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This invention relates to the application of
impedance modifying devices to lines trans-
mitting a voice-frequency telephone system
and high-frequency carrier telephone or car-

5 rier telegraph system, and particularly to
transmission lines composed of a plurality of
line sections having different electrical char-
acteristics.

An illustration of one type of transmission
line to which the application of impedance
modifying means in accordance with this in-
vention would be desirable would be a line,
composed of two sections of non-loaded open

wire circuit inter-connected by a non-loaded

5 cable circuit, and transmitting a repeatered

voice frequency system, involving frequen-
cies, say from about 300 to 3,000 cycles, and
one or more carrier systems involving fre-
quencies from about 8,000 cycles upward to
about 30,000 cycles, depending on the number
and type of carrier systems. Due to the dif-
fering electrical characteristics or impedances
of the cable and open wire circuits, consider-
able transmission loss results at carrier fre-

25 quencies due to the reflection effects intro-
duced by the irregularity at the junction
points of the incidental cable circuit and the
open wire cireuits. This reflection loss at
carrier frequencies might be reduced to a con-
siderable extent by the insertion at the ends
of the incidental cable circuit of impedance
modifying transformers each having an im-

‘pedance ratio equal to the ratio between the
open wire circuit and cable circuit character-

istic impedances at the carrier fregquencies.

However, the use of transformers which will
accomplish this purpose is limited by the fact
that their insertion in the transmission line
produces an impedance irregularity in the
line at voice frequencies which will tend to
materially increase the unbalance of the voice
frequency repeatersin the line, Accordingly,
the present invention provides a method of
and arrangements for so modifying the im-
pedance in a transmission line of the.above
type that the reflection losses at carrier fre-
quencies may be -reduced without any mate-

‘rial detrimental effect on the balance of the
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voice-frequency repeaters included in the line.
The method and arrangements of the inven- 50
tion together with other features and pur-
poses thereot will appear more fully from the
detailed description hereinafter given.

The invention may be more fully under-

- stood from the following description together 83

with the accompanying drawing in the Fig-
ures 1 to 11 of which the invention and the
principles of its operation are illustrated.
Fig. 1ilustrates the variation with frequency
of the ratio of the characteristic impedance 60
of a typical non-loaded open wire line to the
characteristic impedance of a typical non-
loaded cable. Fig. 2 is a schematic showing
of a cable circuit interconnecting two open
wire circuits. Fig. 3 is the equivalent of Fig. 65.

2. TFigs. 4 and 5 aré schematic showings of

connections between a single open wire cir--
cuit and a cable circuit. - Figs. 6,7, and 8 are
schematic showings of connections between
two open wire circuits and a cable circuit. 70
Figs. 9, 10, and 11 are schematic showings of
practical embodiments of the invention.

In Fig. 2 is illustrated a transmission line
composed of two non-loaded open wire line
sections 2 and 3 interconnected by a non-load- 75
ed cable circuit of relatively low impedance
as compared to the impedance of the open
wire line. These sections are interconnected
by the auto-transformers 4 and 5 which have
at their midpoints the condensers 6 and 7. 8o
Ashas been previously pointed out, in a trans-
mission line of the above nientioned type the
reflection loss at carrier frequencies may be
reduced to a considerable extent by the inser-
tion at the ends of the cable of the impedadnce 85
modifying transformers such as 4 and 5, each
havirig an impedance ratio equal to the ratio
between the open wire circuit and cable cir-
cuit characteristic impedances at carrier fre-
quencies. However, In the voice frequency 90
range this impedance ratio varies consider-
ably from the value for the carrier frequency
range both in modulus and in angle. This
variation is illustrated graphically by the
curves of Fig. 1.

In order to understand what these curves
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‘signify, a few words of explanation will be

given as to what is meant by the modulus
and angle of the impedance of a circuit. As

Is well known, the impedance of a circuit

has two components, resistance and reactance.
If these components be represented by a
vector diagram, in which the vector repre-
senting the magnitude of the reactance is
drawn at right angle to the vector represent-
ing the resistance; these vectors may be re-
solved into an equivalent vector drawn at
an angle to the resistance vector. The length
or magnitude of the equivalent vector is

- known as the modulus of the impedance.

