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11 Claims.

This invention relates to repeater systems and,
particularly, to the use of negative impédances
as the amplifying and distortion correcting ele-
ments of such systems.

This application is a continuation in part of
iy earlier application, S. N. 188,497, filed May 3,
1927, on Transmission systems.

Where, as in the case of the circuits used in
the present art, the tofal attenuation of a sec-
tion of transmission line is substantially con-
stant for a band of frequencies, then a ‘“gain”
which is nearly constant for said band of fre-
quencies may be infroduced at proper intervals
through the use of vacuum tube amplifiers ar-
ranged in a two-way repeater system. This ar-
rangement is the one now used in the art. It
suffers under the handicap that, even with com-
paratively light loading of the telephone con-
ductors—.044 henry loading coils spaced 1.2
miles apart, the attenuation constant of the sec-
tion of transmission line between telephone re-
peater stations rapidly builds up for frequencies
near the so-called cutoff point of the line. I have
discovered a new method for introducing a “gain”
in a telephone ftransmission line which may be
automatically varied with frequency. In addi-
tion to introducing a gain, said gain may also
be varied to avoid distortion effects which are
cumulative in effect and hence most severe on
the longer lines. In the present application, the
disclosure herein made indicates the underlying
basic idea as applied to the simpler case of a
constant gain.

In accordance with my invention, I obfain a

5 result which is substantially equivalent to that

obtained by means of a repeater of the 22-type,
which is well known in the art. By making use
of negative impedances -as the amplifying ele-
ments, I am able to utilize devices for this pur-
pose which, from their fundamental nature,
nossess the negative impedance property, such as
the dynatron, which is described in an article
entitled ‘The dynatron”, by Dr. Alb. W. Hull,
which was published in the Proceedings of the

5 Institute of Radio Engineers, February 1918.

Other forms of negative impedances which may
he used in conjunction with the present invention
are those discloged in the following U. S. A, Pat-
ents: 1,606,350, Negative resistance, M. M. Dol-
mage; 1,779,126, Negative resistance -circuits,
F, H. Graham; 1,779,380, Negative impedance
circuits, H. W. Dudley; 1,779,382, Negative im-
pedence circuits, R. C. Mathes.

All of the above negative impedance devices

are of the “constant” impedance type. These

(CL 178—44)

devices develop = constant - negative impedance
characteristics provided, of course, the batteries
associated with them are maintained substan-
tially constant. In the case of the dynatron, the

negative resistance characteristic, as fully de- ¢

seribed by the inventor in the Proceedings of
the I. R. E., as already cited, obtains, within &
certain voltage range as shown in Figure 3 (page
10) of said proceedings, viz., between 50 and
150 volts, and is also constant.

This invention will be clearly understood from

the following description, when read in connec-
tion with the attached drawings, of which Fig-
ure 1 shows a T impedance network illustrating

the principle underlying the invention, Figure 2 ¢

shows a form of negative impedance device that
may be substituted for the impedance shown
symbolically in Figure 1. An equivalent imped-
ance network to that shown on Fig. 1 is shown

are connected in a = formation. Fig. 4 shows the
variation of the amplification obtained when use
is made of the arrangements of either Fig. 1 or
Fig. 3 when the line impedance differs from its
average value,
ception of the use of neutralizing networks at
recurrent intervals, -each neutralizing network
representing a negative impedance amplifier.

" Figure 1 shows a network consisting of two

70

on Fig. 3. In this case the impedance elements 15

Figure 5 shows the broad:con- 80

85

equal impedances X and a third impedance Y -

connected between two lines, each having a char-
acteristic impedance Zo. Each of these imped-
ances comprises a device possessing only two ex-
ternal terminals. If such an impedance is posi-

90

tive it absorbs energy; if negative it gives out -

energy.

