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This invention relates to attenuation equalizing 
networks and more particularly to adjustable‘ 
equalizers for the compensation of transmission 
lines and networks the attenuation of which is 
subject to variation. , 
The maintenance of high quality transmission 

in long telephone circuits which include large 
numbers of repeaters imposes very severe re 
quirements on the equalization of the attenua 
tion distortion of the lines. Not only must .the 
over-all equalization of the system be as nearly 
complete as possible, but the individual line sec-. 
tions must also be accurately equalized in order 
that the repeaters may always operate under 
optimum conditions and in order that interme 
diate portions of the line may be used separately. 
Since the errors of compensation of the individual 
line sections may be cumulative, large over~all 
distortions may result unless the accuracy of 
compensation of each section is very high. 
Due to temperature variations and, in certain 

cases, to humidity changes, the attenuation in a 
line section tends to vary continually and in 
order that these variations may be continuously; 
compensated with the required accuracy it is 
necessary that the compensating adjustment be 
of a simple character, preferably of a kind that 
lends itself readily to automatic control. .Investi 
gation has shown that the variations produced by 
departures of the temperature or of the humidity 
from normal values are functions of frequency 
and are of such character that they may be 
compensated with great accuracy by the addition 
to- or subtraction from the normal line character 
istic of some fraction of a determinable attenua 
tion characteristic. In accordance‘with the in 
vention adjustable equalizing devices are pro 
vided whereby compensations of the character’ 
described may be effected by the variation of a 
single adjustable impedance element and may be 
made with great accuracy for a wide variation of 
the line attenuation. 
The equalizers of the invention comprise net 

1 works of a wide variety of forms all characterized 
by the inclusion of an adjustable impedance ele 
ment, usually a variable resistance, the variation 
of which causes the addition or subtraction of 
fractional portions of a predetermined attenuaa: 

'tion‘jcharacteristic.‘ For a particular adjustment 
of‘ the variable'element, the network has a ?xed 
normal‘l‘characteristic from which the deviations 
for other adjustments are measured. In certain 
cases‘ this ?xed normal characteristic may be a 
constant attenuation and in other cases it may 
have a frequency variation related to the charac 
teristic of the deviations by direct proportionality 
or in other explicit manner. Those networks in 
which the two characteristics are proportionally 
related ?nd use in many practical instances, for 
example, in connections with lines in which tem 
peratures changes produce proportionately re 
lated changes of attenuation. In such cases the 
network may be used for the equalization of both 
the normal line attenuation and the changes due 
to changing temperature. Other forms of the 
networks, in which the characteristics are not 
proportionally related, exhibit normal character 
istics which are simple functions of frequency 
and'are, therefore, readily combined with known 
types of equalizers to build up any desired refer 
ence characteristic. ' 

r The high "degree of accuracy and the increased 
range of compensation‘ characteristic of the net 
works ofrthe invention depend to a large extent 
upon certain broad relationships, explained here 
inafter in detail, which obtain among the im 
pedances of the network. By means of the in 
vention‘equalization to- within 0.1 or 0.2 decibels 
can‘ be obtained for a total range of variation as 
great as 35 decibels‘ and for smaller ranges of 
variation much closer compensation can be ef 
fected. 

‘ In one modi?cation of the invention, the vari 
able ‘characteristic ‘of the networks may be 
changed. without'aifecting the ?xed or normal 
characteristic. This feature permits a Wide range 
of relationships between the ?xed and the va 
riablecharacteristics to be obtained and facili 
tates thehdesign and adaptation of the networks 
to any particular set of conditions. 
Other features of the invention will appear 

from the following detailed description and by 
reference to the attached drawings, of which 
,aa'Fig. 1 shows the general schematic arrange 
ment of the networks of the invention; 

Fig. 2 illustrates the operation of the invention; 
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2 
Fig. 3 shows the schematic arrangement of a 

modi?ed form of the invention; 
Figs‘. 4 and 5 are explanatory of Fig. 3; 
Figs. 6 to 26, inclusive, illustrate various par 

ticular networks in accordance with the inven 
tion; 

Fig. 27 shows the detail design of a particular 
network of the invention; 

Fig. 28 shows the line characteristic com 
pensated by the network of Fig. 27; and 

Fig. 29 shows the detail arrangement and the 
external connections of another network of the 
invention. 

Preliminary mathematical theory 

The diagram of Fig. 1 represents a general 
schematic form to which the networks of the in 
vention may be reduced. The system comprises 
a six terminal network N, the form of which is 
so far undetermined. Terminals I, 2, and 3, 4, 
are the normal input and output terminals of 
the network leading respectively to a wave source 
of impedance Zs and voltage E and to a load of 
impedance ZR, while terminals 5, 6, are the ter 
minals to which the variable impedance Z is 
connected. Such a system can be speci?ed in the 
ordinary manner by a set of mesh equations, in 
writing which it will be assumed that the ?rst 
mesh current, I1, passes through the generator, 
the second I2, passes through the load, and the 
third, I3, passes through the variable impedance 
and, further, that the meshes may be so chosen 
that the impedances ZS, ZR and Z, appear only 
as self impedances. This leads to the following 
set of equations: 

in which the impedance Z33 represents the self 
impedance in the third mesh exclusive of the 
variable impedance Z, and in which the imped 
ances such as Z11, Z22 and Znn represent the total 
self impedances of the respective meshes and im 
pedances such as Z12, Z13 and Z111, represent 
mutual impedances. 
The transmission loss in the system depends 

upon the value of the current I2 ?owing through 
the load. The solution of Equations (1) for IE2 
gives 

