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UNITED STATES PATENT OFFICE

2,362,359 - S .
ATTENUATION REGULATOR.

Sidney: Darlington,: New .York; N. Y., assignor. to
Bell Telephone Labora.tories, Incorporated, New
York, N. Y,, a corporation of New York

Applicati_on October 7, 1942, Serial No. 4.61,1'11 :

5 Claims.

"'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: com-.
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 advantageotus 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

10,

(C1, 178—44)

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 . ithpedances.

"* 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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varying according to the zero, first, and higher .

powers of frequency, and each component may
be separately regulated. This gemeral 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

the accuracy of the compensatlon

The use of a plurality of separately controlled
equalizers for the purpose of attenuation regula-
tion gives rise f{o -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

40

variations of the control..impedances by equal -

> percentage amounts in opposite directions from

a nermal value add and, subtract-equal fractions
of a definite frequency dependent: attenuiation.

" The nature of the invention-will be more fully
understaod from the following detailed descrip-
tion ‘and by references to the attached dra.vnngs
of which: .

Figs. 1 to:4: are schematics used to 111ustrate
the theoryof the invention;

Fig. 5 shows the circuit configuration of one
form: of ‘regulator. in ‘accordance with the in-
vention;

Fig. 6 illustrates- certam principles used’in the
design of regulators: accordmg to the invention;-
and

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

: cordmg to the invention.

50

charactemstlcs without noticeable sa.crlﬁce in 45

Mathematical: theory
For the purpese.of -developing the principles

‘uniderlying 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 res1stance Rg: is connected to the
pair of terminals 3, 3’ and a load resistance Rez
is connected to terminals 4, 4’. The variable im-
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pedances by which the regulation is effected are
shown at Z: and Z: connected respectively to
terminals {, 17 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

10

the prgblem of regulation is primarily concerned
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 Z: and

Zz have normal values Zo: .and Zoz about whlch'

the variations take place and let

Zy

-Z—O——xl and 02'_133

It may then be shown that the most typlcal form
of the expression for the insertion loss between
the source Re1 and the load Rez is

o e g0l T i1t 05Ty + Ao )
O bb'+b1$1+b2$2+$1-’32 :

wherein ¢ denotes the insertion loss, 6o is & loss

component which is independent of the varia~-

tions of Z: and Z2, and the a’s and b’s are coeffi-

cients dependent only on the ﬁxed 1mpedances of

the system."

In the case of ‘a smgle-control regulator, it has
been shown in United States Patent 2,096,027 to
H.W. Bode, that the cireuit configuration and the
element values ¢an be made such that the inser-
tion loss expression takes the form

ol o) S

ef=e— Tz (2)
in which case 6o represents the insertion loss of
the network when z'is unity.: This relationship
has the property that replacing x by its reciprocal
replaces the loss variation e®—* by its reciprocal.
In other words, replacing = by its reciprocal re-
places the insertion loss characteristic by -its
image with respect to the normal loss character-
istic 6. 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 r1 and x2 are simultaneously replaced
by their reciprocals. This result is achieved by
designing the circuit so that the following equali-
ties are obtained between the ¢ and b coefficients
of the insertion loss expression:

bo=ao; bi=az; and bz——ai 3

Under these conditions the insertion loss expres-
sion, Bquation 1, becomes’

o—p _1+a121+02$2+ao$1$2 RN

e~ ao+a2$1+ax-’52+371$2 ®

from which it is readlly seen that replacing 21

and r: simultaneously by their reciprocals pro-
duces a reciprocal value of e(*—4),

The regulators aceording to the invention have
the further property that if either variable im-
pedance is kept fixed at its reference or normal
value, the variation of the insertion loss as the
other 1mpedance is varled takes pla.ce in accord-

15
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-ance with Equation 2. Thus, if Ta be made equal

to unity, Equation 4 becomes
ax+ao
715,
a1+ag
1+a; +x
and if 21 be made equal to unity,
U/?"['ao
1+ a
a4+ a
' 11@ 2ty
"Except for a small interaction effect which is
absent . under the conditions specified above,

=00

(8)

glf—0y—

(6)

