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It is well-known in communication en-
gineering that the characteristic impedance
(iterative impedance) of a smooth line varies
considerably with frequency, over the voice

5 frequency-range, particularly toward the

lower end of this range, though at high fre-
quencies the impedance approaches a con-
stant resistance.

The term ‘smooth line’ here includes, as

10-usual, any electrical transmission line whose

15.

20.
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an
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40-

fundamental parameters (resistance, indue-
tance, leakance, capacitance) are sensibly
uniformly distributed along the line; thus,
among smooth lines are included non-loaded

“open-wire lines, non-loaded cables, and uni-

formly loaded cables (aerial, underground,
and submarine). As here wused, the term
‘smooth line’ will be understood to include
also any line which is effectively smooth in

‘the sense that, over the contemplated fre-
?

guency-range, its characteristic impedance
is approximately the same as though the line
parameters were uniformly distributed along
the line; thus, for instance, a periodically

“loaded line is-effectively smooth over the fre-

quency-range in which the distance between
loads is small compared with the wave
length.

For some purposes the existing rather large
departure of the line impedance at the lower
frequencies is undesirable, or even very
harmful, so that it is desirable to have a com-
pensating network to. associate with the ini-
tial end of the line in order that the re-
sultant impedance shall be approximately a
mere resistance over a wide frequency-range;
more particularly, so that this resistance shall
be approximately equal to the value of the
characteristic impedance at high frequencies.
Such a network will here be termed an. ‘im-
pedance-equalizer’or, briefly, an ‘equalizer’.

The principal object of the present inven-
tion is to provide various precision forms of
shunt-type impedance-equalizers, each for

5 combination with any smooth line so that the

resultant impedance shall be approximately
equal to a mere constant resistance over a
wide frequency-range, such as the voice fre-
quency-range.

Some- of the possible uses of ‘impedance-
equalizers’ are as follows:

To enable the impedance of any smooth

line, over a wide frequency-range, to be

simulated or to be balanced by a mere con-
stant resistance..

To enable two smooth lines, originally hav-
ing - unequal impedances, to balance each
other when a 21-type repeater is worked be-
tween them (the equalized lines being ren-
dered equal by the addition of a series resist-
ance to the smaller or by a shunt resistance
to the larger, or by the insertion of suitable
transformers between the repeater and the
equalized lines).

To make the ‘power. factor’ of a smooth

line, at its terminals, equal to. unity over a
wide frequency-range; that is, to eliminate
the wattless component of the current enter-
ing the system.

To reduce the bﬁilding-up time of tlie en- 7

tering current, by reducing the transient dis-
tortion. (If the impedance of the system
were a pure resistance at all frequencies,
there would be no transient distortion, and
hence the building-up time weuld be zero;
thus the current would attain instantly its
steady-state value.)

To reduce the discharging time of the
system when the source of impressed electro-
motive force ig replaced by an impedance;
that is, to reduce the ‘relaxation time’ of the
system. (This reduction can be understood.
from the fact that the removal of an electro-
motive force is equivalent to the insertion
of its negative: the steady-state part of the
current produced by this negative e. m. f.
exactly annuls the current due to the orig-
inal e. m. f.—this current being supposed
to have attained its steady-state value—and
the transient distortion part produced by
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the negative e. m. £. is reduced by the pres-
ence of the impedance-equalizer, in accord-
ance with the paragraph just preceding.)