Assuming that a2 wave is passing through this
network from left to right, let I+ and I represent
the currents flowing at the left and at the right-
hand terminals, respectively, of the network. - If
we assume values for (X) and (Y) so that—

. Y(Zy+X)
. Z°=X+~X+§f+zo (1)

then, the impedance looking into the left-hand
terminals of the network is equal to the imped-
ance of the line. The same relation exists also
between the impedance looking into the right-
hand terminals of the network and the line im-
pedance. From the diagram of this network it
is seen that the ratio of the current I» to Ii is
given by the following relation:
I Y
n=it
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Solving Equations (1) and (2) for X and Y,
we obtain—

1—n
X= I_l_——nZo (3)
and—
2n
Y=1"_% 4
If the network is proportioned in accordance with

these equations, it is evident that there will be
no reflection of the wave at the terminals of the
network since the impedance looking into the
network in each direction equals that of the line
to which it is connected, while the transmission
loss corresponds to current ratio (n).. This
transmission loss can be expressed in transmis-

sion units in accordance with the following for-

mula:

L= 20 10gw(%>

in which L is the transmissicn loss in &b.

In accordance with my invention I desire that
the network shown in Figure 1 should possess the
property of giving a transmission gain. In other
words, the loss L must be negative. In order to
make L negative, it is evidently necessary that
(n). be made greater than unity, although it
makes no difference whether (n) is.positive or
negative.

Now it will be seen by Equations (3) and (4)
that if n is made greater than 1 and positive,
the impedance (X) and (Y) become negative;
while if (n) is made greater than 1 and nega-
tive, the impedance (X) becomes negative and
(Y) becomes positive. Hence it is seen that by
making some or all of the impedance devices
which constitute the network shown in Figure
1 negative, the network is made to possess the
property of giving a transmission gain. It is fur-
thermore apparent that by choosing values of
(X) and (Y) in accordance with Eqguations (3)
and (4), the impedances looking into the network
from either direction (as given by Equation (1))
will be positive and equal to the line impedance.
From this it is evident that if the network of
Figure 1 is thus properly proportioned, a wave
reaching the network from either section of the
line will be amplified and transmitted into the
other line section, while no reflection will take
place at either terminal of the network. Con-
sequently there will be no echoes set up by the
action of the network.

While the network shown above consists of
three two-terminal impedance devices arranged
in the form of a T, it is well known in the art

)

that the behavior of any network of such two-

terminal impedance devices can be completely

‘matched by the behavior of a T-shaped network

containing three properly chosen devices as
shown in the figure. Consequently, in discuss-
ing the behavior of the T-shaped network, I have
described the behavior of any possible combination
of two-terminal impedance devices which can be
assembled to produce the desired effect of am-
plifying the waves transmitted through the net-
work without setting up echoes due to the ac-
tion of the network.

In illustration of the point just made it may
be shown that the network elements might be
arranged in a = instead of a T as hereinabove
outlined in detail. The pillar elements, in such
a case, would have to be negative impedance de-
vices, while the architrave might be either a

1,955,681

positive impedance or a negative impedance de-
vice. In the case of a network arranged on a =
basis, the values required are, using the same
notation as hereinabove—

1—n?

Architrave element=Z0T (6)
1
Pillar e1ement=zolf2 (1

In the foregoing description, I have shown how
to determine the values of impedances which,
when assembled into a T-shaped network, will
give any desired amplification without the pro-
duction of echoes in the transmission circuits.
As has been shown, the obtaining of amplifica~

tion requires that some or all of the impedances

be negative. .

The amplification of the network shown in
Pigure 1 of the drawings varies with the im-
pedance of the line, being equal to (n) when the
line has its average impedance (Zo). If the two
lines connected together by means of the network
have equal impedances, but different from their
average value Zo which was used in deriving the
constants of the network as given by Formulas
(3) and (4), then there will be some “reflection”
on electric waves reaching the network from
either the left hand or the right hand side of the
terminals of this network. The ratio of currents

I
"=
of Formula (2) does not represent the frue or
complete effect of the network. Obviously
Formula (1) does not hold either, since only in
the case where Z in that formula has its average
value Zo will that formula hold. It isevident that
the true amplification is given by the change in
line current at the receiving end under the fol-
lowing two conditions.

(¢) When the network is eliminated entirely
and the two lines having equal impedances Z are
connected together.