" 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 (y/ 2) = e—,,jl_—l )
Equation 4 may be fransformed to . ,
8—0;_ (1—ag) (1—mms) + (a1 —aa) (1 —22) ]
k= S T e @t ) @)
which may be shown to be the same as
. 1— — Xt
66 @1+x+Gﬂ+m
tanh 9 == 1 i— (9)
: B KG]Gz —‘aﬂ> 3 xz>
1 + T 1 + ]

wherein the quantmes Gi, G2 and K have the
values

‘ G _(1—(10)—(“1—(12)
ST T gt anta:
Y]
G =(1 —dag) + (a1 —as)
TR 14-aot+ai+a
and
K=(1 +ag)?— (a1 t+as)? -
.. (1"*(10)2—. (dl'—ag)z
Now, if the loss contributions, (6—60d1 and

(6—80) 2 defined by Equations 5 and 6 be denoted
by &1.and ®2 respectively, it may be shown with
the helpof Equation 7 that

v G‘l Tz, —tanh ——
and
(1)
Gzl +x =tan h =
consequently Equatlor} 9 may be written as
6—o tanh c—I'!=ta,nh E
5 0= (12}

1+K tanh -5 tanh

Equation 12 shows that so long as the fa,ct;or,K
is very nearly equal to unity

00—

tanh =tanh (%—‘+%2> 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
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be:made -exactly-equal t6 unity,sEBquation 13
would define an exact:instead:of.an approximate
relationship. This would appear at first sight -
to provide an ideal solutionmwhich would permit
the ' design of two-geritrol edtializers with zero &
interaction between the controls. It turns out,
however, that this condition cannot be miet in
a, passive system withouf the normal loss 6o be-
cofiiing infinite or, alternatively, without one or
the other of the loss components &: and &2 be-

cothing zero, - In.practice it has-been found that
a:departure of the value of K from:unity by as
little as-2:per cent results in: ‘quite small: normeal -
loss ‘and that:departures: as: great. as:-10-per: cent’
do not give rise to excessive interactiornreffectsy-.

-~ Tt: may be: shown: that: the :physical -condition
corresponding ' to: unity-value:of K is that- the
two branches contdining the variable impédancés
should be:conjugate; orif other words, that the
transfér admittance :between the two -independ-
ent:meshes including: the impedances-should: . be
zera. To=avoid the:conjugate relationship if.is
necessary: .that :the -coefficient @ in-Equation:4
should :not: be equal to the product: aiaz; but, in
ofder that K may be close to unity,:it:is-desirable:
that. .the.- difference. between .these quantxties
should:be:small relatively to aiaz, -

- :has- already -been. pointed -out that m is- ad- .
vantageous 10 use enly: pure.resistances.in.the
esupling system; the.coefficients. ao, a1 and @3 and:
the related factors Gh: Gz and K then. becoming
simple numbers.. In:that case. the ~frequency de~
pendenee of : the . regulator charactenstics is: de-
tetinined. wholly by the character. of the varia.ble
impedances:Z:-and. Za. . Furthep sxmpliﬁcanon of.
the design is achieved by. eonstructmg the. var-

W

25:

isble impedances. in.the: form shown.in Fig.. 3.
This figure shows.a modified. form: Te variable
impedance Z: comprising a fours rminal .con-

stant resistance network N: terminated at one’
pair of termindls by & variablerésfstance Ri1 and

adapted to be connected at the other pair of ter-
* mifnals to terminals (. 17 of-the eight pole.” The
network N1may be of any ‘of the weli<known don-
stant resistance types; such, for exdnivle;
described by O. J. Zobel in the ell’ SYSteni
nical” Journal, July 1998, in: : |
“Distortion" correction ‘in electficai tiltst with
constant resistance recurrent” hetworks” * Thése
networks are characterized equaI cons‘banf, Té=
sistance -image” impedances at their twe pafrs of
termina,ls and- can’ be constructed to provide at- ‘
fenuations of any physmarly reezlizable fred;uency
denendence

¢ the tmage impedance ‘of ‘the’ network NI

denoted by Ror and ity transfer constant: by Y1,
then' tHe"ithpedance measured ‘a4 ﬁerminals’ l *
‘hag the value

71—R0

50

R1+Rm tanh \[/1 Y . 3 "
"R+ By tanh ¥ R (14)

When the variable resistance R1 takes the value
Ror,-i:the. nnpedance Z1- becomes equal fo. Ro1,
which; accordingly, may. be taken- as the referenice
or normal. value.. of..Z1... Equa,tmn 14 may be 85
transformed.to . . L

S —Hsa,nh 4»1 :
1+y1 tanh ¢,

o : (‘fsj‘
where . '

s

"Fhe:expressiomfor: .10 -

varistion of the co'ntrdl resxsta.nce and. is ‘there-
fore a.real number, and the attenuation constaiit