Before proceeding further with this spec-
ification, the attached figures will be sum-
marized: Figures 1 and 2 show generic
graphs of the characteristic impedance of
smooth lines, over a wide frequency-range
(F being proportional to the frequency, f).
Fig. 8 represents any two-terminal network,
having any impedance, denoted by W; and
Fig. 4 shows this network combined in shunt
relation with any smooth line, of charac-
teristic impedance K; in particular, this
network, of impedance W, may be any one
of the shunt-type impedance-equalizers of
my invention. Fig. 5 shows a generic graph
of the requisite value of the equalizer-imped-
ance W in order to attain perfect equaliza-
tion of the line impedance K, when the line
leakance is negligible. Fig. 7 represents
semi-generically the shunt-type impedance
equalizer of my invention; and Figs. 6, 8,
9, 10, 11, in connection with expository mat-
ter in the specification, serve to show that the
equalizer of Fig. 7 is actually capable of
equalizing the line impedance K with a high
degree of precision over a wide frequency-
range. Figs. 18, 19, 20, 21 represent four
specific forms of 4-element shut-type imped-
ance-equalizers derivable from the semi-
generic form of equalizer represented by Iig.
7; thus the equalizers represented by Figs.
18, 19, 20, 21 constitute specific forms of
equalizers of my present invention. Iigs. 12,
18, 14, 15, 16, 17, in connection with exposi-
tory matter in the specification, serve to show
how the four specific forms of equalizers rep-
resented by Figs. 18, 19, 20, 21 are derivable
from the semi-generic form represented by
Fig. 7. Fig. 22 represents a network equiva-
lent to the network of Fig. 6; each is capable
of simulating the line impedance X with high
precision over a wide frequency-range; these
two figures, 6 and 22, are introduced for ex-
pository purposes.

Before setting forth the theory, design-
methods, and design-formulee of this inven-
tion, it will be desirable to review briefly but
in a precise manner the nature of the depend-
ence of the characteristic impedance of a
smooth line on the frequency. By the char-
acteristic impedance of any transmission
line is here meant, as usual, the line imped-
ance when the line is so long that its imped-
ance is sensibly independent of the distant
terminating impedance.

The well-known general formula for the
characteristic impedance K of any smooth
Line is

K= /(R+ioL)/(G+icC) @)

R, L, G, C, denoting the line-parameters per
unit length, namely the resistance, induc-

1,815,254

tance, leakance, capacity (capacitance) ; and
o denoting 2= times the frequency f; and

1=,/—1.

The foregoing formula (1) for X has been
very thoroughly studied in my paper ‘Im-
pedance of smooth lines and design of simu-
lating networks’ published in the Bell Sys-
tem Technical Journal of April, 1923; also
in my U. S. Patent 1,718,603, issued May
21, 1929. As there stated, the effects pro-
duced on the impedance IX by normal values
of the leakance G are slight except at very
low frequencies (below the voice range).
Hence, for the present expository discussion
of the nature of the dependence of the im-
pedance K on the frequency, the leakance
may be neglected. This results in a great
gain in simplicity of exposition; for, with G
set equal to zero, Equation (1) can be writ-

ten

E=kJT=3F ()
where

k=JLjC (3)
and

I'=wl/R (4)

Thus when the line-parameters (R, I, C) are
independent of the frequency, % is a mere
constant and T is directly proportional to
the frequency; 7%, called the nominal im-
pedance, is the limiting value of K at very
high frequency, as is seen from (2) by set-
ting F=cw. Usually the line-parameters
(R, L, C) are very nearly independent of
the frequency over at least the voice fre-
quency range.
Since Equation (2) can be written

Kjk=Ji—iF' (5)

it is seen that the nature of the dependence
of the characteristic impedance of all non-
leaky smooth lines on the frequency can be
represented by a single graph, namely, a

graph of

1=/ F
ag a function of F. In Fig. 1, which presents
such a graph, the upper and lower curves
depict respectively the real (Re) part and
the negative of the imaginary (Im) part of

Eft=T=i[F.

Hence, in any specific case, these curves, after
their ordinates are multiplied by the specific
value of %, depict respectively the resistance
component and the negative of the reactance
component of X, as functions of F, as in Fig.
9. The considerable departure of K from its
limiting value %, particularly at the lower
values of I, is clearly and simply shown by
Fig. 2. :

As a generic basis for demonstrating the
impedance-equalizing properties possessed by
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the impedance-equalizers disclosed later here-
in, and also as a generic basis for deriving

oene1 al design- formulee for use in any specmc_
case, the. formula for the resultant impedance..

