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: Patented Feb. 12, 1935 

UNITED STATES PATENT OFFICE 
WAVE TRANSMISSION NETwork 

Sidney Darlington, New York, N. Y., assignor to 
Bell Telephone Laboratories, Incorporated, New 
York, N. Y., a corporation of New York ...: ' 

Application October 31, 1931, serial No. 572,256 
- . Claims. (Cl 178-44). 

This invention relates to wave transmission networks and more particularly to networks of 
the frequency selective type such as broad band 

O 

5 

wave filters. It has for its principal object the economy of 
elements in the construction of wave filternet 
works and the like. : ... ', ... . . . . . . . .''... 
Another object is to facilitate the insertion of 

frequency selective networks between impedances 
of unequal value. . . . . . . . . . . . . . . 
In their general form the networks of the in 

vention comprise a pair of reactive impedances 
in combination with two equal resistances ar. 
ranged as a Wheatstone bridge or lattice network, 
the two resistances forming one pair of opposing 
branches, and the two reactive impedances form 
ing the other pair. The networks have the prop 
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tion; if 

erty that, when connected between a wave source 
and a load having certain specified impedances, 
the frequency variation of the phase and the 
amplitude of the output current may be made to 
correspond, except for a constant attenuation. 
loss, to that of any of the well-known broad 
band wave filters, for example those of Campbell . . . a . . . . . . . . - - at the input end and a R at the output end, the 

factor a being a simple numeric unrestricted in 
Patent 1,227,113, issued May 22, 1917. . . . 
The nature of the invention will be more fully 

understood from the following detailed descrip 
tion and from the accompanying drawings of 
Which: : 

Figs. 1 and 2 are 
the explanation of 

theoretical diagrams used in 
the principles of the inven 

Fig. 3 is a network of known type; . ... . . . 
Fig. 4 shows curves illustrating characteristics 

of the invention; . . . .''. ... . . . . . . . ." 
Fig. 5 is one example of a network of the inven 

tion related to the known network of Fig. 3; 
Fig.6 shows additional curves illustrating char-, 

acteristics of the invention; : . . . ; 
Fig. 7 shows schematically another embodi 

ment of the invention; : . . . . 

and 

networks of Figs. 7 and 8. . . A symmetrical lattice which may be. regarded 

pedances Z1, which may be of any character 
whatsoever, and two lattice impedances Z2, like 
wise unrestricted. To one end of the network is . 
connected a resistance, R, in Series with a wave. 
source having an E. M.F.E, and to the other end 
is connected a resistance R representing a load 

impedance. 

Journal, vol. I, No. 2, November 1922, and its use 
inwave filter networks being described in United 

... States Patent. 1,600,290, issued September 21, 1926 
to W. T. Martin. Since it is possible, by the 

acteristics can be obtained. . . . 

In the case of the network shown in Fig. 2, the 
. . . . . . . . output current, denoted by Ia for an E. M.F. Ein 

Fig. 8 represents a known prototype of Fig. 7; 
Fig. 9 illustrates certain characteristics of the 
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2. This lattice network is well know 
its general properties being discussed in a paper, 
on the Physical Theory of the Electric Wave. 
Fliter, by G.A. Campbell, Bell System Technical 

properselection of the impedances, to make this. 
network equivalent in its transmission properties. 10. 
to any other symmetrical form terminal network, . . . 
its use as a prototype or as a standard of.com -. 
parison will enable the properties of the networks 
of the invention to be more readily apprehended. 
The general form of the networks of the inven 

tion which is shown schematically in Fig. 2, is that. . . . 
of a lattice network having two line branches 
constituted by resistances R and two lattice. 
branches having impedances Za and Zb respec 

is adapted to be connected 
edances of magnitudes tively. The etwork i 

between resi 
R 
al - 

value. The transmission characteristics of the 
networks are determined by the character of the impedances Z, and Z, and by making these re. 
active, a wide range of frequency selective ch 

For the general symmetrical lattice shown i 
Fig. 1, the output current, denoted by I2, for an 

formula: 
E. M.F. E. in the input circuit is given by the 

the input circuit is given by the formula: 
a ., E(z, Z-R) , a. 

ls'-Gia) 

- t= a s .. r : 
*(1+a)" (R+z) (R+z)' 

which indicates that under the conditions speci 
fied, the output current of the network of Fig.2 

If now Z is made equal to Zi and Za . 
as a general prototype of the networks of the . . . . . . . . . . . . . . . . . . . . . . . ...: -., 
invention is shown in schematic form in Fig.1. 
This network comprises two equal line im- i. 
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2. 
Will have the same frequency variation of phase 
and amplitude as that of Fig. 1, but will be di 
minished in amplitude in proportion to the con 
stant factor . . . 

a. 

