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UNITED STATES PATENT OFFICE 
ATTENUATION REGULATOR. 

Sidney Darlington, New York, N.Y., assignor to 
Bell Telephone Laboratories, Incorporated, New 
York, N.Y., a corporation of New York 
Application October 7, 1942, serial No. 461,17 1. 

5 Claims. (Cl 178-44) 
This invention relates to attenuation equalizers 

and more particularly to variable equalizers hav 
... ing a plurality of independent controls. . . . 

The principal objects of the invention are the 
reduction of interaction between the independent 
Controls and the reduction of the constant at 
tenuation of the equalizers. 

In long distance transmission Systems,. Such, 
for example, as multiplex carrier telephone sys 
tems, the maintenance of uniform transmission 
levels at all times requires the use of automati 
cally controlled attenuation regulators to comi 
pensate for the effects of varying temperatures 
upon the attenuation in the transmission line. 
These regulators are usually located at Several 
intermediate repeater points. in the system and 
are controlled by pilot currents of Suitable fre 
quencies, the amplitudes of which reflect the 
variations of the line attenuation. The change 
in the attenuation varies in a rather complex 
manner with frequency in any given frequency 
range, but is such that it can be substantially 
compensated by the addition to or the Subtrac 
tion from the attenuation characteristic at a 
selected normal temperature of fractional parts 
of a definite frequency dependent attenuation. 
The compensation may be effected by means of a 
Single regulator of any of the various types dis 
closed in United States Patent 2,096,027, issued 
October 19, 1937, to H. W. Bode, but for various 
reasons it has been found advantageous to em 
ploy a plurality of regulators, each adapted to 
control a simple component of the attenuation 
Variation. Thus, the attenuation variation may 
be broken down into components representing 
respectively flat loss, slope, and bulge frequency 
characteristics or, in other words, components 
varying according to the zero, first, and higher 
powers of frequency, and each component may 
be separately regulated. This general method of 
regulation is disclosed in United States Patent 
2,246,307, issued June 17, 1941, to H. K. Krist. 
It has the advantage that the same devices may 
be used for the regulation of lines of different 
characteristics without noticeable sacrifice in the accuracy of the compensation. . . . . . . 
The use of a plurality of separately controlled 

equalizers for the purpose of attenuation regula 
tion gives rise to a problem of preventing or 
minimizing mutual interaction between the reg 
ulators. This interaction appears as a change in 
the attenuation of one equalizer when the ad 
justment of another is altered and must evidently 
be kept at a negligibly small value if accuracy 
of compensation is to be maintained. Equalizers 

0. 

of the single control type are particularly sub 
ject to interaction effects when closely coupled 
in tandem, since such networks cannot be con 
structed to have constant image impedances. 

; Heretofore, the difficulty has been overcome by 
separating the networks either by resistance pads, 
with the penalty of a rather large flat loss, or by 
means of vacuum tubes, the use of which adds 
to the initial and maintenance costs of the sys 
tem. 
The present invention provides regulators of 

a new type in the form of unitary passive net 
works, having two. variable impedances which 
control the attenuation independently of each 
other in different desired manners and, which 
operate with...negligibly Small interaction and 
with small constant loss. One impedance may, 
for example, . control the ... attenuation in ac 
cordance with a desired slope characteristic and 
the other may control the attenuation independ 
ently in accordance with a desired bulge charac 
teristic Or in any other assigned manner. ... An 
important characteristic of the regulation is that 
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variations of the control.impedances by equal 
percentage amounts in opposite directions from 
a normal value, add and subtract equah fractions 
of a definite frequency dependent attenuation. 
The nature of the invention will be more fully 

understood from the following detailed descrip 
tion and by references to the attached drawings 
of Which: 

Figs. 1 to 4 are schematics, used to illustrate 
the theory of the invention; 

Fig. 5, shows, the circuit configuration of One 
form of regulator, in accordance with the in 
vention; 

Fig. 6 illustrates certain principles used in the 
design of regulators according to the invention; 
and 

Figs. 7 to 14, inclusive, show the circuit con 
figurations of additional forms of regulators ac 
cording to the invention. 

