is present. The ampere turns F, and F, are therefore only
due to the primary current 7, and the direct current I,, that is
F,= N1i1+NoIo} Ce e (8)
Fb= Nl?:l—N,,Io.

As to the primary current, the assumption may be made that

it is of substantially sinusoidal form; that is
i1=118in(l)t. e e e e (6)

This assumption seems to be harmless, but is not so under the
conditions of equation (4). It is easy to show that under these
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conditions even when the voltage of the alternator is exactly
sinusoidal, in the emf. of the primary circuit a third har-
monic is produced, the amplitude of which is of the same order
of magnitude as that of the voltage of the alternator. There is
indeed but one means for substantially realising the condition
of equation (6): namely, inserting into the primary circuit a
condenser C; and an inductance L,, thereby substituting the
arrangement of Figure 3 for that of Figure 1, and adjusting
the capacity C; and the inductance L, so that the primary cir-
cuit is at least approximately in resonance with the frequency
of the alternator. The use of equation (6) is therefore restricted
to this case.*

| I
Al S 2 & |l
¢

G

\\

‘|~\
[~
~
[~

o |2

=/
4
P S B
— e A
. E—
FiGure 3

a. Connecting first the secondary coils in series, and additively,
the emf. e, induced in them, is determined by the equation

Now by equations (4), (5) and (6)

O, =p (N f -1<—N'i'+N"’o !
a p(Nl“"'No[o)ll 3 S j

®,=p(Nii— N, I,,){l— % <Aﬁ i%LI£>2}

.. *Tam well aware that the mathematical method of this paper is substan-
tially correct only as long as the amplitudes of the current E:.nnonics are
small compared to that of the fundamental.
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and therefore

P, +dD,=2 Y N {1 - <‘\ ,,‘I,,)" - ; <‘\;."!>?}

> 2 AT y 0 \?
=2p N1, sin wt{l-—(‘\",]?) —‘; <‘\ .___I,_g;mut) }

Since
. 3. 1 .
sintwi= 4 sinwi— 4 sin3 wlt,

we get
P, +P,=2p N, Il{l - (A o I") 1 < ‘N;,I'>.}sin wt

S 4 A
AT 3
- %S (‘\ '\,I') sin3wt

D

and therefore

. ar NN /N I\
Pz=—2p(0.\11\2[|{1—( S ) —4<‘:q l) }coswt

+ é Pw "Vg S<£~] Il

3
S ) cos3 wl.

This means that in addition to an emf. of the fundamental
frequency of the alternator an emf. of a frequency three
times greater than that of the alternator is produced. The
arrangement discussed is therefore a device for tripling the fre-
quency.

The amplitude of the emf. of triple frequency is propor-
tional to the third power of the primary amplitude, but does
not depend on the direct current. If therefore no direct cur-
rent at all were used, the same amplitude of the emf. of
triple frequency would result. The only function of the direct
current is to diminish the amplitude of the unwelcome emf.
of the fundamental frequency; but as long as the restriction
expressed by equation (3) holds, this amplitude cannot be
reduced to zero.

b. Connecting the secondary coils in opposition, the emf.
e; induced in them is determined by

, d
€= —]\vz('i—t (q),,—‘bb).



As

sl (-4
ol ()
—2pNI{ —( ) (N"Sll)cosmot

2
e:=2pw.N'2S<N';,I—“> (N"S—Il> sin2wt - - .o (7)

This equation shows first, that as long as the primary cur-
rent is purely sinusoidal, the emf. induced in the secondary
coils is purely sinusoidal and of twice the frequency of the
primary current. The arrangement represented is therefore a
device for doubling the frequency and an ideal one; as neither
the fundamental frequency nor harmonics higher than the
second are present in the emf. induced in the secondary coils.

Further, it is evident from equation (7) that.for the pro-
duction of this emf., the diréct current is absolutely neces-
sary. For by making the direct current zero, the amplitude of
ez also would be reduced to zero.

Finally, the amplitude of e; being proportional to I, and to
I, and I, and I, being limited by the condition (3), that is

we get

1\7111+NOI‘,£S or

N]Il N,I
,.+ et L
S' E‘ -=l’

%ﬁ and NSI produces the
maximum amplitude of &. This question is answered by Fig-
N, I,

ure 4, in which the abscissas are proportional to 5’ the

ordinates proportional to E,, the amplitude of e;, and the assump-

tion has been made, that the value of ]—Vl—I—’+y Lo s the

The question arises, which ratio of

highest possible, namely 1. The curve in Flgure 4 shows that

N]I] 2
S 3»that

is, (compare Figure 2), when the magnetic flux @, due to the
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alternating primary current varies from the value correspond-

ing to F,=+8 to the value corresponding to F,= — %S and ¥,

from + %s to —8.

e a6z o4 ¢6 98 |

-

Figure 4
IV. THE PRIMARY CIRCUIT

In calculating the primary current i; as a function of the
emf. ¢, of the alternator, the secondary circuit being discon-
nected, we restrict ourselves to the case, where the primary cir-
cuit is at least approximately in resonance with the frequency
of the alternator. In this case we may neglect all harmonics of
the current. We retain the equation

u=I,8nwt
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and assume e =E, sin (wt+9).
Then the amplitude I, and the phase difference ¢ are the terms
to be calculated.

a. The differential equation for the condenser circuit of
Figure 3, acted upon by an emf. ¢, is

ai, , d*i w_de | (g)*
R, +let’ +Nldt’(¢ +q’b)+ C.=dt (8)

Under the assumptions just mentioned, and using for (®,+®;)
the term calculated in II]a, its solution is

= El
01— J_Vo..l.@ 2_1 __N'I‘ : ___1._ !
\/R,*+[w<Ll+L, {l < S > 4( S >}> wa]
AERC T
‘0<L1+Ll{l < S 4\ S wCy
R, (9)
where L,’=2p N,®. The term

- )

is to be considered as being the inductance due to the iron
cores.
If no direct current were used, and if the amplitude of the
N. I,
S

tan ¢ =

primary current were so small that <1, we would have

obtained the ordinary equations for a condenser circuit with
the constant inductance L,+L,’, i.e.:

I|==El——-_—___.
2
R+ [w(L. +L) -1, ]
wC
© (L1+Ll’) -1
tan ¢ = wC\

R, (10)
Comparing equations (9) and (10), it is easily seen that the
direct current has not altered conditions greatly; it only dimin-
ishes the inductance due to the iron cores by the constant term

2
—<-N§I°> - But the term caused by the primary current,

I, s
- 4< —A%~> » changes the whole situation as soon as an appre-

* L, being the inductance of the primary circuit outside of the frequency
changer.
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. 2
ciable primary current is present and therefore i(%b> is no

longer «<1. -
b. On# difference is ilnmediataly seen, when. we ispecify the
resonance conditien;.- that is, the condition which makes the
ratio I, : E, a maximum. ’ :
In the ordinary case of constant inductance (equation 10)
this condition is:

)

1 -
0C

but in our case it is represented by

(Nl YN LA 1 o
. (:)<L1+L1{l < 3 ) 4< 3 )}) wCl_O (12)

While in the ordinary case of constant inductance, there is one
definite resonance frequency independent of the E.M.F. of the
alternator, in our case, there is no general resonance condition
at all. The resonance frequency, as might have been expected
before hand, depends on the amplitude of the primary current
and therefore on the excitation of the alternator. When for one
voltage of the alternator the circuit has been adjusted so as to
be in resonance to the frequency of the alternator, it is no longer
in resonance as soon as the excitation, and therefore the voltage .
of the alternator, is changed.

" In one respect, our case and the ordinary one are alike.
When the resonance condition is fulfilled, the amplitude of the
current is determined only by the effective resistance R, and
the equations (9) as well as (10) become

w(Li+L) - =0, - - - - (11)

II:%; tan ¢ =0.

c. Nevertheless, owing to the fact that because of the term
(e

4\ S
situation is changed in a very fundamental way. This can be
best shown by drawing for different frequencies the character-
istics of the circuit; that is, by plotting curves having as ab-
scissas the amplitudes (or R.M.S. values) I, of the current and
as ordinates the amplitudes (or R.M.S. values) E, of the E.M.F.
of the alternator.

In the case of constant inductance, according to equation
(10), all these curves would be straight lines, and all points ful-
filling the resonance condition (11) would be situated on one of
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them; namely on the straight line represented by the equation
E,

I,=2.
1 Rl
In our case, corresponding to equation (9) the state of affairs

is quite different, as is seen from Figure 5, which has been cal-

culated under the following assumptions:
’

R,=50hms; C,=0.1 uf. (mfd.); L—'=10?
1

L
NI, 1. NilL,, 2
= S 3 1 le'( '=§ fOr Il(max) = 100 amperes;

N,I,\? 1
i) o
w( 1+ l{ S wC
for w=27X10,000 cycles per sec.
This means that the primary current being so small that

\ 2
;<»‘\%I'> <1, the circuit is in resonance to the frequency

10.000 cycles per second.

All the characteristic curves of Figure 5 are curved lines,
many of them with a falling portion. A falling characteristic
of a circuit means unstable conditions.* All points, therefore,
which are situated on a falling part of such a curve, altho they
are actually given by equation (9), cannot be realized in prac-
tice, at least so far as stationary conditions are concerned.

It will be noted that the resonance points defined by equa-
tion (12) are nothing more than the points, where the straight
line corresponding to the equation

I = E, L,

YRS
(that is, the dashed line 04 in Figure 5) is a tangent to the
characteristic curves. In those curves in which these points are
very near to the boundary between the rising and the falling
portiors, the resonance is theoretically stable, as well as in the
curves which are entirely rising.  Yet from a practical point of
view, =uch resonance may be considered as unstable, since a
very smrall variation of the current or the voltage may cause
instability, ard therefore no operator would be willing to work
the <et urder such delicate conditions of adjustment.

The curves of Figure 5 show another feature, which may be
interestirg from a practical point of view. Suppose the normal
voltage of the alternator to be about 500 volts. Then the most
favoral le operating conditions would he those represented by

*Tu tte HHlhwing discussion, for the sake of simplicity, the characteristic
of the alter -ator is assumed to be a straight line parallel to the I axis,
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the point A of the curve n=10,600; as at this point the maxi-.
mum current of 100 amperes would be produced by the normal
voltage. But this point is so near to the falling, and therefore
unstable part of the curve, that no operator would take the risk
of working at this point. Therefore, from a practical point of
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FIGURE 5

view, the best point on the curves is the point B on the curve

n=10,500. To reach this point, we may either over-excite the

alternator up to 600 volts while keeping its frequency constant

at 10,500 cycles per second and then proceed along the curve
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m=10,500 up to the point C.. Then, as soon as the voltage jqﬂ
further increased slightly, the current will jump from the };&fljé,‘
of about 56 amperes at the point C to the value of about 100
amperes at the point D. By ‘then decreasing the excitation of
the alternator to the normal value required for 500 volts, we
reach the desired point B. If we desire to avoid this trouble-
some sudden jump. in the current, . we may proceed in the fol-
lowing way. The ‘alternator is so excited as to give about the
normal voltage of 500 volts at a frequency of 10,200 cycles per
second. That is, the set is being worked at the point B.”’ " Then,
by keeping the voltage constant, but gradually increasing the
frequency to 10,500, we pass to the point B thru the points B”
and B’. o

d. The interesting pheﬁomena represented by the curves of
Figure 5 appear only if that part of the inductance which is

2
due to the primary current (that is, the term —L,’ i ( N§I‘> )»is

allowed to become a rather large percentage of the whole in-
ductance. If the assumptions in ¢ are changed merely in such a

way that for Iigm,.)=100 amperes, lv%‘“’ is only %. the

characteristic curves are those of Figure 6. They have no fall-
ing parts at all, and therefore the conditions are stable every-
where.

e. How far the charaeteristics are affected by the value of
the resistance R, is easily deduced from equation (9), and is
demonstrated by Figure 7. The curves of this figure have been
calculated under the same assumptions as those of Figure 6,
but the resistance R,, instead of being 5 ohms, as in Figure 6,
was assumed to be 1 ohm.

V. THE SECONDARY CURRENT OF A FREQUENCY DOUBLER

In considering the secondary circuit of the arrangement shown
in Figure 3, we shall restrict ourselves to the case where the
secondary coils are connected in opposition and therefore, ac-
cording to I1Ib, a doubling of the frequency is effected. .

As to the primary circuit the assumption made in IV may
still hold. The assumptions to be made for the secondary cir-
cuit correspond to those made for the primary. The secondary
circuit may be a condenser circuit (Figure 3) and so adjusted
that it is at least approximately in resonance to twice the fre-
quency of the alternator. These assumptions being made, we
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may neglect all higher harmonics in the secondary circuit and
may express the secondary current i, by the equation

l _ig:=tzsin’:(2wt-1:‘la).
oo 7 7
0y /
1600 "‘0/ \‘,*°
. o
{400 . /
o
-1
/000 / ‘°y
7 ,/ / |
/ A 32
// // m’
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P
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FIGURE 6

The differential equation for the secondary circuit is

" (@, q>,,)+'l=o

d‘lg

+La

dz ‘Lg
de

+Nz

de

A ‘L, bemg the inductance of the secondary circuit outside of the fre-

quency changer.
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. The terms ®, and ®, have to be calculated from equation (4),
where i B '

Fo= Nyiv4N I+ Naia | .(14)
Fy= N1ti— N,I,— N11,,

/800 i / _ /
A/

1600
V . ﬁ% /
1400 A 7

@ / /
1200 . &
| / p

4"‘

1000 7 el

N2
Soo VARV,

2:) 7 4o bo L0 00

FiGure 7
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since an appreciable secondary current may now be flowing.