20

- dividing the modulus of one circuit by that
of the other to obtain the “modulus of the
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The angle between the equivalent vector and

-the resistance component is known as the

angle of the impedance. Xf now we measure
the reactance and resistance components of
each of two circuits at a ‘given frequency,
the ratio of the impedance of the two circuits
may be expressed In terms of the impedance
moduli of the two circuits and the impedance
-angles of the two circuits. This is done by

impedance ratio” and by subtracting the cor-
responding angles to obtain the “angle of the
impedance ratio”. The curves A and B of
Fig. 1 are obtained by plotting the “modulus
of the impedance ratio” and the “angle of the
impedance ratio” for the entire range of voice
and carrier frequencies to be transmitted over
an open wire circuit and a eable circuit to
which it is joined. :

Curve A represents values for the modulus
of the ratio and. curve B represents values
for the angle of the ratio at various frequen-
cies plotted logarithmically.” It will be seen

that ‘at ‘the upper carrier frequencies. illus-’

trated, such as at 30,000 cycles, the imped-
ance ratio has a modulus of about 4.6 with a
6° angle, while at the low voice frequencies,
such as 300 cycles, the impedance ratio has
a modulus of only 1.5 but with a 25° angle.
Due to this variation in impedance ratio the

use of a transformer having the impedance”

ratio-of the circuits at carrier frequencies
would increase the impedance irregularity
at voice frequencies at the junction of a non-

loaded. cable circuit and a non-loaded open

wire circuit to such an extent that it would
be very objectionable from the repeater hal-
ance standpoint when the circuit is used to

transmit a repeatered voice frequency system,
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. If the incidental cable cifcuit is electrically

short at voice frequencies and is equipped at
each end with properly designed transform-
ers, this variation in the ratio between the
impedances. of the open wire cireuit and
cable circuit may be unimportant, since the

. length of the cable makes its effect small,

and the transformers work practically back
to back. Assuming the use of two equal ideal
transformers, i.e., transformers which have

1,702,305

periect transformer action without any im-
pedance distortion effects, the impedance of
the open wire line at the voice frequencies
would -be reduced by the ratio of the first
transformer and, then, little distortion being
introduced by the short cable circuit, would
be stepped back by the second transformer
to practically the impedance of the open wire
line so that the irregularity introduced by the
:able and transformers would.be very nearly
equal to zero.. However, in actual practice it
is not possible to design transformers which
have this'ideal performance, i. e., the energy
losses in thé practical (non-ideal) transform-

G3
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ers cause impedance distortion effects which -

must be taken into consideration. These ef-
fects consist of an addition to the resistance

‘and reactive component to the impedance at

voice frequencies looking into the high side
of one transformer. Thus, in the practieal
case, under the ordinary assumptions made
above, there results an impedance irregu-
larity at this peint which may be great
enough to make the use of the transformer
mentioned very objectionable on voice fre-
quency repeatered circuits. _

Accordingly, it will be seen that the use
of impedance modifying transformers to cor-
rect for reflection losses at carrier frequen-
cles may be objectionable from the transmis-
sion standpoint, with respect to voice fre-
quency repeatered channels for two - rea-
sons,—first, because of the variation with fre-
quency of the impedance ratio of the two cir-
cuits, and secondly, because of the impedance
irregularities introduced by the inherent im-
pedance distortion effect of the transformers
themselves. It is these two objectionable
features to the use of transformers that the
present arrangement and application .of
transformers in the transmission line will
substantially overcome, as will appear more
fully hereinafter. ,

The effect of the inherent impedance dis-
tortion of the transformer at voice frequen-
cies may be more fully understood with refer-
ence to Fig. 3 which 1s a schématical showing

of the two line sections 2 and 8 inferconnected

through the transformers 4 and 5 and the

cable circuit 1. "The transformers have heen.

represented by equivalent T networks of im-
pedances having the series components Zg
and Zs". These components Zg and Zg" are
equivalent to the copper resistance of the
coils and the leakage reactance. Zy and Z’
represent the transformer mutual impedance.
At carrier frequencies this mutual impedance

dactor would be very large. However, at

voice frequencies, it might be small enough to
be comparable to the line impedances which
are termed Zy, and Z;. Let it be assumed that
the auto-transformers have equal ratios at

‘voice frequencies of 5:1, that the line im-

pedance, such as Zy, or Z is equal to 650
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1,702,305 3

ohms, that Z, and Z, are negligibly small and
that the value of Zy " at voice frequencles is

. (In parallel with)
Then Zs//{ Z' is equivalent to

equal to +7 3,000, this being a value consist-

ent with good design for the conditions noted.