_ ll/], of the network N1.

the: econd variable” impedance Zz a s1mxlar ex-
pressmn will be obtamed for .

i »'*(:;’ftarfi’lli —2v o

ﬁamelfy; -

(18)’

13 gwes the value of the total attenuatfon va,ria-
tion with substantial accurady as’

i) 0o

Nétwork. design

Referring to Equations 17 and 18, it will be
seen,that the factors G: and Gz defermine the -
éxtent to-whichithe transfer constants yr and-¢5
of“the  constant: resistance networks  enter. inte:
the: gver-all:characteristics'of the regulator.” The
values: of ‘these:factors mdy therefore be ‘drrived

. at from & cohsiderdtior of the desired régulation

characteristics and-the characteristics of avail-
ablecofistant resistarice attenudtors. . -For :the
system to be realizablé physically-the values must -
lie: between  the limits of plus: and minus: unity:
"FHe factor:K;which:déterthines the interaction:
éffect;mdy be chosen’arbitrarily:: In-gémeral, this
should: beinearly:'équal:to unity, -but-it: may:be:
neééssary.to adjust:the valtie by suedessivertrials
to‘avoidextreme ‘orimpractical - values. of. certain
of-the:branch inmpedances: “Whether the: values
of Gyand Gy 'should be positive or: negafive and
whether K- should-be: greater or less: than- unity
will depend upon-the type of configuration adopt~
ed for:the comiplete fegulator circuit. ' The rules

goverriing the:choices will-be:givén-later.

- Asstgnitigr Mumerical values t0:'Gy, Gz and K
permitsithe numerical values 6f d¢;di:and az of
Equabions:1 ami 4 to be debermmed from the rela-
tionships, - ; ORI

_1- KG;G’z—- G1 + Gz
1 +KG1G'2+ G;-l-Gn

1 KG,G’2+ G—G,
1+KG1G2+G1+G2

20)

iREG_GG
%= 1+KG;‘G_,+G{'+'GZ

—fy .‘)' T8  These values of the d’s togethe‘r with the basic
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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
expressmns involving the branch impedances of
the nétwork 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
proportmns of the branch impedances in net-
works having seven 'independent branches. If

network conﬂgurations of greater ‘complexities

are _employed, additlonal arbitrary conditions
ma,y be ‘assigned as required :

" The design procedure along the lines indicatedl

above is straightforward, but the computatlons
are genera]ly 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 ¢ and b co-

5

10

20

efficients and the quantities Gi, Gz and K all real i

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,

1£7)

PG ="._._1 taz. .
. a-rx . |

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. 8 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. ¢
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 G: and G: for thé 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 permxt Equatron 2 to be sdtis-
fied is

R.,}R,‘,ég,:—lRo (21

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

2,363,359:

which. ‘requires «.to be less than unity. Now,»
Equation 2 can be put-into the form :

)

where
: 1—a

'G 1+a

(28)
from whlch 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 Gi.and Gz will be negative when the individ-

ual regulators to which they correspond are of
the series type dand will be positive when the in-
dividual regulators are of the shunt type.

" Whether the factor K should 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
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type, K should be less than unity. If the individ-
ual regulators are of different kinds, one series
and the other shunt, X 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 resuiting ecircuit. 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 conﬂguratzons

One form: of two-control regulatpr in accord- .
ance with the invention is shown in Fig. 5. This
regulator is suitable for use between a high re-
sistance scurce Rz 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 N1 .and N2 terminated by variable resist-
ances R1 and Ra. . 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 Gz 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 expréssed 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 0f these In terms of the seventh. Two of the

impedances are the reference resistive values of
Z1 and Z: which wiN be designated respectively
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a5 Roiand:Re2. - The wvalues.of- the. elements in
terms.of the source impedance Rg-are :a.sufollow‘s_:

By_ (A=FAFe— DI~ FFiF) +FRFe=1)] .
B, (F\=FEF)[(1=FF,Fp)i— Fe(Ee—1){Fp—1)] .

Roa - Fy(1= By (F2—1)(Fy = FsFo)

5

bederived from :the network of'Fig. 5 by the '/
application of the principle of: duality described

By . (A=F)EFp=1)
By (A= FoFF ) —FeFa—) (F2=1)]. ... S
By FoF 11— F ) (FA—1) (Fy-F.Fy) .

