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This invention relates to transformers and 
more particularly to differential, or bridge, 
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transformers for use in connection with sim 
plexed transmission systems. 
An object of the invention is to improve the 

transmission efficiency of differential trans 
formers. 
Another object is to reduce the effective 

leakage inductance of the differential Wind 
ings of such transformers while at the same 
time maintaining a low electrostatic capacity 
between the windings. 
The invention is applicable to simplexed 

transmission systems, such as phantomed 
telephone circuits, and to the so-called du 
plex Egg, systems of the type de 
scribed in U. S. Patent No. 1,343,308 to J. R. 
Carson issued June 15, 1920. 
In this connection further objects of the 

invention are to facilitate the superposition 
of currents in simplexed systems, and to im 
prove the transmission efficiency of systems 
of this type. - 
A feature of the invention lies in the cou 

pling of the leakage magnetic fields of the 
transformer windings with a short-circuited 
winding, the reactions of which due to in 
duced circulating currents cause the leakage 
inductance to be substantially neutralized. 
A further object is therefore to utilize the 

effect of induced circulating currents to neu 
tralize the leakage inductance of transform 
er windings. 
The nature of the invention will be more 

fully understood from the following de 
tailed description taken in conjunction with 
the accompanying drawings, of which: 

Fig. 1 shows in simplified schematic form 
a simplexed transmission system embodying 
the invention; 

Fig. 2 shows the application of the inven 
tion to a modulating system; 

Fig. 3 shows in detail the winding ar 
rangement of the transformers employed in 
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the circuits of Figs. 1 and 2; and 
Fig. 4 is a simplified diagram for pur 

poses of analysis. 
Referring to Figs. 1, 5 and 6 are a pair of 

line wires adapted for simplex operation by 
means of differential transformers T, and Te 

through which two separate sources of cur 
rents S, and S. are connected over the line 
wires to receiving impedances 7 and 8 re 
spectively. 
fA former T is provided with balanced 

Secondary windings 1 and 2 which are con 
nected in series, inductively aiding, and with 
two equal primary windings 3 and 4 which 
are connected in parallel, inductively aiding. 
Transformer T, is of similar type and is pro 
vided with corresponding windings desig 
iiated 1’, 2, 3 and 4, respectively. 
Source S is connected to the terminals of 

the primary windings of transformer T, 
and receiving impedance 7 is similarly con 
nected to transformer T, thereby establish 
ing a simple series transmission circuit over 
the wires 5 and 6. 
Source S is connected between the mid 

point of Windings 1 and 2 and ground, and 
receiving impedance 8 is connected in like 
manner between windings 1’, 2 and ground. 
Currents from S. are thereby superimposed 
upon the lines in parallel, returning from 
impedance 8 to the source by way of the 
ground. If the lines are of equal impedance, 
as is generally the case, the superimposed cur 
rent divides equally between them, the two 
parts flowing through the transformer wind 
ings in opposite directions, and producing a 
differential magnetic effect which is practi 
cally Zero except for the effect of magnetic 
leakage. 
For the efficient transmission of the super 

imposed current, the two series-connected 
Windings of each transformer should be very 
closely coupled together so that the leakage 
impedance of the parallel connection is re 
duced to a minimum. 
A common method of securing this result 

is to wind the two windings bifilarly thereby 
Securing the most intimate coupling of the 
Windings possible. This method however 
produces a large capacity between the wind 
ings, indicated in the figure by C and C, 
which is effectively in shunt to the series cir. 
cuit and which may be a series source of 
transmission loss in that circuit. 
Winding arrangements by which the shunt 

capacity of the secondary windings is reduced 
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generally result in the introduction of larger 
leakage inductances, so that the ti'ansillis 
sion of the superimposed current is impaired. 
According to the invention the leakage in 

ductance of the differential windings is re 
duced without causing the introduction of 
a large shunt capacity by means of a special 
arrangement of the transformer windings. 
This winding arrangement is illustrated in 
Fig. 3 which shows in detail the physical 
construction of one of the transformers, such 
as T. 
The transformer comprises a shell type 

magnetic circuit 9 built up of laminated mag 
netic material such as iron or silicon steel, 
around the central core of which is placed 
a spool 10 of insulating material containing 
the windings. The windings are applied in 
six sections which are arranged in two groups 
of 3 concentric coils each, the individual Sec 
tions being designated in the figure by num 
bers corresponding to the designations of the 
windings in Figure 1. The primary wind 
ings 3 and 4 occupy the two middle sections 
of each concentric group, secondary wind 
ing 1 is divided equally between the outer 
and inner sections of the one group, and Sec 
ondary winding 2 is divided between the 
outer and inner sections of the other girollp. 
All sections are wound in the same direction. 
The interconnection of the sections and the 
method of connecting the trains fol': her in the 
transmission circuit are indicated by the num 
bers 12, 13, 14, 15 and 16 which designate 
corresponding terminals in both Figs. 1 and 3. 

