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UNITED STATES PATENT OFFICE. 

OTTO J. ZOBEL, OF NEW YORK, N. Y., ASSIGNOR TO AMERICAN TELEPHONE AND TELEGRAPH COMPANY, A CORPORATION OF NEW YORK. 

WAVE FILTER. 

Application filed January 15, 1921. Serial No. 487,527. 

Zo all whom it may concern: 
Be it known that I, Orro J. Zonet, resid- 

ing at New York, in the county of New 
York and State of New York, have invented 
certain Improvements in Wave Filters, of 
which the following is a specification. - 

The principal object of my invention is 
to provide a. new and improved network 
for the purpose of transmitting electric cur- 
rents having their frequency within a cer- 
‘tain range and attenuating currents of fre- 
quency within a different, range. My im- 
provement belongs to the class of devices 
commonly called wave-filters and I shall 
refer to them by that name. Another ob- 
ject of my invention is to provide a waye- 
filter with recurrent sections not all of which 
are alike, and having certain advantages 

- over a wave-filter with all its sections alike. 20 
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Another object of my invention is to pro- 
vide a class of wave-filters which shall be 
alike as to the transition frequencies between 
the free transmitting ranges and the at- 
tenuating ranges, but shall be unlike in 
other respects, so that a choice may be made 
among them as to the one most. desirable 
for the attainment of a given object for 
which these wave-filters may be employed. 
Another object of my invention is to pro- 
vide a tapered wave-filter which may go 
in between lines or apparatus of different 
characteristic impedances so as to transmit. 
currents without serious reflection losses, 
These and_ other objects, of my invention 
will be made apparent by the following dis- 
cussion of a few specific embodiments of 
the inventive idea. 

The following specification relates specifi- 
cally to examples chosen by way of illus- 
tration, and the definition of my invention 
will be given in the appended claims: 

Referring to the drawings, Figure 1 is 
“a diagram illustrating a wave-filter of 
known type with the recurrent sections all 
having their corresponding component im- 
pedance alike. Fig. 2 is a diagram show- 
ing a derived S-type wave-filter for which 
the prototype is given in Fig. 1. (The use 
of the term “S-type” and similar terms will. 
be explained later.) Fig. 8 is a diagram 
illustrating an H-type wave filter derived 
from Fig. 1 as the prototype. Fig. 4 is 
a curve diagram exhibiting’ attenuation 
characteristics for the wave-filters of Figs. 

2 and 3, each of which includes Fig. 1 as 

a limiting case. Fig. 5 is a diagram illus- trating two complementary wave-filters on a single input line. Figs. 6 and 7 are dia- grams giving attenuation characteristics for the two wave-filters of Fig. 5. Fig. 8 is a diagram corresponding to Fig. 5, but ex- hibiting the replacement of certain of the wave-filter sections of Fig. 5 by S-type sec- tions, for a purpose that will be explained later. Figs. 9, 10 and 11 are diagrams il- lustrating the introduction. of a half S-type section at the input termination of a wave- filter to serve as a reactance annulling net- work, and to give a substantially constant resistance over the free, transmitting range. Fig. 12 is a tapered wave-filter whose sec- tions are all derived as S-types from a com- mon initial prototype. 

ment of the theory of 
filter shown in Fig. 12. 
17 are diagrams of other 

the tapered wave- 
Figs. 15, 16 and 
forms of tapered ‘ wave-filters, 

The known general type of wave-filter, of which my improved Wwave-filter may be regarded as a development, is illustrated in Fig. 1, which shows a periodically recur- ring network with the series impedances 2, and the periodically recurring shunt im- pedarices z,. One series impedance 2, has been. divided into two equal parts with the point A between them to facilitate defini. tion of the “mid-series” termination. I# the wave-filter is cut off at A and B, its im- pedance looking to the right is called the mid-series characteristic impedance, and js represented by Zns. In this case the wave- filter is said to have mid-series termina- 
tion, 

One shunt impedance z, has been substi- 
tuted by the equivalent combination of two 
shunt impedances in arallel, each of value 
223, on either side of the points C and D. 
This affords an opportunity to explain the 
term “mid-shunt” termination. If the 
wave-filter is cut off at the points C and 
D, the part looking to the right is said to 
ave 

ance Zmsn is called the mid-shunt charac- 
teristic impedance. a 

The theory of this wave-filter is usually 
developed most readily on 
that the number of sections to the right of 
the termination, whether mid-series at AB 
or mid-shunt at. CD, is infinite. A moder- 