(b) When the network, designed on the basis
of some average line impedance value Zo, is inter-
posed between the same two lines.

If the network is eliminated completely, as-
suming an electromotive force (B) irapressed upon
the left hand side of the circuit, the current I
into the right hand side is given by

E
=2z (8)

If, now, the network is interposed, the current
into the line at the right hand side of the net-
work is given by the relation

I

, Y
I =Bz xyzFxFv) ©

The change in current
II
T

is a complete expression of the effect of the net-
work, when interposed between lines of equal
impedance Z. If we designate by (m) the numeri-
cal value of this change

Il

"“[‘7
it is equal to:
_ 22(Y)

(Z+XNZ+-X+2Y)

It must, of course, be assumed throughout that

m (10)
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the values of the impedance branches (X) and
(Y) have been designed in accordance with (3)
and (4).

It may now be shown that, if in Formula (10)
we replace X and Y respectively by their numeri-
cal values given by Formulas (3) and (4), we
obtain for the amplification (m) a value which
varies naturally with the value of the variable
line impedance, as follows:

_ 4nZ(Zo) A
M= ZA-n)+ 2L {Z(H )+ Zo(1-n))

When Z is given its average value Zo, the
variable amplification coefficient (m) becomes
equal to normal design value (n), as shown be-
low:

(11)

o anze
(2Z)(22)

It will be seen immediately that the variable
amplification (m) becomes infinitive for two
different limiting values of. line impedance Z:
and Z2, as fellows:

1+n
Zi= 1—n
1—n
&=~

The product of the two values of ’iine im-

pedance, each of which results in infinity ampli-

fication is equal to:
Z\Zy=Z} (12)

It follows, therefore, that a predetermined
value (n) for the amplification is obtained, pro-
vided the line impedance does not depart ap-
preciably from its average value Zo. If the two
lines vary in impedance—still staying equal to
each other—then the amplification gradually in-
creases until it reaches infinity for two values of
line impedance, one greater than Zo and one
smaller than Zo, their product being equal to Zo?
as given by Formula (12).

Tigure 4 of the drawings shows in graphical
form the value of (m) as obtained from Formula
(11). In this figsure the value of the line im-
pedance 7 is shown in abscisse and (m) in or-
dinates. The curve as shown, has a minimum
corresponding to real amplification and a maxi-
mum which does not represent any amplification.
The maximum corresponds to the case where the
impedaRce of the line has changed sign and has
now the same sign as the negative impedance
elements of the impedance network of Figure 1
of the drawings. The numerical values of Z
which result in a maximum or minimum for (m)
are obtained by differentiation of (m) with refer-
ence to Z, which gives, after some simplification;

Z=+2
If we designate the ratio of
Zi—2Z
Zy
by (r) then
r=%- 1—{;—211 (13)

In Formula (13) the ratio (r) is given as a
function of (n). In practice, the opposite situa-
tion arises. It is usually desired to find out what
the amplification (n) for “normal” or “average”
line impedance would be, if we know beforehand
the maximum variation (r) in line impedance

3

that is likely to be encountered. Solving Equation
(13) for (n) we get:

a=2tr
r

This is exactly the amplification that is now
possible to obtain in the art through the use of
the well known “22” type telephone repeater
circuit. It is therefore clear that the arrange-
ment shown on Figure 1 of the drawings is an
exact equivalent of the arrangement now used in
the telephone art in conjunction with two-wire
circuits. It is limited as to its range of use with-~
in exactly the same line impedance variations as

(14)

its present equivalent in the art. It will give a -

constant gain as measured by Formula (5) for
that band of frequencies for which the average
line impedance Zo is substantially the same. It
will “sing” and cease to be a repeater when the

line impedance variation (r), for some one fre- :

guenecy, exceeds the limits given by Equation (13).
That particular frequency will limit the band of
frequencies for which the repeater is an effective
instrument of amplification. . It will also be noted
that the arrangement first described in these
specifications, is the first known to the art using

constant negative impedances in network ar-

rangement. Other arrangements have been de-
seribed by earlier inventors which depend upon
the variations of the negative impedances, or of
the positive impedances (in the form of ionized
gas resistances) or of both types of impedances
to secure amplification. When use is made of
the arrangement, as first disclosed in these
specifications, only constant impedances are re~
quired. It is also the first truly amplifying ar-
rangement known to the art which makes use
of just three (3) impedances arranged in either
T or “x” network, substantially as hereinabove
described.