Z of the system represented. by Fig. 4 will
next be studied. The formula for- 7 ig; of
course,

K
K+WW ©)

Hence, if the desired or prescribed value for
Z is denoted by B, then the precision of
equalization attained will evidently be shown
by a graph of the ratio Z/B as function of
F'; and also by a graph of the fractional de-
parture

7z

|(Z—B)/B],

where the two vertical bars enclosing an ex-

I pression denote that the absolute value of

the expression is to be taken. From (6); and
the equation

A=B/k (7)
> defining: A, we.get
Z_  (KJk)(W/k)

BNER Ry &

*0 trom which (Z—B) /B is obtainable by mere-

ly subtracting«unity, since

Z-B_Z_,
B B

C)

In order that the equalization shall be exact,
Z/B must be equal to unity, whence the requi-
site value of W/B for producing exact equal-

1zation is

w___Elk
B (K[k)—\
which thus constitutes the general design-
formula for expressing the 1equlslte Value of

(10)

W/B in terms of X/ and A, as function of F.-

In particular, when Z is prescribed: to- be
equal to %, so that B=% and A=1, and when
the line leakance (¢ is'negligible s0 that K/k
has the value expressed by e(]u‘ltlon (5), then
the requisite value of W/% is.

W w/l — i/ F
ko Ji—iF—1

or, on multiplying numerator and denom-
inator by

1B (1= F+1),

EV 1+iF+iF1—=t[F (12)

(an

For the particular case here contemplated,
each. of these equivalent equations, (11) and
(12), constitutes an.exact design-formula for

3

W/k. Fig. 5 gives a graph of W/%& com-
puted: therefrom.

If it were possible to devise a network
whose impedance W would vary with F in
exact accordance with Kquation (10), that
networks, when associated with the line as in
Fig. 4, would make the resultant impedance
Z exactly equal to B at all frequencies.
result can be.closely attained by means of the
equalizing networks constituting my present
inventicn, as will appear in the course of
this specification.

In order to impart a clear understanding
of the nature and proportioning of the va-
rious equalizing networks of my present in-
vention, I will now outline the steps by which
I arrived at them.

Stated very briefly, I imagined the line to
be replaced by a semi-generic network known
to be capable of simulating the line impedance
very closely, then I devised a semi-generic
impedance-equalizer exactly equalizing the
impedance. of this network, and finally I de-
vised various specific forms of this 1mped-
ance-equalizer. These several steps will next
be described more fully.

Fig. 6 represents the semi-generic simulat-
ing network by which I imagined the line to
be replaced. That this network is capable of
simulating the line impedance XX over a wide
frequency range with a high degree of pre-
cision is known from my above-cited article
published in the Bell System Technical Jour-
nal of April 1923, and also from my U. S.
Patent 1,713,603 issued May 21, 1929. For,
Fig. 6.1s the same as Fig. 130 of that article
and as Fig. 180 of th at patent, except for
a snnphﬁcauon of the notation, in that S,

Ry, J of Fig. 6 stand for S, Rl”, J’ of the

above-cited 1 leferences, thus all of the letters
in Figs. 6,7, 8, 9, 10, 11, 14, 15, 16, 17, 18, 19,
20, o1 of the plesent pfztent sperqﬁc%tlon are
to be regarded, in imagination, as affected
with a double prime, or double accent ("),
which is actually omitted, merely for sim-
plicity.

I here call the network of Fig. 6 a ‘semi-
generic’ network because part of it, namely
the J-part, is represented generically rather
than specifically ; the J-part may take at least
two specific forms, as shown later herein.
The J-part will be called an ‘excess-simu-
lator’; as in my above-cited paper and pat-
ent; its impedance is denoted by J; R, and
S designate pure resistance elements, and
also denote their values (ohms). Thus, in
Fig. 6, the letters J, R,, 8 play two distinct
roles: they ‘designate’ the parts of the net-
work, and they ‘denote’ the algebraic values
(complex, in general) of the impedances of
those parts; this double usage, which has the
advantage of brevity, will hardly lead to
confusion. The same sort of usage will be
employed in connection with all of the other

This:-
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network figures of this specification, except
that in specific networks containing capaci-
ties and inductances those specific parts will
be designated and denoted by capacity sym-
bols and inductance symbols respectively.