45 
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Mathematical theory 
For the purpose of developing the principles 

underlying the invention...it is convenient to treat 
the regulators as eight-pole passive networks of 
the general configuration shown in Fig. 1. The 
part of the circuit, included within the box com 
prises only fixed impedance elements which pro 
vide mutual couplings between the circuits con 
nected to the four pairs of terminals. An in 
put source of resistance...Rg1 is connected to the 
pair of terminals 3, 3 and a load resistance Rs2 
is connected to terminals 4,4'. The variable im 



2 
pedances by which the regulation is effected are 
shown at Z1 and Z2 connected respectively to 
terminals , f' and 2, 2’. In general, the im 
pedances may be unrestricted in character, but 
the use of resistance elements for all of the im 
pedances except Z1 and Z2 results in greatly sim 
plified design and construction. The source and 
load impedances can generally be made resistive 
or Substantially SO. 
The characteristic of the system with which 

the prgblem of regulation is primarily concerned 
O 

is the change in the load current or voltage as 
the impedances Z1 and Z2 are varied. It is neces 
sary that the changes produced by the two var 
iable impedances should be substantially inde 
pendent and it is desirable that their magnitudes 
should vary in accordance with a particular 
mathematical law which will be described later. 
The way in which these results are obtained by 
the networks of the invention will be explained 
in the following mathematical treatment. 

Let it be assumed that the impedances 21 and 
Z2 have normal values Zol and Zo2 about which 
the variations take place and let 

Z 8. Z, 7-spact ra Zoi Zo 
It may then be shown that the most typical form 
of the expression for the insertion loss between 
the source Rs.1 and the load Rga is 

=oltage tag Haotia: (1) 
. bo--bia,--bar--aca, 

wherein 0 denotes the insertion loss, do is a loss 
component which is independent of the varia 
tions of Z1 and Z2, and the a's and b's are coeffi 
cients dependent only on the fixed impedances of 
the System. 
In the case of a single-control regulator, it has 

been shown in United States Patent 2,096,027 to 
H.W. Bode, that the circuit configuration and the 
element values can be made such that the inser 
tion loss expression takes the form 

-- age, 
a--a (2) 

in which case to represents the insertion loss of 
the network when ac is unity. This relationship 
has the property that replacing a by its reciprocal 
replaces the loss variation eco) by its reciprocal. 
In other words, replacing a by its reciprocal re 
places the insertion loss characteristic by its 
image with respect to the normal loss character 
istic 60. In the case of the two-control regula 
tors of the invention, the networks are so de 
signed that the same transformation is effected 
when both ac1 and ac2 are simultaneously replaced 
by their reciprocals. This result is achieved by 
designing the circuit so that the following equali 
ties are obtained between the a and b coefficients 
of the insertion loss expression: 

bo=do; b1s=a2; and based (3) 
Under these conditions the insertion loss expres 
sion, Equation i, becomes 

1--aiac--a2.ce--aria, (0-B) ----- 4 
e ao- a: -- a 22--aiac (4) 

from which it is readily seen that replacing ac1 
and ace simultaneously by their reciprocals pro 
duces a reciprocal value of e('o). 
The regulators according to the invention have 

the further property that if either variable in 
pedance is kept fixed at its reference or normal 
value, the variation of the insertion loss as the 
other impedance is varied takes place in accord 

e 

else). 

5 

2,362,859 
ance with Equation 2. Thus, if aca be made equal 
to unity, Equation 4 becomes 

1+3,..., (5) 

and if all be made equal to unity, 
a 2-do 

| -- 1-2 (8-0)- (6) 

Except for a small interaction effect which is 
absent, under the conditions specified above, 
Equations 5 and 6 define the loss contributions 
due to each of the separate controls regardless 
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of the adjustment of the other. In other words, 
these equations define the principal parts of the 
loss contributions under any conditions of ad 
justment, the total loss being substantially equal 
to the sum of the two losses so defined. To dem 
onstrate this, it is convenient to transform Equa 
tion 4 as follows: 
Since 

tanh (u?2)=2T (7) ann (J72) = -- 
Equation 4 may be transformed to 

8-6 (l-ao) (1-aca) -- (a1- a) (al-a2) tanhyg-itsilisi; ; ; (8) 
which may be shown to be the same as 

-act -a, 
6-6 Gill-i-Gail 

tanh = - (9) --KG,G, E) ) 1--ac/Wi-a/ 
Wherein the quantities G1, G2 and K have the 
Wales 