It has been pointed out hereinabove that,
though the network herein described may be com-
posed entirely of negative impedances, its char-
acteristic impedance nevertheless is positive and
can be made equal to that of the positive char-
acteristic impedance of the signaling system with
which it is associated. That requirement is ex~
pressed analytically by Equation (1). If that
equation is solved for (Zo), in function of the net-
work impedance values (X) and (Y), we find—

Z?=X?12XY (15)

If in the above the values of X and Y, as ob-
tained from Equations (3) and (4) are substi-
tuted, an identity is obtained. Now, though (X)
and (Y) may both be negative, it is readily seen
that the numerical value of the terms (X24-2XY)
will be positive. It is important to note further
that, if the two architrave impedances (X) are
negative, (Y¥) may be positive, as already indi-
cated in the discussion following Eguation (5),
and the T network will stiil operate as an ampli-
fying system. 'This fact, the development of a
positive characteristic impedance in a network
of three impedances, some or all of which are
negative, is the key to the possibility of using
negative impedances as an amplifying system.
It may also be pointed out here that any two-way
amplifying system whatsoever using negative im-
pedances can be reduced to the two fundamental
prototypes—the T and = networks as herein dis-
closed.

There are a great many ways which are well
known in the art whereby a two-terminal device
which will have the desired negative impedance
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property may be obtained. One of these is illus-
trated in Figure 2, which shows the circuit of the
dynatron, previously mentioned, when used as a
negative impedance. The dynatron (Proceedings
of the Institute of Radio Engineers) comprises a
filament (1), a plate (2), and an anode (3), hav-
ing an opening therein through which electrons
pass from the filament to the plate. The theory
underlying the operation of such devices is fully
disclosed in said proceedings and, for simplicity,
will be cmitted from this specification. The ter-
minals a—a¢’ should be connected with the line L
at the correspondingly designated terminals
shown in Figure 1.

- Certain cutstanding advantages of the amplify-
ing system using negative impedances as herein
disclosed will be apparent to those who have a
knowledge of the practices in the art. As com-
pared, for instance, with the two-way 22-type
repeater system now so universally in use, the
system first disclosed herein does not interrupt
the continuity of the circuit. It is thus possible
to transmit -battery signals or dialing impulses
through the amplifying system. This is not now
possible with the 22-type standard repeater sys-
tem. Similar advantages hold as regards the
transmission of telegraph signals through the
repeaters. Where it is necessary to provide any
of the features just mentioned, it is now necessary
to provide complicated and expensive equipment
bridged around the telephone repeaters of the
22-type. In addition, the overall power efficiency
of the system as herein first described is twice as
good as the overall power efficiency of the 22-type
system on account of the losses encountered with
the latter in the “balancing networks”.

While the invention has been disclosed as em-
bodied in a particular form, it is capable of em-
bodiment in other and different forms within the
spirit and scope of the appended claims. For in-
stance, a negative impedance using ordinary vac-
uum tube amplifiers and ordinary wiring and
battery supply arrangements may also be ob-
tained through the application of the arrange-
ment disclosed by Latour in U. S. A. Patent
1,687,253. This arrangement describes s two-
terminal network which develops a constant neg-
ative impedance and is suitable for use with the
invention first described hereinabove.