Substituting these terms in equation (4), we get
Niir\* _ [ N2ts\? N, I
b= Pi=2p N“"'{"’( ) -(%) -5(%" )}
. _ IY_QI_, 2_ N7, N:i\?
t2p N”’{‘ (%) - (%" - 3(‘ w1}

(Ml _(¥odsin ()
2””"’“{'( 8 ) ( 8

(%]

+2p N. I, 8in (2 (,,t+a){1 _ (N_,,é,_.)’_(ulgn wt):

- 1,<Nz I,8in (2 mt+a)>:}
3 S
~2pN.L{1- 2<Néll) + %(Ngi)w 20 t_é(N;I,)
=(%)
+2PNzIzsin(2wt+a){l (Q’EI_) 3(&1')’
1/N.I,\?
-3

+1_2) . 1\,21’ . (N‘éll

This gives

dtz (‘b —®,)=—4@pN,.N,I,- (N:S.I'> cos 2wt

_8w=pN,z1,{l_<_1\_/ ) < )
4(1\/SI:> }sin (2 wt +a>

and by substituting this expression in equation (13), we easily
get

R:I,=2wpN;.N,I,. <‘Y‘ L>z-cosa,

S
’ AV I ] N|I| 2 1 NgIg 2 1
(2ot (55) =305 25" ]) -z
=—2wpN;.N,I,. (N:SI> sina - - (14a)
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or.
E,

" \/R”;* I’?‘; (LS-';L:'{I - (N§1—>’_ %(f"é{‘-y
- ‘KN—SI)}) "27016;]2 (15)
2ottt {1- (B - (1)

’% <Jysi)}>'§l_c (15a)

R,

tanu= —

where E; has the value given by equation (7) and L/=2pN.
Taking into consideration that, for a given primary current,
the term 1(1\7 éil

2
No Io 2 - . .
stant as well as -5 )" and comparing equation (15) with the
corresponding equation (9) for the primary circuit, it is easy
to see that both of these equations are of quite the same form.
Therefore all that has been said in discussing equation (9) un-

der heading (IV), holds good for this equation also.

2
) in the denominator of equation (15) is con-

VI. THE LOADED FREQUENCY DOUBLER

In IV, the primary current had been calculated for an un-
loaded frequency changer; that is, on the assumption that
12=0. In V the secondary circuit of a frequency doubler has
been considered under the condition that the primary current
be given. The loaded frequency doubler which is now to be
considered is the case in which the secondary circuit is closed,
and the only quantity given for the primary circuit is the emf.
e; of the alternator. In this case the differential equations (8)
and (13) hold at the same time, and for both circuits the num-
ber of ampere-turns is determined by equation (14).

Substituting the terms of equation (14) in equation (4), we

get
- : 1IN0 (N L\ (N2
(b.,+d>,,—2pNn,{l—3< S) <S > <S)

(%) (")}

Under the same a.ssumbtions which had been made above for
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the primary and secondary circuits, this expression is easily
transformed into

_ _ (N1, ML\
¢¢+Qb 2pN111{l ( S ) 4<—‘-S )

_1(N: L) .
2( S )}znnwt

—_ 2le Il . NSI :N;’S_I_’ - CO8 (lﬂ‘+a)

Introducing this term into the differential equation (8) for
the primary circuit, its solution becomes

I,= B ]
. \/(R.+R,’)’+ [«»(L,+L,") - «%1]: 5 (16)
tan ¢ = @Gt - '-'C‘
Ri+RY
where
R/'=wL, - (?Y;.(e) : <?Y§_13> cosu- - - - - (17)
L,=2pN;

w_gpofi_ NJ..»)’_!(N;l.x)’J(Nz’z)’
L, ‘L‘{l <s s 2\ s

+(N‘§Ia> <N;I,>sim}. R (18)

The additional resistance term R,’ is caused by the energy ab-
sorption in the secondary circuit. It is easy to show that R,'I;?
is identical with R.I,®. Owing to this term the apparent total
resistance of the primary circuit R+ R,’ is no longer constant,
but depends on the value of I, and a, and therefore on the
load of the frequency changer. The terms in L,”, namely:

_] N!l@)z <N"!9> <N2Il)
2<S + S S sina,

are due to the reaction of the secondary circuit on the magnetic
field of the frequency changer. .

As for the secondary circuit, the solution of the differential
equation (13) is the same as that given in V, namely equation
(15). But since the value of I, in this equation is not given in
this case, but has to be calculated from equation (16), and since
on the other hand, equation (16) contains I, which is to be de-
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rived from equation (15), the situation is far more complicated
than in §§ IV or V. It is indeed scarcely possible Jx;on'] the
two equations (15) and (16) to get in a general way a clear
idea of what really, hmppensf It-may be well therefdre to re-
strict ourselves to the disctfls'sion of two special cases.

a. The first case may be deflned by the condition that the
secondary circuit is always adjusted in resonance to twice the
frequency of the alternator.

According to this assumption, and to equations (15) and
(15a), we get

E,

I-¢= Rz; l£=0)
and from equations (17) and (18),
N,I I,\-
R/=w0lL, - <—§"> <N.2S_2> . (17a)

" _ ’ — Nolo 2_1 NlIl 2_-]; _Ar212 2 . . .
L 'L‘{l <S> 4(3) 2(5)} (182)

According to equation (7) E; being proportional to I,% the term

2
<%b> becomes proportional to 1,2 and <—N -S’L’> proportional

to I 1‘.

I have calculated the characteristics of the primary circuit
with the same values as those on which the calculation of the
curves in Figure 7 was based; and assuming further that

7,
Azlg@gz) — é, Ry (masy» =4 Ru>
I3(mar) being the secondary current produced by a primary cur-
rent Iy(,..-y=100 amperes at a frequency of 11,000 cycles per
second and Ry’ ., being the value of R, under the same con-
ditions.

The curves are reproduced in Figure 8. They show, that by
the reaction of the secondary current, conditions are created
which resemble very much those discussed in § IV. I therefore
need not go into any details.

Supposing the normal voltage E; of the alternator to be
about 500 volts, the most favorable conditions are represented
by the part AB of the curve, corresponding to the frequency
10,300 cycles per second; the equilibrium is stable, and for the
normal voltage, the primary, and therefore the secondary cur-
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rent, and the output of the frequency changer are remarkably

large.
The efficiency 7 of the frequency doubler is equal to the out-
put divided by the total input. Therefore

= Rl’ ]
/ R\+RY
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Fi1GURE 8

and according to equation (17a) it depends largely on the value
of I, and therefore of I,. Supposing that for a given frequency
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and for the current I, corresponding to a primar)" current Iy(naz)
=100 amperes, R,'=k . R,, we get

I, \?
A,
2
The values of # which correspond to different primary currents

and to values of k from 1 to 5, are represented in Figure 9.
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FIGURE 9

b. The second case is based on the assumption that the
secondary circuit is adjusted for resonance to one frequency,
and then is not varied again. The question to be considered is
to what extent the characteristics are changed when the fre-
quency of the alternator is varied.

As soon as the secondary circuit is out of resonance to twice
the frequency of the primary current, in equations (17) and (18)
a is no longer equal to zero, and in the expression for L,"’ (equa-
tion (18)), the term +<ESL) : <A;”’

pears, but may have a considerable influence on the value of
Ly”. In order to diminish the mathematical difficulties of the
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problem, the inductance L; of the secondary circuit may _be
assumed to be so large that in the expression for I, (equation
(5)), the terms containing the primary and secondary current
compared with L, are too small to change the whole inductance
of the secondary circuit materially. Then the conditions are
substantially those of a‘condenser circuit with a constant in-
ductance and therefore, as is well known, the equations (15)
and (15a) tan be replaced by

h=—0"  na=—.7
z d/2r
Rz\/ 14+ .-
@20
where d is the logarithmic decrement of the secondary circuit,
and =T

n
n, being the resonance frequency.

The decrement d of the secondary circuit may be 0.05, and
the frequency n, (to which the secondary circuit is in reso-
nance) may be =2X10,300 cycles per second. The assump-
tions made above regarding the primary and secondary circuit
may still hold. Then we get the curves of Figure 10 as the char-
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acteristics of the primary circuit, according to equations(16),
(17) and (18). h

These curves show one remarkable feature. In the expres-
sion for L,"’ in equation (18) the term‘(N§I“> . (‘Yg’l’) sinais.
positive for frequencies below the resonance frequency ard neg-
ative for frequencies above it, and under the' assumptions made
above, this term has a marked influence on the values of L,”.
Owing to this fact the curves for frequencies above the reson-
ance frequency and those below it have quite a different char-
acter. Therefore an increase of the frequency of the alternator
by 1 per cent. affects the operating conditions in a quite differ-
ent manner from a decrease of the frequency by the same
amount.

~

VII. INFLUENCE OF THE HYSTERESIS EFFECT

All previous considerations have been based upon the mag-
netisation curve Figure 2.

a. There is an obvious objection to the use of this curve;
namely, that the real magnetisation c¢urve ought to show the
hysteresis effect. According to the experiments of Fassbender
and Hupka * on the behaviour of iron, we might expect a mag-
netisation curve like Figure 11 rather than one like Figure 2.

As far as the primary circuit of the unloaded frequency
doubler is concerned, this magnetisation curve can easily be
represented by an analytical expression which still allows the
integration of the differential equation. The magnetic fluxes
@, and P, corresponding to Figure 2 are of the form:

®,=U+Vsinwt
®,= U'+V'sin wt,
which may be derived from equations (4) and (5) by neglecting'

all harmonic terms. In order to get the magnetisation curve for'
@, of Figure 11 we have only to add the term

—rV cos® wt(1—sin wt),
where in the case of Figure 11, r=0,45.. We therefore get
&= U+V [sinwt—rcos wt (l'-'-'sin wt)].
The corresponding equation for ®, is
®,= U'+V’[sin wt—r cos® wi(1+sin wt)].

* H. Fassbender and E. Hupka, “Jahrbuch der drahtlosen Telegraplne ”
6, page 133, 1912.
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In consequence of these, we have

N1 (@o+Py) = A+B[smwt--%raoswt] Cas - (19)

again neglectmg all harmonic terms. Companng thls expressnon
with that calculated in IIla, we find

s (S S

AN

\__,;ﬁ.

Figure 11

Substituting this in equation (8) for the primary circuit of the
unloaded frequency doubler, we obtain the result that the con-
ditiens in the primary circuit are changed by the additional

term —gBrcos ot only in so far as there is added to the resist-

ance R; a term R,”” where

" _ § ’ _ NoIo _&I_l
R =+ Swrk {1- (L) 1 (RaDY1

This term, expressing the iron losses, depends on the primary
7
current. But even assuming!%"ﬂ’ to be =§ (compare IVc)

for I'(mezy = 100 amperes, the variation of the value of this term
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is not more than about 11 per cent., when I, is changed from 0
to 100 amperes. .

The conditions for the loaded frequency doubler become
somewhat more complicated, but it is easy to show that the
resuits obtained in VI are not changed materially. '

b. A by far more serious objection may be raised against the
harmless looking equation (3)

F,

L
This equation, which is absolutely necessary under the assump-
tion of equation (2), does not allow an increase of the primary
and secondary currents such as would make the number of
ampere turns greater than that corresponding to the point A
in Figure 1. Now, a real magnetisation curve—not taking into -
account the hysteresis effect—looks rather like the curve Figure
12. There are good reasons to believe that in many respects

_ the results obtained would be very interesting if we were able

actually t,o:'increase the ampere turns so as to reach the part
AB of the magnetisation curve Figure 12. We are therefore
seriously handicapped by equation (3). I shall try to surmount
this limitation, and I hope to_be able, in a later paper, to report
on the results of this later investigation.

A

A

Figure 12

SUMMARY: Using irqn-eore one-to-one transformers, with (or without) sup-
_ plementary d.c. excitation, the well-known magnetic frequency doublers and

triplers can be arranged. The theory of these is developed, assumin bi
relation between flux and field intensity. opes g a cubic

The emf. in the secondary, the effect of supplementary d.c. excita-
491



tion, the primary current and phase, and the secondary current for the un-
loaded doubler are derived. The results are extended to the loaded doubler,
the efficiency and operating characteristics of which are calculated.

‘ﬁhe modification of the derived formulas due to iron hysteresis is ob-
taine

The theory is clearly illustrated by a number of calculated curves; of
which the primary current-voltage curves show an interesting combination of
stable (rising) and unstable (falling) portions. The resulting desirable meth-
ods of practical operation are fully considered.