650/0° X 3000/90°
650+ 73000

=635/12.2°

The impedance at points cd, or

Tiga=635/12.2+5=127/12.2

Ziea 88 seen through

the transformer at

A=127/12.2X 5=635/12.2

The impedance at points ab or

Touw=Zng! /635/12.2 = 3000//635

5 Hence it will be seen that as impedance
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Zy=509T+7 237 and as the line impedance
7y, =650, that there is' a considerable irregu-
larity between these impedances. Accord-
ingly, it will be seen that at voice frequencies
the ‘inherent . distortion effect of the trans-
formers, assuming well designed transform-
ers of equal ratio, will introduce an objection-
able impedance irvegularity in the line.

In actual practice the auto-transformers, as
shown in Fig. 2, will have condensers at their

‘midpoints for circuit operation reasons,—l. e,

to prevent the existence of a direct-current
shunt across the line which would prevent
superposed telegraph operation by the usual
composite method. These condensers would
normally be of equal values in both trans-
formers and would ordinarily have a capac-
ity of 2 mf. or lower, in order to keep cross-
fire between superposed telegraph circuits
low. Theeffect of inserting a condenser at the
midpoints of the windings of the auto-trans-
formers is to increase the effective trans-
former ratio above the nominal ratio at voice
frequencies. This will appear more fully
from the following discussion, together with
Tigs. 4 and 5. For an auto-transformer, as
shown in Fig. 4, by suitably proportioning
the windings, the nominal impedance ratio
would be made the same as the ratio of the
impedances of the lines which it interconnects,
sinee this is the condition of maximum en-
ergy transfer. In the case illustrated, the

o . : Z
“nominal impedance ratio would be Z°+ The
.

q
transformer ratio would, as a first degree ap-
proximation, be independent of frequency.
Now, after setting the transformer ratio as
“oy if a condenser is added at midpoint, as
M(J . . ?

a . . - ) - .
lustrated in Fig. 5, the effective impedance
ratio becomes

Zy+Z,,
Lo+

This effective ratio is not materially greater
than the nominal ratio at carrier frequencies,

/12.2=597/23.4 or 548 +j 237

since the impedance of the condenser is neg-
ligible at high frequencies. The difference 1s
quite material at voice frequencies, however,
and the larger the impedance of the con-
denser, the larger will be its effect in chang-
ing the effective transformer ratio, particu-
larly at voice frequencies.. For a trans-
former having a high side inductance of 3
henries, a 2 mf. condenser would raise
the impedance ratio from a nominal value
of 5 to 1 to an effective ratio of about
6 to 1. Similarly, a 3 to 1 nominal ratio
would be raised to about 3.5 to 1. The in-
certion of a midpoint condenser also affects
the series arms of the transformer equivalent
network so that besides representing the
copper loss and the leakage impedance, these
arms also represent some of the condenser
reactance. T . -
Hence, at -voice frequencies, taking nto

consideration all the impedance components
of the auto-transformers, Z,’ in combina-
tion with Zy and Z,”=an impedance hav-
ing a magnitude of about 875. With'a 5:1
nominal ratio, which, as has been seen, is.

_equivalent to an effective ratio of 6:1

ch:14:5(z) :
7. seen through transformer at A=8T50
Z.a in combination Zy and Z,=10000
.t Ziey=1000. - L ,
Tt will be seen that when Zg, is compared
with the line impedance Z, that the match
is" very poor.  It, in fact, amounts to an
impedance irregularity introduced by the
transformers of 55%, which would make 1t
exceedingly difficult to balance voice fre-
quency repeater apparatus in the line.

At “earrier frequencies the effect of the

transformer. is that of a shunt capacity re- 9

actance and a series inductance. .The shunt-
ing impedance of the capacity reactance is
generally high enough for the range of fre-
quencies involved so that at carrier: frequen-’
cies, the auto-t -ansformers are equivalent to
a T network having series arms of small im-
pedance and a shunt arm- having an im-
pedance which is very large as compared

1
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with the impedance of the open wife line.