The specifications as hereinabove outlined
fully describe the operating characteristics of a
two-way telephone amplifier using ‘“negative”
impedances as the constituent parts of such an
amplifier. It has been shown (see Formula 14)
that the amplification obtainakle by the arrange-
ment first disclosed in these specifications is ex-
actly the same as that now obtained by the use
of two-way telephone repeaters known as the
«“22” type. The negative impedance repeater as
herecin disclosed may therefore be substituted for
a “22” type repeater of the present art in any
transmission circuit. As well known, such re-
peaters may be used in tandem arrangement in
any number without mutual interference. Con-
sequently, the negative impedance repeater de-
scribed hereinabove can also be so used at recur~
rent intervals. It is customary at present to space
telephone repeaters at 50-mile intervals in voice
frequency cable circuits, and such spacing will
prove equally economical with the type of re-
peater first outlined hereinabove. If is expected
further that the use of the repeaters of the new
type will prove less susceptible fo ‘“‘singing” in
view of the absence of local circuits similar to
those typical of the “22” type circuit, wherein the

1,955,681

outgoing circuit east of the repeater sends
through an unbalance current to the incoming
circuit of the “west” repeater.

In Figure 5 of the drawings is shown an ar-

rangement originally filed on May 3, 1927 as Fig--

ure 4 of the drawings of S. N. 188,497, now aban-
doned. The present application is a continuation
in part of the above prior application. This figure
shows the broad conception underlying the pres-
ent invention, i. e., the use of “negative” im-
pedances forming an artificial network repre-
senting the exact negative of the equivalent net-
work of a section of natural transmission line.
When such “neutralizing” networks are inter-

posed in a transmission line and the constituent -

parts thereof are duly proportioned with respect
to the constants of said transmission line, it is
possible to completely’ “neutralize” or eliminate
the effect of the presence of a transmission line
between any two distant points. The effect of
such an arrangement therefore is the realization
of an ideal, that of a so-called zero-loss line.
When the conception underlying Figure 5 of the
drawings is carried through to'its theoretical lim-~
its, not only is it possible to obtain ‘“amplifica-
tion”, a desirable objective by itself (but it is
also possible to obtain “distortionless” transmis-
sion, in that both attenuation and phase change
will evidently be the same ior all frequencies.
This is clearly shown by the arrangement of
Figure 5 of the drawings, wherein the eguivalent
“7? network of a natural transmission line is
illustrated as connected to terminals 1, 2, 3 and
4, while the corresponding “neutfralizing” type
network is connected to terminals 5, 6, 7 and 8.
The two shunt impedances (+Z1) of the equiva-
lJent network of the line are “neutralized” by
the corresponding two negative shunt impedances
(—2Z1) of the artificial nebtwork. The series
architrave impedance (+Z2) is alsc neutralized
by the corresponding series negative impedance
(—Z2) of the artificial network, as shown. The
result, so far as transmission is concerned, i3
simply that the natural line, for all practical
purposes, has been removed from the transmis-
sion path. Everything happens as if the genera-
tor at the originating end and the receiving
equipment at the distant end were connected by
a line of zero length. Such a line, naturaily,
oiffers neither attenuation nor phase change
effects. We have thus removed or eliminated
“distortion” as well as attenuation.

It is clearly necessary, in order to carry into
practice the conception underlying Figure 5 of the
drawings, to have available negative impedances,
marked on said figure as (—Z1), (—Z2), etc. In
U. S. A. Patent 1,687,253, granted to Latour, is
shown a general method for obtaining negative
impedances of any type. Other inventors, as
previously mentioned in these specifications, have
also shown similar methods for obtaining nega-~
tive impedances.

Since the equivalent network of a section of
transmission line, such as shown connected to
termainals 1, 2, 8 and 4 of Figure 5 of the drawings,
represents a so-called transmission loss between
terminals 1, 2 and terminals 3, 4, it follows that
the artificial neutralizing network connected to
terminals 5, 6, T and 8 represents a so-called trans-
mission gain. Any device in the art which intro-
duces or is responsible for a gain is also designated
as a repeater or amplifier. The artificial network
connected to terminals 5, 6, 7 and 8 is in effect
a “negative impedance repeater”. It is more
complicated in type than the usual type repeater,
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since to realize it in practice it is necessary to
obtain the “negatives” of impedances of general
type, instead of providing only a negative resist-
ance. To make this point absolutely clear, Figure
19 was provided in my prior application, S. N.
188,497, showing what might ke, for a given case,
the constituent parts of impedances (+Z1) and
(+7Z2), whose “negatives” it is necessary to supply
for the purposes indicated above.