The theory is to be further developed to cover phenomena dependent on
iron saturation above the knee-point of the magnetization curve.
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SOME CHARACTERISTICS OF THE FREQUENCY
DOUBLER AS APPLIED TO RADIO TRANSMISSION*

"By
T. MINOHARA

(NAvAL ARSENAL, TOK10, JAPAN)

1. GENERAL THEORY AND VALUE ofF SiNusoipAL EMF.
INDUCED IN THE SECONDARY

In the well known Joly-Vallauri system, as shown in Figure
1, we have a pair of transformers Ta T» excited with direct cur-
rent A p, where e, e; denote the voltages in primary and secondary;
es, 5 denote the voltages of each transformer Ta, Ts, a),a2 denote
the primary currents and secondary currents respectively, and
for simplicity, the number of windings are assumed to be all the
same and unity.

I ‘ ? p
I I ( [N =0 —
l ] "‘b o ’}
| e. b
| — e
A -
e T |5
I o
I +" 8 r I
¢ 4 ~ 6 ‘:
a, a,
FigrrE 1

The resonance effect being generally utilized in radio engi-
neering to get the maximum output, the wave forms of oscillat-
ing current aja; can be assumed to be nearly sine curves, or
a;=A,8tn wt, aa=A8in 2 wt. This assumption makes it easy to
solve all problems dealing with the frequency transformer.

* Received by the Editor, September 28, 1919,
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The Lissajous figure, shown in Figure 2, is taken with a
Braun tube, the light spot being deflected horizontally by the
primary current a; of 50,000 cyeles and vertically by the sec-
ondary current a: of 100,000 eyeles in a circuit of the type used in
radio practice. This figure clearly shows that the wave forms
of a; and a: both are nearly sinusoidal.

FiGeRre 2

The general prineiple of the frequeney doubler is generally
assumed to be as follows:

When certain relations  exist  bhetween A4, and a; in the
magnetizing current A, —+ay. the emf. o induced in the secondary
of transformer 7', would take the form

Ca=11xtnwl+Pasin2wmt

Similarly the emf. ¢, induced in the secondary of the other
transformer Ty, exeited by the current A, —a, would be

a=Prsin (wt—x)+Pysin (2wt—27).
If co and «, are superposed, we get
Ca=cCat 1, =200 5in wt

which ix a pure sinusoidal wave of double frequency, the funda-
mental wave being entirelv eancelled out.

The necessary relation of .1, and «; required can be easily
determined experimentally, but we ean also find it graphically
by considering the magnetization curve of the iron cores.

Taking the core the magnetization curve of which is shown in
Figure 3, if we try to plot the curves of flux and induced emf.,
assuming arbitrary ampere-turns by trial <o as to obtain a curve
of scecondary induced emf. o of pure sine wave form, we shall
find it desirable to take the primary current o, <o that A B=1.6
to 1.8 CD. For example, in Figure 3. taking a, so that

: dé, -
AB=1.8CD, we get the curve o, and Y or ¢q as in Figure 4.
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Adding e, and ey, which have the same wave form with 180°
phase, difference we obtain the nearly sinusoidal wave of double
frequency, as shown in Figure 5. ~

F1GURE 3

:', From my calculations given below, the relation A B=1.667 C D
was deduced for the same condition.

FIGURE 5
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~ In the ideal case, where no' useless higher harmonics are con-
“ ‘sidered, the flux in each transformer core would be

¢¢= —fea dt= —I(Pl 8‘in(0t+stin2(0!) dt

= &_cos wt+ il cos 2 wl

) 2w
and
P, P
¢~l =0~ _l+2_!
[0} w
¢al~t- - E‘l‘-l' P’
0w 2w
Taking .
P, _
P, =k
we get the relation
b wm0 _2k+1_
—@u=r 2k—1
4

We now plot the curves e’, e’’, &’’’ in Figure 6, assuming
e’ =P, sin wt+ Py’ sin2 wt
&'’ =P sinwt+Py sin2 wt
e’ ! =P sinwt+Py' " sin2 wt

where Pz’ "<P2"<Pz,




In order that the amplitude of the second harmonic should
be as great as possible, the curve e’ is the best of the three given.
But it is impossible that the curve e, pass thru the zero line dur-
ing the interval from w¢=C to =, as .’ does, since % can never
be zero during that time, as seen from Figure 6. Therefore,
in the curve e;, which would give the maximum realisable second

harmonic, P:sin2 ot, the value tz—f should be equal to zero at
wt=7.
or de

ce =0

<dl>ul = ’

[@ Py cos wt+2 w P; cos 2 @l =xr=0.
Then we have P,=2P,, or k=2,
Substituting this value in the condition X above, we get
_ Put =0 - 2k+1
—Puier 2k—1

This means that A B=1.667 C D.
Let us call the case of the secondary induced emf. of pure
sinusoidal wave form, a ‘‘sine wave system.”

X

= 1.66.

2. ImpuLsivE EMF. INDUCED IN THE SECONDARY.

In the sine wave system a, and e; can not be great enough
to get the sufficient secondary power, owing to the limitation
AB=(X) (CD), mentioned above.

In practice, it is usually required to get as much energy as
possible, the induced emf. e; being used for impulse excitation
of the secondary oscillation, and the second harmonic only being
effectively resonated by proper choice of the secondary circuit
frequency. Therefore it is not essential that the secondary
induced emf. be a pure sinusoidal wave of double frequency,
but it is usually necessary to obtain the maximum impulsive
secondary emf. of double frequency. Thus the flux density
change due to a, should be large in order to get a large secondary
induced emf. for a given size of core. That is, a larger a, is
required as compared with A, than for the case of the sine wave
system.

Taking A1>Ap in the example shown in Figure 7, the ef-
fective value of a; to be 10 amperes (or 4/2X 10 as the maximum
amplitude A.), and Ap=>5, then the corresponding flux curve
can be plotted as shown in the curve ¢, (assuming that its satura-
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tion curve be as shown in Figure 8) and we can get the curve
ea from the inclination of ¢, or ddta' Similarly the curve e, is

obtained, which has the same wave form, but with a phase
difference of 180° from e,. The secondary voltage of double

ANVAY

\/?r

e B

S|

frequency. will be the sum of e, and ¢, and the primary voltage
e, is the difference of e; and e, as shown in Figure 7. But . if
.the excitation A,’=10 (or effective value of a;), the flux curve
will .be ¢a’, then e, e,” are as plotted, and e.’+¢,’ =e’ and
‘s —€,’ =€’ will be as shown in the figure.

.1y, A8 seen in the figure, the wave forms e, and e’ both are  not

498



sinusoidal but sharp-peaked or impulsive waves, containing many
higher harmonics. The maximum amplitude of ez does not come
at equal intervals while that of e;” does come with a regular period
of double frequency. The amplitude of e,’ is much greater than
that of e;, therefore we can say that A, should be equal to the
effective value of a, in order to get the maximum impulsive 'emf.
of double frequency.

¢

FiGURE 8

The fact is explained as follows:
The amplitude of e; will be the maximum at the same phase

da. d¢,

—=-= shoul
0t But i should
be the maximum when the excitation current Ap+A,stn w! in

the cores becomes zero, if we neglect the effect of the hysterisis

as the maximum amplitude of e; and e, or

T
loop. Hence Ap=A, sin wt should be zero at the phase of 4 °F
2': in order to produce the maximum amplitude of e; at inter-

vals of ; (or = of double frequency) as seen in Figure 7.
We have

-
"

4 0

Ap—A,sin

or A
‘4D= \/;2'
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This means that d.c. ampere-turns are equal to the effective
value of primary ampere-turns.

If Ap be increased to the point of magnetic saturation,
always maintaining the relation A,=+/2A4p, the curve e, be-
comes gradually a peaked wave, and the fundamental wave
tends to disappear, the position of the maximum amplitude
being unchanged.

Asan example ¢', ¢/, ¢’’’ in Figure 9 show the flux curve

A A
taking Ap= §/—'2 =5, Ap= Vli =10, Ap= \712 =15 respectively

el

FIGURE 9

in the saturation curve shown in Figure 8. Furthermore, the cor-
responding induced emf. e’ e”, e’ " become as shown in Figure 10.
Thus if A, excite the core near to magnetic saturation, the curve
ea become a somewhat peaked wave which consists mainly of
the second harmonic, and there is almost no fundamental wave

e G
o
A <
o -
° N wt
r" ] \ ,’l
| ' W g;
| L!J Wi
3 N
J s

Figure 10
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component which will have to be cancelled out when e, is super-
posed on e, to get ex (see e”, e,”' or ea’”’, €’ ’’). 1If Ap excite
the core above the knee of the saturation curve, the curve e,
becomes too peaked and narrow, (see the curve e,’’’) and the
second higher harmonic also tends to disappear.

Therefore it is preferable that the difference of flux change
due to +A4, and —A, shall be as great as possible, taking A4,
so that the excitation is at the knee of the saturation curve,
(see the curve e,” where Ap=10; that is A is the excitation
corresponding to the knee of the saturation curve).

.- A .
Thus the two conditions Ap = \—/'5 and Ap equal to the excita-

tion corresponding to the knee of the saturation curve are neces-
sary to get the maximum impulsive wave of double frequency.

I will call this system the “impulsive wave system.” It is
important in practice at the lower radio-frequencies and is dis-
cussed in the following sections.

Let us consider a special imaginary case where the magnetic
flux of the core increases linearly with excitation up to the knee
of the saturation curve (for example, with an excitation of 4
amperes), and past this point, the flux maintains a constant value,
as shown in Figure 11.

!
:
1
(.

Figure 11

Taking A, =4, and the effective value of the primary current
(the wave form of which is a pure sine) as 4 amperes, if we plot the
flux curve corresponding to the excitation a,+A4, and a1 —Ap,
we get the curves of ¢, and ¢s as shown in Figure 12. If, then
we plot the curves e; and e as calculated from the slope of ¢,
and ®;, we can see from these curves that the effective value of e
in this case is equal to the sum of effective values of es and es,
that the effective value of e; is equal to the effective value of e,
that the wave form of e, is sinusoidal, and that the form factor
of ea is equal to that of a sine wave.
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Fi1GuRE 12

3. DisToRTION OF VOLTAGE WAVE DUE TO THE LoAD CURRENT

We will explain the effect of loading the frequency changer,
using as an example the core the characteristic of which is shown
in Figure 8.

The secondary voltage at no load can be plotted as shown
in Figure 13. If the primary current is a;, and exciting current
Ap, then the flux curve will be ¢, in Figure 14, and the terminal
voltage of each transformer will be es,. Therefore we can easily
obtain the secondary voltage by adding the ordinates of e
which have the same wave form but with 180° phase difference.

(a). INpucTivE LoaDp

On loading the changer inductively, the secondary current
lags behind the emf. Taking the curve of the secondary inductive
current as; in Figure 13, which lags 90 degree behind the emf.
of no load, the maximum amplitude of which should be at the
phase of X in the figure, we can plot the corresponding flux curve
of a transformer the exciting current of which is as;+a,,+A4p,
or L+Ap, as shown in Figure 14. Thus we get quite an irreg-
ular wave form eq; by calculating ‘1}:1 from the curve ¢; as shown
Figure 15. Therefore, if we try to plot the wave form of e,
by adding e, and es,, the wave forms of which are the same but
with 180° phase difference, we can easily see that an irregular
wave form is obtained, and its amplitude is comparatively low,
hence the output can not be great in that case.

(b). CaraciTy Loap

Assuming secondary capacity load current a,, with phase 90°
ahead of the secondary emf. at no load, the sum of a, and a,,
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will be C, as shown in Figure 13. Then, if we plot the flux

curve of a transformer corresponding to the exciting current

a1+C or a;+as,+4p, we get the curve ¢ ‘asgshown )'n Figure 14.
. ’ .

' \

/ ' ‘

Figures 13 to 15

Similarly we can get e, as shownin Figure 15 with maximum
amplitude far greater than e,.. So if we plot e; by adding es,
and ey, we find that the amplitude of e; is great and the wave has
quite a regular form of double frequency where the part 8 of the
curve is obtained when e,, and es, are superposed to get es.
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These capacity or inductive loads dissipate practically no power -
since the phase difference of a, and e; is nearly equal to 90°.
Practical operation should always lie between these two, the
resonance effect being employed.

(¢) ActuaL CasE oF LoapING

If the maximum amplitude of secondary induced emf. were
always at the phase of the point X in Figure 13, the segondary
current as should also be in the same phase when the secondary
circuit is just at resonance condition. But in the actual case,
the phase of the induced emf. e, will shift by a certain amount
as soon as the secondary current a; flows since the wave form of
the flux is distorted by the secondary current. For ‘example,
assume as, the secondary current as shown in Figure 13. Then"
the curve a,+a,, is represented by R, and ¢, will be the flux curve
for this case. The voltage curve of the transformer will be e,,;
which has an unsymmetrical form as shown, and-in thlsexample
the secondary current a., is advanced about 60° before the in-
duced emf. e,.

(d) MaxmMum OUTPUT

As just mentioned, the induced secondary emf. e; is high when
the output is supplied to a capacity load. On the other hand, it
is evident that the output at the resonance condition is a maxi-
mum if the secondary induced emf. is kept constant. Therefore
we tan say that the maximum output is obtainable when the-
secondary current leads the emf. by a certain small -amount.
This amount depends on the relative values of ai, as, Ap, and on
the saturation curve of the core. In practice, a variometer in the
secondary circuit is adjusted so as to obtain maximum current
or maximum output, since the effective resistance of the secondary
circuit is constant. Therefore it should be remembered that the
current and induced emf. in the secondary, in practical cases
are ‘hot exactly in phase but that the current somewhat leads
the emf. e,.