A12 

I2: EA_X§_s A1233 (2) 
1+ZAX33 

where A is the determinant of the coe?icients of 
the currents in Equations (1) when the imped 
ance Z is equal to zero, A12 is the minor of A ob 
tained by suppressing the ?rst row and the sec 
ond column in A, A33 is the minor when the third 
row and third column are suppressed, and A123: 
the minor when the ?rst and third rows and the 
second and third columns are suppressed. 
The quantities A, A12, etc. in Equation (2) de 

pend only on the ?xed parts of thenetwork N 
and the generator and load impedances, which 
are also ?xed. The ratios A1233/A, A12/A1233, and 
Ass/A therefore'represent functions of frequency 
which can be ?xed independently of the value of 
the variable impedance. By choosing them in 
various ways the loss characteristic can be pre 
scribed for three different values of the variable 
impedance, upon which the loss characteristics 
for other values become determined. 

2,096,027’ 
The relationship imposed on these quantities 

by the invention is the following: 

(3) 

where Z0 is a chosen reference value of the va 
riable impedance Z. By means of this relation 
ship‘ Equation (2) may be transformed to 

a _ a 
IZZL ifL ——_ ~20 —- (4) 

E A 1+ 2 (Zea Z0 0 A 

which may be written in the form 

_9: _6 X+e¢ 
e I e 01+Xe¢ (5) 

in which the various quantities are identi?ed as 
follows: 

e—@=I2—EZ9 (6) 
A1233 

—6 : __ 2_ e o Z0 A (7) 

A aha-jg (8) 
and 

Z 
x——§o (9) 

Equation (6) de?nes e-0 as the ratio of the cur- ’ 
rent I2 to a reference current equal to E/Zo. Or 
dinarily the total insertion loss of a network is 
de?ned in terms of the ratio of the output cur 
rent, or voltage, when the network is present 
to the value when the network is absent. The 
quantity e-“ is related to this ratio by the factor 
20/ (ZS—|—ZR) and the total insertion loss is there 
fore equal to 

Z0 
Zs+ Z1: 

the additional term being readily computed in 
any given case. In most cases the ratio 

may be made a constant real quantity so that 0, 
de?ned as above, differs from the actual insertion 
loss only by an additive constant. 
Equation (7 ) gives the value of 0 when Z is equal 

to Z0 and therefore de?nes a normal or reference 
attenuation characteristic of the system. 
Equation (8) de?nes the variable insertion loss, 

or variable attenuation, characteristic of the net 
work. The quantity (,0 represents the total 
amount that is added to or subtracted from 60 
as the impedance Z is varied from Z0 to zero or 
from Z0 to in?nity. By virtue of the relationship 
imposed by Equation (3) the amount is the same 
in each case. This may be shown readily by 
giving the quantity :1: the successive values zero, 
unity and in?nity. 

In most cases it is preferable that the im 
pedance Z0 should be a real, constant quantity, 
that is, a pure resistance. In many cases the 
impedance may be simply a variable resistance, 
but in others it may be a complex impedance 
which for its reference adjustment has a pure 
resistance value. Examples of both types will be 
described later. 
Returning to Equation (3), certain physical 

signi?cances of the determinant ratios will be 
investigated. It will be observed that each ratio 
has the dimensions of an impedance, since each 
is the ratio of a determinant of impedances to 
one of the next lower order. From the familiar 
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2,096,027 
mathematical solutions of Equations (1) it will 
be seen that the ratio A/Ass represents the im 
pedance of the system looking in at terminals 5 
and 6, the terminal impedances Zs and ZR being 
included. Hence 

.(10) 
Where Z55 denotes the network impedance at 
terminals 5 and 6 as de?ned above. 
From Equation (2), the current I20 in the 

second mesh, when the variable impedance Z 
has zero- value, is given by ‘ 

_ '_ 92 I20— E A (11) 

and the current I200, when Z is in?nite, is 

I200: —E‘5% > (12) 
Ass 

Hence, de?ning the transfer impedances Z20 and 
Z200 as respectively equal to E/I2o and E/Iz0o 
it follows that 

Z20 A1233 A (13) 
From this equation and Equation (10) is obtained 

A12 _ Z200 (14) 

which shows that the determinant ratio rim/A1233 
is equal to the impedance Z56 multiplied by the 
ratio of the two transfer impedances Z2.» and Z20. 
Equation (3) may therefore be rewritten in the 
form ' 

Z56§§f=z02 (15) 
thereby expressing the condition imposed upon 
the networks of the invention in terms of the 
terminal impedances of the system. In the form 
of Equation (3) the statement of the condition 
becomes somewhat ambiguous when applied to 
two-mesh networks since, in that case, the minors 
A123: and A33 cannot be readily identi?ed. This 
ambiguity is completely removed in Equation (15) 
which is applicable alike to two-mesh and multi 
mesh networks. 
By means of the impedances de?ned in the 

foregoing Equations (7) and (8), the signi?cant 
characteristics of the network may be trans 
formed into expressions of simpler character 
which in many cases prove more convenient for 
design purposes. Thus, for the normal charac 
teristic, there is obtained 