(1-- a) 

If the quantity a is made unity, that is if the 
lattice of. Fig. 2 is connected between equal ter 

2. 

minal impedances resistance R, Equation (3) be 
COeS 

' E(Z-2). . ls-- A - - - - a'4(Riz) (REZ) (4) 
Or just half the output current in the circuit of 
Fig. 1. 
The insertion loss when a network of any kind is 

used to couple together a wave source and a load 
impedance is measured by the ratio of the power 
received by the load impedance when the network 
is absent to the power received when the net 
work is present. The unit of loss is the decibel, 
the loss in decibels being equal to ten times the 
common logarithm of the power ratio. 
From Equations (1) and (4) it follows that the 

insertion loss due to the network of Fig. 2 will be 
the equal to that of Fig. 1 when the impedances 
are related as described above, plus a fixed atten 

30 

35 

40 

50. 

60 

65 

70 

luation loss of about 6 decibels. The frequency 
Selectivity and the phase displacement of the out 
put currents will be the same for both networks. 
The form of Equations (2) and (3) indicates 

that the frequency variation of the output cur 
rent in the network of Fig. 2 is not affected by 
variation of the resistances of the terminal in 
pedances. So long as their product is equal to 
R.. The actual value of the output current is 
modified in proportion to the factor a -i- (1 -- a)2, 
but the Variations. With frequency retain the same 
proportionate values. By virtue of this property 
the network may be designed to operate between 
impedances of unequal value without change of 
its selectivity. 
The design formulae for broad-band filternet 

works in accordance with the invention follow 
readily from the foregoing equations and from 
the principles discussed above and from the well 
known design rules for lattice type filters employ 
ing reactive impedances only. The design of lat 
tice type filters is described in the aforementioned 
United States Patent 1,600,290 of September 21, 
1926 to W. T. Martin and also in United States 
Patent 1,828,454 to W. H. Bode, issued October 
20, 1931. The procedure will be illustrated in 
connection with the design of the simple low-pass 
filter illustrated schematically in Fig. 5. 
In Fig. 3 is shown a low-pass filter of the lat 

tice type, the line branches of which comprise 
simple inductances L1. and the lattice branches 
Series resonant impedances L2 C2. The determi 
nation of the pass-band and the cut-off frequency 
for this filter is illustrated by the curves of Fig. 
4 of which curve 1 represents the variation of 
the reactance of inductances L1 with frequency, 
and curve 2 the variation of the reactance of the 
resonant impedances L2 C2. The theory of the 
lattice filter points out that a pass-band occurs 
in those frequency ranges where the line branch 
reactances are of opposite sign to the reactances. 
of the lattice branches and that an attenuation 
band occurs when the reactances are of like sign. 
For the circuit of Fig. 3 the cut-off frequency 
evidently occurs at the resonance of L2C2 and the 

75 
pass-band in the range from this point to zero. 
In Fig. 4 the cut-off frequency is designated fe. 

1991,195 
The characteristic impedance K of the filter of 

Fig. 3 is given by 
Li 1 - f2 K= - --- 5 C f? (5) 

which has the value 

L 
C 

at frequencies close to zero. To avoid transmis 
ision irregularities in the pass-band due to reflec 
tion at the terminal junctions, the terminal im 
pedances R are usually given the value: 

s 

R= L (6) C2 
which approximately matches the characteristic 
impedance over a substantial part of the band. 
To make the filter of Fig. 5 have an insertion 

loss similar to that of Fig. 4, the two line branches 
are made resistances of value R. One lattice 
branch duplicates one of the line branches of Fig. 
4, that is, it comprises a simple inductance L1 
and the other lattice branch is constituted by an 
impedance which is inverse to the series combi 
nation L2 C2 with respect to R. This inverse 
impedance, as shown in the figure consists of an 
inductance of value. C2RP in parallel With a ca-. 
pacity of Value 

R2 

When R has the value given by Equation (6), 
the elements of the parallel combination have the 4S 