The physical significance and functions of
the Ry, J, S parts of the simulating network
in Fig. 6 of the present patent application
may be briefly outlined as follows: R, and J
are the principal parts, S being a modifying
part. Imagining S to be temporarily re-
moved, it may be stated that R, is a pure re-
sistance element chosen approximately equal
to the ‘nominal impedance’

k= \I]C

of the line; thus R, alone is capable of ap-
proximately simulating the line-impedance
over the high frequency-range. Now, at all
frequencies the line impedance K exceeds the
‘nominal impedance’ & by an amount K—4%,
called the ‘excess impedance’, which, though
sensibly zero at high frequencies, i1s quite
large in the lower part of the voice frequency-
range, as indicated by Fig. 2.  Except at ex-
tremely low frequencies, the ‘excess imped-
ance’ of the line is approximately simulated
by the impedance J in Fig. 6; the J-part is
thus called an ‘excess-simulator’. Finally
the S-part is a pure resistance serving by its
modifying shunting action to improve the
simulating properties of the network, par-
ticularly at extremely low frequencies.

The physical significance and functions of
the R,, J, S parts of Fig. 6 can be stated more
precisely, though indirectly, by way of Fig.
99, representing a network to which the net-
work of Fig. 6 is exactly equivalent when
these two networks are related in accordance
with equations (44), (45), (46) of my above-
cited article and patent. Thus, on referring
to that article and patent, it will be found
that R, is a pure resistance element (called
the ‘basic resistance’) which is chosen equal to

k= JITC

and thus simulates closely the line imped-
ance over the high frequency range; J” is an
impedance simulating closely the ‘excess im-
pedance’ K—7% of the line except at extreme-
Iy low frequencies; finally, S’ is a pure resist-
ance serving by it modifying shunting action
to improve the J’-part, particularly at ex-
tremely low frequencies.

Tig. 7 represents a semi-generic form of
the impedance-equalizers of my invention;
the J-part may take various specific forms
(corresponding to the various specific forms
5t J), as disclosed somewhat later herein.

Fig. 8 represents the network of Fig. 7
combined in shunt with the network of Fig.
6—which, it will be recalled, simulates the
line impedance (with a high degree of pre-
cision).

1,815,254

Fig. 9 represents the network of Fig. 8
with S removed, for purposes of exposition.
Thus the network of Fig. 9 consists of
the parallel combination of (R,+J) and

(R,+J). TIf the impedance of the network ¥

of Fig. 9 is denoted by X, then
X— By +J) (R; +72_
(By+J) + (B +J)

This equation can be written in the form

X _RB2+J))+RBy(J+T)

(13)

BT Rt RS Y
which yields the important conclusion that
X=R, (15)
if
JI=Rz2 (16)

that is, if
J=Rz2/] (17)

Therefore T design the J-part of the network
of Fig. 7 in accordance with Equation (17),
so that the impedance X of the network of
Fig. 9 reduces to the mere resistance value
R, ; whence the network of I'ig. 8 reduces to
the simple network of Fig. 10, consisting
merely of the resistance S in parallel with a
resistance equal to R,; and fthe network of
Fig. 10 is, of course, equivalent to the single
resistance R, represented by Fig. 11, having
the value

Ry=8R./(S+R,) (18)

Thus, by consideration of Figs. 6, 8, 9, 10,
11, it has been shown that the network of
Fig. 7, when bridged across a smooth line
of impedance K, will render the resultant
impedance Z closely equal to thé resistance
R, of Equation (18), provided merely that
the J-part is proportioned in accordance with
Equation (17), which is therefore the design-
formula forJ.

The J-impedance, when proportioned in
accordance with Equation (17), will be
termed the ‘inverse’ of the J-impedance with
respect to the resistance R,, which will be
termed the ‘resistance of inversion’. Or,
stated symmetrically, the J-impedance and
the J-impedance will be termed the ‘“inverses’
of each other with respect to the resistance R,,
the ‘resistance of inversion’.