G-(ldo). (492) T1-- a-- a--a. 
(10) 

G (1 - (to) -- (a1-02) 
1-- a-- a-- a 

and 

K-Stao Salt d2 (1 - a)2- (a1- a) 
Now, if the loss contributions, (6-60) 1 and 
(8-00)2 defined by Equations 5 and 6 be denoted 
by p1... and d2 respectively, it may be shown with 
the help of Equation 7 that 

1-ac - d 
Gill-tanh 2 

and 
(11) 

1-22- b 
Gi-tanh 2 

consequently Equation 9 may be written as 

9-6. tanh =tanh 
tanh 0- (12) d p 1-I-K tanh 2 tanh 2 

Equation 12 shows that So long as the factor. K 
is very nearly equal to unity 

tanh =tanh (+. approximately (13) 
that is, that the total attenuation change is ap 
proximately equal to the sum of the two inde 
pendently controlled components defined by 
Equations 5. and 6. 

It is evident from Equation 12 that if K could 



be made exactly equal to unity, SEquation i3 
would define an exact instead of an approximaate 
relationship. This would appear at first sight 
to provide an ideal solution which would permit 
the design of two-control eqtializers with zero 
interaction between the controls. It turns out, 
however, that this condition cannot be met in 
a passive system without the normal loss 60 be 
coming infinite or, alternatively, without one or 
the other of the loss components d1 and b2 be 
corning zero. In practice it has-been found that 
at departure of the value, of Kifrom unity by as 
little as 2: per cent results in quite small normal 
less and that departures, as great, as 10 percent 
dónot give rise to excessive interaction effects', 

3. It may be shown that the physical condition 
corresponding to unity value of K is that the 
two branches containing the variable impedances 
sheuld be conjugate; or; in other words, that the 
transfer admittance between the two independ: 
enit; meshes including the impedances: should be 
zero. To avoid the: conjugate relationship it is 
necessary that ther coefficient sate ini-Equation: 4. 
should not be equal to the product a1a2...but in 
order that Knay be close to unity, it is desirable; 25. 
that the differences between these quantities 
shold be small relatively to a1a2, . 

it has already been pointed out that it is ad 
varitageous to use only, pure resistances in the 
coupling system, the coefficients.ao, a1 and az and 
the-related factors. G1 G2 and K then becoming. 
simple numbers. In that case, the frequency de 
pendenee of the regulator, characteristics is de 
termined wholly by the character, of the variable 
impedances:Z1 and Z2. Further simplifieation...of 
the design is achieved by constructing the var 
iable impedances in the form shown in Fig.2. 
This figure shows a modified for he wariable 
impedance Z1 comprising a four-terminal con 
stant resistance network N1 terminated at one 
pair of terminals by a variable resistance R1 and 
adapted to be connected at the other pair of ter 
minals to terminals , f' of the eight pole. The 
network Ni may be of any of the well-known con 
stant resistance types, such, for 
described by O. J. Zobel in the Be 
nical Journal, July 1928, in 
“Distortion correction in electrica. 
constant resistance recurrent networks. 
networks are characterized 

orks. These 
equal constant re 

. . . . . . . . .- : : - - - eir two pairs of 

terminals and can be constructed to provide at 
tenuations of any physically realizable frequency 
dependence. . . . . . . . 

If the image impedance of the network Nibe 
denoted by Ror and its transfer constant by p1, 
then the impedance measured at termirials, fr 
has the value . . . . . . ; . . . . . . . . . 

w Rid-Portantiy, r is 
Z-Roi, iii.; (4) 

When the variable resistance Ristakes the value. 
Roti the impedance Z1- becomes equal to. Ro1, 
which, accordingly, may be taken as the reference 
or normal value... of 21. Equation 14 may be 
transformed to . . . . . . . . . 

where' , 

55 

85. 