It has already been noted that the extreme-de 
partures from the normal characteristic of the 
network are given by (p, as de?ned in Equation 
(8), these departures occurring when x is zero 
and when a: is in?nite. The departure charac 
teristics for intermediate values of a: will now be 
investigated. For any pair of reciprocally related 
values of x, namely :01 and 1/201, Equation (5) 
takes the forms 

<18) 
and 

(19) 
. x1 - 

which show that the corresponding current 

3* 
changes are reciprocally related and the changes 
in the insertion loss are equal and of opposite sign. 
The intermediate deviation characteristics thus 
occur in pairs which are symmetrically related 
to the normal characteristic. It is evident, how 
ever, from Equations (18) and (19) that they 
will not be exactly proportional to the extreme 
deviation charactertistics g0 and —g0 and it is 
therefore of interest to determine the extent 
of the departure from proportionality and the 
effect of this‘ upon the accuracy of compensation. 

I have found that 6, as given by Equation (5) , 
may be expanded into a rapidly converging series 
in terms of powers of to, giving 

and where 0, 00 and :p are expressed in nepers, 
one neper being equal to 8.686 decibels. 
The ?rst two terms of Equation (20) represent 

the sum of the normal characteristic of the sys 
tem and a fractional part of the variable char 
acteristic, (,0, determined by the particular set 
ting of the variable impedance Z. These terms 
evidently correspond to an ideal regulator in 
which all of the intermediate deviation charac 
teristics are proportional to the extreme devia 
tion characteristic. The remaining terms repre 
sent the departure from this ideal but, since the 
series is very rapidly convergent, only the third 
and fourth terms are of any practical interest. 
Consider the third term ?rst. The maximum 

value of the coei?cient C3 is 0.032 and occurs 
when y has the value 0.578, for which the values 
of :1: are 0.266 and 3.76. If it be assumed that (p 
is real quantity, the maximum change in the 
attenuation represented by the third term will 
be‘0;32¢3 which will be equal to l. decibel when 
(a is 1.53 nepers or 13.3 decibels. Since this er 
ror may be distributed equally on each side of a 
desired characteristic and since the range of ad 
justment is 2c, the resulting error is limited to 
0.5 decibel for a total range of 26.6 decibels. 
The assumption made in the foregoing that 

(p is a real quantity does not hold in practice. 
Actually c is nearly always a complex quantity. 
such as A+9‘B and the real part of its cube, which 
measures the error due to the third term, has 
the value (A3—3AB2). The error due to the third 
term will therefore be considerably less than that 
indicated above and in certain cases may be 
made equal to zero by proportioning the net 
work so that A2 is equal to 332. If this is done 
for the frequency at which (p is a maximum the 
error elsewhere will be negligible. . 

A further reduction of the error arises from the 
fact that the third and fourth terms of equa— 
tion have coef?cients of opposite sign and of such 
relative magnitudes that when the third term is 
large enough to be of importance the fourth 
term is large enough to cancel a substantial part 
of it. As a net result it has been found possible 
to effect attenuation compensation to an accuracy 
of 0.1 to 0.2 decibel when the total range of ad 
justment is as great as 35 decibels, or 4 nepers. 

Characteristics typical of the networks of the 
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invention are illustrated by the curves of Fig. 2 
in which the variations of 0 are plotted as ordi 
nates against frequency as abscissae. Curve A 
represents 00, the normal characteristic obtained 
when a: is unity. Curves B and B’ represent re 
spectively 0o+¢ and 0o—<p, the extreme vari 
ations obtained when m is zero and when a: is 
in?nite. The difference between curves B and 
A or between curves A and B’ is equal to the va 
riable characteristic g0. Curves C and C’ repre 
sent a related pair of intermediate characteris 
tics for values of :0 equal to k and l/k respective 
ly. These curves, by virtue of the impedance re 
lationship imposed on the system, are symmetri 
cal with respect to 00 and their departures from 
00 are very closely proportional to (p at all fre 
quencies. 
In the foregoing the nature of the variable 

impedance Z has not been restricted. In many 
cases it may consist of a simple variable resist 
ance in which case the quantities at and y in the 
preceding equations are always real quantities. 
One general form of the invention in which the 
variable impedance is not a simple resistance is 
shown schematically in Fig. 3. In this form the 
variable impedance consists of a symmetrical 
4-terminal constant resistance network M con 
nected at one end to terminals 5 and 6 and at the 
other end to a variable resistance B. This net 
work may be of the symmetrical lattice type 
shown in Fig. 4 or the bridged-T type shown in 
Fig. 5, wherein Z11 and Z21 are impedances of 
general type subject to the requirement. 

An extensive discussion of the properties of these 
networks is given in an article by O. J. Zobel en 
titled Distortion correction in electrical circuits 
with constant resistance recurrent networks, 
Bell System Technical Journal, vol. VII, No. 3, 
July 1928. Other suitable forms of networks are 
also disclosed in this article. 
Throughout the discussion which follows and 

in the illustrations of the various embodiments 
of the invention, the notations Z11 and Z21 will 
be used to designate generalized impedances 
which are inversely related in accordance with 
Equation (21) . 