10 

30 

3 5 values: 
C2RParLl, 

and - 

L2-L3 (7) - CE, 
The frequency variation of the reactance of the 

parallel resonant lattice branch is represented by 
curve 3 of Fig. 4, the anti-resonance, occurring 
at the same frequency as the resonance of I2 
and C2 and the reactance having opposite sign 
to that of curve 2 at all frequencies. It follows 
that for the general lattice networks of the in 
vention as illustrated by Fig. 2 a pass-band will 
exist when the two lattice branches Zia and Zb 
have reactances of the same sign and an at 
tenuation band will exist when the reactances are 
of opposite sign. This is a converse of the rule 
defining the transmission bands of the wholly 
reactive network of Fig. 1. - 
The insertion loss characteristics of the low 

pass network of Fig. 5 and of its prototype Fig. 4 
are illustrated by curves 5 and 6 respectively of 
Fig. 6 in which the over-all attenuation is plotted 

40 

45 

5 5 

against frequency, the attenuation being meaS 
ured in decibels. The form of the two curves is 
the same but curve 5 has a vertical displacement. 
of 6 decibels which represents the constant loss 
corresponding to the factor, a--(1--a). The at 
tenuation peaks above the transmission band 
correspond to the crossing of curves 1 and 2 of 
Fig. 4. Such peaks occur in characteristics of 
the general lattice filters of Fig. 1 whenever Z1 
and Z2 are equal and in the networks, of the 
invention whenever the product Za Zb of the im 
pedances of the lattice branches is equal to R*, 
the product of the resistance branch impedances. 
This is clear from equation (2) which shows that 
the output current is zero under this condition. 
A typical band-pass filter of the invention is 

illustrated in Fig. 7, the reactance prototype be 
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which curve 7 represents the combination 

1,991,195 
ing shown in Fig. 8. In this filter the lattice 
branches impedance. Zb comprises an inductance 
Lb and a capacity Cb in series and the other 
branch impedance Za comprises two parallel res 
onant-combinations La Ca. and La'Ca' connected 
in series. The frequency variation of the reac 
tances of these branches are shown in Fig. 9. 
Cb and dotted curve 8 represents the 'combina 
tion Lia:Ca, La’, Ca". In order that there may 
be a single pass-band, the reactances of Za and 
Zb must have the same signin a single frequency 
range. "This requires that the resonance fre 
quency of Zbishall coincide with that of Za. The 
limits of the band are determined by the two 
anti-resonance frequencies fi and f of La Ca. and 
La Ca' respectively. . . . . . 
The prototype network of Fig. 8 comprises two 

line branches having simple series resonant com 
binations L1 C1 therein and two lattice branches 
each constituted by two resonant combinations 
Liz C2 and L2' C2' connected in parallel. That 
the two networks may have similar insertion loss 
characteristics requires the following relation 
ship between the elements; . . . . 

Lb=L1, . 
Cb=C1, 
La=C2 R2, 
La'a-C2' R2, 

and 
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The networks will then have similar character 
istics when inserted between terminal impedances 
of resistance R. 
The reactances of the branches of the proto 

type filter are represented by curves 7 and 9 of 
Fig. 8, which correspond respectively to the line 
branches and the lattice branches. Curve 9 has 
a variation inverse to that of curve 8. 

Equations (8) enable the band filter design to: 
be arrived at in terms of the coefficients of the 
prototype filter, which latter may be designed in 
accordance with known principles as described, 
for example, in the aforementioned Patent 
1,828,454 to H. W. Bode. In following this pro 
cedure the value of the resistance. R is chosen as 
that of the terminal impedances which will give 
the best match with the characteristic impedance 
of the prototype filter throughout the transmis 
sion band. The filter networks of the invention 
may, however, be designed without reference to 
the prototype networks in accordance. With the 
following procedure. 
From Equation (2), it follows that, if the two 

lattice branch impedances Za and Zb of the gen 
eral network of Fig.2 are made equal, the output 
current will be given by 

where Z is the common value of Za and Zb. So 
long as Z is a pure reactance the output current 

12 

"given by Equation (9) will have a constant ampli 
tude, the only change with frequency being a 
variation of its phase. If, now, the two imped 
ances Za and Zb, in addition to having their 
resonance frequencies So assigned as to provide 
a transmission band in a desired frequency range, 
are proportioned also so that throughout the 
major part of this range they are substantially 

(8) 

(9) 

equal, then the output current will have the sub 
stantially constant amplitude 

- - 
(1+a) R. 

