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UNITED ‘STATES PATENT OFFICE 
' 2,242,878 

DESIGN OF BROAD BAND REPEATERS 

Hendrik W. Bode, New York, N. Y., assignor to 
Bell Telephone Laboratories, Incorporated, New 
York, N. Y., a corporation of New York 

‘ Application September 29, 1939, Serial No. 297,069 

(01. 178-44) 8' Claims. 
The present invention relates to ampli?cation 

and transmission of electrical waves covering a 
broad frequency band such as is used in multi 
plex carrier and television systems. 
An object of the invention is to improve the 

signal transmission capabilities of a repeatered 
system, particularly by providing more effective 
coupling means between the repeater and the 
line. ' _ 

A feature of the invention comprises a wave 
transforming circuit for associating an ampli?er 
with a broad band transmission circuit, equalizing 
attenuation and producing favorable signal-to 
noise ratio. 
In accordance with this feature of the inven 

tion, a wave transforming and coupling circuit‘ 
is provided which contributes 'to the total gain 
by a variable factor over the frequency band in 
such manner as to counteract the variable at 
tenuation of the line over the frequency band 
and at the same time is substantially non-dis 
sipative. . ' 

In a given type of system and fora given fre 
quency band to be transmitted, the minimum 
permissible amplitude .to which the signal may 
fall, hence the repeater spacing "for a line ‘of given 
over-all attenuation characteristic, is determined 
by the noise level of the system. Noise may orig 
inate in or ?nd its way into the system at points 
between repeaters or in the repeaters themselves. 
In the present discussion it will be assumed that 
the repeaters are of the stabilized feedback type. 
In order to minimize noise originating in the re 
peater and for the sake of other advantages re 
sulting from feedback it is desirable to use a ' 
large amount of feedback. »While further discus 
sion of the noise problem will be given later on, 
it is here pointed out that the wave transform 
ing and coupling circuit of the invention permits 
full use of feedback with its accompanying ad 
vantages. By achieving'attenuation equalization 
without energy dissipation, it contributes mark 
edly to the signal-to-noise ratio. 
While capable of general application, the in 

vention will be disclosed herein for illustrative 
purposes as embodied in a coaxial line system for 
transmitting waves covering a broad band ex 
tending 'up to a top frequency in one typical 
case of two megacycles and, in another typical 
example, of three megacycles. Again, for illus 
trative purposes, the’ range up to two megacycles 
will be assumed devoted to multiplex carrier tele 
phone transmission and the range up to three 
megacycles will be assumed devoted to television 
transmission. 

10 

The nature of the invention and its various 
features and objects will be more fully under 
stood from the detailed description to follow to 
gether with the accompanying drawings:. 
In the drawings: ' 

Fig. 1 is a simpli?ed schematic diagram of a 
stabilized feedback ampli?er with input and out 
put transformers according to the invention; 

Figs. 2 and 3 are block schematics of a com‘ 
plete repeater section to show typical noise con 
ditions to be met; - 

Figs. 4 to 7, inclusive, show desirable charac 
' teristics for the transformer and repeater to have 

30 

40 

in practising the invention; 
Fig. 8 is a circuit diagram showing impedance 

relations to be realized in the circuit design; 
Figs. 9 and 10 are characteristic curves to be 

referred to in the description; 
Figs. 11 to 15, inclusive, show various'shapes 

for a certain resistance characteristic to be made 
use of for design purposes; 

Figs. 16 to 21 are'plots between frequency and 
either resistance or reactance;~ 

Figs. 22 to 25, inclusive, are detail circuit or 
impedance diagrams of coupling circuits designed 
in accordance with the invention; 

Figs. 26 to 36 are plots between frequency and 
either attenuation (decibels) or phase. 
Considering ?rst the problem of noise, there 

are four principal sources, namely, (1) external 
interference, (2) modulation in the form of dis 
tortion which degrades the signal or in the form 
of cross-talk between channels, (3) resistance 
noise or thermal agitation, and (4) tube‘ noise. 
The invention is immediately concerned with 
only the last three of these. vExternal noisercan 
be kept out by shielding the affected parts. 
Modulation can be reduced by feedback theoreti 
cally to any desired extent and practically to 
an extent determined by tube limitations so that 
any circuit elements entering into the amplifier 
design must be such as not to 
mum use of feedback if the modulation is to be 
kept as low as possible. Nothing can be done, 
in general, about resistance noise except to avoid 
adding to it by introduction of any resistance 
that can beavoided. The e?ect of tube noise 
can be minimized by maintaining the highest 
possible margin of signal level above the level of 
the tube noise. 
Attenuation equalizers in the line which de 

pend upon dissipation of energy unequally over 
the frequency band add to the total resistance 
noise. It has been realized heretofore that 
equalization can be introduced into the trans 

restrict the maxi-v 
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formers used to‘ couple the line to the repeater in 
the case of ampli?ers of the non-feedback type 
and that in this way the equalization can be 
effected without raising the resistance noise level. 
For example, it is old to resonate the input trans 
former inductance with the tube input capacity 
above the upper frequency of the band, thus 
providing an input circuit characteristic which 
rises with frequency over the band. 
When an attempt is made to do this in the case 

of a feedback ampli?er, a more complicated prob 
lem is presented. In this case the transformer 
must meet three requirements: (1) It must have, 
a characteristic such as to equalize the line or do 
its share in the equalization; (2)~ it must ?t the 
design requirements imposed upon the ampli?er 
feedback loop since it is connected to this loop 
and affects its characteristics; this is important 
from the standpoint of permitting maximum use 
of feedback with its attendant advantages one of 
which is the reduction of modulation; and (3) 
the input transformer must be highly e?icient 
in transferring voltage from the line to the grid 
in order to secure the greatest advantage in over-_ 
riding tube noise,_ and the output transformer 
must be highly ei?cient in transferring power 
from the plate to the line in order to secure the 
greatest advantage‘in overriding noise from all 
sources. 
While the invention is capable of general appli 

cation, it will be illustrated and described as ap 
plied to the case of a series type of feedback 
ampli?er, that is, one in which the high im 
pedance terminals of thegtransformer are serially 
included in the feedback loop. 
A simpli?ed sketch of a repeater according to 

the invention is shown in Fig. 1. In this ?gure 
three stages of ampli?cation comprising tubes l, 
2 and 3 are shown, with interstage circuits at N1 
and 7 N2, input‘ transformer at T1 and output 
transformer at T2. The feedback impedance Z, 
is shown at 5. The input capacity of tube I is 
C1, the capacity across the high side of trans; 
former T1 is C2, the output capacity of tube 3 
is C: and the capacity across 
transformer T2 is C4. The feedback impedance 
Z; is assumed for simplicity to be resistive, and 
in practice this may be variable to permit con 
trol of the total ampli?ergain such as for tem 
peraturecompensation of the line. The gain of 
the ampli?er itself is, therefore flat with fre 
quency. It will be understood that tubes l, 2 and 
3 will ordinarily be pentodes or tubes of any de 
sired type rather than the simple triodes shown. 
As regards the function which the transformers 