Because of the relationship expressed in Equa 
tion (21) the network M has image impedances at 
both pairs of terminals equal to R0. If its trans 
fer constant be denoted by qr, then the impedance 
seen at terminals 5 and 6 when it is terminated 
by the resistance R. is the variable impedance Z 
and has the value 

Substituting this value for Z in Equations (4) 
and (5) and using at to denote the ratio R/Ro 
leads to the expression 

which may be written in a form corresponding to 
that of Equation (5), namely, 

(23) 

-a: —0 iii”. e e 111 +xep, (24) 

where go’ is a new variable characteristic given by 

as”: e'P+ tanh \II (25) 
1+ei’ tanh \II 

It is to be noted that the introduction of the 

2,096,027 
network M has not changed the normal charac 
teristic 00 of the system, but has made it possible 
to control the variable characteristic independ 
ently by changing the transfer constant \I' of the 
introduced network. Independent control of the 
normal characteristic ()0 may be obtained, if de 
sired, by the introduction of an appropriate con 
stant resistance network between the network N 
and either the source impedance Zs or the load 
impedance ZR. This is, of course, merely equiva 
lent to adding an external equalizer. 
The quantities tanh \I/ and er appearing in 

Equation (25) are both impedance ratios which 
for any given network are ascertainable in terms 
of the network branch impedances by ordinary 
processes of circuit analysis. When combined as 
in Equation (25) the resulting expression is also 
an impedance ratio and is in form suitable for 
design purposes. This equation and others pre 
ceding it may be subject to various mathematical 
transformations giving forms which may in. cer 
tain instances be of greater convenience. How 
ever, for most purposes the forms given have been 
found to be adequate. 

Network structures 

While the invention may ?nd embodiment in 
a very large. number of individual networks, the 
more useful types resolve themselves into a lim- I 

ited number of schematic forms, a number of 
which are illustrated in the drawings. 

Fig. 6 shows schematically one general type in 
which the whole network, including the source 
and load impedances, takes the form of a II-net 
work with the variable impedance bridging the 
series branch. The variable impedance is a vari 
able resistance R, the end branches of the net 
work comprise generalized two-terminal imped 
ances Z1 and Z2, and the series branch a third 
generalized impedance Z3. These may consist 
of complex assemblages of resistance and re 
actance elements, the impedances Z1 and Z2 in 
cluding the source and load impedances as 
branches thereof. The relationship imposed by 
Equations (3) and (15) may be expressed in 
terms of the impedances themselves as follows: 
The impedance of the network measured at ter 

minals 5 and 6 is given by 

The ratio of the transfer impedances Z200 and Z20 
is given by 

_Z_29__Z1+Z2+ Z3 
Z20 Zl+Z2 (27) 

the factor expressing the ratios of the source and 
load currents to the total currents in impedances 
Z1 and Z2 being the same for both of the transfer 
impedances and canceling out in the ratio. The 
design condition given by Equation (15) there 
fore becomes 

Z3 (21+ Z2) 
(Z3)Z1+ZZ+Z3= "2 (28) 

in which the two factors on the left side can be 
identi?ed as the impedances measured at termi~ 
nals 5 and 6 with the interconnection between Z1 
and Z2 open and closed respectively at a point 
such as X. The determination of suitable forms 
for the branch impedances thus reduces to ?nd 
ing an L-type network having a constant resist 
ance image impedance. 
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‘From‘Equation (1'7) the variable characteris 

tic is found to be ‘ 

e¢=—1Z2—: (29) 
which is general for this type of network. The 
normal characteristic involves the relationship ;of 
the source and load impedances to the network as 
a whole and may be computed in any particular 
case. In the examples that follow the expres 
sions for the total insertion loss will be given, 
this being the characteristic of greatest practical 
interest. Its value is equal to the normal charac 
teristic multiplied by Zo/(Zs-l-Za). ‘ 

Fig. 7 shows one example of the general type 
illustrated in Fig. 6. In this network the imped 
ance Z3 is made up of a resistance R0 in series 
with an impedance Zn. The shunt branch cor 
responding to Z1 is the parallel combination of 
a resistance RIO/4, which represents the source 
impedance, and an impedance 221/ 2. The branch 
corresponding to Z2 comprises the single imped 
ance Z21/2. The variable characteristicis given 
by ' ‘ 

Z11 
f0 (30) 

The normal insertion loss, denoted by l‘ and in 
this case de?ning the ratio of the source electro 
motive force to the voltage across terminals 3,. 4, p 
is given by 

er: em’ (31) 

This form of equalizer is useful for insertion be 
tween stages of a vacuum tube ampli?er, the 
voltage at the output terminals being impressed 
upon the input terminals of the later stage. 
A modi?cation of Fig. '7 is shown in Fig. 8 in 

which the impedance in Fig. 7 corresponding to 
Z1 is divided into two equal portions one of which 
is placed at each end. Resistance branches are 
thus provided for both the source and the‘ load 
impedances. The variable insertion loss is the 
same as for Fig. 7 and the normal insertion loss 
is given by 

e240 (32) 