It will be seen that winding 1 is unequally 
coupled to windings 3 and 4, being more 
closely coupled to winding 4 than to 3. Sin 
ilarly winding 2 is more closely coupled to 
winding 3 than to 4. With respect to the 
main flux threading the magnetic circuit, the 
windings are of course equally coupled and 
the differences in the degrees of coupling be 
tween the individual windings are due to the 
leakage fluxes which surround them without 
traversing the magnetic circuit. 

Further, although windings 1 and 2 are 
unsymmetrically coupled to windings 3 and 
4 individually, the arrangelent is of such 
symmetry that they are equally coupled to 
the parallel combination of windings 3 and 4. 
When actual currents from source S, trav 

else windings 1 and 2 in opposite direc 
tions the current, in winding 1, by virtue of 
the unbalanced coupling, induces an unbal 
anced E. M. F. in windings 3 and 4 tending 
to produce a current in winding 4 in the di 
rection, for example, from terminal 13 to ter 
minal 12. Similarly, the current in winding 
2 produces an unbalanced E. M. F. tending to 
Send a current through winding 3 in the 
opposite direction. The directions of these 
induced currents and of the inducing currents 
in windings 1 and 2 are indicated in the figure 
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by the arrows associated with the respective 
windings. 
The induced currents circulate in the same 

direction in a closed path constituted by 
windings 3 and 4 connected in series, and 
since these windings are magnetically aiding 
when connected in paraliel, their series con 
nection is practically non-inductive. To the 
unbalanced induced E. M. F. the windings 
therefore act in the same mannel as a short 
circuited secondary winding in a transformer 
and hence tend to neutralize the mutual in 
ductance by which the induced E. M. F.'s 
are created, that is, a substantial portion of 
the leakage inductance of windings 1 and 2 
in their parallel connection. 
The neutralizing action may be quantita 

tively analyzed by a consideration of the 
simplified circuit shown in Fig. 4. This fig 
ure corresponds to part of Fig. 1, comprising 
transformer T, and source S, line wires 5 
and 6 being disconnected and terminals 14 
and 15 being connected together and to the 
g'ollind tap. Under these conditions current 
from the source S encounter's only the open 
circuit impedance of the transformer due to 
the effective leakage impedances. 
The currents in windings 1 and 2 are desig 

nated I and I respectively and the circulat 
iing curi'ent in windings 3 and 4 by Ia. The 
total current from the source S is desig 
nated by Io which is equal to the sum of 

and I. 
The following equations, based on Kirch 

off's laws serve to determinate the value of 
the four currents: 

IZ- IZ -- I (Z - Z.) = E 
IZ19 -- IZ. -- I,(Z - Z.) t E. 
I(Z - Zia) -- I (Zia- Z.) -- 
I(Z -- Z-27.) = 0 

I = I - I 
in which E is the E. M. F. of source S. Z. 
Z, Za, Z are the impedances of windings, 1. 
2, 3, and 4, respectively; and in which the 
mutilal impedances between the various 
pairs of windings are denoted by the two 
digit subscripts corresponding to the num 
bel's designating the windings. The signs of 
the various terms take account of the differ 
ential effects of the winding connections. 

Solving these equations, for the case in 
which the windings are balanced and syn 
metrically disposed, gives for the current I 
the value - 

Io 

(1) 

--. 2E(Z, - Z.) - so 

(Z, -Z, ) (Z.Z.)-(Z-Z.)2 (2) 
The mathematical conditions correspond ing to the specified symmetry being expressed 

by the equation 
Z. = Z. 
Z. - Z. 
Z13 = Z24 (3) 
Z14 = Z. 
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Equation 2 shows that the circuit is equiva 
lent to a pair of coupled circuits having total 
impedances Z, and Zs respectively and a mu 

25 

40 

tual impedance Zn, the values of these im 
pedances being given by the equations: 

Z = (Z - Z12) -- 2 
Z, = (Z - Z)--2 
Z = (Zia-Z13) -- 2 

The impedances constituting the equivalent 
coupled circuits are evidently the leakage 
impedances of the transformer windings, and 
the mutual impedance is that due to the 
coupling of the leakage fields. 

Equation 2 may be converted to the form 
2E 

Io (Z-Z)(1-F) (5) 
in which k is the coefficient of coupling, de 
fined by 

Zn 
k = ZZ, (6) . 