We have next to find how many secondary turns are required
to get the maximum secondary output. As we can see from
Figure 14, the curve of ¢, deviates from ¢, because of the second-
ary current, and the greater the secondary current a,, the more
is the flux curve distorted. At the same time the part « of the:
curve shown in Figure 15 tends to increase in amplitude which
is very unfavorable as regards obtaining large values of e; since
this part of e, cancels the other part of e, in the secondary and.
accordingly the amplitude of e, can not be sufficiently large.
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From these considerations, we can conclude that:

The sccondary ampere-turns should lie within such limits
that the secondary ampere-turns at full load will not produce
any considerable amplitude corresponding to « in Figure 15,
because of distortion of the flux on load based on the saturation
characteristic curve of the core used. '

4. OSsCILLOGRAMS OBTAINED IN EKXPERIMENTS
As the oscillograph will not correctly trace waves at high
frequency, I took many oscillograms during the experiments at
50 cycles, using the core the characteristic of which ix shown in
Figure 8 and the connection diagram as shown in Figure 1.

(asE 1

At no load, the wave form of ea. e, ;. angl s gave .the oscillo-
grams shown in Figure 16 (a;. ¢;). From Figure 17 (e,. ), and
Figure 18 (e, ¢2), we can see:

(1) The primary voltage ¢, has a V-topped wave form.

(2) The sccondary voltage of double frequeney has a uni-
form period if the exeiting d.c. ampere-turns are cqual to the
effective value of primary ampere-turns.

(3) The phase difference between e, and «; ix about 90°.

(‘AsE 2

On resistance load, the wave forms of ¢, ea, €b. @y, ¢2, and ap
were taken in the oscillograms as shown in Figure 19 (ay, ),
Figure 20 (eq, €p), and Figure 21 (as,es) whenee we can see that:

(1) The primary voltage of the transformer is distorted a
little and the upper and lower parts have become asymmetrical.

(2) The primary voltage has a flat asvmmetrical V-topped
wave form.

(3) The resultant secondary terminal voltage is somewhat
low and asymmetrical. ’

CasE 3

On capacity, inductance and resistance load, where the vari-
able inductance was adjusted so as to obtain the maximum cur-
rent, the wave forms @, a= and the secondary terminal voltage
e: were taken in oscillograms, as shown in Figure 22 (ay.es), and
Figure 23 (a;,a.).

This case actually occurs in radio transmitters as already
mentioned, and from these oscillograms we can sece that the
secondary current somewhat leads before sccondary terminal

voltage e,.
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These results are all clearly explained by the diagrams shown
in Figure 13, 14, and 15.

FiGUREs 16 to 23

5. CoMPARISON OF THE SINE WAVE SYSTEM AND THE IMPULSIVE
WAVE SYSTEM

As already mentioned, the secondary emf. of the pure sinu-
soidal wave obtained by the sine wave system is applied effi-
ciently in producing the secondary output but the flux density
change being limited by the condition A B4+ X.C D, the induced
emf. or output can not be great as desirable for a given size of”
core.
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Ample space is required for the winding of A, but the iron loss
per unit volume of the core may be small. On the other hand,
in the case of the maximum impulsive wave system which has
been treated in sections 2 to 4, the flux density change can be
made great enough to induce a high secondary emf. because of
the necessary conditions that A, =A,/4/2 and A4 , = the excitation
required to cause the flux just to reach the knee of the saturation
curve. Thus the maximum secondary induced emf. wherein
many higher harmonics are included, is utilized for impulse ex-
citation in the production of the secondary oscillations wherein
the second harmonic predominates because of the resonance ef-
fect. Consequently, a satisfactory amount of energy can be
drawn from the source. The iron loss per unit volume is great
in this case but the total volume of the core may be much less
than in the former case.

These two systems correspond closely to the cases of the
oscillations of the first type and the second type in Poulsen arcs.

I took oscillograms of e, e, e; for each system adjusting the
conditions to the best values; e, e, €. for the impulsive wave
system are shown in Figures 24 and 25, and e, €, e: for the sine
wave system are shown in Figures 26 and 27. From these curves,
we see that the curve e, is approximately sinusoidal and the
curve e; has a flat top in the case of sine wave; while the curve

F1GUREs 24 10 27 -
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e, is a peak-topped wave and the curve e, has a sharp V-shaped
top in the case of impulsive wave.

In practice, it is important to cause the oscillations to have
as much energy as possible by using the method of impulsive
wave excitation, even tho many higher harmonics are produced,
provided the iron loss in the core is of allowable value for the
given frequencies. These considerations are similar to those
governing the choice of oscillations of the second type in the
Poulsen arc. But the sine wave system should be used, if the
frequency is too high to enable reasonable losses for a given
material of the core.

SUMMARY: A general analysis is given of the theory of the ferromagnetic
frequency doubler. The production of secondary circuit energy is secured
either by the induction of a sinusoidal secondary emf. or by the production
of a sharply peaked, “impulsive” secondary emf. In each case, secondary
resonance is employed to emphasize the desired double frequency.

The sinusoidal wave and impulsive wave systems are oscillographically
studied and compared for different types of secondary load. The impulsive
system is recommended as having higher efficiency wherever the frequency is
sufficiently low to avoid excessive iron core losses with that form of wave.



THE STATUS OF THE STATIC FREQUENCY DOUBLER
IN RADIO ENGINEERING PRACTICE*

By
FrepERICK C. RyaN
(Rab1o 4 ENGINEER)

Further advancement in the art of radio communication calls
_for the co-ordination of development centralized on the physical
phenomena producing the most nearly ideal results so far at-
tained. It is obvious that the method of signal reception based
on the interaction of two radio frequency currents properly
related to one another, their resultant giving a note of audible
frequency, represents our nearest approach to perfection. If
both of these currents are of sustained wave form and the re-
ceiver is of the vacuum relay type of proper characteristics, the
signal note will be purely musical and the pitch subject to varia-
tion at will. There is also a marked gain in audio frequency
energy by reason of the employment of the received energy in
conjunction with thatsupplied by the locally produced oscillations.
Based on these premises, a consummation of our technical
ideals will be fulfilled thru concentration of effort on the de-
velopment of devices for the most economical generation and
radiation of sustained wave radio frequency energy. Ultimate
practical perfection requires resourcefulness in reducing energy
losses in apparatus and circuits; flexibility of frequency varia-
tion; stability of operating frequency; elimination of the undesir-
able effects of harmonics including those inherent in the generator
or induced by reason of the necessarily distributed constants of
a radiating circuit; production of sufficient power; and the re-
quired speeds of signaling.

Present practice presents as a basis for development the
theories applied in the design of radio frequency generators of
the direct current are oscillator, power electron tube, and rotat-
ing mechanical types. The arc method involves the passage of
an electric current from a copper to a carbon electrode, sur-
rounded by an hydrogenous atmosphere and acted upon by a
tranverse magnetic field. The gas serves as a vehicle of de-
" *Received by the Editor November 26, 1917. Bibliography is at end of

paper.
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ionization of the space between the electrodes by reason of its
high coefficient of diffusion and is also beneficial because of its
high heat conductivity thus preventing local temperature rises.
The magnetic field is an adjunct for ionic removal. By these
means rapid growth of the ignition voltage is assured and the
apparatus acts as a converter of continuous current energy into
sustained radio frequency energy. The application of these
hypotheses has afforded us means, at the present time, of pro-
ducing ample energy for practical wave propagation over normal
transmission distances. Rapid manipulation of frequency is
ebtained by the simple process of varying the antenna system
inductance thru appropriate external variable reactance, because
the frequency is determined wholly by the circuit constants.
Signaling is performed by a small percentage change in radiated
frequency, thru the change of inductance by electrical or me-
chanical methods. It may also be accomplished by shifting of
the radio frequency energy from the radiating to a dissipating
system. Practical operation of the arc oscillator is only suc-
cessful when accomplished without disturbance of the factors
governing the constancy of the frequency and oscillation ampli-
tude. Therefore the supply circuit must be fixed and signaling
done by one of the methods discussed. The inherently unstable
characteristics of the arc make it difficult to design absorbing
systems and to devise appropriate manipulation thereof to ob-
tain signal control with a minimum effect on the constancy of
energy and frequency. Prevalence of harmonics generated and
the disturbances caused by the control apparatus detract much
from an otherwise desirable generator.

The arc systems losses are somewhat larger than usual, and
adding these to those produced by the continuous energy flow
at full power causes the operating efficiency to become quite low.

By making use of the properties of free electronic emission
from incandescent bodies in vacua, and causing thermionic cur-
rents to flow thence to anodes strategically situated we are able
to produce radio frequency alternating currents by the employ-
ment of a proper control. If a third electrode be brought into
the space between such a cathode and anode, the number of
clectrons returning to the cathode will increase if this body be
negatively charged; and, on the other hand, if it be positively
charged it will tend to neutralize the negative charges on the
electrons in transit. By these artifices the thermionic current
is decreased to a minimum or increased to saturation. By intro-
ducing into the electrode circuits appropriate inductances and
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capacities and causing interaction by mutual inductance between
them, the regenerative action brought about by the transfer of
energy back and forth will cause the device to act as a source of
radio frequency alternating current or sustained wave energy.
The ‘work already done along these lines promises early fulfill-
ment of the realization of means for accomplishing radio com-
munication with simplicity of signal control, both telegraphic
and telephonic, ease of manipulation of energy and high generat-
ing efficiency. At this time the high first cost and prohibitive
operating expenses exclude their consideration as an economical
commercial proposition.

Numerous investigators have engaged in the design of ro-
tating radio frequency alternators. The two types attaining
some degree of success are represented by the Alexanderson and
the Goldschmidt types of machines. These machines generate
and deliver directly to the radiating circuit energy of its funda-
mental frequency. The Alexanderson alternator! has been
built and operated in units up to 75 kilowatts and to frequencies
of 100,000 cycles. The inductor type of construction is followed
in this machine, using a continuous wave armature winding.
In order to obtain radio frequencies, it is necessary to have a
large number of slots and rotating field projections, together with
a high peripheral speed. The output is a function of the air gap
clearance because the generated voltage is nearly inversely pro-
portional to the air gap length. Carefully built flexible shafts
are necessary because of the high speeds involved, in order that
the rotating member may revolve about its exact center of mass.
The mechanical design, selection of materials and assembly of
a machine of this type involves considerable expense if successful
practical operation is to be expected. The windage and fric-
tion losses are quite high thereby giving relatively low efficiencies.
The question of speed regulation is all important in order to
secure stability at the operating frequency. Flexibility of fre-
quency change brings up intricate speed design questions. For
medium energy output at not too high a frequency, and where
wave length changes are not often required, this apparatus will
doubtless find a field of application. The control of such a gen-
erator for either telephonic or telegraphic use has been beauti-
fully worked out by Mr. Alexanderson.*

The Goldschmidt type of alternator? may be described as
a combined generator and frequency multiplying device. By

* bee PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS, Volume 4,
number 2, page 101, April, 1916.
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appropriate choice of circuit constants, various tuned circuits
are shunted across the stator and rotor windings, serving to
intensify and increase the higher harmonics of the generated
frequency. That higher harmonic desired for use appears in
a resonant radiating circuit. Each of these reflection steps
involve losses in machine and circuits, hence it is desirable to
reach the requisite frequency with as few steps as possible.
Therefore, the machine is designed for a high initial frequency
and speed. The mechanical design is exceedingly complex, very
small air gaps being necessary. The flux carrying structure is
of very thin steel laminations, separated by paper for insulation
against eddy currents. As the rotor carries conductors, great
care is necessary to secure proper mechanical strengths for suc-
esssful operation at high speeds. Abundant power is made
available by this design, signaling being facilitated thru con-
trolling the direct current exciting field. Wave length change
is obviously somewhat difficult to carry out, necessitating cumber-
some mechanism.

The construction and operation of alternators giving fre-
quencies up to 10,000 cycles in large power units and as great
as 20,000 cycles in small sizes is a practical commercial proposi-
tion. By using the inductor type of machine the rotor of which
carries no windings, the mechanical structure becomes very
rugged. Operating speeds will not be high enough to cause
excessive windage and friction losses. By the exercise of an
ordinary amount of ingenuity, questions of slot size for windings
and dimensions of pole projections on the rotating field are soluble
If now, means are available for raising the frequency so generated
to a value suitable for efficient radiation, we obtain another
method for attacking the problem.

The static frequency doubler serves such a purpose. By
its use the generated frequency may be stepped up as
many times as desired. Since each step doubles the fre-
quency, the required value is obtainable without undue com-
plication.

Before taking up the operation of this scheme of frequency
multiplication the theory involved will be discussed. If two
windings be placed upon a core of ferromagnetic material, one
excited by a direct current and the other carrying an alternating
current, the value of the reactance presented the alternating
current will vary with the degree of magnetization produced by
the direct current winding because of the changing permeability
of the magnetic core at different flux densities.
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The magnetizing force produced by a coil in air is numerically
equal to the field intensity.