In order readily to derive specific forms of
the J-part corresponding to known specific
forms of the J-part, it is desirable to know
the general relations which must exist be-
tween any two networks in order that their
impedances shall be the ‘inverses’ of each
other with respect to a specific resistance.
For this purpose consider any two networks,
designated as @ and b, each consisting of m
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elements. Let Z,, Z., . . . Zn denote the im-
pedances of the elements of the a-network;
and Y4, Y,,... Y, the admittances of the ele-
ments of the b-network. Finally, let Z, de-
note the impedance of the a-network, and Y,

the admittance of_ the b-network. Then
Zo=Fo(Z1, Zsy . . . Zp) (19)
Yi=Fy(Xy, ¥ .. . Yu) (20)

where F, and B, are functional symbols, in -

the usual sense. Now if these two functions
are of the same mathematical form, as indi-
cated by the functional equation F,=F,=F,
so that
Zo=F(Zyy Zsy . .. Zn) (21)
Yo=F (¥, Yo ... Yn) (22)

or, in words, if the admittance Y, of the -
network is the same function of its admit-
tance elements Y4, Y,,... Y, as the impedanece
Z, of the a-network is of its impedance ele-
ments Zy, Zs, . . . L, then the networks « and
& will be said to be ‘inverse in form’ or ‘for-
mally inverse’. Further, if the ratio of each
impedance element Z; of the a-network to
the corresponding admittance element Y; of
the b-network has any value A? which is ‘the
same for all of the elements, in accordance
with the equation
.m)

Zj/Yj=A2 (Wlth jzl, 2, . (23)

where A evidently has the dimensions of an
impedance, then the two networks, ¢ and 0,
will be the ‘inverses’ of each other with re.
spect to the impedance A ; for, with relation
(23) fulfilled, it is seen that

Z¥y=A7 (24)

ZZy=Az (25)

Z,, denoting the impedance of the b-network.
From: (28) it is seen that A, the ‘impedance
of inversion’, has the value

A= 7]y, (26)

In the remainder of the present patent specifi-
cation, A will be a mere resistance.

The foregoing general definitions and
theory pertaining to the subject of ‘inverse’
networks will now be illustrated somewhat
concretely by application to the somewhat
concrete networks represented by Figs. 12 and
18. Owing to their respective forms, it is
convenient to regard Fig. 12 as being an -
network and Fig. 13 as being a b-network.
The equations for the impedance Z, and the
admittance Yy, of these two networks, being
respectively,

or

Zo=Tit 2L —F (207 (1)
Yy = Yoty i = F(T, Y, 7)) (28)

> show that these two-networks are ‘inverse in

5

form’. Also, these two equations show that

these two networks will, further, be ‘inverse’

with respect to any resistance A if
1/Y1—Z2/Y2—Z3/Y3“A2 (29)
for then ‘
Zy=2./Y,=4% (30)
In order to arrive at specific forms of the

JSpart of the 1mpedﬂnce equalizer repre-

sented by Fig. 7, it remains to show specific
forms of the T-element of Fig. 6. Two pre-
cision forms of the J-element are represented
by Figs. 14 and 15, which arve of the same
form as Figs. Ta and 7b of my above-cited
article and patent Fig. 16 represents a
network which is potential-ly inverse’ to the
network of IFig. 14 in the sense that the net-
work of Fig. 16 is of such nature that it ad-
mits of me«r so ploportwned as to be ‘In-
verse’ to the networlk of Fig. 14. Similarly
the netwmk of Fig. 17 is ‘potentially in-
verse’ to the network of I'i 1g. 15. 'The resist-
ance-elements in Figs. 16 and 17 are specified
by their conductance values, G, and G, in
or der to  preserve the natural symmetry of the
‘inverse’ relations; similarly in Figs. 18, 19,
90,21. The L’s denote inductances.

Tigs. 18, 19, 20, 21 represent four specific
forms of 1mpedance -equalizers, obtained as
follows: The equalizer in Fig. 18 is obtained
from the semi-generic equahzzel in Fig. 7
by substituting for the generic J-part of
Fig. 7 the spec1ﬁc network of Fi ig. 16. Sim-
ﬂzuly Fig. 19 is obtained: from I‘w 7 by sub-

stituting the netWOIk of Fig. 17 for the J-
part of Fig. 7. The equahzels represented

‘by Figs. 20 and 21 are derivable from that

of Plo' 18 by applying ‘transformation A’

and ‘transformation C’, respectively, given

in Appendix ITI of O. J. Zobel’s ar tele en-
titled “Theory and design of uniform and
composite electric wave- filters’ published in

‘the Bell System Technical Journal of Janu-

ary, 1923; and, incidentally, these same trans-
formations serve also for verifying that the
four equalizers of Tigs. 18, 19, 20, 21
are- actually ‘potentially equivalent’ to each
other; in the sense that, when the elements of

any one of them are assmned in value, the 1

three other networks admit of being so pro-
portioned as to have at all' frequencies the
same impedances as the assigned network.