B, A= FF = R F = DA T ) T Fe0a—D]

B[R R = Fa0r =D (Fi= D= iy T PR =D)]

R FoFy(Fy—Fif) -~ - ool
B¢ [A=FFiF )= FE@ = HEE=0] -
o PR B (PR 1) (FA—1),
FETEN N Y VLS TN 1 N

subject to:the conditions that Guand G are both
negative and K:is less thanuniti: .. . - ¢

-8 two-control regulator suitable:for iiseswhere
the terminal-impedances are both: finite: may:be
derived directly: from-the circuit shown:in Fig:5
by transferring:part-of the source impedance ‘R
to the:load terminals.: The procedure makes use
of:the well-known-network: transformations:illus-
txateddn Fig..6,; according to.:which ‘an.L=net-
work :ofitwo similar impedances may the replaced
by:the combination.of a:reversed :L-nstwork .and
an-ideal-transformer. - In the figure;: & .denotes
the transformeriratio;:the value of which:is given
interms of the:impedances:of-the originaliL-net-
work..:The resulting regulator: network:is shown

In Fig. 7, the ideal transformer T being replaced
by:an:actualitransformer :designed sto:have-high

efliclency-in the.operating frequency:range.. The
windings:of fhe-transformer.should; of-course;be
noled:to-avoid :a: current.re zersal: in the:output:

As the:result of-the :operations the- source.ims
pedance is:‘-_reduced:tozmnew;:lawexwa;ue:;Ruz_gand

8 load impedance of value _

i 'addéd between the load termingls. THe nets
work s otherwise unchanged and its regulating

characteristics are not affected.” = o
_Another modified form may be gbtained from

the circuit of Fig:'5 by applying the same type

of transformation fifst to the L-network; formed
by resistance Rm and some part of Ra and : 1gain to
the combination of Ry with the resistanss ‘trans-
posed by the first  operation:into.the-branch con-
taining network ‘Nz:+ By -proper choice of the
fraction:of Re-used:in. the. first-transformationiit
is- possible 0. ;make..the::combined itransformas.
tion
the-two ;successive-steps sequal..to:the-ratio: of
transformer-T,.in:which case simple changes:of
the.-branch :impedance ;levels :permit::all;of -the
transformers .-to -be :eliminated. -The resulting
network, -free.;of - all - transformers- is :shown : in

Fig...8 ]
indicate - Asringhe-case.of Fig..7,.the -

 transformations .do-: not-affect: the : regulation
characteristic. .. . .
" A further modified form of the:invention may

- 25

e

atios: of, the:transformers- introduced by

by. Guillemin,. Communication. Networks, 1935,
velume II,:page 246. This network, which-is. the
dual.of that. in.Fig. 5, is sh wnin Fig. 9. It is
suitable for. use::where the 'source  impedance
Is.finite and-the load impédance is infinite, for
example, the grid circuit. of a.vacuum tube. The
regulator is of the’ shun huit . type, that-is,
the - two .single~coritrol. régulators .to :which' 'the
system. ¥edices when.
in furn is
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ach. variablé impedance
A’ resistance .of .its refer-

irh i5 renlaced.)
ence value ate both,

the
Ele. :

unt type shown in
between the input
mutial ddmittance
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tance Rs and the variable
-.coupled  directly by the
m, ~The Structure may
ing " two transmission -

e of ‘which is constitiited by resistance

paths,. ong Ick ]
Rs and the comimon réty n 1éad 43" with' their
erminals connected in
se". of ‘the circuit ‘of
e’ corrésponding’ paths have
I optput terminals connected
. requires ‘the factors Gi
1d K to beless than unity.
he dual of that shown in
- Equations 24 may be used for-deésign pur-
the resistance ratios “or the left-hand
sides ‘are: ed by. the corresp nding conduct-
ance ratios and the factors Fi*and Fi are re-
placed-by their reciprocals, = - ' o
The type of; regulator.shown in Fig. 9 may be
modifled as:shown iy Fig. 10 t6¢ finite output
impedances by transformations of the same kind
as were described in: ‘econnection. 'with Figs. 5 -
and 8. In this:casethe: procedure is 2, transfer
of part of the source admittance to the output
terminals and the starting point is the divid-
Ing'.of "Re’in" Fig::9" int6 “two -parallel -portions;
one of which''is combined ‘with Rs ' t0 forni an
L-network, '
Fig. 11 shows another form of regulator ac-
cording to the invention in which one of the com=
- bonent regulators is-of: the: series type and the
otheris ;of ‘the shunt .type. (Coupling . between
the independent meshes containing  the two
variable impedanqgs‘;.;ij‘sz.eﬁec-@d by the mutual
impedance R as in:the case of Fig. 5. The net-
work has seven independent impedanceés includ=
ing the load resistance; sconsequently, the six
design.equations discussed in the-preceding sec-
tion suffice for-its ‘completé deterinination. The
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explicit formulae ‘for the 1mpedance branches
are the following: .