0.47.NIK

H= !

wherein N =turns,
I =current in amperes,
l=length of magnetic circuit,
K = constant, depending on shape of coil.

and the magnetic induction in a medium of permeability pu as-
suming the coil shape giving K =1 will be

B= 0'47NIF= He
Since $=BA,
- N2
and L=N 10°7
04=N*A
L=—-"-"—
1081
where A =cross sectional area of magnetic circuit,
¢ =total flux,

L =inductance,

it is obvious that the inductance, L, varies as the total flux,
which in turn is a function of the permeability ». Hence the
control of the value of reactance thru the direct current mag-
netization is had, because the same flux threads both coils.

The use of ferromagnetic material for carrying the lines of
induction caused by currents of radio frequency brings up the
question as to the character of the laws governing the flux
density, depth of penetration of the flux, the iron losses, and
whether the permeability varies with change of frequency. If
theory confirms the practical aspect, it is to be presumed that
the effective permeability and flux density under given conditions
will vary inversely as the frequency. It has been shown
that the depth of penetration of the flux in iron is

Qo 3570
" Vinf
wherein /= conductivity,
f=frequency.
Experiments carried out along lines to confirm these assumptions

have been performed by Mr. Alexanderson, and confirmation of
the theory was fulfilled.
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The losses in iron comprise those due to hysteresis and eddy
currents, the values of which are given by the expressions,
P,= NfVB1077 watts
P,=1.645V d2f:B2 10" watts

wherein N and d are constants,
V =volume of iron.

As the first increases directly and the latter as the square of the
frequency it can be seen that the eddy current losses predominate
at the higher frequencies. A decrease in hysteresis loss (Ewing)
is suggested by reason of the rapid agitation of the molecules
at the higher speeds of magnetic reversal. The total core losses
in practice will be found to become less as the frequency is in-
creased because the flux density for a given duty becomes less
as the frequency is increased. Hence the losses are well within
reason when using iron at radio frequencies. Combined with
the fact that the effective permeability is still an appreciable
quantity at these frequencies it is noted that use of ferromagnetic
materials is perfectly feasible and is proving successful in practice.

The static frequency doubler consists essentially of two closed
iron cores. Each of these carries a primary and a secondary
alternating current winding and also a direct current magnetiz-
ing coil. The manner of connection is shown in Figure 1. The

s (7]

.

FiGURE 1

two primary windings p, and p. are wound in the same direction.
The secondary windings s, and s; are reversed with respect to
one another, as are also the direct current magnetizing windings
my and m,. If an alternating current of potential E is applied to
the primaries in series and at the same time the direct current
coils are excited, a small flux change during the first half cycle
will be produced in the transformer in which the alternating and
direct current fluxes add. During the same half cycle in the
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other transformer the two fluxes oppose one another and there
will be a larger flux change. Since the secondary windings are
reversed relative to one another, two opposing e.m.f.’s of dif-
fering amplitude will be induced in the circuit during this half
cycle. Their resultant will be an e.m.f. wave having an ampli-
tude the difference of the generated amplitudes. During the
second half cycle, the phenomena will be reversed, but the re-
sultant induced e.m.f. in the secondary circuit will be of a sim-
ilar character but of course displaced in phase relative to the
induced e. m. f. of the first half cycle. This results in an alternat-
ing e.m.f. at the terminals of the secondaries in series of twice
the frequency of the primary e. m. f. These voltage curves are
shown in Figure 2. As may be seen from this figure, the con-
stant magnetization caused by the direct current ¢ produces a
dissymmetry in the two loops of magnetic induction, which have
opposite senses with regard to the base magnetization.

FIGURE 2

The primary voltage, e can contain only odd harmonics
because of the well-known inherent characteristics of rotating
generating machinery. The magnetizing current must, there-
fore contain even harmonics, in order to produce a flux having
even harmonics, since these are not supplied by the primary
e.m.f.

The action of these ferromagnetic frequency changers of the
polarized core type has been given in some detail by Goldsmith.?

In order to bring out the theoretical treatment of these
phenomena the mathematical discussions of Messrs. Kuhnt and
Joly are here reproduced, with the notation somewhat abridged.
At any time ¢, the resultant magnetization in core A will be

M,=NI,=N,i,+ N1,
wherein :
N i,=direct current ampere turns.
N,1,=a. c. ampere-turns at the time ¢.
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and the total flux in the core is
D, =D, + P sin (wt—¢) +DPssin (2wt—Ps) +
In core B, the resultant magnetization at any time ¢ will be
My=NIy=—N,I,+ N1,

but at time ¢
=—{i(t+g) N,-N.,I,,}

From this we obtain the series expressing the flux in the
second core

(Db = - ®o+®l sin (wt—¢'1) - (pg sin (2 wt— ¢z) +
The phase angle in the second transformer is shifted one-half
period with respect to the first transformer. The total primary
flux &, is
b, =0,+P,=2 {(bl sin (wt—¢.)+d>;sin (Bwt—os)+
while the secondary flux is

®,=(0,— D)) =2{D,+D:sin (2wt—¢;) +

q)g sin (4 0] t—¢4) +
From this it is obvious that the secondary voltage e,, which is
generated by the flux ®,, contains only even harmonies.

To complete the mathematical discussion of the problem
it is necessary to be able to express the B—H curves of iron by
an empirical formula. The necessary conditions can be em-
bodied in an empirical expression of the following form:

B=Atan'uz4Cz

where x=ampere-turns per cm. length of magnetic circuit,
B =induction.

In order to make this function satisfy, for values of an experi-

mentally determined curve, the three constants A, a, and C must

be obtained.

From Figure 3, the three points p,, ps, and p; are chosen on
the curve. These values are substituted in the above equation.
A and C are eliminated as follows:—

Bi=Atan 'ax,+C x,
B:=Atan~ ' uz,+C z,
Bs=A tan" /3 $3+C X3
Biz;—Byz _mtan”'uzm—zitan” uz;
Bizy—Baxs  ratan-'gry—zxstan=' qxs
If a is obtained by trial, and substituted in two of the original
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equations, two linear equations in A and C result, which are
easily solved. The agreement between the actual and theoretical
curves is found to be very close, tho for more accurate work an
equation having four arbitrary constants could be used.

A S
12
o,
/ |
8
) 2%
Bﬂos‘
4 8 12 16 20 24 88
n
=,
Fi1Gure 3

Suppose a potential e; is impressed on the primaries of the
device. The instantaneous value of the alternating current is

ti=Icoswt

The magnetizing ampere-turns per unit of magnetic circuit
length can be written as follows:—

Na_ Ticoswt

cm.
If sufficient sized inductances are put into the direct current
circuit, its reactance may be made large enough to prevent the
flow of induced alternating current, and the exciting current ¢
will contain practically no alternating current component, and
therefore may be expressed as

i,=1,=constant,
and
N¢
°? =z,=constant.
cm.

The question now arises as to what are the forms of the
secondary voltages ¢, and ¢,. The iron losses are neglected for
the sake of simplicity. Using the relation.

B=Atan'wz4C z, where z=&,
cm.

we can write for the flux density in the two transformers A and
B:—
B,=Atan" a (2, co8 w t+2.) +C (2, cos w t+z,).
By,=Atan~' u (21 c08 0t—1z,)+C (7 cos 0t —1z,).
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The induced emf. for an iron cross section of F sq. cm., is, for
the two cases:

€_ _p9Ba ;-8
v F 1 10 (volts per turn)
& _ d Bb -8
N —F — T 1078 (volts per turn)
Substituting B, and B, from the previous equations we get:—
_8 . Aa )
=Fwl0 %)z sinwt ( i (z, cos @ 1T 20 —4C

=(Fwl078) sinwt

A 2
az 1 +Cz
' cos2wi+4 coswt+2< ) +2< +l

Aa
=(Fwl07®) z, sin wt <l+a ? (21 €08 w L +2o)? +C)

=(Fw 1078) sin wt
A 2

— e — — 1\ +Cz,
“n cosZwt+4—coswt+2( ) +2< —) +1

/%731

These two equations differ only in a phase angle of one-half
period. Hence we may make the following substitutions

sinwt for sinw <t+§)
T
cos wt for cos w t+§

cos2 it for cos2 w (t-}-g)

and the former equations may be rewritten as follows:—

—(Fwl0™®) sinw <t+ g)

A 2
;1:;: T 1\ +Cz,
' 0082w<t+- : )+4 cosw<t+ )+2< ) ( - ) +1
l 1
also e = _ea((+;)

On the primary side the voltages add:
e =e,+6.
The induced total voltage can therefore only contain odd har-
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monics of twice the amplitude of each voltage and in phase, since
on the secondary side, where the windings are connected in op-
position, all the odd harmonics disappear.

A numerical case illustrating these relations is cited. Use is
made of the saturation curve of Figure 4 which was found to be
represented by the equation

B=9800 tan"<0.4l ~]i’)+21.o£z
em cm.

where A=9,800 ,

a= 0.41,
C= 210.
16
L
w 4
B x 10°

]

20 40 60 80 100
24
ax.

FiGURE 4

The two transformers are assumed to be saturated to the knee
of the curve by means of alternating current 7,

.
rn=122Y° a2,=5.0
cm.

Three cases are worked out with the direct current excitation
having the following values

Lo ~0.25, 0.50, and 0.75.

I
z -
For these values of =2 and z,, the curves are shown in Figures
I
3, 6, and 7. Upon substitution the values of ¢, becomes
z
=025, e =xe,
Iy
=0.50............... e =xe,’

= n 1744
=075.. ... ... ... ... €& =kKe,
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The character of each voltage curve for one core is the same
for all cases, consisting of a pointed wave which is symmetrical
to the right and left of the zero point, and which differs with
various magnetizing excitation currents z, only in height and
phase position of the maximum ordinate.

FN
~— !

ﬂ L
]

2l | M

FIGURE 5 FIGURE 6

/ \‘f’l"‘ﬁ ||

FIGURE 7

The position of the maximum ordinate can be found with
sufficient accuracy by
-lzo

x

Prmaz = — €08
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and the following values pertain to the cases given

. 0.25 104°
where 2 =¢0.50 ¢=<120°
t o075 138°

The even harmonics are related as follows:
e=e,—¢e,=Ke,

Odd harmonics are eliminated by the method of connection, that
is

e=¢te=Ke

The curves of the even harmonics are shown in Figures 5, 6, and 7.
Analysis of the total voltage to the sixth harmonic indicate -
that not only a strong second but also other higher harmonics
exist under the condition that the magnetizing current is of
sinusoidal shape. )
Returning to the practical aspect concerning the actual
operating conditions. A medium frequency alternator con-
nected to a first doubling stage will have a rather high synchron-
ous impedance and hence the transformer would only furnish
u small magnetizing current. To overcome this, use is made of
neutralizing capacity in this circuit and the advantages of re-
sonance obtained. It has been demonstrated that it is possible
to operate alternators of the required type in parallel, require-
ments for synchronizing being the same as for ordinary genera-
tors, the relation between reactance and resistance indicating the
existence of certain limits within which stable operation is ob-
tained. Therefore, if any difficulty is experienced in obtaining
very large outputs from a single unit, more may be used.
Taking the hypothetical case of a required communication
circuit over a distance of 1,800 miles (3,000 kilometers), the wave
length for best operating efficiency is found in practice to be
about 8,000 meters corresponding to approximately 38,000 cycles.
If an initial generated frequency of 9,500 cycles is used, the de-
sired operating frequency can be reached thru two doubling
stages. This is indeed a simple process and with so few stages
of transformation the losses will not become large and a trans-
mitter of relatively high efficiency is availab'e. Small desired
frequency changes are obtainable thru variation of alternator
speed and larger steps are attained thru fewer or more doubling
stages.
Energy control with this system is facilitated by the permeabil-
ity—inductance relation already discussed. Some of the pos-
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sible methods have already been mentioned, and are further dis-
cussed for the sake of completeness.

If resonance is obtained by the use of series capacity in each
doubler circuit, the conditions for maximum energy in the cir-
cuits will be very critical. If, now, any of the direct current
magnetising values are varied, a change of reactance will take
place in the alternating current circuits and hence a small varia-
tion in this circuit will produce large energy changes in the radio
frequency circuits thru detuning. ,

Figure 8¢ illustrates a method for transmitting telegraphic
signals. A key, k, is arranged in shunt to a resistance R in the

Fi1GURE 8

auxiliary circuit, the electrical constants being so arranged that
short-circuiting of this resistance will produce the necessary
change of inductance in the energy circuit to disturb markedly
the resonant condition.

Figure 9 depicts an arrangement whereby a musical note of
audio frequency may be superimposed on the radio frequency
current. This is accomplished by additional coils on the cores,

Fi1GurE 9

which coils are supplied with the required audio frequency cur-
rent, thus serving to produce periodical variations in the mag-
netic flux.

In Figure 10 is shown a method of telephonic control by means
of a microphone in the auxiliary circuit.

These few illustrations of control methods show the ease with
which energy manipulation is obtained in using such a system.
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In order to obtain a maximum of efficiency in the antenna, the
last coil of the doubling system may be connected, if desired, to
an ordinary transformer, of proper dimensions, for the purpose of
raising or lowering the voltage to the proper value to fit the con-
stants of the radiating system.

FIGURE 10

A schematic arrangement of a complete transmitter is shown

in Figure 11.
s m—

FiGure 11

Sufficient information is now available at radio frequencies
to place the design of alternators and transformers of the type
required for the operation of such a system on a practical basis.