Fig. 9 shows a symmetrical network of the gen 
eral type of Fig. 6. . As in the two preceding 

ance R0 in series with an impedance Z11. The 
shunt branches are alike, each comprising an 
impedance Z21/2, inversely related to Zn in ac 
cordance with Equation 21, in parallel with the 
series combination of Ru/2 and 221/2. The vari 
able loss and the normal insertion loss are the 
same as for the network of Fig. 8. 
In each of the foregoing examples the variable 

impedance is a simple resistance and the two 
characteristics 1‘ and (p are explicitly related. By 
inserting constant resistance networks in front 
of the variable resistance in the manner indi 
cated by Figs. 3, 4, and 5, further modi?ed forms 
are obtained in which the variable characteristic 
may be independently controlled. The insertion’ 
of such networks does not change the normal 
insertion loss characteristics but modi?es the va 
riable characteristic in accordance with Equation 
(25). 

Fig. 10 shows a network of the general type 
of Fig. 6 in which control of the variable char 
acteristic is dependent entirely on the use of an 
inserted network. The series branch consists of 
a simple resistance am, a being a numerical mul 

5 
tiplier greater than unity. The shunt branch 
corresponding to Z1 of Fig. 6 comprises a resist 
ance aRo/(a2—1) in parallel with an impedance 
aZ11/(a2—1) and that corresponding to Z2 come 
prises a similar resistance in parallel with an 
impedance aZ21/(a2—l). The sum of the imped 
ances of the two combinations is a constant re 
sistance. ' The variable de?ned by Equation (,17) 
is given by ‘ ’ i 

Y . _ (33) 

and does not vary with frequency. However, by 
the insertion of the constant resistance network 
M in front of the variable resistance, the devia 
tion characteristic becomes equal to <p’, as de?ned 
by Equation (25) and will have a frequency vari 
ation determined by the characteristic of the in 
serted network. This network should be of the 
general types illustrated in Figs. 4 and 5 and 
should have an image impedance equal to R0. 
The normal insertion loss of the network is given 
by 

’ If the inversely related impedances are omitted, 
the network reduces to the simple form shown in 
Fig. 11, the normal insertion loss of which is a 
constant. ‘ ' 

A second class of networks corresponds to- the 
general schematic form shown in Fig. 12. The 
impedance Z3 in this type appears as a shunt 
branch intermediate the end impedances Z1 and 
Z2 and the variable resistance R is connected in 
series with Z3. The relationship imposed by 
Equations (3) and (15) becomes, in this case, 

Z Z gar-n. 
from which is obtained, by means of Equation 17 

Z 
err-E2 I (36) 

'An example Of‘this-generaI type is shown in Fig. 
13 in which the impedance Z3 is the parallel 
combination of aresistance’Ro and an impedance ~ 
Z21, impedance Z1 comprises a resistance 4R0 in‘ 
series ~with 5 impedance 2Z11 and impedance Z2 
consists of the single impedance Z11. It is to be 
observed that the network represents an inver 
sion of the network of Fig. 7, in consequence of 
which the characteristics of the two networks are 
closely related. The variable characteristic is 
given by 

I v _ — Z11. 

_ h “ > e ¢—I+FO (37) 

' which is the inverse of that of Fig. 7, and the 
normal insertion loss is given by > 

2R0 > r=__ -2 
e Zn e 4° (38) 

which, as in the case of Fig. 7, expresses the 
ratio of the source voltage to the output voltage. 
A second example of this class is shown in Fig. 

14, this network being an inversion of that of 
Fig. 9. For the impedance values indicated in 
the ?gure the variable loss has the value given 
by Equation (37) and the normal insertion loss 
is given by . 

. ér=zligl?eaa (39) 
11 ' 

A third example, corresponding to an inversion 

(s4), 

10 

15 

20 

25 

30 

40 

45 

50 

55 

60 

65 



10 

25 

35 

40 

50 

60 

65 

75 

6 
of Fig. 10, is shown in Fig. 15. For the impedance 
values indicated the loss characteristics are 

e’4”= a 

and 

As in the case of the network of Fig. 10, the 
variable characteristic is modi?ed by the inser~ 
tion of a constant resistance network M in front 
of the variable resistance, the modi?ed value 
having a frequency variation controlled by the 
transfer constant of the network. 
The type of network illustrated in Fig. 16 is 

similar to that of Fig. 6 except that an additional 
impedance Z4 is included in series with the va 
riable resistance R. The structural requirement 
for this type is that 

under which condition the variable loss has the 
value 

‘The design requirement of Equation (41) is 
most readily met by so constructing the network 
that Z1 and Z2 are together equal to Z4. An ex 
ample of a network of this type is shown in Fig. 
17 in which Z3 consists of the parallel combina 
tion of an impedance Z11 with a like impedance 
in series with a resistance 2R0. For the imped 
ance values indicated in the ?gure the variable 
loss is given by 

_l 52 1 
“WI-1+ R + Z11 (43> 

1+—— R 

and the normal insertion loss by 
2 

mag] (44) 
The inverse networks corresponding to those of 
Figs. 16 and 17 are shown in Figs. 18 and 19 re 
spectively. In these networks the impedance Z3 
appears in a shunt branch and the additional 
impedance Z4 is connected in parallel with the 
variable resistance. For the general type, Fig. 
18, the design requirement is 