Although the four equ‘zhzeis of Figs: 18,
19, 20, 91 are potentially equivalent to each
other as regards impedance, they may, of
course, differ somewhat as regards such fea-
tures as facility of manufacture, cost, and
space occupied. .

The fact that the equalizer in Fig. 21 con-
sists: of two parallel branches which are of
like nature, each consisting of a resistance-
inductance series combm‘lulon, sugcrests the
possibility of attaining still higher precision

“of equalization by constructmg the equalizer
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of more than two such parallel branches.

The suggestion receives further strength
from the fact that a single such resistance-
inductance branch constitutes a simple form
of impedance-equalizer possessing equaliz-
ing properties which are tolerably good
though not so good as those of Fig. 21; this
fact can be seen by applying the general
equalizer-theory set forth in the present pat-
ent specification to the known simple form
of simulating network consisting merely of

-2 resistance-capacity series combination (de-

scribed in my above-cited article and patent
specification), and the same fact is known
alternatively from my copending patent ap-
plication Serial No. 408,577 filed in the Pat-
ent Office November 20, 1929; thus, the
equalizer in Fig. 21 is of the same form as
though obtained by connecting in parallel
two equalizers of the above-mentioned simple
form known to be considerably less precise
than the equalizer in Fig, 21, particularly at
the lower frequencies. Iinally, since the
equalizer in Fig. 21 is potentially equivalent
to each of those in Figs. 20, 19, 18, the fur-
ther inference may be drawn that an equal-
izer of the form obtained by connecting any
two or more of these four equalizers in paral-
lel would be potentially more precise than
any one of them alone.

The requisite proportioning, or desgin, of
the impedance-equalizers represented by Figs.
18, 19, 20, 21 will now be treated. Two meth-
ods will be presented: An ‘indirect’ method,
and a ‘direct’ method.

- The ‘indirect’ method proceeds along the
same lines of thought as already employed
for expository purposes in the foregoing por-
tion of this patent specification: that is, the
‘indirect’ method, after its first step, deals
not with the given transmission line itself
but with a simulating network whose imped-
ance is known to be very closely equal to the
impedance of the given line over a suffi-
ciently wide frequency-range. Thus, the
first step is to design the simulating network
of Fig. 6 in terms of the fundamental pa-
rameters of the line; this can be accomplished,
for instance, in the manner fully set forth in
my above-cited article in the Bell System
Technical Journal of April, 1923, and in my
U. 8. Patent 1,713,603; the J-part of Fig. 6
may take either of the equivalent specific
forms represented by Figs. 14 and 15. The
nature of the remaining steps in the ‘indirect’
method of design is clear from the foregoing
portion of the present patent specification.

The ‘direct’ method of design starts with
any chosen one of the equalizers of Figs. 18,
19, 20, 21, each of which is known, from the
foregoing portion of this patent specifica-
tion, to be of such form and kind as poten-
tially to possess equalizing properties; then,

" by means of Equation (10), the ‘direct’ meth-

65

od imposes the requisite values of the equal-

1,815,254

izer impedance W at any arbitrary (but rea-
sonably chosen) frequencies sufficient in num-
ber to determine the fundamental elements
constituting the chosen form of equalizer.
The ‘direct’ method will be illustrated by ap-
plying it to the design of the equalizer in Fig.
21, whose fundamental elements are the re-
sistances £s=1/Gs and B,=1/G,, and the in-
ductances L, and I,. Since the number of
these fundamental elements is 4, the num-
ber of frequencies at which the impedance
W=U+:iV of the equalizer in Fig. 21 can
take on preassigned values is one-half of 4,
namely 2—Dbecause, at any one frequency, W
has two components (resistance U and re-
actance V). The formula for W=U-+¢V of
the equalizer in Fig. 21 is, of course,

W: (Rs + ’l:ng) (Rg 'l‘ 'iOJLg)
(Rg + 'l:ng) + (Rg + ’LCOLQ)
which can be written

s @2
U—}-’lv=1 -E—%aw‘ Buw?
: pticw

(31)