In this form the effect of the coupling of 
the leakage fields in reducing the effective 
leakage inductance is made evident. 
To secure a large value of the coupling 

coefficient k it is necessary that the differen 
tial mutual inductance, Z, -Z13 be as large 
as possible in comparison with the leakage 
inductances (Z, -Z) and (Za-Zs). Com 
plete neutralization cannot be obtained, but 
by the method of interleaving the windings 
shown in Fig. 3, the greater part of the leak 

(4) 

age inductance is effectively destroyed. 
The invention is of particular utility when 

the system upon which the currents are Su 
perimposed is of high impedance, for in that 
case highly inductive secondary windings us 
ing a large amount of wire must be employed, 
and if recourse is had to the bifilar method 
of winding the two secondaries, the capacity 
between them becomes excessively large. In 
fact, the loss in the series circuit due to the 
shunt capacity increases very rapidly as the 
impedance of the system is increased, due to 
the fact that shunt admittance, causing the 
loss, increases more or less proportionately 
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to the impedance. 
Fig. 2 shows the invention applied to a 

differential modulating system of the type 
described in U. S. Patent 1,343,308 to J. R. 
Carson issued June 15, 1920. Systems of 
this type are in general of much higher im 
pedance than the ordinary simplexed trans 
mission systems such as telephone systems. 
The system is of the same general type as 

that shown in Fig. 1 with the addition of an 
asymmetric coupling device, in the form of 
two three element space discharge tubes 17 
and 18, which divides the line into two parts. 
These parts are denoted by 5, 6, and 5, 6' to correspond with Fig. 1. 
The space discharge tubes are of the cus 

tomary type in which an electron stream be 

tween a cathode and an anode is controlled 
by the potential of a third, or control, elec 
trode. Cathodes 19 and 20 are connected to 
gether and to ground, control electrodes 21 
and 22 are connected respectively to lines 5 to 
and 6, and anodes 23 and 24 are connected 
respectively to line wires 5' and 6. Space 
current is provided by a common battery 25 
which is connected in a circuit between the 
mid-point of the secondary windings of 5 
transformer T and ground. 
The system is arranged for modulation. 

Waves of one frequency from source S are 
impressed upon lines 5 and 6 in series, there 
by energizing the control electrodes in oppo. 
site phases. These waves are repeated in the 
space paths of the tubes and the repeated 
waves are impressed upon lines 5' and 6 in 
series and thence through transformer T, 
to load 7. -, - 

Waves of a different frequency from 
Source S are impressed upon the control 
electrodes in parallel, thereby energizing the 
control electrodes in the same phase. The 
repeated waves are also in the same phase, 
and are impressed upon lines 5 and 6 in 
parallel and thence in opposition through 
the secondary windings of transformer T, to ground. 
When the two sets of waves traverse the 

Space paths of the discharge tubes simulta 
neously, modulation E. M. F.'s are gener 
ated therein, the principal modulation prod 
ucts being those of frequencies correspond 
ing to the sum and to the difference of the im pressed wave frequencies. 
These products, known as second order 

modulation products, are of opposite phase 
in the two tubes and hence are impressed 
upon the lines 5 and 6 in series whereby 
they are transmitted by transformer T, to load 7. 
The system may be used for modulating 

or for demodulating, the two processes being 
identical in principle. Thus, S may be a 
source of speech frequencies and S., a carrie' 
wave source giving a wave of 30 kilocycle 
frequency, in this case both the speech fre 
quency waves and the modulation products 
being transmitted to impedance 7 while the 
carrier wave is suppressed in the output by 
the differential action of the output trans 
former. The modulation products comprise 
two bands of side frequencies, one compris 
ing waves of the difference frequencies be 
tween the carrier and speech frequencies, 
and the other comprising the corresponding 
summation frequencies. . . . . " 

Again, the source S may be a line from 
which is received one of these bands of side 
frequencies and S, a local source of carrier 
waves of appropriate frequency to cooperate 
in the reproduction of speech or signal cur 
rents from the side bands. In this, case the 
modulation products include detected speech 
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currents which along with the repeated side 
band waves are transmitted to the imped 
ance 7. 

In each case, if it is desired, the repeated 
waves from source S may be prevented from 
reaching the load impedance by inserting in 
front of the load impedance a wave filter or 
other selective network such as shown in U. S. 
Patent 1,227,113 to G. A. Campbell, May 22, 
1917. 
In order that the modulation E. M. F.'s 

generated in the space paths may have their 
maximum value it is necessary that the re 
peated currents due to the impressed waves 
should be as large as possible, and to secure 
this it is desirable that the repeated waves 
should encounter substantially zero imped 
ance in the output circuit external to the 
tubes. 
The principles leading to this conclusion 

are developed in U. S. Patent i448,702 to 
J. R. Carson issued March 13, 1923 and in 
U. S. Patent 1,62449S to F. Mohr, issued 
April 12, 1927. This condition is secured 
with respect to the waves repeated from 
source S., as a result of the winding arrange 
ment of transformer T, in accordance with 
the invention. 
When the system is adapted to modulate a 