Z324 Z56: R02 (45) Z3+Z4 
under which condition the variable loss is ‘ 

1 1 
B“"=R"<Z+Z) (46) 

In the particular network shown in Fig. 19 the 
variable loss and the normal insertion loss, for 
the impedance values indicated, become 

Z11 2 
6” [Ital 

Another class of networks in accordance with 
the invention is illustrated in Fig. 20 in which the 
network takes the form of a Wheatstone bridge 
with the variable impedance included in one di 
agonal branch. The four sides of the bridge are 
constituted by impedances Z1, Z2, Z3 and Z4 and 
a ?fth impedance Z5 forms the other diagonal 

and ’ (47) 
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branch. The structural requirement imposed by 
Equation (3) takes the form 

which by imposing further structural relations 
upon the bridge network reduces to simpler forms 
in particular cases. 

In the particular example of this type shown 
in Fig. 21 the impedances corresponding to Z3 
and Z4 are equal and are simple resistances of 
value aRu, a being a numerical factor greater 
than one half. The impedances corresponding to 
Z1 and Z2 are likewise equal, each consisting of a 
resistance in parallel with an unrestricted im 
pedance. Because of the equality of the branch 
impedances the bridge is balanced so that the im 
pedance corresponding to Z5 does not enter into 
the value of the impedance Z56. By virtue of this 
simpli?cation it becomes possible to proportion 
the several branches so that the impedance Z5 as 
determined from Equation (48) is physically 
realizable. 

For the values indicated in the ?gure, the im 
pedances Z56 and Z5 become 

_ ROZ 

Z56""2a(R0+Z) (49) 
and 

aZ 
Z5-_7 

The variable loss and the normal insertion loss, 
from Equations (16) and (17), are 

R0 
e‘P—2a(1+ Z 

and 

a-— 1 Z (50) 

A modi?ed form of the network of Fig. 21 is 
shown in Fig. 22 in which the variable resistance 
is replaced by a variable capacity the reference 
value of which may be denoted by C0, de?ning the 
impedance Z0 of the fundamental equations. The 
series bridge arms are ?xed capacities of value 
2C0, their impedances being equal to 20/2. The 
element values correspond to the case for which 
the multiplier a appearing in Fig. 21 has the 
value one half. For greater values of the multi 
plier the end branches would include capacities 1, 
added in shunt corresponding to the end resist 
ances of Fig. 21. 
The variable loss is given by 

1 

e"’-(1+m—z> <51) 
and the normal insertion loss by 

1 
r: _____ e (1+j2wc0Z> (52) 

assuming the end impedances to be those of the 
source and load. The impedance Z may include 
a shunt or a series resistance which, in the case 
of the end ‘branches, may be constituted by the 
source and the load impedances. In that case an 
appropriate modi?cation of the expression for 
the insertion loss would be required. An obvious 
modi?cation of this network would be obtained 
by substituting inductances for the capacities 2C0 
and the variable capacity. 
pedances might also be used but these would re 
quire the use of several coordinated variable ele 
ments. 

Fig. 23 shows another form of network of the 
balanced bridge type. As compared with Fig. 20, 

More complex im- ~ 
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the bridge arm impedances Z2 and Z3 comprise 
equal resistancesv of value Ro/(t, where a is greater 
than unity. Impedance Z1 comprises the series 
combination of a resistance Ro/a(aZ__I) and an 
impedance aZ11/(a2-1) and impedance Z4 con 
sists of a parallel combination inversely related 
to Z4 so that their product has the value (Re/a) 2. 
The impedance Z56 thus becomes a constant re 

sistance having the value 

and, for the values of the bridge arms indicated, 
the value of Z5 as required by Equation (48), be 
comes 

The variable loss and the normal insertion loss 
are given by 

e? :a 

_ Z11 2 

‘ eI'—a[1+—R;] (53) 
'I‘he‘inversely related network to Fig. 23 is 

shown in Fig. 24, the variable resistance in this 
case appearing in the other diagonal branch of 

and 

- the bridge and the severalimpedances being in— 
versions of the corresponding impedances in the 

‘ .. network of Fig. 24. The variable loss is the in~ 
verse of that of the preceding network and the 
normal insertion loss is the same as given by 
Equation (53). In these networks the variable 
loss is constant with frequency, but by the in~ 
clusion of a constant resistance frequency selec 
tive network in front of the variable resistance a 
desired frequency characteristic may be obtained. 
The network of Fig. 25 is also of the general 

class of Fig. 21 but is characterized by the use» of 
‘ As dis 

tinguished from the other networks of this class, 
one of the terminal branches is constituted by the 
Z5 branch. The bridge formed by the branches 
Z1, Z2, Z3 and Z4 is not balanced, but because of 
the fact that all but one of the branches are re~ 
sistive and by virtue of the disposition of the 
source and load branches the fundamental re 
quirement of Equation (3) is satis?ed when ‘the 
resistances have the following values 