The resultant impedance equivalent to the

shunt arm in parallel to the line impedance

with the series arins, will therefore not be
5 greatly different from the impedance of the
open wire line, which at carrier frequencies
may be assumed to be 600 ohms. Hence, at
carrier frequencies of 30,000 cycles we have
from Fig. 8 S ' s

ZL:ZL’:GOOH)

ZM,//ZL, == 600w -+ N

Zia=1200+ (the effective ratio being sub-
stantially the same at carrier frequencies as
the nominal ratio of 5:1)" _

Z.q seen through transformer at A = 6000~

Zay=Zol/ 6000 + =6000+. =

.Obviously in view of the matching of im-
pedances Zy, and Z, there would be only a
small reflection loss at carrier frequencies
under these conditions. '

Owing to the bad irregularity at voice fre-
quencies, it might be desirable in accordance
with this invention to change the ratio of
the transformer at A to make the impedance
Zyp & substantial match to the impedance Z;,
at voice frequencies. This would, of course,
cause reflection loss at the carrier frequency.
For purposes of illustration, let us change
the nominal ratio of the transformer at A

io

15

20

1)
Gt

denser, the effective ratio, as has been point-

ed out under such conditions, would be-

come 3.5:1. Under these conditions
Zica=1450

ratio 3.5:1=>5100 : . -
Zow=Zy+Z, in combination with 510uw=
850w : ‘ : ) ] .
Compared to the line impedance Zy," it will
be seen that this gives an impedance irregu-
larity of only 38% at voice frequencies mn-
~ stead of 55% for the case previously point-
ed out. , S o ,
While this impedance irregularity of
5 :33% is greater than would be desired at voice
irequencies, .it may be reduced by further
change -in ‘the nominal transformer ratio.
- Before considering this possibility,let us see
what the use of a 3:1 nominal ratio for the
transformer at A does at carrier frequencies.

4

<

'S
[

As previously explained, the effective ratio

with a 2 mf. midpoint condenser will be ap-
proximately 3:1 at carrier frequencies.” As

has been shown previously at carrier fre--

quencies .

ch; 1200w+ . .
. Zgq at 3:1 ralio seen through transformer
at A=360w+ CL : '

As Zy at carrier frequencies is very high
as compared to 860w+ .

Zios="25// 3600+ =28600+ :

This loss involved by the use of a 8:1 and
a 5:1 nominal ratio at A and B, respectively,
would therefore be allowable at carrier fre-
quencies. Hence, we might further reduce

6

<
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‘mately 2.

from 5:1t0 3:1. Due to the midpoint con-'

Zcq seen through tranéfomﬁer-a__t A with

1,702,305

the nominal ratio of the transformer at A to
get smaller irregularity at voice frequencies.
The same effect at voice frequencies can be
produced, however, by changing the values
of the midpoint condensers without caus-
ing further loss at carrvier frequencies. In
other words, by proportioning the condens-
érs we can reduce the effective transformer

-impedance ratio at voice frequencies with-

ont reducing the ratio at carrvier frequencies.

. This is evident from the fact previously
noted that the nearer Z, approaches ZeTO,
the nearer will the effective ratio at voice

frequencies approach the nominal ratio.

" Hence, if we increase the size of the midpoint

capacities (thus decreasing their impedance)
we may reduce the effective ratio at voice fre-
quencies without reducing the effective ratio
of the transformer at carrier frequencies.
For example, if we use a 3 mf condenser at
the midpoint of the transformer at A, its
effective ratio at 800 cycles will bé approxi-

Fig. 3,

Zioq= 145w . .

Zq3 seen through transformer at A with
ratio of 3.2 to 1=4600 - T

Fay=Zy and Z; in combination with
4600="T50w ’

1t will be seen that; as compared with the
line impedance, this results in an irregularity
at-voice frequencies of only 19%. The irreg-
ularity at carrier frequencies is not materially
changed.. It will therefore be apparent that

1n accordance with this invention by reducing

the nominal ratio of the transformer and by
adjusting its midpoint capacity, the irregu-
larity at voice frequencies may be brought to
an allowable value at the expense of some
increase in the reflection loss at carrier fre-

“quencies as compared with the ideal condi-
‘tion involving an exact matching of imiped-
te) o

ances at carrier frequencies.