Other obstacles such as obtaining laminated core material
of proper thinness, of the order of 1 to 2 mils (0.001 to 0.002
inch or 0.02 to 0.04 mm.), and the close speed regulation of
prime movers, can be met to any necessary degree.
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SUMMARY: The system of sustained wave generation based on the use of
a radio or high audio frequency alternator and frequency multipliers is con-
sidered.

The mathematical expressions for the secondary voltages of the unloaded
ferromagnetic doubler of the polarized core type are derived and explained.
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THEORY OF ANTENNA RADIATION*

By
A. Press

(AssISTANT PROFESSOR OF ELECTRICAL ENGINEERING, UNIVERSITY OF
CALIFORNIA, BERKELEY, CALIFORNIA)

The problem of antenna radiation has been attacked mathe-
matically, notably by Hertz, Macdonald, Pearson and Lee, Love,
Abraham, Bennett, and Hack. In no case, however, has the
mathematical investigation included the condition of the sub-
stantially sinusoidal distribution of voltage and current along the
antenna. In a series of papers published in the PRocEEDINGS
OF THE INSTITUTE OF RaD10 ENGINEERS, I have shown how the
variable distribution of inductivity L (self induction coefficient),
and capacity C affects such distribution along the antenna. Inthe
subjoined paper it will be shown that Eccles’ formula for radia-
tion involving as it does an equation of the following type
w A

=vre
is theoretically deducible, and shown to be dependent on the
substantially sinusoidal voltage distribution of the antenna. This
will be done without in any manner invoking the principle of the
so-called Heaviside Layer. Again it will be shown that there is
theoretical ground for the Cohen “‘dispersion factor” (1+Azx),
for which latter see ‘“The Electrician,”” London, February 25,
1916. ‘“‘Fading” will also be explained.

The present writing, it will be found, is limited to the case
of a finite vertical grounded antenna with a flat earth. Cylin-
drical co-ordinates will, therefore, have to be resorted to. The
Heaviside-Hertz equations for the field will be set up and solved
by the symbolic methods of Oliver Heaviside. However, in
order more easily to investigate the problem in hand it will be
found desirable to split up the investigation of the radiation
phenomena into two parts. These are called respectively,
“voltaic effect” and ‘“‘galvanic effect.”” The reason for this is
as follows:

"~ *Received by the Editor, July 9, 1919.
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In Maxwell’s theory of the electromagnetic medium two.
circuital laws are made fundamental. It is necessary to con- -
sider the radiation system as really constituting an electric
circuit. Current passes up, along the antenna, thru the con-
ductive medium of the antenna wire to flow off afterwards into
the dielectric medium in much the same manner as current
flows across the insulating medium from the opposite sides of a
condenser. From this point of view, the antenna wire and the
current in it, by setting up a variable external magnetic field
(and consequent dielectiic stresses), produce radiation phenomena
which,. altho contributing nothing from an energy standpoint
according to the application made of Poynting’s Theorem, yet
sets up distant field components that ought to be taken into
account when considering a complete radiation theory. The
above type of action limited as it is by the finite type of an-
tenna is referred to as ‘‘galvanic effect.”” It represents the
leaky transformer effect.

The second type, having reference to the rest of the
electric circuit, is designated the voltaic effect, because it is
found to be dependent upon the distribution of electrical po-
tential along the antenna conductor with respect to earth.
The direct effect corresponds to the so-called electrostatic in-
duction. It also sets its magnetic field components by its
variation.

Insofar as the inductivity L and capacity C per unit
of length of antenna are substantially constant except for 10
per cent. of the antenna height near the bottom of the antenna
and 5 per cent. near the top, the theoretical work becomes
much simplified in consequence. In any case the subjoined
investigation should be of interest in view of the work of Messrs.
Weagant and Taylor, mentioned in the PROCEEDINGs OF THE
INsTITUTE OF RADIO ENGINEERS, of June, 1919.

Di1FFERENTIAL KEQUATIONS FOR VERTICAL GROUNDED AN-
TENNA. In order to take into account the radiation in all direc-
tions from a vertical grounded antenna on a flat earth, we shall
resort to the use of eylindrical co-ordinates. The antenna will
be assumed as extending upward in the z direction perpendicular
to the earth’s surface in which the co-ordinates x and r are taken.
In this case, the only component of magnetic force Hy possible
will be that having circular symmetry about the z or antenna
axis. On the other hand, the displacement current components
will be D, and D, but with no D, component.
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FiGure 1

To arrive at the necessary differential equations, consider
the flux passing thru the face hf. It will be Bdzdr. Then

_94B ir=&dzt <é§+ i dr) (—d2)+E(—dr)+
(@-&-'—Iéidz-)dr
\ dz

di

4B_d%,_d&,
dt dr dz

Considering now the face cf, the displacement is D, - dr - rd#f.

We will have, therefore

'Htl dr rdﬂ:H(—rdﬁ)+<H+%{dr‘> (r+dr)dd
D, _ 1, dH
dt r H+ dr

Taking now the face af, the displacement is D,.dz-rd@
Thus

d D, dH

-7, . 0= . - = —

47 dz-rdf=H rdﬂ+<H F s dz)( rdf)

dD, dH

dt  dz
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Introducing the relations
B=pH
D =K (at'

dD _a@D, d&D, 1dD, 1
“de = dz Tde Trdar eDr

Symbolizing the ¢ and z operators, the last equation takes the

form:
2
#D,14D_(1 ) pog
drr  rdr r?
where
1 a° d?
Al=q2—22 2= — . oy 2
Cma5 C="p g BT e

and V is the velocity of light.

Vortaic ErrFect FROM VERTICAL GROUNDED ANTENNA.
We have seen that the differential equations of condition lead

to the form
d*D, 1dD, (1 . _
dr? +r dr <r2+A>D'—0

A suitable solution will be
D,.=1'| . Ko (AT) . A

where K, is a zeroth Bessel of the second kind with r,= (% and

A any desired function independent of r, but that may involve
the time ¢ or height z. For a proper solution, it will be neces-
sary to have at

r=a that D,=D,

with a as the radius of the antenna wire and where D, is the
known value of the displacement due to the distributed voltage
v, along the vertical aerial.

In any case, the elemental charge dQ for any height dz of
the aerial will be given in electrostatic units by

dC )
f\= .
d! x(dz dz)r

if C is the capacity per unit of length. Dividing, therefore, by
the elemental cylindrical area involved, 2z a - dz, then

Do ! Q_ « dC
*"9-a dz 2ra dz
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As stated above for a vertical aerial, except within
ten per cent of the ground, we can take over the range 0<z<Ah,
where £ is the antenna height

ac_.
dz~
Moreover, for, 0<2<h
v =7, sinpl

FTY
v, =10 " 8In

2
2h
Substituting in the above, but employing the shift operator S
(see, for example, Heaviside’s “Electromagnetic Theory,” vol-
ume 2, page 413; volume 3, page 236), such that

S . Z”=(l—3’“l) . Zo
n-Ko(Ar) aK . 0 .
= ——— e —— vy, o sin -+ 82°-sin pt
{(nKo(A1)},ea 2ma G Sthop P
from which to obtain Hy and D,, and so on. In reality, as
will be pointed out elsewhere, we ought to take

v=0, - sin (pl+¥)
to allow for radiation resistance of the antenna. Radiation
is assumed, in other words, to bring the voltage and current
distributions into phase with one another. However, the above
is sufficient to arrive at the requisite formulas.
It will be well to point out the nature of the graph belonging to

. w2z o
y=v,-Sz.,=v.,-smﬁ - 82°

Clearly the function
y=S82"

implies a flat top curve only over the range 0 <z<h. There-
fore the function

Tz
= aS ° . 8in -
y=v.S82"-sin,
will mean that the sine function extends only over the range
0<2<h, and that beyond, the function represents the axis of
z where y=0. This will mean that over the range h, differentia-
tions and integrations are to be performed on the function
170'81:'1% as operand; but beyond this range, the operand is
zero. This distinction is very important, for integrations of
zero lead to finite quantities.
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oy 3 32‘.’1'09

e >

Fi1GURE 2

It is usual to write
rn-Ko,(Ar)=—AK,(Ar)
so that D ={(_1_(ér_) . ukv
’ " K,(Aa) 2za
For values in which 8 Ar > 1 the first term only need be taken

into account in the divergent series development for K, (Ar)
which from the generalized series

2\t _ 12—4m?  (12—4m?) (32—4m?)
Ay=(2) .. 1" . v S\e =T _
Kn(87) (:TAT> ¢ {1 1.8ArT 2. (8Ar
is obtained by putting m=1

. KL(AJT).:C_’)‘ N )

- S-2°

T Ki(Aa) T \r
and D,E<q>l . a—g . s—.\(r—a) -8-2°
r 27a

Over the range 0<z<h, the function » occurring in D, is a
sinoidal function of 2z, so that within the above limits the oper-
ator involving A will reduce to a pure exponential. We have

. nz . T \2
V,=008In —; z:=—(_-
o SMop B <2 h)
moreover, gt= — B — (2..-:)2
A
so that on introduction in A it follows




However, it is known that for a simple vertical antenna we can
write, seemingly due to radiation resistance effects,

=M -4h with M>1
That is, the wave length 4 is always slightly larger than four
times the vertical height k. Making the substitution for h.

Ar= (2.”>2 JMr—1} = <2/‘)2 . N?
A A

= 2‘_“ N JV
i

For the range z>h, that is, above the antenna height, a differ-
ent type of treatment will have to be resorted to. .

The functions considered with z<h will be primed to dis-
tinguish them from the same functions in the region z>#h, in
which latter case they will be double primed. By the formula
for D,

22N
- - -— (r—=a)
K . Tz . v X
D/'=—2"_ .sin"" - sinpt - —= - ¢
27va 2h \/r
_2TN g
B < . wz A
/=22 .V . sin— - cos pt - €
Va 2h A\/r

This latter suggests very strongly the radiation formula of
Eccles (‘“Wireless Telegraphy and Telephony,” 2nd edition,
page 153, London: Benn Brothers). The above formula for the
radial component of current is in greater conformity with the
Eccles form than with that due to Austin-Cohen.

Working backwards, since Eccles gives the coefficient

2zN=2X10"*

2x10~*

A
It will be remembered that the condition obtaining for taking
the first term of the series expansion K, (Ar) was that for great
accuracy

A=

8Ar>1

or _ l 4 _10.000, 1=600 j.

8 2x10~* 16
If, then, 4 is in kilometers, the distance r would be in kilo-

meters. Again from the above, we have
107" o
Ni=-" -, M?’=1+10

u

M -145X1071°
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In other words, according to the above theory, coupled with
experiment for a vertical antenna, the wave length 4 is very
closely 4 times the antenna height.

From the componental equations, it now follows

—-2=x N
2ux Tz vo h T U
Hy="—-V.cos - -cospt-- ,-¢
7Va 2h N
-2z N
dH, 4.« Tz . voh A o
- = - -co8 — -snpl - -, - &
dt “vVa 2h P\

To find 7, we have

iz= (l +Tl> Hy
r

and therefore the vertical component of current density at the
receiving end is A

-2 N

i'—(l 22N 2a - cos™ 2. voh e A

too\er A ) zVuva 2k iNr cos pt
Thus, so far as the law of radiation goes, it is seen that a great
deal depends on whether the reception of signals is made to

(r—a)

depend more on 7, than on —d(—iltl In the case of 7,, the law

as to distances is according to TL%; whereas as for —%I—l{, it

. . 1 . .
is according to Vi So far as the vertical antenna is con-

cerned for the voltaic effect, the greater the height h the bet-
N\ . .

ter. The term <2l—r - 2%—) is suggestive of the Cohen factor

(1+A ), which was suggested to account for dispersion and

diffraction.

The fact that A appears in the exponent as a denominator,
as well as in the body of the equations for 7, and —d(—g—“
a vertical antenna, bespeaks an optimum wave length as Dr.
Cohen first suggested.

Considering now the case where z>h, that is heights above
the ground greater than the antenna height, the function v is
zero over this range so that in D, it is necessary to interpret the
operator function

E-.\(r—a) _Sl Z°=S . E—A(r-a) zn

, for
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with Ar=g?—z2; q=jp=21—z -

It can be shown that the above operator function reduces to
the following form:

g3 ~z°=cosz/_3.(r—a) -z"—sian—z ;'—a) - J, <2.—z) -3

where J.(By)=B/SJ.(By) - dy.
Applying now the shift operator S,

S- E—A(r—a) c 2= —81."27‘? (r_a) -SJ‘ <%ﬂ> . j

since S2° is zero for z>h. On the other hand, SJ, is given by

10 o[ (22%) -0 (2R |

The formula for displacement D, for z>h now becomes instead
H:-’l". B _l_’!’T . 27.’(7'—(1) {2:(2—")1_
D, =2:va r sin 2 cos pt [J, i
A z2>h

The attenuation factor [ ], approaches zero for large values of
h. Thus a stationary wave is indicated so far as the voltaic effect
alone is concerned, with nodal points spaced half a ware length
A apart, that is, for the radial component of current as
against z,’,

"

,__aVe v 2z(r—a) . {2,—:(2—h)}_
1= Va i sin 7 - sinpt [J. X

/

2.zz
J. <T>]t>h

Again, from the auxiliary differential equations of condition—
" 4 o . 27(r— . z(z—h
H, —_aVe b | sm2 (; a) - sinpt [J.z{z—(z. “)}—
2

Va ir
(229
i/ >
if by Ji2 is meant the integration of J. with 1espect to z.
Thus, integrating—

By (By)* By __ (By)*
} Je(By) dy=" =~ s e BT a6 T
R
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Operating, now, according to

iz= <1 +rl> HO
r

C 1 2z 27(r—a) aVe v | 2z(r—a)
i _—[2r+ i wt{_[ ' }] Vo T
sin pt [Jea 25 n

The above formulas must throw considerable light on the
problem of the horizontal antenna, for the latter can be con-
sidered as made up of two abutting vertical antennas combined
with an image of the whole below the surface of the earth. In
fact, “fading” as a funcltion of the wave length changes is ex-
plained by the J. nodal spacings. It is therefore particularly
interesting that the Eccles formula conforms to those derived
for a vertical antenna proper. Moreover, so far as reception is
concerned, it is seen to be important whether the reception loop
be near the ground or not.