2 a( 1 — a) 
2a—— 1 

Z4: ZaRQ, and Z5: ZaZRQ 

where a is a numerical multiplier having any 
value between one half and unity. For these pro 
portions the variable loss and the normal inser 
tion loss have the values 

(54) 

, the frequency selective impedance having the 
value aZ. The normal insertion loss in this case, 
is constant. I 

The impedance aZ in Fig. 25 may be constituted 
by a constant resistance selective network of 
either of the types indicated in Figs. 4 and 5, ter 
minated by a resistance. This modi?cation is 
illustrated in Fig. 26 which shows the impedance 
constituted by such a network, denoted by M’, 
terminated by an adjustable resistance B’. By a 
proper design of the network,characteristic and 
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choice of the resistance R’ a desired variable loss 
characteristic can be obtained. By making the 
resistance ‘R’ adjustable the total value of the 
variable loss can be varied through a family of 
proportionally related characteristic curves. This 
arrangement is convenient for providing an auxil 
iary control of the variable loss, as for example 
in adapting the network to lines of diiferent types 
or lengths. Further modi?cation of the variable 
loss characteristic can be obtained, as in the pre 
ceding examples, by the inclusion of an appro 
priate constant resistance network in front of the 
variable resistance R. The characteristics of the 
two networks may be coordinated for a desired 
over-all characteristic. 
An actual example of a network of the type of 

Figs. 12 and 15, designed for the compensation of 
the temperature variations of the attenuation in 
a concentric conductor cable, is shown in Fig. 27. 
This is of the simpli?ed type in which the im 
pedances Z1, Z2 and Z3 of Fig. 12 are resistances, 
giving a constant normal insertion loss, and in 
which the frequency characteristic of the variable 
loss‘is determined by a network ‘inserted in front 
of the variable resistance. The range of the 
variable characteristic for a temperature varia 
tion of 125 degrees F. is shown by the curve of Fig. 
28 which represents the variable characteristic 
of a line section of 10 miles. The controlling net— 
work’ is a bridged-T structure of the type shown 
in’ Fig. 5. The system as a whole is designed for 
operation between resistive impedances of 10460 
ohms, the value of the multiplier a appearing in 
Fig. 15 being chosen as two. The values of the 
several elements are as follows: 

ZS:ZR=10400 ohms ' 

R3 :1730 ohms 
R4=R5=3460 ohms 

R1=23200 ohms 
R2 :354'? ohms 
L1 -=3.92 millihenries 

' L2 :35 millihenries 
>L3=.523 millihenry 
C1 =2 to 35 micromicrofarads 
C2 :20 to 80 micromicrofarads 

The capacities C1 and C2 have normal values of 20 
and. 50 micromicrofarads respectively but are 
made variable for ?nal adjustments of the net 
work. The impedance 2Z11 is an inverse to that 
of the shunt branch of the bridged-T. 
Another example of an actual network designed 

for the same purpose as that of Fig. 27 is shown 
in Fig. 29. In this ?gure the equalizer network 
forms the ,B-circuit of astabilized feed-back am 
pli?er of the type described by H. S. Black in an 
article entitled Stabilized Feed~Back Ampli?ers, 
Bell System Technical Journal Vol. XIII, January 
1934. The ?gure shows a three~stage vacuum 
tube repeater ampli?er coupled to two line sec 
tions through transformers. The input terminals 
I and 2 of the equalizer are connected to a re 
sistance Rs included in the ampli?er output cir 
cuit in series with a blocking condenser, and the 
output terminals 3 and Li are connected in series 
with the ampli?er input circuit. The feed~back 
through the equalizer is strongly degenerative 
with the result'that, as shown in the above men 
tioned article by Black, the over-all voltage ampli 
?cation of the repeater corresponds to the inser~ 
tion loss of the p-circuit. By making the inser 
tion loss of the equalizer correspond, in its normal 
characteristic and in its variations, directly to the 
line characteristics complete compensation is ob 
tained. In the ordinary method of compensation, 
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where the equalizer is connected in tandem with 
the line, inverse characteristics are required 
whereas in the arrangement shown in Fig. 29 
the characteristic of the compensating network 
is the same as that of the line. 
The equalizer is designed for operating from a 

source impedance of 500 ohms which is constituted 
by the resistance Rs in parallel with the internal 
impedance of the ampli?er. The latter imped 
ance is usually so great that the input impedance 
of the network may be regarded as being consti 
tuted by Rs alone. The structures of the imped 
ance Zn and of the inverse impedance Z21 are 
indicated in the drawings. For the impedance Z11 
the elements have the following values 

R1=900 ohms 
R2:1910 ohms 
L1=2.23 millihenries 
Lz:12.0 millihenries 
L3=2.54 millihenries 
03:10 ><10—6 microfarads 

The reference resistance R0 is 2000 ohms. 
By reference to Equations (30) and (31) it 

will be seen that the normal insertion loss and the 
variable loss characteristic‘ for this type of equal 
izer have the same frequency variations and are 
proportionally related in magnitude. In certain 
types of lines, notably concentric conductor lines 
in which the inner conductor is supported from 
the outer by spaced insulators of glass, porcelain 
or rubber, the same relationship has been found 
to exist between the normal attenuation at a 
chosen reference temperature and the departures 

The compen 
sating arrangement shown in Fig. 29 is there 
fore suitable for the complete attenuation equali 
zation of such a line. Its normal insertion loss 
may be proportioned to compensate the normal 
attenuation of the line at the chosen reference 
temperature and the variations due to tempera 
ture changes may be compensated by adjustment 
of the variable resistance R. 