70 and 

. The expression for . . . 

the which includes the factor. 
Giw dete only by the coupling re 
sistances, the ... - - - - - - - - , ; 

variation of the control resistance and is there 
fore areal number, and the attenuation constant 
p1 of the network N1, , , - 
When e same type of construction is used for 

the second variable impedance 22 a similar ex 
pression will be obtained for 

(18) 
Substituting these values of brand ea in Equation 
13 gives the value of the total attenuation varia 
tion with substantial accuracy as 

a a y - oil-ifri. 91. 

sis 
Network design 

Referring to Equations 17 and 18, it will be 
seen that the factors G and G2 determine the 
extent to which the transfer constants: 1. and tip; 
of-the constant: resistance: networks' enter into 
the over-all characteristics of the regulator. The 
values of these factors may therefore be arrived 
at from a consideration of the desired regulation 
characteristics and the characteristics of avail 
abler constant resistance attenuators.". For the 
system to be realizable physically, the values' must 
lie: between the limits of plus and minus unity; 

56. The factor K, which determines the interaction 
effect;may be chosen arbitrarily. In general, this 
should beinearly equal to unity, but it may be 
neeessary, to adjust: the value by successive trials 
to avoid extreme or impractical values of certain 
of-the-branch impedances. Whether the valties 
of G1 and G2 should be positive: or negative, and 
whether:Kshould-be greaterior less than unity 
will depend upon the type of configuration adopt 
edfor:the complete regulator circuit. The rules 
governing the choices will be given later. 

Assigning numerical values to Gr, G. and K. 
permits the numerical values of addit; andfata, of 
Editations 1 and 4 to be determined:from the rela 
tionships. . . . . . . . . . . . . . . . . . 

0. 1- KGIG-G-G 
1 + KG-G-G-G, 
1- KGIG-G-G, 
-- KG,G,--G-I-G, 

(20) 

all-EKGIG-G-G, 1+KGG+G+G. 
76. These values of the di's together with the basic 

    

  



4. 
equalities expressed in Equations 3 provide six 
equations that may be used in the design compu 
tations. For a given network configurations, the 
a's and b's of Equation 1 can be developed as 
expressions involving the branch impedances of 
the network and the assignment to them of nu 
merical values permits the essential relationships 
between the branch impedances to be developed. 
The six equations are sufficient to determine the 
proportions of the branch impedances in net 
works having seven independent branches. If 
network configurations of greater complexities 
are employed, additional arbitrary conditions 
may be assigned as required. . . 
The design procedure along the lines indicated 

above is straightforward, but the computations 
are generally lengthy and complex. The use of 
resistive impedances for the network branches 
and the use of the special form of variable im 
pedance shown in Fig. 2, the reference or normal 
value of which is resistive, greatly simplifies the 
design computations by making the a and b co 
efficients and the quantities G1, G2 and K all real 
numbers. It will be understood, however, that 
this is not an essential design condition and that 
other types of branch impedances may be used 
in accordance with the invention. Explicit de 
sign formulae, arrived at in the manner described, 
are given later for a number of representative 
netWorks. - 

It has been pointed out in connection with 
Equations 5 and 6. that the regulators of the in 
vention provide variable insertion loss character 
istics of the type expressed by Equation 2, namely, 

-- ar. , (2) 

when either of the variable impedances is held 
fixed at its reference value and the other is varied. 
Single control regulators having the above char 
acteristic are disclosed in the above-mentioned 
United States Patent 2,096,027 to H. W. Bode. 
Two basic forms using variable impedances of the 
type shown in Fig. 2 are shown in Figs. 3 and 4, 
respectively. That shown in Fig. 3 is known as 
a Series type regulator, because of the series dis 
position of the variable impedance between the 
Source and the load, and that shown in Fig. 4 
is known as the shunt type. These networks are 
reproduced here for the reason that the double 
control regulators of the invention shown in the 
subsequent figures may be regarded as being com 
posed of combinations of such structures coupled 
together in particular manners to obtain the de 
sired regulation characteristics. Reference to 
these networks is useful in determining the signs 
of the coefficients G1 and G2 for the design of 
two-control regulators. The rules for the deter 
mination of the signs are arrived at as follows: 
The impedance relationship required in the cir 
cuit of Fig. 3 to permit Equation 2 to be satis 
fed is 

s 

a- Fo Ra+R- (21) 

which requires that a be greater than unity. The 
corresponding relationship for Fig. 4 is 

O 

15 

20 

2,862,359: 
which requires a to be less than unity. Now, 
Equation 2 can be put into the form : 