T1 and T2 have of transferring waves between 
the line and either end of the ampli?er, there 
are two main considerations. The ?rst has to 
do with the shaping of the waves to secure equal 
ization, and the second relates to the eifective 
ness of the transformers in transferring voltage 
or energy between the line and the input grid or 
output plate of the ampli?er. The reason that 
there are these two considerations may be seen 
from Fig. 1. Since the impedance Z; is negligibly 
small compared with the impedance of C1 the 
total impedance looking to the right at points 
a, b when the feedback is active may be con 
sidered to be the impedance of C1 multiplied by 

the high side of I 
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2,131,365, September 27, 1938. The transmission 
characteristic of transformer T1 is, therefore, that 
of the transformer terminated in capacity C2. 
The transformer is, therefore, to be designed to 
produce a given voltage across the points a, b. 
and its characteristics are to be such as to pro 
duce a voltage ratio varying from frequency to 
frequency over the band in such manner as to 
equalize the line attenuation to a suitable extent, 
to be further discussed. The problem still re 
mains, however, of getting the largest possible 
amount of this voltage to appear across the grid 
and cathode of the tube l in order to produce 
the greatest margin of signal amplitude above 
the tube noise level existing at this point. The 
shunt capacity. C1 affects this transmission char 
acteristic, so that in solving this part of the 
problem the transformer must be considered as 
terminated by the total capacity C1+C2. Similar 
considerations apply to the output side. Due to 
the fact that the tube capacity C3 ‘is small, and 
that its impedance is raised by feedback, the 

d, e is so great that the 
transformer T2 may be considered as terminated 
only in its shunting capacity C4 so far as its trans 
mission characteristics as a four-terminal net 
work are concerned. In considering the trans 
mission characteristic of the circuit from the 
plate and cathode of tube 3 to the line, how 
ever, the effect of capacity C3 enters and the 
transformer must_be considered as terminated in 
the total capacity C3+C4. The design is to be such 
as to permit maximum energy transfer from the 
plate of tube 3 to the outgoing line in the interest 
of e?iciency and attainment of favorable signal 
to-noise ratio. In a'practical case the impedance 
relations are such that both transformers may be 
designed alike. 
The problem can be put into more de?nite form 

by the aid of the simpli?ed sketches of Figs. 2 
and 3 showing complete repeater sections ll1us— 
trating two typical cases as regards noise condi 
tions. - 

Fig. 2 shows a repeater section including the 
output tube 10 of one repeater coupled by means 
of output transformer T2 to the line section lead 
ing to the next repeater station where the line 
is coupled by means of input transformer T1 tb 
theinput stage H of the repeater at that sta 
tion. It is assumed in this ?gure that the input 
and output tube capacities have the same value, 
Co, and that the transformers T2 and T1 are alike 
and are terminated in like capacity C. - It is'also 
assumed in this ?gure that tube noise is more 
important than resistance noise. It is further 
assumed that the output tube works at maximum 
efficiency if the signal level at A is the same for 
all channels. Since the tube noise at the grid D 
of a succeeding repeater is substantially the same 
at all frequencies the optimum design will evi 
dently be realized if the transmission characteris 
tic from A to D, including the intermediate line 
and all associated equipment, is perfectly ?at over 
the frequencyband and is at as high a level as 
possible. The ratio between the voltage at D and 
voltage at A will be maximum if there is no 
equalization or other attenuation added to the 
loss of the line itself. The complete transmis 

~ sion characteristic for the system as a whole, how 

the factor (1+/.L§),'WhiCh impedance can be re- 70 
garded as practically in?nite, the impedance of 
C1 itself being quite large to begin with. This 
effect of feedback in raising the apparent im 
pedance is disclosed more fully in patents to H. S. 
Black Nos. 2,102,671, December 

ever, must also be ?at with frequency over the 
band. Since there has been assumed no equaliza 
tion in the p circuit of the ampli?ers and, there 
fore, ?at gain for the ampli?ers themselves ex 
clusive of transformers, one arrives at the result 

.21,' 1937, and "5 ing requirement that all of the line equalization 
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must be obtained in the transformer char-acte - 
tics, regarding each transformer as a four-ter 
minal transmission network. In other words, the 
transmission characteristic, from B to I: must 
also be flat with frequency. In this case each 
transformer equalizes one-half the line attenua. 
tion. ' 

If the. resistance noise is the predominant 
factor, the relations which should obtain in an 
ideal system are those shown in Fig. 3. This is 
the same as Fig. 2 except that the final signal-to 
noise ratio is computed at G instead of at D. 
Thev reason for this is that the input circuit 
is non-dissipative so that there .is no contribu 
tion to noise in Fig. 3 after the point G is passed 
so that the resistance (which is that of the 

a line) and therefore the noise is here the same 
for all channels. Since the signal levels at A 
should be ?at; a design giving the best signal 
to-noise ratio over all channels would be ?at 
from A to G. 
In the further discussion the conditions rep 

resented by Fig. 2 will be considered as typical. 
There may be cases, however, in which the con 
ditions represented by Fig. 3 are more nearly 
approached and the invention is applicable to 
both of these as well as to other situations. 
Further reference to Fig. 3 will be found at the 
end of this speci?cation where some general 
statements are made as to the types of solutions‘ 
applicable to the conditions assumed in Fig. 3. 
As noted above, the transformer design also 

enters into the design of the feedback amplifier 
with which it is used. Oneof the problems in 
feedback ampli?er design, especially to secure 
the advantages of large feedback, is the problem 
of so relating the phase and gain around the as 

- loop as to stabilize the circuit against singing 
tendency up to the limit of the required degree 
of feedback. At very high frequencies; far 
higher than the utilized frequencies, the tubes 
lose their gain at a de?nite rate and the phase 
around the feedback loop is determined mainly 
by the shunt impedances which degenerate to 
capacities. _ As disclosed in my United States 
Patent No. 2,123,178, issued July 12, 1938, it is 
possible by proper design of the amplifier-feed 
back loop to control the manner and the rates at 
which these changes in gain and phase occur at 
the very high frequencies as to avoid the possi 
bility of singing while using larger amounts of 
feedback than previously. The principles laid 
down in that patent are followed in the design 
of the ampli?ers including their input and output 
transformers according to the present invention. 