throughout the band. 
The values of the elements to give approximate 

equality of the impedances throughout the band 
may be arrived at mathematically, for example 
by assigning a sufficient number of frequencies 

and equating the expressions for the reactances 
at these frequencies. A somewhat simpler pro 

10 
at which the impedances shall be exactly equal 

cedure, however, is the following: Having as . . . . 
signed the resonance and anti-resonance frequen 
cies in terms of the band location, the impedances 

ments consistent with these frequencies. A plot 
of the reactances at various frequencies like that 
of Fig. 9 will show the extent and the nature of 
the disparity of the reactances in the band and 
will indicate in what proportion the ordinates of 
one or the other of the curves should be increased 
or decreased to make it match the other curve 
in an optimum manner. The required element 

may have arbitrary values assigned to their ele 
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values are then found by increasing or decreasing 
the arbitrarily chosen inductances of one of the 
impedances in the proportion indicated and 
changing the capacities in an inverse relation. 

Having thus determined a set of impedance co 30 
efficients which make the two impedances sub 
stantially equal throughout the assigned band, , , 
the network may be used between terminal in 
pedances of any resistance values provided that 
the resistances of the line branches are made 
equal to the geometric means of the terminal re 
sistances. The uniformity of the output current 
in the transmission band range Will not beinuch 
affected by changes in the terminal impedances 
but considerable changes may result in the at 
tenuation outside the band. For given values 
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of the terminal impedances, control of the at 
tenuation characteristic outside the band may 
be effected by increasing or decreasing the re 
actances of the lattice branches in the same ratio, 
their resonance frequencies being kept constant. 
The foregoing examples of networks of the in 

vention serve to illustrate their general charac 
teristics and the manner of their design. It is 
clear from the principles set forth that the types 
are not limited to these examples but may com 
prehend equivalents of all symmetrical lattice 
networks including high-pass filters, phase cor 
rectors' Or 
izers. 
What is claimed is: 

delay networks and attenuation equal 
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1. A four-terminal wave transmission network 
comprising four-impedance branches arranged in 
lattice formation, two similarly disposed arms of 
the lattice being constituted by equal resistances 
and the other two branches being constituted by 
reactances, said reactances being of the same sign 
in a preassigned frequency range defining a trans 
mission band and being of opposite sign at other 
frequencies. - 

2. A network in accordance with claim lin 
which the said reactances have substantially 
equal values in the frequency range defining a 
transmission band. . . . . 

3. A lattice network having an insertion loss 
characteristic when inserted between terminal 
impedances of resistance R, equivalent except for 
a constant additional attenuation loss to that 
of a prototype symmetrical lattice network hav 
ing branch impedances of values. Zi and Z2, re 
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4. 
spectively, comprising two line branches con 
stituted by equal resistances of value R and lat 
tice branches having impedances of value Z1 and 

R2 - 

22 respectively. 
4. In combination with a WaWe Source and a 

load having resistance impedances, a four-termi 
nal network connected therebetween comprising 
four-impedance branches arranged in lattice for 
mation, two similarly disposed branches of the 
lattice comprising equal resistances of value equal 
to the geometric mean of the resistances of Said 
wave source and said load and the other two 
branches of the lattice being constituted by un 
like reactances, said reactances being propor 
tioned to have the Sane sign in a preassigned 
frequency range whereby substantially uniform 
transmission between said source and said load 
is obtained in said range and to have opposite 
signs at all other frequencies whereby currents 
of frequencies outside said preassigned range are 
Subject to a high degree of attenuation. 

5. A combination in accordance. With claim 
4 in which the reactance branches of the lattice 
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network have impedances of substantially equal 
value throughout the preassigned frequency range 
of uniform attenuation. 

6. A band-pass filter network comprising four 
impedance branches connected in lattice forma 
tion, two of said branches comprising equal re 
sistances and being disposed symmetrically in 
said network and the other two branches being 
constituted by resonant reactance combinations, 
the resonance frequencies of said reactances be 
ing SO assigned that the reactances are of the 
same sign at all frequencies between two finite 
frequencies defining the limits of a transmission 
band and are of opposite sign at all other fre 
quencies. - . . " 

7. A low-pass filter network comprising four 
impedance branches connected in lattice forma 
tion, two of said branches comprising equal re 
sistances and being symmetrically disposed in 
said network and the other two branches being 
constituted by reactances proportioned with re 
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spect to each other to have the same sign at all 
frequencies below, a definite value and to have 
opposite signs at all higher frequencies. 

SIDNEY DARLINGTON. 25 

  

  