0-60 la tanh "=Gil (22) 
where 

- a .r- 
G=it (23) 

from which it is seen that G must be negative for 
a series type regulator and must be positive for 
a shunt type regulator. Accordingly, for the dou 
ble control regulators of the invention, the fac 
tors G1 and G will be negative when the individ 
ual regulators to which they correspond are of 
the series type and will be positive when the in 
dividual regulators are of the shunt type. 
Whether the factor Kshould be greater or less 

than unity may be determined by the following 
rules, which have been arrived at empirically 
from a consideration of a large number of cir 
cuits. If both individual regulators are of the 
same kind, that is, both series type or both shunt 

30 

40 

60 

75 

type, Kshould be less than unity. If the individ 
ual regulators are of different kinds, one series 
and the other shunt, K should be greater than 
unity. The character of the individual regulators 
is ascertained by replacing each of the variable 
impedances in turn by a resistance equal to its 
reference value and noting the configurations of 
the resulting circuit. Another criterion for the 
determination of the types of the individual regu 
lator is the behaviour of the insertion loss as the 
variable impedance changes between the extreme 
values of zero and infinity. For a series regulator 
the loss increases with the impedance, while for 
a shunt regulator the loss decreases as the im 
pedance increases. 

Network configurations 
One form of two-control regulator in accord- . 

ance with the invention is shown in Fig. 5. This 
regulator is suitable for use between a high re 
sistance source Rig and a load of negligibly Small 
impedance, represented by a short circuit be 
tween terminals 4,4'. The variable impedances 
are provided by fixed constant resistance net 
works N and N2 terminated by variable resist 
ances R1 and R2. This type of variable impedance 
is employed in all of the examples illustrated. 
The regulator is of the series-series type; conse 
quently, the design factors G1 and G2 will both be 
negative and the factor K will be less than unity. 
The configuration is such that coupling between 

the input terminals 3,3' and the output-terminals 
4,4' is effected in two ways, first, directly through 
a shunt coupling resistance Rs and, Second, in 
directly through the coupled meshes containing 
the variable impedances. The coupling resistance 
Rm which constitutes the direct mutual impedance 
between these meshes plays an important part in 
the reduction of the interaction effect. Without 
this coupling the characteristic expressed by 
Equation 4 could be realized only approximately 
and reduction of the interaction would require 
such low values of the resistance Rs as would re 
sult in excessive flat loss. The circuit comprises 
seven finite impedances in independent branches: 
consequently, the six equations referred to in the 
previous section suffice, for the determination of 
six of these in terms of the seventh. Two of the 
impedances are the reference resistive values of 
z and Za which will be designated respectively 

  

  



2,882,859 5 
as Rolf arid-Roa. The values of: the elements in be-derived from the network of Fig. 5 by the 
terms of the source impedance Rg are as follows: application of the principle of duality described 
Ros--(1-F) (F-1)T(1-FFF)+P(F-1)). . . . . . . . 
R. (F-FF) (1-FFF)2- F(Fr-I) (F-1)) 
24- Fo(1-F)(F-1)(F-FF) 
R. (1-F,F,F)-f(F-1)(Fa1)(1-F,F,F)+F (F-1)) 

(1-F) (F-1)... . 

... F.F.(1-F)(FA-1)(F-FF). 
L(IFFF)?-F(F-1)(F, 

... . 

both etworks, 1935, negative and Sisless than unit; . . . . . . . . . . rk, which is the 
... A two-control regulator suitable: for use:where 
the terminalimpedances are both finite, maybe 
derived directly from the circuit shown in Fig.5 
by transferring part of the source impedance Rig 
to the load terminals. The procedure makes use 30 
of the well-known:network; transformations illus 
trated in Fig. 6, according to which an L-net 
Work of two similar impedances may he replaced 
by the combinations of a reversed L-network and enc 
an ideal transformer. In the figure, it denotes 35 Fig. 
the transformer; ratio, the value of which is given 
in terms of the impedances of the originall-net 
Work. The resulting regulator, network is shown 
in Fig. 7, the ideal transformer T being replaced admitta, 
by an actual transformer designed to have high bel - - - - - ... ... ... - . . . 
efficiency in the operating frequency range: The paths, one of which is constituted by resistance 
windings;of the transformer should; of course, be Rs and the common return lead 43', with their 
poled to avoidia: Current...re ersal in the output. input, and their outpu nals connected in 
As the result of the operations the source ims e of the circuit of 
pedance is reduced to a new, lower value Rei and * . . . lding paths have 
a load impedance of value . . . . . . . . . . . ir output terminals connected 