Referring to Fig. 1, the feedback voltage re 
turned to the ?rst tube is, broadly speaking, 
caused by the flow of plate current from the 

'- last tube through the output circuit and thence 
through the feedback impedance, the voltage 
drop across this impedance being the return 
voltage. It is apparent from the sketch, how 
ever, that the exact ,voltage which is fed back 

first place, a portion of the plate current is di 
verted by the capacity Q, of impedance Z3, and 
returns to the output cathode without ?owing 
through the feedback impedance. Since the 
feedback impedance is negligible in comparison 
with the impedance Z4 of the output circuit, the 
fraction of the output or plate current I which 
actually ?ows through the feedback impedance 
is easily evaluated as 

Z: 
3 4 

I 

3 
In the secombplace, the two impedances, Z1 
and Z2, representing, respectively, the input ca 
pacity of the, tube‘an-d the impedance of the 
input circuit, form a potentiometer so that only 
the fraction 

Z1 
zr'l'zz 

of the voltage across the feedback impedance 
is actually applied'to the grid of the input tube. 
The two factors 

Za 
Za+Z4 

and 

'Z, . 

Z1+Z2 
I therefore, represent the modi?cations in total 

20 

25 

30 

65 
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feedback produced in the input and output cir 
cuits. In present practical designs, these-circuits 
are almost alike so that these factors can be. 
regarded as identical. 
These factors incorporate the impedances Z2 

and 24 of the input and output circuits and, 
therefore, depend upon the transformer designs. 
For the actual transformers under consideration, 
these impedances are much more variable func 
tions ofifrequency than ordinary transformers 
would exhibit and the contributions of‘t'hese 
terms to the complete feedback characteristic, 
are correspondingly complicated. 
From the general design point of view, the 

principal general criterion on the contribution 
of the transformers to the feedback circuit is 
furnished by the asymptotic‘ values to which 
the two potentiometer terms reduce at extremely 
high frequencies. At a very high frequency, of 
course, the tube input and output circuit imped 
ances reduce simply to the capacities C2 and C4. 
These potentiometer terms, therefore, become 

C2 . 

Cl+(/'2 
and 

C4 
13+ C4 I 

As the discussion in my patent above referred 
to shows, the fundamental criterion on the 

' amount of feedback obtainable from the com 

60 

is modified from this in two respects: In the s 

70 

75 

plete amplifier is obtained from the asymptotic 
behavior of the feedback loop at very high fre 
quencies. It will be explained later on that in 
designing the transformers, the ?rst step is to 
choose as large values for C2 and C4 as is con 
sistent with the other requirements of the trans 
formers, so that the asymptotic characteristics 
W111 be as favorable as possible. 
Desirable types of curves for. the transformer 

characteristics, in so far as they affect the feed 
back circuit, ‘are such as those shown byFigs. 4 
and 5. Within the useful transmission band. 
the up contribution is substantially constant and 
very nearly zero. This, as later discussion shows, 
is dictated by the other requirements on the 
transformers but it is also valuable for feedback 
purposes since in this range a nearly constant 
feedback is usually desired. Beyond the trans 
mission band, however, the characteristic rises 
rather. suddenly to a large loss and then reduces‘ 
to a constant asymptotic loss at higher fre 
quencies. This part of the characteristic is used 
to furnish the sharp selectivity near the edges 
of the bands required by the ideal as character 
istics described ‘in my patent above referred to. 
The relations of the transformer characteristic 



to‘such an ideal cut-off characteristic are ex 
hibited; by Figs. 6 and 7. The difference between 
the tr ‘nsformer and the complete cut-off char 
acteris ics must, of course‘, -be supplied by the 
interstage networks N1 and N2. 
transformers to supply the sharply selective 
parts, relatively simple interstage networks with 
out sharp tuning can be used. } 
From the standpoint of the insertion loss and 

phase shift ‘of the transformers in the series 
ampli?er-feedback loop, it is seen, therefore, that 
the capacities C2 and C4 across the high sides of 
the transformers must be large enough to intro 
duce negligibly small attenuation in the band in 
order not to affect adversely the amount of per 
missible feedback. The shunt capacity together 
with the rest of the transformer introduces a 
peak of attenuation just above the hand. 
These are the main considerations as far as the 

insertion effects in the feedback loop are con 
cerned. Other design criteria come in from the 
standpoint of through transmission between the 
line sections and the ampli?er. In other words, 
the transformers have been considered in con 
nection with Figs. 4 to '7 from the standpoint of 
their effects as two-terminal impedances in series 
in the feedback loop. It is also necessary to con 
sider their design as four-‘terminal devices for 
coupling the line to the 
The three requirements speci?ed above which 

the transformer design must meet may, in the 
light of the foregoing considerations and with 
the conditions of Fig. 2 applicable, be somewhat 
more explicitly stated. The transformer, when 
regarded as a two-terminal impedance in series 
in the feedback loop, is to have attenuation and 
phase characteristics approaching. those given in 
Figs. 4 to '7. As a four-terminal network termi 
nated on its low side in the line and on its high 
side in capacity C_ (Fig. 2) it must have a voltage 
ratio varying over the band in such way as to 
provide the required degree of equalization. 
Again as a four-terminal network terminated on 
its high side in the total capacity C+Co the net 
work must have both the ‘required characteristic 
for line equalization and a maximum transmis 
sion characteristic over the prescribed band. ’ It 
is convenient to refer to the characteristic of the 
transformer itself with its shunting capacity C, as 
the external gain characteristic and. to refer to 
the transmission characteristic of the circuit in 
cluding the transformer working into or out of 
the total capacity C+Co as the volume per 
formance characteristic. It was described above 
that the impedance across points a, b or d, e of 
Fig. 1 is substantially in? 'te, so that in designing 
the transformers for their, external gain char 
acteristics the circuit can be thought of as severed 
at points a, b and d, e. The design must be such 
that when the circuit is completed at these points 
the transmission characteristic up to the grid of 
tube l or the plate of tube 4, that is, the volume 
performance, is maximum. The external gain 
characteristic should be equally high, as will be 
described more fully hereinafter. 
Using the notation for the capacities as given 

in Fig. 2, tiie impedances Z1 and Z; may be repre 
sented as in Fig. 8 v vhere the transformer T is 
either T1 or T2 of Fig-1 or Fig. 2. The impedance 
Z1=R1+iXi is the impedance looking into the 
capacity C or, in other words, it is the high side 
impedance of the transformer when it is termi 
nated vappropriately for the computation of ex 
ternal gain. Similarly, the impedance 