In order to more clearly understand how
the impedance-irregularities at voice fre-
quencies may be brought within allowable
limits at only a small increase in the reflec-
tion loss at carrier frequencies in accordance

with the pririciples of this invention, there is’

presented a series of 'calculations based on
conditions met in actual practice. These may
more readily .be undérstood from reference
to Figs. 6, 7Tand 8. - o ‘

In Ifig. 6 are shown two line sections 2 and

3 interconnected Ly the cable 1 without the

use of anto-transformers. Line sections 9

~and 3 are non-loaded 165 mil open wire eir-

cuits. The cable section consists of 0.94 miles
of #13 gauge non-loaded cable. The cable
equivalent at carrier frequencies of 25 kilo-
cycles is 1.2 T. U. At this carrier frequency
the overall transmission loss due to the in-
sertion of this cable in the transmission line
was 8 T. U. At voice frequencies the cable
cireuit is short electrically, so the total loss

2 to 1. Now referring again to
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due the cable is about the same as the cable
equivalent, which is about .4 T. U. Accord-
ingly, the presence of the cable introduces an
irregularify at voice frequencies of about
28% which in this particular case is allow-
able. ' .

In Fig. 7 auto-transformers have been in-
serted at the junction points of the cable and
the open wire circuits. These transformers
have the same nominal ratio of 5:1.  The
voice: frequency case may be considered first
with a frequency of 800 cycles. The line im-
pedance Z;=635—7 190. If the transform-
ers are ideal, then Zy=Zy, and the imped-
ance irregularity at ab=0. However, if real
transformers used in 'practice are utilized,
then Zyp=950—3 490, and the impedance
irregularity at ab=

950—5490— (635—7 190)
635—7 190

=669,

At carrier frequencies of 25 kilotycles, due

to the effect of the transformer ratio, the over-
all loss due to the cable plus the two trans-

formersis 2 T. 1. Therefore, the net gain at
3 5

carrier frequencies is 8—2=6T. U.

In Fig. 8 the transformers at the junction
points of the cable and open wire circuits
have inserted at their midpoints the con-
dengers C, and Cp.  Let it be assumed that the
values of these condensers are the same and
The transforniers have dif-
ferent ratios, the transformer at @b having a
3:1 ratio and the other transformer having a
511 ratio. Under these conditions at a voice
frequency of 300 cycles Z,=750—7 380 and

“the impedance irregularity’ at ab=33%.
This irregularity is slightly higher than the-

value 28% given above as allowable. As has
been previously pointed outin the theoretical
case the impedance irregularity at ad can be
further reduced by further lowering of the
nominal ratio of. the transformer at ab.
Doing this, however, would sacrifice trans-
mission at carrier frequencies, since the re-
flection loss would be increased at such a
point. As has been previously pointed out,
the same effect at voice frequencies may be
accomplished by increasing the capacity of
the condenser it the midpoint of the trans-
former at «d. This would not sacrifice any
transmission at carrier frequencies, since the
effect of the condenser is negligible in that
range. Accordingly, let us change the value
to 8 mf. Then Z.,=T700—7 300, and the im-
pedance irregularity at ab=19%. At carrier
frequencies the loss due to the reduction of the
nominal ratio of the transformer at ab from
5:1to 3:1isonly about 2 T. U.

Hence by applying the principles of this
invention. to the above discussed case, we find
that the net gain at carrier frequercies due
to the transformers will be about 5.8 T. U.
OF.in other words, the total loss due to the

5

insertion of the eable circuit and transformers
in the line is 2.2 T. U. as compared to a condi-
tion when the line is open wire throughout.
At the same time the impedance irregularity
at voice frequency is only 19% which is well
within allowable limits from a voice fre-
quency repeater balance standpoint in this
particular case.

65
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The utilization in accordance’ with the -

principles of this invention of transformer
units having different ratios at the endsof a
non-loaded cable circuit s applicable in ac-
tual telephone practice in cases where the im-
pedance irregularity at voice frequencies is

important from the voice frequency repeat- -

er standpoint at only one end. of the cable.
In Figs. 9,10 and 11 are illustrated three dif-
ferent service conditions found in actual prac-
tice in transmission lines to which the trans-

- former units of this invention are applicable.