(32)
where
L
a=R§+ILTZ
B=LL,/R:R,
p=(LLstRy) /BBy (85)
o= (Ls+Ly) /R, (86) v

On clearing Equation (82) of fractions and
then equating real parts on the two sides, and
likewise equating imaginary parts, we get
the following pair of equations to be satis-
fied at any frequency.
Up—aVo+0ato’f=1 (37)
Vot oUo—wat+08=0 (38)

In Equations (87) and (88) the zero terms
Oa and 0B arve supplied for formal complete-
ness. For the purposes of design, the quanti-
ties U and V are here to be regarded as the
preassigned requisite values of the equalizer
impedance for attaining exact equalization at
any specified frequency f=w/2m, these values
of U and V being precalculated by means of
Bquation (10). The parameters p, o, o, 8 are
to be regarded as unknown and to be evalu-
ated. Since these parameters are fourin num-
ber they cannot be completely evaluated from
merely the two equations (37) and (88), but
evidently require altogether four equations.
By preassigning at any two frequencies, f,
and f,, the requisite values of U and V, we
obtain from Equations (37) and (38) the fol-
lowing set of four independent simultaneous
linear equations in the four unknown param-
eters p, o, a, B:

Ulp—lela+Oa+m12,8=1 (39)
Uspo— (02V26+ Outws2B=1 (40)
le‘f"wlUla"mloc'{—OB:O (41)
T72p+o)2020—0)2a+0,8=0 (42)

(33)
(34)
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which, of course, suffice for determining p, o,
a, 8 in terms of the preassigned values of oy,
Ui, Vi, o, Us, Vs, by the method of determi-
nants or otherwise. : Finally, with p, o, @, 8
thus evaluted the values of the fundamental
elements Ry, L, Rq, Ly constituting the equal-
izer of Fig. 21 can be found by solving the
set of four independent simultaneous Equa-
tions (33), (34), (85), (36) for Rs, Ls, R,
L in terms of «, B, p, o.

It might perhaps be thought that equal-
izers of still other forms and kinds could be
obtained by starting with the simulating net-
work represented by Fig. 22 instead of with
that represented by Fig. 6, the network of
Fig. 22 being the same as the network of
Fig. 13a in my above-cited article in the Bell
Sytem Technical Journal of April, 1928 and
of my U. 8. Patent 1,713,608. However, as
shown in connection with Equations (44),
(45), (46) of the above-cited references, the
network of Fig. 22 in the present patent
specification is potentially equivalent to the
network of Fig. 6; hence, when shunted by
the equalizer represented by Fig. 7, the net-
work of Fig. 22 can lead to no shunt-type
equalizers other than those obtainable by
starting with the simulating network repre-
sented by Fig. 6.

It will be obvious that the general prin-
ciples herein disclosed may be embodied in
many other organizations widely different
from those illustrated without departing
from the spirit of the invention as defined in
the following claims.

What is claimed is:

1. In a smooth line whose characteristic
impedance includes reactance and which may
be substantially simulated by a network con-
sisting of two parallel branches, the first
branch being a pure resistance and the sec-
ond branch comprising a series combination
of a pure resistance and a compound imped-
ance unit including both resistance and reac-
tance, means to equalize the characteristic
impedance of said smooth line over a wide
frequency range so that the resultant im-
pedance is substantially a pure resistance,
said means comprising a network shunted
across the line, said network being electri-
cally equivalent to a series combination of
a resistance equal to the resistance of said
second parallel branch and a compound im-
pedance unit which is the inverse with re-
spect to said resistance of the compound im-
pedance unit of said second branch.

2. In a smooth line whose characteristic
impedance includes reactance and which
may be substantially simulated by a network
consisting of two parallel branches, the first
branch being a pure resistance and the sec-
ond branch comprising a pure resistance in
series with a constituent network comprising
a plurality of component impedance elements
so related that the impedance of the constit-

“7

uent network is a definite function of the in-
dividual impedances of the component. im-

pedance elements, means to equalize the char-

acteristic impedance of said smooth line over

a-wide frequency range so that the resultant. o

impedance is substantially a pure resistance,
said means comprising a network shunted
across said line, said network being electri-

‘cally equivalent to-a series combination of
a resistance equal to the resistance in said.

second parallel branch and a second con-
stituent network which comprises a plural-
ity of component admittance elements so re-
lated that the admittance of said second
constituent network will be the same func-
tion of the individual component admittance
elements as the function which relates the
impedance of -said first mentioned constit-
uent network to the impedances of the in-
dividual elements thereof.