By using the 1 

2,242,878 
represents the impedance looking into Co, or the 
high side impedance of the transformer where 
it is terminated appropriately for a computation 
of volume performance. Since the two im 
pedances diifer only by the parallel capacity Co, 
either can be computed from the other. . ' 
In typical repeater designs‘ the relation be 

tween the input and output circuit characteristic 
and the line is that shown in Fig. 9. Since the 
line attenuation is greatest at the highest fre 
quency, hence maximum ampli?cation is required 
at the highest frequency, the input and output 

‘ circuits simulate the line at the top of the band 
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but leave some residual equalization to be done 
separately at lower frequencies. The correspond 
ing general form of resistance characteristic must 
be that shown by Fig. 10. Under the Fig. 2 condi 
tions this can be taken to represent either R1 or 
R2 since the external gain and volume charac 
teristics are there supposed to be equal. The 
extreme values of R0 and RM are of special in 
terest, the highest value. Rm, determining the 
volume performance at the top of the band and 
the lower value, Ro, being equal to the line im 
pedance multiplied by the nominal impedance 
ratio of the transformer.- _ 
Having given the problem of securing a gen 

eral resistance-frequency relationship of the type 
shown in- Fig. 10 by means of a circuit of the 
general form shown in Fig. 8, or of this form to 
start with,'it is advantageous .to make use of a 
certain general resistance-capacity relation. It 
can be shown that any minimum reactance 
physical network impedance which vanishes at 
in?nite frequency like a capacity C... must have 
a resistance component related to the capacity 
by: v . . 

J; Rdw-2Cm ‘ (1) 
This equation obviously applies directly to the 
calculation of the maximum step-up obtainable 
from input or output transformers terminated in 
a prescribed capacity on the high impedance side. 
Since the high side resistance is proportional to 
the square of the voltage or current gain through 
the circuit, and since R cannot be negative at any 
frequency, it is possible to represent the maxi 
mum response through the transformer over any 
prescribed band extending from or to (02 in the 

form 

w, T ‘ 

L1 ewes-Wm (z) 
where R1 is the resistance of the line and the 
equals sign applies only in the limiting case when 
the resistance is concentrated entirely between 
an and am. . 
As an example of these relations we may sup 

pose that the desired transmission characteristic 
is ?at over the frequency range between or and 
ma. Equation 2 then becomes 

e ?re-enema (3? 
This is the same as saying that the maximum 
?at gain obtainable from the best possible trans 
former terminated in the prescribed capacity 
Cw is the same as that which would be obtained 
from an ideal transformer whose high side im 

, pedance is equal to 

76 
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times the impedance of the capacity for the 
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band width in question. In most of this dis 
cussion, the concern will actually be with trans 
formers whose transmission characteristics vary 
with frequency according to some prescribed law. 
To study such a case, suppose that the gain a is - 
written as ao-l-ai where 11 represents the desired 
variation in the transmission characteristic and 
an is a constant specifying the general level of ' 
transmission. The maximum obtainable level 
can then be determined from the equation 

meg-1... ' .2CqeR1f e’?dwJ ' 
“I 

where the integral in the right-hand side can 
be evaluated numerically in any particular case, 
since the variation of :11 with frequency is sup 
posed to have been prescribed. 
In the present problem the capacity CO0 is 

evidently C for the R1 or external gain char 
acteristic and C+Co for the R2 or volume char 
acteristic. Obviously, therefore, the resistance 
integral for R1 must be appreciably greater 
than that for R2. Since the two resistance char 
acteristics are identical in the useful band, when 
working under the conditions of Fig. 2, a con 
siderable surplus resistance may be expected be 
yond the useful band for the R1 characteristic 
and a much smaller surplus for R2. The fact 
that the surplus for R2 must be relatively small 
makes it possible to simplify the analysis some 
what, since the assumption can be made that 
the characteristic drops to zero .rather rapidly 
outside the band. Consequently, attention will 
be con?ned henceforth to this one of the two 
resistances. 

Evidently, the maximum possible, volume per 
formance, for a given value of Co-I-C, is realized 
if the complete resistance integral is consumed 
by the characteristic in the useful band. This, 
however, must require an in?nite number of 
elements, since it corresponds to an abrupt break 
in the resistance characteristic at the band edge. 
Moreover, if attempt is made to approach the 
limit too closely the apparent gain in perform 
ance may be lost by parasitic dissipation in the 
elements. The actual ratio between the resist 
ance integral in the band and the integral over 
the complete spectrum will be called the “resist 
ance efficiency” or simply the “efficiency” of Ithe 
circuit. For illustrative purposes the e?iciency 
will be taken as 80 per cent, which corresponds 
to a degradation of 1 decibel per transformer 
from the ideal. In the general design process, 
however, it is intended to be an arbitrary param 
eter chosen in advance by the design engineer. 
By choosing a high value, he obtains high per 
formance, while by choosing a lower value he is 
led to an easier design problem and a simpli?ed 
circuit, at the penalty of somewhat poorer per 
formance. - ‘ 

With the foregoing general relations in mind, 
the ?rst step toward actual circuit design is the 
determination of a suitable ‘value or range of 
values for the capacity C. - Evidently, the re 
sistance integral will be largest, and therefore 

(4) 

~ the best volume performance will be secured, if 
C is very small. But it was seen from the pre 
liminary considerations above that the value of 
capacity C also affects the feedback. ‘ The maxi 
mum feedback is obtained if C is made large. 
This suggests a solution to ?nd the optimum 
value for capacity C. The capacity Co is as 
sumed ?xed by the tube structure. The volume 
performance varies in some inverse manner with 
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5 
respect to C-I-Co but this sum is subject to con 
trol only to the extent of varying C. 