, In requires the factors. G1 
Ositive and K to be less than unity. 
twork is the dual of that shown in 

24 may be used for design pur 
1 - - - - - - - . eratios or the left-hand 

a v. . . . . . . . . . . . a v. - us t- - - - - - - sides are replaced by the corresponding conduct 
is added between the load terminals. ance ratios and the factors F and F2 are re work is otherwise unchanged and its regulating placed by their reciprocals. ' ' ' ' ". . . . 
characteristics are not affected. . . . . . The type of regulator shown in Fig. 9 may be 
Another modified form may be obtained from modified as shown in Fig. 10 for finite output 

the circuit of Fig. 5 by applying the same type impedances by transformations of the same kind 
as were described in connection with Figs. 5 

wn in Fig. 5. It is 
source impedance 
hce is infinite, for 

of transformation first to the L-network, formed 
by resistance Rn and some part of Ra and again to and 8. In this: case the procedure is a transfer 
the combination of Rp With the resistance trans- 60 of part of the source admittance to the output 
posed by the first operation:into the branch con- terminals and the starting point is the divid 
taining network N2. By proper choice of the ing of Rigi in Fig.: 9 into two parallel portions 
fraction gf Ra used in the first, transformation it one of which is combined with R to forman 
is: possible to makes the: combined transformas -network. 
on ratios: of the transformers introduced by Fig. 11 shows another form of regulator ac 

the two successive steps equal to the ratio; of cording to the invention in which one of the com. 
transfor Her T, in which case simple changes of ponent regulators is...of the series type and the 
the branch impedance levels permitiall of the other is of the shunt type. Coupling between 
transformers. to be eliminated. The resulting the independent meshes containing the two 
network free:of all transformers is shown in 0 variable impedances is effected by the 
Fig. 8, the impedances having new, values being impedance Rm as in the case of Fig. 5. The net. 
indicated by primes. as insthe-case of Eig. 7, the Work has seven independent impedances includ. 
transformations ador. not staffect the regulation ing the load resistance; consequently, the six 
hetistic: . . . . . . . . . . . . . design equations discussed in the preceding sec A further modified form of the invention may stion suffice for its complete deterilio 

  

    

    

  

  

  

  



6 
explicit formulae for the 
are the following: 

R2. Fo(F - Fo) 
F(1-FFF) R1 

Ro1- (F-1) 
R(1-F) (F-FF) 

impedance branches 

R2-- F(F-FF) 
ETT (1-F) (1-F) g o) 2 (27) 

Ra F2 
R1-FFF, 

R.--. Fo(F.F-P) 
Ra (1-F) (1-F) 
Re- F(F-1) 
R. (1-F) (1-FFF,) 

where Fo, F1 and F2 have the values given in 
Equations 25, subject to the conditions that G1 

5 

0. 

is negative, G2 is positive, and K is greater than 0 
unity. 
The dual of the network in Fig. 11 is shown in 

Fig. 12. Like Fig. 11, this network is of the 
shunt-series type. The design conditions are 
that G1 should be positive, G2 negative, and K 
greater than unity. Equations 27 may be used to 
determine the element proportions by replacing 
the resistance ratios or the left-hand sides by the 
corresponding conductance ratios and replacing 
F1 and F2 by their reciprocals. 
The networks shown in Figs. 5, 9, 11 and 12 

may be regarded as prototype networks, since 
these have basis configurations which admit of 
complete design computation from the six essen 
tial design conditions, namely, the equalities of 
Equations 3, and the assignment of values to the 
factors G1, Ga and K. This, of course, amounts 
to the assignment of numerical values to the six 

25 

2,362,359 
subject to the conditions that Gi and G2 are 
both negative and Kiisless than unity. As pre 
viously explained, the same formulae may be used 
to calculate the branch admittances in. Fig.14, 
G1 and G2 being both positive in this case. 