In Fig. 9 are shown two open wire circuits
interconnected by a cable with transformers
at A and B, and only one voice frequency re-
peater located at R, no voice frequency re-
peater being involved beyond B. It will be
seen that the impedance irregularity at voice
frequencies will be important only at the end
of the cable circuit at A, and hence the ratio
of the transformer thereat will be adjusted in

“accordance with thls invention to correct for

this irregularity.. There would be no volce
frequency repeater apparatus in the open wire
circuit connected to the cable at BB and hence
any impedance irregularity at B would be
unimportant.. In other words, the invention
is applicable when the distance R— A is short
enough so that the impedance irregularity at
voice freqiiencies at A due to correcting for
reflection losses at carrier frequencies is great
enough to effect the repeater balance at R.

In Figure 10 is shown a line in which voice
frequency repeater apparatus is included in
both of the open wire lines, as at R and R’.
The repeater at R is quite close to the cable,
and is effected by impedance irregularities at
A. Hence the different ratio transformer unit
of this invention may be utilized to correct for

the effect of this impedance irregularity at A

on the repeater at R. The irregularity at B
will not affect the repeater at R as it will be

loeated at such a distance from B that the ef-

fect of the irregularity introduced at B will be
small at R’ due to the attenuation of the line
B-R’.

In Fig. 11 is illustrated a line having a
repeater at R close enough to A to be affected
by irregularities thereat and also having a
repeater at R’ close enough to B to be affected
by irregularities thereat. Under these con-
ditions the transformer unit of this invention
may be utilized to correct for the effect on R
of irregularities at A as heretofore. To cor-
rect for the effect of irregularities at B on R’
the repeater at R” would have a balancing net-
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work N adapted to simulate that section of
the OEen wire line between R and A and would
also be provided with an additional network
A’; B, ¢/ to simulate the transformer unit
(including cable) utilized at A B.

While the invention has been disclosed as
embodied in certain specific forms and as ap-
plicable to eértain specific types of lines, it
1s understood that this has been done for pur-
poses of illustration only, and that the inven-

tion may be embodied in. many other forms-

" and circuits without departing from the spirit

20

30

of the appended claims.

What is claimed is:

1. A transmission line over which currents
of carrier frequencies and currents of voice
frequencies are transmitted, said transmis-
sion line comprising two open wire circuits
of relatively high impedance interconnected
by a cable circuit of relatively low. impedance,
balanced voice frequency repeater apparatus
in one of said open wire circuits, and imped-
ance modifying means at the junction points
of said cable and open wire circuits, said im-
pedance modifying means comprising auto-
transformers having condensers at the mid-
points of their windings, the constants of
each of said impedance modifying means be-

ing so adjusted with respect to the character-

isties of said individual open wire circuits;
which differ due to the inclusion of said bal-
anced repeater apparatus in only one thereof,
that the variation in impedance distortion at
different transmitted frequencies introduced

1,702,305

thereby in said line will be reduced to a min-
imum. )

2. A transmission line over which currents
of carrier frequencies and currents of voice
frequencies are transmitted, said transmisston
Iine comprising two open wire circuits of rel-
atively high impedance interconnected by a
cable circuit of .relatively low impedance,
voice frequency repeater apparatus in one of
said open wire circuits, and impedance modi-
fying means at the junction points of said
cable and open wire circuits, said impedance
modifying means comprising auto-trans-

- formers having condensers at the midpoints
of their windings, the auto-transformer inter- -

connecting the cable circuit and the open
wire circuit without said voice frequency re-
peater apparatus having an impedance ratio
equal to the mominal impedance ratio be-
tween said circuits at-carrier frequencies and
the midpoint condenser associated therewith
being of a fixed capacity value, the auto-trans-
former interconnecting the cable cireuit and
the open wire circuit including said voice fre-
quency repeater apparatus having an im-

“pedance ratio smaller than the nominal im-

pedance ratio between said circuits at carrier
frequencies and the midpoint cofdenser as-
sociated therewith being of greater capacity
value than said other condenser.

In testimony whereof, I have signed my
name to this specification this 22nd day of

December, 1926. .
BENJAMIN F. LEWIS
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