It can be shown from the teaching of my 
prior patent above referred to that a degrada 
tion in the high frequency characteristic of the 
feedback loop of A nepers will reduce the'avail 
able feedback by ' 

where k is the asymptotic slope of the feedback 
loop in decibels per octave and y is a small frac 
tion which determines the phase margin in the 
circuit. In the present instance, since two trans 
formers are involved in the complete loop, the 
loss A is readily found to be ' 

' 2 logghgg 

On the other hand, it is noted that the trans 
former high side resistance, which is propor 
tional to the square of the voltage step-up, must 
be inversely proportional to the terminating ca-‘_ 
pacity C-t-Co. Under the conditions speci?ed in 
Fig. 2, this effect must be evaluated both for the 
output transformer 01' one repeater and the in 
put transformer of the succeeding repeater. For 
the two together it becomes 108s (Co+C) . 

It will be assumed that the best value of C is 
the one for which a slight change in C in either 
direction degrades one of these factors as ‘much 
as it improves the other. Upon adding the two 
quantities together and differentiating with re 
spect to C, we have 

In the coaxial repeaters, where k is 18, this 
means that C should be about 1.2 00. Under the 
conditions represented by Fig. 3, the analysis 
is similar except that since the input transformer 
is no longer of interest, the coe?iclent of the 
term representing the degration in volume per 
formance is reduced by one-half. The corre 
sponding value of C is then twice as great as 
that given by Equation 6. , 
This analysis holds when the desired ratio be 

tween Ru and R0 in Fig. 10 is not too great. For 
example, taking as the unit of frequency the fre 
quency, we, of the upper edge of the band and 
taking . 

as the unit of impedance, if C'=1.2Co and the em 
ciency is 80 per cent, the resistance integral over 
the useful range is 0.57. This evidently will not 
lead to a value of Ru>1 as long as the prescribed 
resistance characteristic is either ?at or only 
moderately tilted. The signi?cance of this state 
ment will appear later on in considering Equation 
7. Depending somewhat upon the curvature of 
the prescribed characteristic, a reasonable as 
sumption to make is that the limiting case will be 
represented by Rsr=1 and Ro=about 0.4. For the 
two transformers together, this corresponds to a 
selectivity of 8 decibels over the useful range. 
Values of RM/RO which exceed this limit can 

evidently be accommodated by assuming a lower 
resistance ef?ciency for the circuit. .In general, 
however, it is preferable .to choose Ru=1 and de 
termine a suitable value‘ for C from the resulting 
area under ‘the resistance characteristic. For 
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reasonable selectivity, this may lead to values of 
C in the range 1.5-2.0 C0. , 
The actual designs, values of C in the neighbor- ‘ 

hood of 1.5 Cu or 1.6 Co have been used, ‘This com 
promises reasonably well between the two values 
determined above. It has the additional advan 
tage over the value 1.2 Co that it somewhat favors 
feedback at the expense of noise, which is de 
sirable since there are other reasons than modu 
lation suppression for desiring a sufficient amount 
of feedback. . 
Thus a determination of a suitable value for 

capacity C in terms of capacity Co has been ar 
rived at from a general consideration of the rela 
tion of total capacity to the resistance integral 

a 

H 3 

and to maximum gain and volume performance on - 
the one hand, and the relation of C to the asymp 
totic behaviorvof the feedback ampli?er on the 
other hand. , 
The next step in the preliminary design is to 

specify either Z1 or Z2 (Fig. 8) in a form for which 
the. reactance and resistance are physically con 
sistent with each other and with the ‘prescribed 
high side capacities C and C-l-Cu. . 

Since the two impedances Z1 and Z: of Fig. 8 
differ only by the parallel capacity Co, a set of 

between their resist 
ances and reactances. In accordance with the 
working assumption that the conditions are those 
given in Fig. 2, R1 and R2 are to be taken as equal 
in the useful band. The two reactances are then 

X.=-X2=§C—0u—~/1—wz-Csm1 (1) 
where R represents either R1 or R2. 

It should be noted that this expression is a fre 
quency-by-frequency speci?cation which needs to 
be satis?ed only in the useful band. Outside the 
band the resistance-reactance relations may vary 
from the Equation '7 relation and it is this fact 
which enables a physical solution to be realized. 

It is shown in my prior patent and in my appli 
cation, Serial No. 260,682, ?led March 9_, 1939, 
that in any ordinary physical network the re 
actance component of the impedance can be de 
termined from the resistance component by means 
of the relation 

X(..J)=;1r 4 ‘£5; 10g coth @m (s) 
where 

=log,g— 
or’ being the variable of integration. A solution 
to be physically realizable must, therefore, satisfy 
Equation 8. Equation 8 it will be noted takes ac 
count of the resistance characteristic over the 
complete frequency spectrum. This fact offers 
the possibility, necessary to a practical. solution, 
of proportioning the resistance outside the useful 
band to in?uen'ce the shape of the characteristic 
within the band, and, speci?cally, to simulate the 
required reactance characteristic as computed 
from Equation '7. Since there must be some sur 
plus resistance outside the band to manipulate, 
the entire resistance integral cannot be taken up 
by the characteristic in the useful band and the 
resistance efficiency must be less than 100 per 
cent even'theoretically. The assumed value of 80 
per cent, however, allows more than enough mar 
gin for this purpose. - 
The steps in the procedure are, therefore, to 

compute the ‘reactance within the band from 
Equation '7 on the assumptions that R1=Rz=R. 

20 
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The total resistance characteristic is then de- ' 
rived, in a manner which will more fully appear 
later on, and such a shaping of it is made outside 
the band as will give the required reactance with 
in the band as computed. After the complete re 
sistance characteristic has been determined, the 
reactance characteristic outside the band can be 
found, thuscompleting the total reactance char 
acteristic for the entire frequency spectrum. This 
procedure provides the speci?cations of either Z1 
or Zn in a form that is physically realizable. 