GaLvanic ErrFect FROM A  VERTICAL GROUNDED AN-
TENNA. If the fundamental differential equations of condition
are examined, it will be seen that they must obtain for galvanic
effect as well. However, the conditions to be met are
different in the two cases. For the present case the limiting
condition is the conduction current distribution in the vertical
antenna wire itself setting up a value of H,y at the surface to
correspond. It will, therefore, be necessary first to obtain the
required differential equation in H, and then solve the same sub-
ject to the conditions just mentioned. From this latter, the
values of D, and D, can be derived.

Insofar as

6 D, =2 H
__t.p
2
Then, substituting, we have

P EH LA (11 @)
dr’-}-dz2 +r dr + Ho=0.

2V de,
Rewriting in symbolical notation (dropping subscripts for the
time being)

*H  1dH _(1 ,) -
dr’+rdr (r2+A‘H-O
where A2=qg?—2*
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We have scen that a solution will be of the form

Ki(ar)
Ki(Aa)

where A is again any desired function, but independent of 7,
but that may involve the time ¢ and the height z. Evidently
where r=a

H= A

H ,-¢=H0=A

and must accord with the distribution of H at the surface of
the antenna wire. Because, in electromagnetic units,

H,x2na=1I
A=- I
27a

However, the current I in the conductor being distributed, will

conform to a function of the following type:
nz
I=1,- cos 2h

with I,=1,-sinpt,

. S zll

and the shift operator function S z,, implying that no current I
occurs where z>h. Hence the formula for H, is given by

A o T .
_Ki ﬂ 1 cos—z-smpt-Sz"

lo= kiaa) 2za “2n

FIGUuRE 3

Again here it is necessary to remember that the sinoid cos ; ;

535



has two zero branches beyond the range 0<z<h, so that H,
will have two sets of solutions. In the range h, the solution
will be primed as before, and in the region z>h, double primes
will be employed. Considering the h region first, then, as before,

a=27N
Y,
1 7z I, e
H/= —— _.-cos"= -sinpt---) -« .Sz
“Torva o TP ‘
d\H I 4 Tz I . —g'f-\"v(r-a)
-0 = .08t - sinpt - —— - € .82
di \/(l 2h /.‘\/r
To obtain D,’, we note first
i'= —ZlH
2= N
. 1 W TE i I, e——A—(r—a)
|, = sin— - s - .
2 o Y ks
4 1.7 -2:N(f-a)
! - sin"= - cospt - °t €

"T8zv 2k Va kv

Again, because
iy= (1 +r1> H,
r
2= N

il_(l _2.’..’\1>} '_1‘.cos;‘.'z' Qinpt- Io . :- A (r—a)
f\er 4 /)27 +a 2h N

2eN
DI=_(__27:1~, _A_‘l -.cosz_z. '!o/}'s-,\ (r —a)
f 2r A ) 4:2V+/a 2h cos pt \Vr

The double prime comiponents occurring in the region z>h
can be obtained in a similar manner to the procedure for the
voltaic radiation. The formula 7,” for the galvanic component
again shows the Cohen factor tho of somewhat different form
from the corresponding voltaic component.

we have

ANTENNA RADIATION RESISTANCE OF VERTICAL GROUNDED
ANTENNA. If we attempt to apply the Poynting radiation
theorem to a vertical grounded antenna, it will be sufficient to
know the values of €' and H over the surface of the aerial for
finding the instantaneous watts radiated. Taking the current
on the antenna as given by

1,=1I, - sin pt
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it will be necessary to take-
v, =0, - 8in (pt+¥)
as against
v, =17, c0s pt
which would be the case of a non-radiating transmission line.
(In reality, ¥ is a slowly varying function of z). Since
.=, { cos ¥ - sin pt+sin ¥ - cos pt}
It willbe necessary in the formula developed involving v =v, sin pt
to replace pt by (pt+V¥) in order to allow for the wattage

loss by radiation. At the surface of the aerial wire (r=a), the
voltaic displacement D, is given, and therefore

1 a . T2
E=-D.= csin®l . p - si ce ic. r=
r r=ora sm 2h v, - sin(pt+¥) (voltaic, r=a) (1)

The value of H, therefore reduces to

Hy=—""-V- cos > oh ~ cos (pt+¥) - . (voltaic,r=a) (2)
Again
E,= a:Zo(La_%;N) ) w’;h sin (pt+v) - - - (voltaic,

r=a) (3)

Taking now the galvanic components by

I nz .
Hy= 9na % é_l_l sinpt - - - (galvanic, r=a) (4)
1 1 A w2
g = - = — o _ . T . —_
r=_D; §=aVe h "3} cos pt (5)

1 Io/‘t nz
E,—KD,——4ﬂ2an . <2—a——i—) - cos o0 cospt  (6)

Considering the time elements separately in the radiation
formula with vector notation divW=div VE - H, it is necessary
to note that any time components such as sin pt- cos pt. must

reduce to zero over a cycle period T= 1. The true wattage

f

& .
components in the formula necessitates that Z give an aver-

age resultant value when multiplied by ?f— Combining there-

fore (4) with sin pt. - elements in (1), (2), and (3), let
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2:;= ’ _.-.; -V _1 =M
Io /' . I. /‘ l 2:'."\' _
S:ai'x.h—B' 4~’lx.a 2a i ')_C

Then for the sinpt terms only

f
H, smpl—lA oos2h —Msin¥ - cos > ;smpl—

(A—M=in¥) - oo<2—h - stn pt.
Again, let .

Ton -3 "hh(__g_"“f):P

2za ' 2a
For the sin pt electric components together
&, - sin pt .-{ N- sm +P cos 2h} cos¥ - sinpl.
For the cos pt terms in H,
H, cospl=M - ws<2h> - cos¥ - cospl
On the other hand, for the electric terms combined:

G- cospt—{N siny - sm2h -B- sm2h Ccoséh’ cos pt

—I(Nun\}' —B)sin™

h 2h

Over an Llemont of area 27a-dz=dS8 with forces & and H,
the average wattage will be

dW=2za-dz Tl,ﬂé’, cospt+E, sinpt) (Hccos pt+ H,sin pt) dt
‘rr
=2za-dz- %f(échcos’pt+E.H. sin?pt) dt.

Since over a period T= '—}, terms involving sin pt - cos pt reduce

to zero. We can therefore investigate the terms separately
dWe=ra-dz-8 -H.; dWs=7a-dz- &, H,.

However,

2
G?;Hc—{(N siny—B) sin’ ’;—Ccos2h}Mcos2h cosy
o .. w2 _MB Tz _ o
MN - sin2y¢ $ing, ~ o cosy - szn2h MC - cos¥ - cos 2h'
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Similarly, therefore

AN . Tz MN
G,H, = 5 n2h-cos\k— A - sin 2y - szn2h+
272 _ MP . 272,
AP cos¥ - cos 2h " 3 2h

Adding the above terms together we note
AP=MC; MB=AN
2V« 2 o
MP= 2aal . .h—.‘,'vo"'(i—?—",ﬁv
s ia .
utV ek h? s f 1
e al ve 12 a

...d W=dWa+d W'c=

Integrating over the whole length of the aeral, then,'becausc

f cos2 dz—}—zl
1

Ve, B 2= N
Wi="l 2da {2.1- }’"2"'—
atVe h? 20t - s )
o i sin¥ - cos Y.

since N is small. The above represents the radiation from the
body of the wire only and does not include in any manner the
radiation by means and thru the earth’s surface.

To evaluate ¥, the wattage can be derived from a considera-
tion of the current and voltage in the aerial. The average
wattage consumed in the antenna at any distance z and over the
interval d z is given in terms of maximum voltage and current by

dz d

dW).— 'T;f{lo 008 2’1 smpt}d {‘Uo 8111,5’ szn(pt+\lr)}
_dz Fis 2.
Tf]o T 2h ( 2h> - (stnpt)?-cos ¥ - dt,

because we can neglect the sinpt-cospt term over an entire
interval T. The above reduces to

l‘z
h < Iovo - cosY - <c032h> cdz

Integrating, therefore, over the whole length & of the aecrial:

dW,=

Wh=§ - Iovo - cos ¥
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This latter must equate to the value given previously. Thus

g at h? + o
glovocos?=m @ siny cos Y
. - Aa? Io
e Aabur iy S

To express the above in terms of the radiation resistance,
let this latter be defined by
W, 2w 7 Iovo-cosy =«

—=—=Ry=- - —

(I./v/32)* 1.} X s Ve

For any vertical type of aerial the ratio Iv—" is & known constant,
o

and depends merely on the ratio of the inductance to the per-
mittance per unit of length. Defining this ratio by

.Q=?; R,,=§ - Q-cosY
For convenience, let
2 Aa?
A-4 "

then

cp. =7 _(AVr 2_’5\/ D S }’
..R;.—4-QJ1 ( Q ) —4 Q {4a, i VF

Thus, for radiation from the antenna wire itself in the case
of a vertical aerial, the height should be as great as possible;
for since the wave length is proportional to the height, an increase
in height will more than compensate for the increase in wave
length. Observe that the above takes no note of radiation from
the surface of the earth. The constant « is defined by the

relation (;g above. For its evaluation, see the paper by the

author on “The Vertical Grounded Antenna as a Generalized
Bessels Antenna,” PROCEEDINGS OF THE INSTITUTE oF Rabpio
ENGINEERs, December, 1918, volume 6, number 6.

SUMMARY: After considering the previous investiga'ions of antenna
radiation, the author attacks this problem taking into account the sinusoidal
distribution of current and voltage along the antenna. The vertical grounded
antenna only is considered.

A detailed mathematical invescigation of radiation and field strengths at
remote points follows. Formulas resembling the Eccles radiation formula, and
the Cohen dispersion and diffraction factor formula are obtained and inter-
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% INSULATORS 1,000 TO 1oooooo VOLTS

INSULATION 7
«MADE IN AMERICA” Weeld's Fair, St. Loads,
Louis Steinberger’s Patents ' 100t

eQ»moomo

No. 4500 No. 4502 No. 4507 No. 4518

Na 4514

1A

No. 7518 No. 7537 No. 7302 No. 7521

a ‘ No. 7003
No.2 No. 1 No.7 -

D (i )

New 10 01d No. 10 ' No. 7370

“ELECTROSE” Insulators are standard with UNITED STATES NAVY and ARMY
. and Wireless Telegraph and Telephone Companies.

Electrose” is made in a number of grades for various requirements, each grade pos-
sessing special characteristics. ‘““Electrose” Insulators—Best in the World for ngh
I'requency Currents, Power and Transmission Circuits.

““ELECTROSE’’ STANDARD PRODUCTS

“Arcover” disk strain and suspension line insulators, “Safety Strain” insulators,
Disk, Hood, Thimble and Rod type strain insulators, Spool and Bracket-Arm strain
msulators, Pm type line insulators, Insulator pins, Roof Barrier and Wall Bushings
and Insulated Connectors, single and multi-part, plain and locking, water and gas
tight, Bus-bar insulators, Insulating Supports and Pedestals, Arc Lamp Insulators,
Insulating Knobs and Handles, Insulating Sheets, Tubes and Rods, etc., etc.

Electrose Railway Line Material —"“Safety "Strain” Insulators Brooklyn Strain
Insulators, Insulated Turn-Buckles, Caps and Cones, “Ideal” Lockmg Caps and Cones,
Insulated Bolts I'eed Wire ]llSll]dtOl’S Third Rail Insulators, also special forms of
Trolley Wire %qpcnsnou Insulators, etc., etc. Complete line always carried in stock.

Ignition Insulating Parts :—Distributor Blocks, Disks, Switch Bases, Spools, Brush
Holders, Knobs, llandles, etc., etc.

“Electrose" insulation (certain grades) is recognized as the best obtainable for
use in connection with insulating parts for ignition service for Automobiles, Aeroplanes,
Motor Boats, etc.

Insulators and Insulating Parts and Devices of special sizes and forms, designed

ade to order.