carrier wave from source S. by a speech wave 
rom source S, the windings of transformer 
T, being proportioned for the efficient trans 
mission of the relatively high frequency side 
bands, would generally have low impedances 
at speech frequencies and would have little 
effect, in limiting the repeated speech currents. 
When the system is adapted to reproduce 

speech signals by demodulation it might ap 
pear that it would be desirable to have a large 
capacity between the transformer secondary 
windings in order that the high frequency 
waves repeated from source S may have a 
low impedance path in the output circuit, but 
it is also necessary that such capacity be very 
carefully proportioned to avoid excessive loss 
to the transmission of the detected speech 
currents, and the proper capacity value can 
be provided with much greater certainty by 
means of a separate condenser. In practical 
systems, it would commonly be the case that 
such capacity would form part of a filter or 
other selective network and in consequence 
its value would be determined by a number 
of design requirements. For this reason, it 
is desirable to eliminate the capacity of the 
windings, completely if possible. 
The nature and the mode of employing the 

inventign in specific cases having been dist 
closed, the scope of the invention is defined 
by the following claims. 
What is claimed is: 
1. In combination, in a simplexed transmis 

sion system, a pair of line wires, a third line 
constituting a return path, for Waves super 
imposed upon said line wires in parallel, a 
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transformer, a pair of windings on said trans 
former connected in series inductively aid 
ing between said pair of line wires and hav 
ing their common point connected to said 
third line, and a second pair of windlings on 
said transformer connected in parallel, in ductively aiding, said windings being applied 
in a plurality of sections on a common mag 
netic core and said sections being symmetri 
cally interleaved whereby the impedance of 
said series connected windings to superim 
posed waves is neutralized at least in part by 
virtue of their resultant coupling with the 
closed circuit constituted by said parallel coin 
nected windings. 

2. In combination, in a simplexed trans 
hission system, a pair of line wires, a third 
line constituting a return path for waves 
silei'; nosed upon said line wires in parallel, 
a tra list oi nei', a pair of windings on said 
transformer connected in series inductively 
aiding between said pair of line wires and 
having their cominor point connected to said 
third lie, and a second pair of windings on 

former connected in parallel, in 
dictively aiding, said windings being so 
interleaved upon a common core that the leak 
age inductances; of said series connected wind 
ings with respect to simplex currents are sub 
Stantially neutralized by the action of circul 
lating currents in said parallel windings. 

3. In a simplexed transmission system, a 
pair of line wires, a transformer having a 
pair of balanced windings connected in series, 
inductively aiding between said line wires, a 
tap at the common connection of said wind 
ings, a third path connected to said tap and 
constituting a return circuit for waves super 
imposed upon said line wires in parallel, and 
means for reducing the impedance of said 
transformer to superimposed currents, said 
leans comprising a short-circuited path in 
ductively coupled to said balanced windings. 

4. In a simplexed transmission system, a 
transformer comprising a pair of windings 
connected in series, magnetically aiding, the 
tej'minals of said series pair being connected 
to a pair of line wires and their collion 
point to the third line of the siplexict sy:- 
tein, a second pair of windings on said trans 
follie', connected in parallel, magnetically 
aiding, each of said latter windings being in 
dividually interleaved with One of said first 
windings and more completely linked by the 
leakage flux thereof than by the leakage flux 
of the other of said first windings. 

5. In combination, in a simplexed trans 
mission system, a pair of line Wires, a third 
line constituting a return path for waves 
superimposed upon said line wires in parallel. 
a transformer comprising a pair of windings 
connected in series inductively aiding between 
said pair of line wires and having their coin 
mon point connected to said third line, and 
comprising also a second pair of windlings 
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connected in parallel, inductively aiding, said 
first windings being each closely magnetically 
associated with an individual one of said lat 
ter windings and less closely magnetically as 
sociated with the other of said latter wind lings. 

6. In a simplexed transmission system a 
pair of line wires, an inductance element hay 
ing a pair of balanced windings connected in 
series, inductively aiding between said line 
wires, a tap at the common connection of said 
windings, a third path connected to said tap 
and constituting a return circuit for waves 
superimposed upon said line wires in paral 
lel, and means for reducing the impedance 
of said inductance element to simplexed cur 
rents comprising a short-circuited path linked 
with the leakage flux of said balanced wind 
IngS. 

7. In a simplexed transmission system com 
prising a pair of line wires and a third return 
wire, a differential transformer having a 
pair of windings connected across said line 
wires in series, inductively aiding, with their 
common point connected to said return wire, 
and a second pair of windings connected in 
parallel, inductively aiding, each of said 
latter windings being interleaved with an 
associated first winding to link the leakage 
flux thereof and connected in a closed path 
for dissipating the energy represented by said 
leakage flux. 
In witness whereof, I hereunto subscribe 

my name this 9th day of June A.D., 1925. 
- FRANKE. FIELD. 
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