It is convenient in attacking the problem of 
determining the reactance characteristic to con 
sider the frequency range as divided into two 
portions, a region extending over the lower two 
thirds or so of the band and the remaining region 
near the upper band edge. The high frequency 
characteristic is usually the larger and more criti 
cal. It is found in practice that approximate 
methods of design sumce in the case of the lower 

‘ frequency portion and that the necessary re 
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actance characteristic in this region is automati 
cally provided with su?iclent accuracy for prac 
tical purposes if the resistance characteristic is 
of a reasonable type. 
The problem of determining the reactance in 

the frequency region near the top of the band 
such as to meet the requirements of Equation '7 
is facilitated by the method of successive approxi 
mation, guided by the general relations between 
resistance and reactance as worked out in my prior 
patent and application referred to. It is there 
shown how the variations in the resistance com 
ponent over one portion-of the total frequency 
range in?uence the shape of the reactance char‘ 
acteristic in an adjacent portion of the band. By 
observing the general way in which the two char- ' 
acteristics are related, much time and effort can 
frequently be saved in solving a design problem. 
"In a vpractical design there will always be an 

excess‘ of resistance integral Ra above the band 
which allows of manipulation to adjust the high 
end reactance, since 
?nite number'of elements would be required to 
give the in?nitely sharp break in the character 
istic. Further, as a practical matter a deter 
mination of the reactance at one‘ frequency is 
usually sufficient and for convenience this fre 
quency will be taken at the upper band-edge. 
As a first assumption, referring to Fig. 10, let 

RM=1. Then the reactance required at the band 
edge from Equation 6 will also be unity. An ap 
propriate resistance characteristic to furnish this 
reactance will lie somewhere between two ex 
tremes. One extreme, for example, is obtained by 
continuing the resistance characteristic at unity 
up to some point we and then allowing it to drop, 
abruptly to zero, as shown by Fig. 11. Such a 
characteristic may be studied in terms of Equation 
8 by representing the sharp drop at we as an ex 
tremely large negative value of 

£111 
du 

concentrated in a very narrow range of values of 
u. Since 

- e2 
dul 

4 

otherwise a theoretically in- . 

is otherwise zero beyond the useful range the com- . 
plete reactance at we can then be determined by 
combining the reactance which would correspond 
to this component of 

du 
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in accordance with Equation 8, with the reactance 
corresponding to the ' 

iii’ 
du 

characteristic representing the resistance .varia-_ 
tion in the useful band. Considering only the 
?rst of these, we ?nd from Equation 8 that the 
reactance at we is negative and in?nite when no 
coincides with am. As we is moved to higher values; 
however, the absolute value of the reactance 
diminishes rapidly and becomes less than unity 
when wc>1.1wo. Since 

du ‘ 

in the band, and therefore the reactance to which 
it corresponds, is positive, the inclusion of this 
component still further diminishes the result. 
The resistance integral beyond the band, however, 
will normally be greater than 0.1 so that if the 
proportions of Fig. 11 are followed, we must be 
greater than 1.100. These proportions therefore 
lead to too small a reactance at the band-edge. 
The other extreme is that illustrated by Fig. 12. 

These proportions ,give an in?nite reactance at 
the band-edge. As noted, a suitable character 
istic must be intermediate between these ex 
tremes. Possible characteristics, for example, are 
shown in Figs. 13, 14, and 15. Since a rather 
smooth curve is most easily approximated in the 
?nal design, the last of these would undoubtedly 
be preferred in practice. ' 

As an example of the process of reactance simu 
lation, a ?at transformer will be. assumed whose 
resistance characteristic is equal to 1 in the useful 
range. _A plot of the corresponding required value 
of-X2 as determined from Equation 6. is given by 
curve A of Fig, 16. If we ?rst suppose that the 
resistance characteristic drops abruptly beyond 
the band to some negligibly small value as shown 
by curve I of Fig. 17, the corresponding reactance 
characteristic is that given by curve I in Fig. 16. 
It will be seen that the reactance is somewhat too 
high throughout and reaches an in?nite value at 
the edge of the band because of the discontinuity 
in the resistance characteristic.‘ Both of these 
phenomena merely indicate, however, that the as 
sumed change in resistance was too sharp. If we 
assume, for example, that R2 varies, as shown by 
curve II of Fig. 17, the reactance characteristic 
is that given by curve II of Fig. 16, while if we 
assume the more elaborate characteristic shown 
by curve III, Fig. 17, we secure the almost perfect 
match indicated by the crosses of Fig. 16. 

It may be interesting to notice that the results 
shown by Figs. 16 and 17 can be approximately 
veri?ed by a simple network. let it be supposed 
that the transformer is an ideal constant-k low 
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pass ?lter terminated in a fractional shunt 60 
branch. Consider the terminations of 0.4 C: to 
represent Z1 of Fig, 8 and 1.6 Ci: to represent Z: 
of that ?gure, where'C: is the capacity which 
would be appropriate for a mid-shunt termina 
tion. Clearly then 0.4 Ck represents the C of Fig. 
8 and -1.2 Ck the Co. Their ratio is 0.33, which 
in accordance with Equation 1 gives an area under 
the R2 curve of 1.19. This is substantially inter 
mediate between the areas under curves II and 
III of Fig. 17. By building out a mid-shunt ter 
mination by the addition of the extra capacity 0.6 
Ci, however, there is added an M=0.6 half sec 

I tion, except that the required series branch is not 
included. The resistance component after this 
addition must therefore be the same as the mid 
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series image impedance of such a‘ half section, 
while the reactance component is the negative of 
the missing series arm. When the capacity 0.6 
C: of the mid-shunt termination is subtracted to 
produce the fractional termination of 0.4 Ck, on 
the other hand, there is secured thissame re 
sistance but a reactance of opposite sign. Re 
sistance and reactance characteristics for this 
case as compared with those shown by Figs. 16 
and 17 can therefore be plotted from ordinary 
?lter theory. Upon making an appropriate change 
in the frequency scale, to take account of the 
fact that the admittance of the Co of this ex 
ample is 1.2 at the cut-off, the results appear in 
the form shown by Figs. 18 and 19. The broken 
lines represent the characteristics shown by 
curves II in the preceding ?gures. 
'The application of the technique to a circuit 

with'tilted characteristics is shown by Figs. 20 
and 21. The maximum resistance is taken as 
slightly less than unity in order to avoid the 
very sharp characteristics which would result if 
this limit were attained. As in the previous 
?gures, curve A (of Fig. 21) gives the required 
reactance corresponding to the prescribed resist 
ance characteristics in the useful band. Curve 
I gives the result if the resistance is ?rst supposed 
to vanish abruptly beyond the band, and curve 
II the result if the resistance disappears more 

' gradually. In a practical design, of course, the 
resistance characteristic actually realized would 
be of the smoothly varying type exempli?ed by 
the broken line in Fig. 20. 
The areaunder curve 11 of Fig. 20 is 0.50. 