Physical networks corresponding to Figs. 13 
and 14 may be obtained by replacing the T and a 
networks constituted by Ra, Rb and Rim with 
equivalent combinations employing positive re 
sistances and phase reversing transformers, the 
combination in each case comprising two series 
resistances coupled by a transformer. having a 
resistance shunted across one of its windings. In 
addition to this, the transformations illustrated 
in Fig.6 may be applied as in the case of Figs, 5 
and 9 to transfer some of the source impedance 
to the load terminals, thereby adapting the cir 
cuits to finite terminations. The transformed 
networks are shown in Figs. 15 and 16. The 
transformers have to provide only a small degree 
of coupling; consequently, they do not have to be 
of particularly high efficiency. Proper attention 
to the poling of the windings is necessary to en 
sure the phase reversal effect predicated by the 
negative resistances in the prototype networks. 3. 
When the networks of the invention are em 

ployed for the automatic regulation of a tele 
phone line, the variable resistances Ri and R2 
may be constituted by thermistors as shown in 
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a and b coefficients in Equation i. As has been 40 
shown, various other forms may be derived from - 
the prototypes by the application of well-known 
network transformations. 
Two additional prototype networks, which are 

related as duals of each other, are shown in FigS. 45 
13 and 14. These are somewhat similar to the 
networks of Figs. 5 and 9, respectively, but are 
characterized by negative resistance couplingsber 
tween the variable impedances. Network 3 is 
of the series-series type and is adapted for use 
with a zero load impedance. Network 14 is of the 
shunt-shunt type and is adapted for use with an 
infinite load impedance. The formulae for the 
branch impedances in Fig. 13 are the following: 

Roll F2(1-F)(F) 
R. (FF-F) (1-FFF) 
R. F.F.F.(1-F)(F-1) 

R. R. (FF-Fo)(1-FFF) 
|= 

F(1-F) (F-1) (F-FF) -- FF (F-1) 
(1-FFF) (F-FF) (F-F,F) -F(F-1) (F-1) 

(28) 

E. 
R. Fo 
RT1-FFF, 

E. 
(1-FFF) (F,F,F) (F-FF)-F (F-1)(F-1)) 

50 

5 

60 

65 

70 

5 

which reference has already been made. Each 
thermistor may be varied by means of a heating 
current under the control of a separate pilot-cur 
rent of suitable frequency. In this way the ad 
vantages of regulation at two frequencies in the 
operating range are substantially achieved, the 
two pilot frequencies being chosen to correspond 
to the maxima of the attenuation components 
they control. . . . . . . . . 

If desired, the regulators of the invention may 
be used to control a single attenuation variation, 
that is, both of the component regulators may be 
made to produce the same attenuation variation: 
In this way the extent of the variation may be 
Substantially twice that obtainable with a single 
control regulator. . . . . . . . . . . . . . . . . . ; ; 
What is claimed is: 
1. An attenuation equalizer network compris 

ing at least three independent coupled meshes 
providing at least three degrees of freedom, two 
adjustable impedances having frequency depend 
ent characteristics included in separate branches 
of said network, a signal source and a load in 
cluded in two other branches of said network, 
the impedances of the several branches of said 
network being so proportioned with respect to 
each other that the insertion loss for transmis 
sion between the said source and said load is 
expressed by the equation . . . . . . . 

(0–0)-lta1-i-taaa-haotia '.. ao agai - aga-taaa 
wherein a1, a2 and ao are coefficients dependent 
only on the fixed impedances of the network and 
are subject to the condition that do is not equal 
to the product a1a2, e is the base of the Napierian 
logarithms, ac1 and acz are the ratios of the values 
of the adjustable impedances to assigned normal 
values, 6 is the insertion loss of the system and 
60 is the value of 8 when the variable impedances 
are adjusted to their respective normal values. 

2. A network in accordance with claim 1 in 
which the network branch impedances exclusive 
of the adjustable impedances are all substantially 
pure resistances. . . . . . . . . . . . . . 
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3. A network in accordance with claim 1 in 

which the network branch impedances exclusive 
of the adjustable impedances are all Substantially 
pure resistances and in which the said adjust 
able impedances are substantially pure resist- 5 
ances at the adjustments corresponding to their 
assigned normal values. 

4. A network in accordance. With claim 1 in 
which the source and the load are coupled di 
rectly by one branch impedance and in Which the 10 

variable impedances are directly coupled by a 
second branch impedance. 

5. A network in accordance with claim 1 com 
prising separate transmission paths connecting 
said source and said load, a single resistance ele 
ment in One of said paths providing direct cou 
pling between the source and load, and the other 
of said paths comprising a plurality of coupled 
meshes including the said variable impedances. 

SONEY DARLINGTON. 

  