Tn the present specifications, the simple case of
an amplifier inserted in a loaded cable circuit was
outlined in detail. Such loaded cable circuifs,
as well known, have a negligible reactance com-
ponent, when properly terminated, and an ampli-
fying system built on the basis of negative resist~
ances only is satisfactory in such a case. The
apbplication of the broad underlying principle of
the present invention is not, however, restricted
to communication circuits which have character-
istic impedances with zero or negligibly small
reactance component, as fully explained herein-
shove. The general design features, as fully out~
lined in the present specifications, apply with
equal force to the general case where the con-
stituent parts of the “x” structure representa-
tive of a section of transmission line are imped-
ances of general type. For instance, Formulas
(6) and (7) of the present specifications apply to
the general case represented on Figure 5 of the
drawings. As shown, the only negative imped-
ances which it is necessary to provide are imped-
ances which are numerical multiples of (—Zo),
where (+-Zo) is the characteristic impedance of
the natural transmission line. It hasbeen shown
hereingbove that the characteristic irapedance of
the artificial network can be made equal to that
of the natural line, even though the artificial net-
work has only negative impedances as constitu-
ent parts. It may be further stated that, of neces-
sity, the propagation constant of the same arti-
ficial network, when designed as shown on Figure
5 of the drawings, is equal in absolute value but
exactly opposite in sign to that of the correspond-
ing section of the transmission line, since with fuil
neutralization the current at the beginning and
that at the end of the composite transmission
system illustrated on Figure b must be equal both
in amplitude and in phase.

Reference may be made, for a more detailed
exposition of the underlying principles involyed
in the present invention, to a paper presented by
me in April 1928 before the Franklin Institute of
Pennsylvania (published in the journal of the
same institute in February 1929).

I claim: .

1. A system of electrical wave transmission in-
terposed between two telephone offices, consisting
of a telephone line cut into sections at recurrent
points by a system of series and shunt impedances,
said impedances in combination representing at
each cut a section of artificial telephone line of
opposite series and shunt characteristics to those
of the actual line. .

2. A repeating amplifier comprising a plurality

5

of constant impedance devices, two of which are
negative, forming a T network.

3. A repeating amplifier comprising a plurality
of constant impedance devices, all of which are
negative, forming a T network.

4. A T network of impedance devices for con-
nection to a signaling line of average impedance
Zo, having its series elements designed in accord-
ance with formula

1—n

X=1ra%

and its shunt elements in accordance with formula
__+2n
T 1—n?

wherein n-—a numeric greater than unity.

5. A “#” network of impedance devices for con-
nection to a signaling line of average impedance
Zo, having its pillar elements equal to

14+n

1—n

Y ZO)

Z

and its architrave element equal to

1—n?
" an

where (1) is a numeric greater than unity.

6. A T network of constant impedance devices,
some or all of which are negative, for connection
to a signailing line, having a characteristic im-
pedance equal to the characteristic impedance
of the signalling line.

7. A “x”’ network of impedance devices, some or
all of which are negative, for use in combination
with a signaling line, said network having a char-
acteristic impedance equal to the characteristic
impedance of the signaling line.

8. In a signaling system, the combination with
a line of a repeating amplifier interposed between
sections thereof, said amplifier comprising a con-
stant negative impedance device in series with
each section of said line section and a constant
positive impedance in shunt with said line.

9. In a signaling system, the combination with
a line of a repeating amplifier interposed between
sections thereof, said amplifier comprising a con-
stant negative impedance device in series with
each section of said line and a constant negative
impedance in shunt with said line.

10. In a signaling system, the combination with
a line of a repeating amplifier interposed between
sections thereof the said amplifier consisting of a
combination of series and shunt negative imped-~
ances. :

11. In a signaling system, the combination with
a line of a repeating amplifier interposed between
sections thereof, the said amplifier consisting of -
an electrical “network” having a characteristic
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of the line, said “nefwork” consisting of a com- -
bination of series and shunt negative impedances.
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