This corresponds to a resistance e?lciency of. 
slightly less than 90 per cent. If the broken line 
characteristic is used, this value is diminished. 
In-either case, the total area corresponds to a 
value for C equal to about 200. 
The principal control of the feedback char 

acteristic exercised in the design process is. that 
obtained through the ‘choice of the asymptotic 
potentiometer ratio determined by C and Co. In 
addition, however, it is possible to control the 
details of the up characteristic to some extent. 
This results from the fact that in general the 
high frequency resistance characteristic required 
to produce a su?iciently accurate reactance at the 
band-edge is not unique. By varying the resist 
ance characteristic, one can indirectly control 
the p43 characteristic. In general, as might be 
expected, spreading the resistance out above the 
band makes the up characteristic less sharply 
selective, and vice versa. 
The foregoing discussion illustrates‘ the pro 

cedure that may be followed in any given situa 
tion for determining the resistance and reactance 
characteristics of the impedance Z1 (or Z2). 
remains to show how a network may be con 
structed to possess this impedance. 
This is evidently a problem in ?lter theory and 

the‘ various resources of ?lter design technique 
are available for its solution. For example, if we 
regard the input or output circuit of the repeater 
as a ?lter- whose image impedance at the line 
end matches the line resistance very closely, the 
resistance characteristic on the other end will ‘ 
depend upon the type of image impedance as 
signed and can be controlled in the usual fashion 
by the use of appropriate impedance controlling 
factors. . ' 

A technique may be used that is described 
broadly in my U. S. Patent No. 1,814,238. It is 
shown there that if a ladder line is constructed 
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of alternate series inductances and shunt capaci-_ 
ties terminated in the resistance R0, the input 
resistance of the structure can be written in the 
general form " 

where the coe?icients A1 . . . . A" depend upon 

the particular values assigned to the elements of 
the network. Conversely, knowing these co 
e?icients, the elements themselves can be deter 
mined. Since it is clear from the equation that 
with this type of structure the ratio of R4: to R 
depends simply upon a ‘polynomial, use can be 
‘made of elementary mathematical methods to _ 
construct a suitable polynomial in any given case 
and from this determine an appropriate network. 
The design procedure can best be explained by 

means of an example. Fig. 22 shows a pre 
liminary design con?guration for the input and 
output circuit for av B-megacycle ampli?er. Co 
and C have their previous signi?cance. The con 
denser C1 is an allowance for parasitic capacity 
about the inductance L1 and would not necessarily 
appear if this inductance were perfect. Knowing 
either Z1 or Z2, the ?rst step in the procedure is 
to compute the impedance Z3 by subtracting the 
capacities C and Co. In making this computation, 
allowance should be made for the fact that C 
must be slightly less than the true asymptotic 
capacity assumed in the preliminary design be 
cause of the existence of the parasitic‘ path 
through C1 and C2. This path is practically the 
same as C1 since C2 is relatively much larger 

than C1. 
The elements L1 and C1 do not affect the re 

sistance component of Z3 and can be disregarded 
for the moment. This resistance is then matched 
by means of Equation 9. It appears by trial that 
three terms of the denominator are su?icient for 
a suitable match, which explains the existence 
of the three elements C2, L2, and C3. In other 
circumstances this network could be either, ex 

' tended or diminished as the particular resistance 
characteristic requires. ' The reactance character 
istic furnished by this part of the network is 
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next computed and subtracted from the total re- , 
actance required from Z3. The di?erence is then 
simulated by Li and C1. 
In order to convert this design into the ?nal 

structure, use may be made of the fact that a 
physical transformer is approximately equivalent 
to the ideal transformer and associated ele 
ments indicated by Fig: ‘23. Since this is essen 
tially a high frequency design, the mutual in 
ductance Ln can be ignored. The leakage in 
ductance L1. is then identi?ed with the coil L2 
and the high side parasitic capacity is absorbed 
as part of the condenser C2. The ideal trans 
former takes account of the fact that the R0 of 
Equation 9 is not the same as the actual line im 
pedance. This resistance and the capacity C: 
are assumed to appear on the low side of the 
transformer and their values changed in ac 
cordance with the impedance ratio of the struc 
ture. The ?nal circuit is shown by Fig. 24. 
As a ?rst example of speci?c design, input and 

output transformers for a Z-megacycle coaxial 
[system will be considered. Their schematic is 
shown by Fig. 25. The external gain character 
istic and volume performance characteristic arev 
shown on Figs. 26 and 27. In each case the 
curves are doubled to take account of the fact 
that there are two transformers in each repeater. 
The plot of the line attenuation shown in each 
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?gure indicates the extent to which the char 
acteristic is equalized by the transformers. The 
contribution of the transformers to the up loop is 
shown by Fig. 28. * 
Upon subtracting the external gain'character 

istics of the transformers from the line charac 
teristic, the required preequalization shown by 
curve I of Fig. 29 is obtained. Curve II of this 
?gure shows the amount of preequalization 
which would be required from a perfectly ?at 
ampli?er with ?at transformers. The di?erence, 
of course, measures the general improvement in 
volume performance which can be expected from 
the system through the introduction of tilt char 
acteristics. In order to utilize this improvement 
effectively, however, the volume performance 
curves ofthe transformers must, of course, be 
tilted as well as their external gain characteris 
tics. Curve I ofFig. 30 represents the net vol 
ume performance characteristic for the system 
when the amount of preequalization indicated by 
curve I of Fig. 29 is added to the line loss. Curve 
II of Fig. 30 represents a very rough estimate of 
the volume performance which ‘might be 
achieved with conventional ?at transformers 
having the same asymptotic up characteristics. 
The next speci?c design example comprises 

input and output circuits of a 3-megacyole sys 
tem intended primarily to transmit telephone 
messages in the band up to 2 megacycles with no 
utilization of frequencies beyond this point. 
Stringent requirements on noise modulation are 
assumed to exist only for the telephone band. 
The actual transmission band, however, is ex 
tended to somewhat beyond 3 megacycles to al 
low the system to be used forv 441 line television 
transmission rather than telephone, if desired. 
The external gain characteristics must therefore 
be satisfactory up to 3 megacycles or more. 
This dual requirement makes it necessary to 

use a more elaborate design than was adequate 
for the Z-megacycle system example just con 
sidered. Since even residual preequalization in 
the frequency band near 2 megacycles would be 
detrimental to the volume performance, the ex 
ternal gain characteristics are assumed required 
to match the line quite accurately from 3 mega 
cycles down to about 1 megacycle. At the same 
time, of course, it is desirable to concentrate the 
volume response as much as possible in the range 
below the 2 megacycles. 
The schematic of these networks has already 

been shown in Fig. 24. Their external gain char 
acteristic is shown by Fig. 31 in comparison with 
the attenuation of the line. Fig. 32 gives an en 
larged version of the top of the characteristic to 
show the accuracy of line match which can be 
achieved by calculation. This accuracy, of 
course, is not easily obtained directly from the 
design technique sketched above especially when 
allowance is made for parasitic dissipation. The 
technique should be accurate enough, however, 
to permit ?nal corrections to be made by simple 
?rst order approximations. . 
The volume characteristic and up characteris¢ 

tic are given by Figs. 33» and 34. The preequali 
zation requirement, found in a manner analo 
gous to that of Fig. 29, is shown by Fig. 35 and 
and the net volume performance characteristic 
or the system as a whole by Fig. 36. 
Reverting now to the conditions assumed in 