SOLE MANUFACTURERS 66-82 Washington St. 2131 York S

DIB (LSE “M GD/ 66-76 Front St. 1-23 FH.SI-

Brooklyn, N. Y., America

! No. 4521

No. 7006

No. 7353

No. 14



SERVICE ACCURACY SPEED

THE
INTERNATIONAL RADIO
TELEGRAPH COMPANY

operates

Modern coastal stations for ship radio service,
equipped with high musical tone Transmitters
and Heterodyne Receivers for damped and
continuous waves,

at

BROOKLYN, N.Y. CAPE MAY, N.]J.
Call letters WCG Call letters WCY

SIASCONSET (Nantucket Island) MASS.
Call letters WSC

NEW LONDON, CONN. NEWPORT,R.I.
Call letters WLC Call letters WCI

and sells or leases

Complete ship radio installations using
damped or undamped waves. The Company
will contract, at a fixed rate, for complete
maintenance and operation of ship stations.
Inspection and Repair Service Stations at
important ports, including the facilities of
the Westinghouse Electric & Manufacturing
Company. Traffic Accounting and Routing.

THE INTERNATIONAL RADIO
TELEGRAPH COMPANY

326 Broadway New York
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ONE WAY ONLY—THE
BEST WAY—-BUY!

We Sell Our Sets

RADIO

For SHIP and
LAND Stations

SIMPLE
EFFICIENT
| DEPENDABLE
| DURABLE

2 KW. Transmitter and  No Critical Adjustments
Motor Generator

CUTTING & WASHINGTON
RADIO CORPORATION

GENERAL OFFICES:
6 AND 8 WEST 48TH STREET, NEW YORK, N. Y.

Cable Address: CUTWASH, New York
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“Junior Type W’s”

Roller-Smith Four-Inch type W radio frequency §
ammeters (swntchboard model) are hot wire or 2
hot strip expansion type instruments which meas- §
ure accurately and reliably currents of any radio E
frequency. =

Ranges as low as 0-125 milli-amperes and as &
high as 0-10 amperes are regularly supplied. 2
Each instrument is hand-calibrated and all are £
entirely self-contained. Front or back connections E
are furnished as desired. -

Four-Inch type W ammeters are used mostly =
on panels of medium-powered radio sets, but are =
useful also in testing and research work. For §
this purpose, we generally supply them with front
j connections and calibrate for use in horizontal £

E position. :
Portable radio frequency instruments with the same type E
§ of mechanism for inspector’s use and for laboratory use are 3

B furnished also.

e Let us know your requirements and we will be pleased to
submit further details. :

LLER-SMITH COMPF

Instruments, Meters and Clecuit Breakers
MAIN OFFICE: WORKS:
2134 Weelwerth Blig., New Yerk Bethlehem, Pennsylvania

CHICAGO CLEVELAND . DETROIT
Monadnock Block 6523 Euclid Ave. Majestic Building




WIRELESS IMPROVEMENT COMPANY

Arc, Spark and Vacuum Tube Transmitters—Radio
Compasses, Receivers and Amplifiers for military
and commercial marine and land installations.

FACTORY AND LABORATORY

47 West Street New York, U. S. A.
Cable address WIRIMPROCO—NEW YORK

WANTED

A young man with practical technical knowledge of design
and manufacture of radio apparatus for amateur use, and
who is also qualified to handle correspondence, adver-
tising, etc. Good opportunity for advancement.

Address: F. M., care of ‘‘Proceedings of The Institute of

Radio Engineers,”” College of The City of New York, New
York City.

An ADVERTISEMENT of a RADIO PRODUCT in the

ROCEEDINGS of the INSTITUTE
of RADIO ENGINEERS

introduces it without delay to thousands of discriminating
purchasers in positions of authority. For rates, address the
Secretary, Institute of Radio Engineers, College of the City
of New York, N. Y.

"ireless at Home
dle time with the Omnigraph
nitter. Connected with Buzzer

will send messages, at any
speed, just as an expert oper-
»  ator would. Uaedpl:y . S.
Bureau of Navigation to test
,?Qll a'pplilganta lpsly:.gJ f‘or

Pric:: $20 and $28.
OMNIGRAPH MFG. CO., 26 B Cortlandt St.,New York

]
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Christmas Hints
for the Radio Amateur

TYPE T-200
Multi-Wave Tuner
Wave Length, 150-25.000 Mecters

TYPE P-300

Combination Audion,
Ultra-Audion and One-
Step Amplifier

%“\\\*‘
==
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P UT DeForest Radio Apparatus on
your Christmas list. Here are
two instruments that will greatly in-
crease the efficiency of your set.

TYPE T-200
‘Multi-Wave Tuner

Responds to any wave length—150
to 25,000 meters. Contains triple ad-
justable coil mountings: Vernier pri-
mary and secondary tuning conden-
sers; primary condenser switch; all
mounted on engraved Bakelite panel
and in handsome cabinet, size 13 x 18
x 1234. Price (without coils) $85.00.

TYPE P-300
Combination Audion, Ultra-Aud-
ion and One-Step Amplifier

Specially designed to fill a real need
for an instrument of this kind in the
average amateur station. \When used
in connection with the T-200 Tuner
shown above, it completes a receiver
of unequaled efficiency. Cabinet size
1215 x 83 x 73;. Price (without
tubes) $75.00.

Send 10 cents in stamps and gel the
DeForest Catalogue “*D,”’ giving com-
plete descriptions of these cabinets. as
weli as many other quality instruments.

DEFOREST RADIO
TEL. & TEL. CO.

Inventors and Manufacturers of High
Grade Radio Apparatus

1415 Sedgwick Ave., N. Y. City

LEE DEFOREST, INc.
Western Representatives
451 Third St. San Francisco
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Consider the Fixed Condenser

The losses in inefficient or poorly-designed con-
densers become very considerable and may appre-
ciably reduce the operating efficiency of many Radio
circuits. Usually the Radio man is most critical in
his selection of the major parts of his apparatus,
but gives very little thought to the merits of a care-
fully-designed fixed condenser.

The

D

Type ROCC .0002 mf

Midget Fixed

Condensers

are cu'ef:‘llyf designed and "3
constructed of mica, copper an
Type ROCF .005mf B} fite-Dilecto. Grebe Midget
Condensers will carry a potential
up to 1000 volts without danger of brrakown. The various
sizes permit the use of these condensers individually or as com-
bination capacities in almoet any Radio circuit. The dimensions
of the b/ase are 1"x2"; the height varying with the cagacity, from
g’ to 7§

There are any number of fixed condensers on the market. but
you will find only in Grebe Midget Condensers the painstaking
precision that has made Grebe Radio apparatus the acE:owledged
standard in the amateur and experimental fields.

Central Radio ln-tlmto Kelly -nd Phlll‘pa
Independence, Mo. Brook y“c
Continental Radio and Electric Corp., Kiaus l'!l:ge':- ‘l’ﬂ'”n’
New York
Manhattan Electrical Supplﬂo
Detroit Electric Co. New York, Chicago, St. uls
Detroit, Mich. Leo J. Meyberg Co..
Doubleday-Hill Electric Co. San l"nncllco. Cal.
Pittsburgh, Pa. Pncm;‘t Elovctrll::(ﬁo.. Inc..
Electrical Specialty Co., ew Yor| ty.
(:Jllcu:nln?:c 8...’ Phila. School of Wireless Telegraphy,
Holt Electric Utilities Co., Fhiladelphia, Pa.

Jacksonville, Fla. F. ll);b':::'.: CN«;;. :""
Hurlburt-Still Electrical Co., Western R-dlc; Elect}ic Co..

Houston, Texas Los Angeles, Cal.

Ask Your Dealer to show you our line of Super-grade Apparatus. If he
doesn’t carry it, write us for Catalog, mentioning his name

A. H. GREBE & CO,, Inc.
76 Van Wyck Blvd. - - Richmond Hill, N. Y.
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TRUSTWORTHINESS

Wml-:u-:ss apparatus must be carefully
designed and built.

Whether for laboratory use, for a high-
power unit, or for ship-to-shore service, the
value of radio equipment depends upon its
trustworthiness, and its ability to give good
service under varying conditions.

The Radio Corporation of America makes
trustworthy wireless equipment.

It has exclusive rights to all wireless in-
ventions,and to the manufacturing facilities,
of the General Electric Company, and it
includes the Marconi Wireless Telegraph
Company of America, with the experience
and research of both organizations in the
art of wireless communication.

The Radio Corporation of America sells
wireless equipment of proved quality and
modern design.

Qur nearest office will give you
all details and information.

RADIO CORPORATION

OF AMERICA

EDWARD J. NALLY, President

W ey T y WoorworTH BuiLping, New York City
lRELE BRANCH OFFICES:

Boston Portland Cleveland

New Orleans Baltimore San Pedro

Seattle PortArthur Savannah

Philadelphia San Francisco Chicago

Galveston Norfolk Honolulu
e~ g————— o ——— e \IK
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AMERICAN
TRANSFORMERS

CUSTOM MADE

Designed and constructed to
fill the special requirements
of our customers

Nineteen years’ experience in handling Radio problems

American Transformer Company

Ten Step
Variable

Inductor
With dead
end switch
Min.Ind. 1.25
M. H. Max.
Ind. 250. M.
H. Mounted
in oak box
with Bakelite
panel.

Price, $15.00

‘ Bulletins Y, Z
and R sent on
request.

CLAPP-EASTHAM COMPANY
150 Main Street : : Cambridge, Mass.
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‘NOTICE

'In the infringement suit Dubilier Con-
denser Co., Inc., plaintiff, vs. Wireless
Specialty Apparatus Co., defendant, a
final decree has been handed down by
-his honor, Augustus N. Hand, U. S.
District Judge for the Southern District
of New York, holding

“That said Letters Patent Nos. 1,229,-
914 and 1,229,915 are good and valid
in law as to the second, third, fourth,
fifth, seventh, eighth, ninth, twelfth,
fourteenth and fifteenth claims of
Letters Patent No. 1,229,914 and as to
the first, eighth, twelfth, sixteenth and
seventeenth claims of Letters Patent No.
1,229,915.”" We hereby give notice that
it is the intention of this Company to
uphold to the full extent its rights under
the above and all other patents held by
us, and any one making, using or dealing
in condensers covered by our patents
without a license from us, will be held
responsible to the full extent of the law.

Dubilier Condenser Co., Inc.
217 Centre Street New York City
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Murdock Radio Receivers

An inexpensive, surprisingly sensi-
tive, thoroughly workmanlike head
set, universa'\iiy ‘conceded *‘the most
for the money.”” Their record for
8 sensitive service in thousands of
stations, amateur and commercial,
is their best advertisement.

PRICES:
2000 OHM DOUBLE SET -  $4.50
2000 OHM DOUBLE SET - 550

WM. J. MURDOCK CO.

70 Carter Street, - Chelsea, Mass.
509 Mission Street, San Francisco

BAKELITE-DILECTO

The Standard lhsulating Material for all

RADIO WORK

Waterproof—Strong—High Electrically—
F urnisEecl in Sheets, Rods, Tubes, and

Special Shapes. Samples on request.

Also makers of High-Grade
Vulcanized Fibre

THE CONTINENTAL FIBRE CO.

Newark, Del.

New York Office, 233 Broadway Chicago Office, 332 South Michigan Ave.
Pittsburgh Office, 301 Fifth Ave.
San Francisco Offce, 525 Market St.
Los Angeles Office, 411 South Main St.
Canadian Office, 1710 Royal Bank Build‘ln' corner King and Yonge
Streets, Toronto, Ontario, Canada.
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CHECK THE FOLLOWING FEATURES AGAINST ANY
BATTERY YOU EVER SAW—AGAINST ALL OF THEM

Cut 1/3 actual size
GEM 20 VOLT UNIT FOR V@C&J&Jéﬂ TUBE AND LABORATORY

Hm is a storage battery that is ship to you dry, may be stored indefinitely without deteri-
oration: yet can be put in service in 6 hours.

:l‘u a high clnmu rate—(0.5 u:p for 2.0 amp. unit), yet holds its voltage over long periods
worl

Delivers more enﬂgy per pound than was ever before thought possible: yet will be the strong-
est part of your equipment.

Comprises plates that are active ALL the way thro, but are thicker and stronger than those in
betteries 50 times their size.

ACTUAL TESTS MADE IN SERVICE

No. 1—Unit fully charged—laid on shelf (no load) for 100 days. At the end of thie time the
open circuit voltage was 20.5. This unit was then put in service and gave 336 hours of con-
tinuous service at .005 amp. down to a closed circuit voltage of 17.2 volts.

'N7002 —Unit was fully charged—then discharged—at 0.005 amp. giving 525 hours down to

No. 3—F|llly charged—discharged at 0.100 amp. down to 17.0 v. giving 22.0 hours.
No. 4—Unit was discharged at a rate which brought the voltage to 17.0 in 888 hours.

The bettery was not in any way injured by these experi and inued to give service
at its full capacity on various other rates.
The above rea are GUARANTEED. Each and

every Gem Unit will give YOU the same service

GEM BATTERIES ARE NOT MERELY SUPERIOR BATTERIES,
THEY ARE A DISTINCT FORWARD STEP IN THE
ENTIRE STORAGE BATTERY INDUSTRY

GEM STORAGE BATTERY CO.

343 So. Dearborn Street Chicago, Ill.

Western Distributors

WEST COAST ELECTRIC CO.
140 Second Street San Francisco, Cal.
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