In the case of other types of lines in which the 
normal attenuation and the departures there 
from due to temperature changes are not pro 
portionally related, the variable characteristic of 
the equalizer may be appropriately modi?ed by 
the inclusion of a suitable constant resistance 
selective network in front of the variable resist 
ance in the manner shown in Fig. 3. Other forms 
of equalizing networks may also be used for this 
purpose, for example, the networks shown in 
Figs. 10, 15, 23 and 24, in which the normal and 
the variable characteristics are mutually inde 
pendent, an appropriate constant resistance net 
work being included in front of the variable re 
sistance in each case to provide the desired fre 
quency variation of the variable characteristic. 
For automatic control of the equalization in 

response to temperature changes in the line, the 
adjustment of the variable resistance in the equal 
izer may be made mechanically in accordance 
with variations of a pilot current transmitted over 

' the line in the manner disclosed in U. S. Patent 
1,743,132 issued January 14, 1930 to E. 1. Green. 
Alternatively, the variablev resistance may be 
thermally controlled as shown in U. S. Patent to 
E. 1. Green, 1,918,390, July 19, 1933. The variable 
resistance need not be calibrated in any special 
manner, but need only be capable of adjustment 
through a sufficiently large range of values, above 
and below its normal value, to insure an adequate 

7 range of the variable characteristic. 
What is claimed is: 
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1. An adjustable attenuation equalizer for wave 

transmission lines and the like comprising a ?xed 
impedance network having three pairs of ter 
minals, a Wave source impedance connected to 
one of said pairs of terminals, a load impedance 
connected to a second pair of terminals, and an 
adjustable impedance connected to the third pair 
of terminals, said network and its connected 
source and load impedances being proportioned 
in accordance with the relationship 

Where Z56 denotes the impedance of the system 
measured at the said third pair of terminals, Zr» 
and Z20 are the transfer impedances from said 
source impedance to said load when the third 
pair of terminals are open-circuited and short 
circuited respectively, and Z0 is a chosen refer 
ence value of the said adjustable impedance. 

2. An adjustable attenuation equalizer for wave 
transmission lines and the like, comprising a ?xed 
impedance network having three pairs of termi 
nals, a wave source impedance connected to one 
of said pairs of terminals, a load impedance con 
nected to a second of said pairs of terminals, and 
an adjustable impedance connected to the third 
pair of terminals, said network and its connected 
source and load impedances being proportioned 
to have a preassigned normal insertion loss be 
tween the source and the load for an assigned 
normal value of the said adjustable impedance 
and being proportioned in accordance with the 
relationship 

Z200 Z 2 ( 56> Z20 

where Z56 denotes the impedance of the system 
measured at the said third pair of terminals, Z20Q 
and Z20 are the transfer impedances from the said 
source impedance to said load when the third pair 
of terminals are open-circuited and short-cir 
cuited respectively, and Z0 is the said normal value 
of the adjustable impedance, whereby variations 
of the adjustable impedance from its normal 
value result in the addition to the normal inser 
tion loss characteristic of the system of fractional 
parts of a frequency variable loss characteristic. 

3. An attenuation equalizer in accordance with 
claim 2 in which the adjustable impedance is a 
variable resistor. 

4. An attenuation equalizer in accordance with 
claim 2 in which the adjustable impedance com 
prises a four-terminal frequency selective network 
having constant resistance image impedances at 
its input and output terminals and a variable re 
sistor connected to its output terminals. 

5. An attenuation equalizer in accordance with 
claim 2 in which the adjustable impedance is a 
variable reactance element. 

6. An attenuation equalizer in accordance with 
claim 2 in which the adjustable impedance is a 
variable capacity. . ' 

7. An attenuation equalizer in accordance with 
claim 2 in which the said ?xed network together 
with the connected impedances constitute a 
Wheatstone bridge network, the said adjustable 
impedance forming a diagonal branch of the 
bridge and the source and load impedances being 
included in adjacent bridge arms. 

8. An attenuation equalizer in accordance with 
claim 2 in which the said ?xed network together 
with the said source and load impedances consti 
tute a II-type network, the source and load im 
pedances being included in the shunt branches 
thereof, and in which the said adjustable im 
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pedance is bridged across the ‘series branch of the 
network. 

9. An attenuation equalizer in accordance with 
claim 2 in which the said ?xed network together 
with the said connected impedance's constitute a 
network comprising three parallel connected im 
pedance branches, the source andv load imped 
ances being included respectively in two of said 
branches and the said adjustable impedance be 
ing connected in series in the third of said 
branches. ' 

V pedance.‘ 

‘ 10. An attenuation equalizer in accordance with 
claim 2 in which the said normal insertion loss 
and the said frequency variable loss are related 
in direct proportion at all frequencies. 

11. In an attenuation equalizer in accordance 
with claim 2, means independent of said adjust 
able impedance for varying the maximum value 
of the said frequency variable loss characteristic 
produced by the variation of said adjustable im 
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