' Fig. 3, where resistance noise is assumed to be 
of greater importance from a design standpoint 
than tube noise, it has already been pointed out 
that a design giving the best signal-to-noise ra 
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tio over all channels would result in a transmis 
sion characteristic that is ?at from A to G of 
Fig. 3. 
One possible solution is obtained by letting the 

output circuit equalize the complete line in both 
external and volume performance. ,This is obf 
viously the same as the design problem actually 
considered above except that the tilt is doubled. 
The input circuit must then be ?at, at least in 
external gain, in order not to upset the line 
equalization. _ r 

The problem may also be solved by allowing 
the output circuit to equalize the line complete 
ly in its volume performance but with ‘the ex 
ternal gain equalization divided between input 
and output‘ circuits. This might be superior in 
practice as requiring less average tilt per trans 
former. It would be necessary to compute X1 
and X2 directly without using the relationship 
given in Equation '7, however, since R1 and R: 
can no longer be considered as equal to- each 
other. _' - . 

The invention is not to be construced as limit 
ed to the speci?c circuits that have been dis 
closed nor to the quantitative data given, these 
being illustrative rather than limiting: the scope 
of the invention is indicated in the claims which 
follow. ' - 

What is claimed. is: 
l. A repeater section for broad band transmis 

sion comprising an amplifying repeater at each 
end of the section, with an intervening line of 
variable attenuation over the band, each repeater 
having a stabilizing feedback path, said'repeater 
section as a whole having a transmission char 
acteristic that is ?at over a signi?cant portion of 
the band, the means which renders the transmis 
sion characteristic ?at comprising in part a non 
unity ratio transformer between one of said re 
peaters and the line, having its high side con 
nected to the repeater and its low side con-~ 
nected to the line, said transformer being ter 
minated on its high side in a capacity serially in 
cluded in said feedback path. 

2. A combination according to claim 1 in which 
said capacity is of a predetermined value which 
is substantially optimum both as regards the 
phase characteristic of said repeater in the re 
gion of the high frequency gain cut-off and as 
regards the voltage transfer between the repeater 
and the line in said signi?cant portion of the 
band. 

3. In a space discharge tube ampli?er circuit, 
a transmission circuit, means coupling said space 
discharge tube ampli?er to said, transmission 
circuit comprising a transformer, effective ca 
pacity C in shunt across the terminals of said 
transformer facing said ampli?er, effective ca 
pacity Cb across the terminals of the space dis 
charge tube facing said, transformer, and a 
stabilizing feedback circuit around said ampli?er 
including in series the capacity C, the ratio of 
capacity C to capacity Co being between unity 
and 2.0. ' 

4. In an ampli?er circuit for waves of a broad 
band of frequencies, said ampli?er having a neg 
ative feedback for reducing distortion and stabi 
lizing gain, an input and an output transformer 
for connecting said ampli?er between two sec 
tions of line, each transformer having effective 
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shunt capacity across its high side terminals, 
said transformers having an attenuation char 
acteristic which rises steeply to a large value just 
above the band and then falls to a substantially 
constant asymptotic value at higher frequencies 
whereby said transformers contribute the prin 
cipal part of the sharp selectivity near the upper 
edge of the band required by the ideal #5 char 
acteristic. _ 

5._A repeater section for a line transmitting 
waves of a broad band of frequencies, including 
in the order of their occurrence: the output stage 

a of 'a ?rst stabilized, feedback repeater, output 
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transformer having a capacity across its high 
side, section of line, input transformer having a a 
capacity across its high side, input stage of next 
stabilized feedback repeater, said transformers 
having a sloping gain characteristic over a sig 
ni?cant portion of the band such that the trans 
mission characteristic from the output electrode 
of the ?rst-mentioned repeater stage to the input 
electrode of the second-mentioned repeater stage 
is substantially ?at over said portion of the band.‘ 

6, In a repeater circuit for a line transmitting 
waves of a broad band of frequencies, a stabilized 

. feedback type of repeater, acircuit for coupling 
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said repeater to a. section of line, including a 
two-winding transformer, a capacity across thev 
high side of said transformer, said capacity being 
serially included in the feedback path, said trans 
former being proportioned with respect to the 
line such that when terminated only in said ca 
pacity its impedance conforms to that of the 
line over at least the upper portion of the trans- ' 
mitted frequency band, said coupling circuit, 
when connected to said repeater and line, in 
cluding means causing its impedance to conform 
to that of the line over at least the upper por 
tion of the band, including means to adjust the 
reactance near the upper edge of the band by con 
trolling the resistance characteristic above the 
band. ' 

7. In transformer design for broad band trans 
mission line systems having varying’ attenuation 
over the band, the method of making both the 
external gain characteristic and volume per 
formance characteristic have substantially the 
same shape within the band and conform to the 
line characteristic over at least- the high fre 
quency portion of the band comprising control 
ling the rate of variation of the resistance in 
tegral of the external gain characteristic with 
frequency in the region immediately above the 
band. . ' v - 

8. In a system for the transmission of waves 
of a broad band of frequencies over a line whose . 
‘attenuation varies over the band, a repeater 
comprising one or more space discharge tubes‘ 
for amplifying the transmitted waves, said re 
peater having a gain-reducing feedback path, 
and a coupling circuit comprising a non-unity 
.ratio transformer for coupling said repeater to 
said line, said coupling circuit having external 
gain and volume performance characteristics (as 
de?ned in the speci?cation) that are high and 
substantially equal and that conform to the at; 
tenuation characteristic of said line over a sig 
ni?cant portion of the transmitted range. 
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