Fo(F1—

[}

Ra_ __ Fon)
Rg Fy(1—FF1F3)
Bo_1= (F2—1)

(1- Fﬂg)(F! FoFy)
Roz FO(FI FoFy)

(1 —FH(1— Fz)
)] P @ 10

‘Ra__ Fp—1

R, 1—FFF,
By _ Fo{F1Fs— Fo)
Ba  (Q=FHA—FH
Rm Fo’(FI’—l)

RBa~ (A—F?)(1—FoFiFy)

where Fo, F1 and F2 have the values given in
Equations 25, subject to the conditions that Gn
is negative, Gz is positive, and K is greater than
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 G: should be positive, Gz negative, and K 2
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- 35

tial design conditions, namely, the equalities of
Equations 3, and the assignment of values to the
factors Gi, Gz and K. This, of course, amounts
to the assignment of numerical values to the six
@ and b coefficients in Equation 1. As has been
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 couplings be-
tween the variable impedances. “Network 13 is

of the series-series type and is adapted for use 50

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:

Ro,_ Fy(1—F@) {Fi—1)
(FiF,—Fo) (L—FF1Fy)
Roz __ o FRF,(1—Fy )(Fz —1)

R T Fy—Fo)(1—FoF\Fy)
R,

F.(1—F¢) (F=D[(Fy— FzFo)'i‘Fo’Fr(Fz - D]
QA—-FoF 1 F)[(Fo—F1Fo) (Fx—FeFo) FR(F3-1)(F2-1)]

(28)

=

1

l

=

£

FoF\ Fa(1— F)(Fz—l)(F1F2 Fg) -
(=FoF 1 F o) [(Fa=F1Fo) (F1=FoF o) - F# (F2~1) (F2-1)]

" Ry__FoFiFy
R,—I—FuFng

I w=
~l3

FeF Fy(1—F ) (Fy "1)(F2 —1)
(I—FoFle)[(Fz—FxFo)(Fx—F'zFo) -F3(F2-1)(F2 -1)]
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subject .to .the conditions that Giand:. Gz are
both negative and K is less than unity. : As pre;
viously explained, the same formulae may be used
to calculate the branch admittances in Fig.. 14
G and Ga being both positive in this case.

Physical networks corresponding to Figs. 13
and 14 may be obtained by replacing the T.and =
networks constituted by Ra, Rv and Rm with
equivalent combinations employing positive_ re-
sistances and phase reversing transformers, the
combination in each case comprising two’ senes
resistances coupled by & transformer having'&
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 Fxgs )
and 9 to transfer some of the source mpedance
to the load terminals, thereby ada.ptmg the cir=
cuits “to ‘finite terminations. -The transformed
networks are shown in Figs. 156 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
5 negative resistances in the prototype networks.

When the networks of the invention-are: ém-
ployed: for the automatic regulation’ of a tele:
phone line, the variable resistances' Ri and ‘Rz
may be constituted by thermistors as shown in
United States Patent 2,246,307 fo H. K. Krist to
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. attenuatron components
they control.

If desired, the. regulators of the mventlon may
be used to.control & 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 obtamable w1th a smgle
control regulator, . 3

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 sa1d load 1s
expressed by the equation’ ’

£ = 1+a1x1+a2x2+amzz

- Qg+ 0%+ G+ 21T :
wherem a1, gz and ao are coefficients dependent
only.on the fixed impedances of the network and
are subject to the condition that ae is not’ equal
to the product aiaz, e is the base of the Napienan
logarithms, x1 and xz are the ratios of the values
of the adjustable impedances to assigned riormal
values, ¢ is the insertion loss of the system and
60 is the value of ¢ when the variable impedance_’s"
are adjusted to their respective normal values:

2. A network in accordance with ‘claim 1 in
which the network branch impedances exclisive
of the adjustable impedances are all substant1a11y
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- g
ances at the adjustments-corresponding to their
assigned normal values. i

4. A network 'in accordance with clalm 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.

SIDNEY DARLINGTON.