3. In a smooth line whose characteristic

impedance includes reactance and which

may be substantially simulated by a net-
work consisting of two parallel branches,
the first branch being a pure resistance of
value S and the second branch including a
pure resistance of value R, in series with a
compound impedance unit whose value may
be expressed by the symbol J where J in-
cludes both resistance and reactance com-
ponents, means -to equalize the characteris-
tic impedance of said smooth line over a wide

frequency range so that the resultant imped-

ance is substantially a pure resistance, said

means comprising a network shunted across

the line, said network being electrically
equivalent to a series combination of a re-
sistance of value R; in series with a com-
pound impedance unit whose value may be
expressed by the symbol J, where J is equal
to R.2/J. -

4. In a smooth line whose characteristic

_impedance includes reactance, means to
cequalize the characteristic impedance of said

smooth line over a wide frequency range so
that the resultant impedance is substantially
a pure resistance, said means comprising a
network shunted across the line, said net-
work comprising a plurality of parallel
branches each including resistance in series
with inductance,

5. In a smooth line whose characteristic
impedance includes reactance and which may
be substantially simulated by a network con-
sisting of two parallel branches, the first

‘branchbeing a pure resistance and the second

branch comprising a series combination of a
pure resistance and a conipound impedance
unit including both resistance and reactance,
nieans to equalize ‘the characteristic imped-
ance of 'said smooth line over a wide fre-
quency range so that the resultant impedance
is substantially a pure and constant resist-
ance, said means comprising a network shunt-
ed -acioss ‘the line, said network ‘being elec-
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trically equivalent to a series combination lel branches each including resistance in se-
of a resistance equal to the resistance of said ries with inductance.

second parallel branch and a compound im-

In testimony whereof, I have signed my

pedance unit which is the inverse with re- name to this specification this 18th day of

pedance unit of said second branch.

6. In a smooth line whose characteristic
impedance includes reactance and which may
be substantially simulated by a network con-
sisting of two parallel branches, the first

- branch being a pure resistance and the second
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branch comprising a pure resistance in series
with a constituent network comprising a plu-
rality of component impedance elements so
related that the impedance of the constituent
network is a definite function of the individ-
ual impedances of the component impedance
elements, means to equalize the characteristic
impedance of said smooth line over a wide
frequency range so that the resultant im-
pedance 1is substantially a pure and constant
resistance, said means comprising a network
shunted across said hine, said network being
electrically equivalent to a series combina-

tion of a resistance equal to the resistance in -

said second parallel branch and a second con-
stituent network which comprises a plurality
of component.admittance elements so related
that the admittance of said second constituent
network will be the same function of the in-
dividual component admittance elements as
the function which relates the impedance of
said first mentioned constituent network
to the impedances of the individual element
thereof. ‘
7. In a smooth line whose characteristic
impedance includes reactance and which may
be substantially simulated by a network con-
sisting of two parallel branches, the first
branch being a pure resistance of value S
and the second branch including a pure re-
sistance of value R, in series with a compound
impedance unit whose value may be expressed
by the symbol J wheére J includes both re-
sistance and reactance components, means
to equalize the characteristic impedance of
said smooth line over a wide frequency range
go that the resultant impedance is substan-
tially a pure-and constant resistance, said
means comprising a network shunted across
the line, said network being electrically equiv-
alent to a series combination of a resistance of

value Ry in series with & compound impedance

unit whose value may be expressed by the
symbol J, where J is equal to R,2/J.

8. In a smooth line whose .characteristic
impedance includes reactance, means to equal-
ize the characteristic impedance of said
smooth line over a wide frequency range so
that the resultant impedance is substantially
a pure and constant resistance, said means
comprising a network shunted across the line,

-said network comprising a plurality of paral-

" spect to said resistance of the compound im- November, 1929.

RAY S. HOYT.
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