1 j .Figs. 18 and 14 are . diagrams illustrating steps in the develop- 

mid-shunt termination, and its imped-: 

the assumption. 
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ate finite number of sections with a suit- This is a general formula and accordingly 
able termination at the other end is found 
to give results that approximate closely to 
the’ideal performance of the infinite wave- 
filter. The impedances 2, and 2, can be 
made to have very small dissipation loss, 
and hence may be regarded without sensible 
error as being pure reactances. __ 

Regarding the wave-filter of Fig. 1 as a 
rototype, the wave-filter of Fig. 2 is of 

B-type, where 0<s<1. Representing the 
series elements of the S-type wave-filter as 
Z,, and the shunt elements as 2,,, the S- 

wave-filter is completely defined with. t 
i aference to its prototype by the equations. 

2,=82, (1) 

and 

1-8 1 
fe=—G, ats (2) 
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Before entering upon a discussion of the 
properties and uses of S-type wave-filters 
and wave-filter sections, I will define the 
H-type. With Fig. 1 as the prototype, an 
H-type wave-filter is shown in Fig. 3, where 
i<h<o. With reference to the prototype 
in Fig. 1, the H-type wave-filter is com- 
pletely defined by the equations 

1 
ah =F hii (3) 

2° aha, 

(4) 
Before exhibiting the use that may be 

made of wave-filters and wave-filter sections 
of S- and H-types, I will direct attention 
to some of their properties upon which 
their utility depends. ‘ 

With mid-series termination, the proto- 
type and all the S-types have the same char- 
acteristic impedance ever the entire fre- 
quency range. To prove this, I will first 
derive a formula for the mid-series imped- 
ance of the prototype and show that the 
mid-series impedance of the S-type is the 
same. 

Since the wave-filter may be assumed to 
extend without limit to the right from AB 
in Fig. 1, the impedance across the mid- 
series section points A’ and B’ will be the 
same as across the points A and B. Ac- 
cordingly we have the equation 

wtp to 
tna ot 7 

% at> i _ 

34 Lime 
The solution of this equation gives 

tm emtze? 

Zon = hey 

for the S-type wave-filter we have the equa- 
tion 

= 1. 
Ema V 71522 +4 2, 

and substituting from equations (1) and 
(2), the right-hand member reduces to the 
same expression as in equation (5). This 
demonstrates the equality of mid-series ,, 
characteristic impedance for all S-types and 
their prototype at all frequencies. 
Another important property of S-type 

wave-filters is that, with their prototype, 
they all have the same critical frequencies. g9 
It is known from the fundamental theory 
of wave-filters that the critical frequencies 
are given by solving for 7 the two equa- 
tions 

70 

y 2=0 6) 85 

and 

“= —4 (7) 
2, 

It is easily shown that if we let 90 
P19 
os 

and 

ou 95 
Zon 

and substitute from equations (1) and (2), 
and simplify, we shall get equations (6) 
and (7) as the results. Thus we show that. 
the equations that define the critical fre- 100 
quencies are the same for the S-types as 
for the prototype. 

By a parallel course of reasoning which 
is clearly suggested by the foregoing, it 
may be shown that all H-type wave-filters 105 
and their prototype have the same mid- 
shunt characteristic impedance over the 
whole frequency range, and that they all. 
have the same critical frequencies. . 
Having the same critical frequencies, and 110 

assuming as usual that there is no dissipa- 
tion, the attenuation constant is of course 
0 for the same frequency range in all 
S-type or H-type wave-filters and their pro- 
totype; but the attenuation characteristic 115 
may be widely different for frequencies out- 
side the free transmitting range. This fact 
will become apparent upon a consideration 
of the comparative attenuation characteris- 
tics of a set of S-type wave-filters and their !*” 
prototype. Jt is a fundamental equation of 
wave-filter theory that 

lz, 
cosh T ltgo (8) Jes 

where I’ is the “propagation constant”, de- 
fined as the natural logarithm of the ratio 
of the current in any series element-to the 
current in the succeeding -series element. 
Let P'=z-+-i8, with the conventional nota- 130
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tion. It is to be remembered that 2, and z, whence 
are pure reactances, hence their quotient is 
real. Expanding equation (8) gives 

cosh @ cos. 6+i sinh a sin B= 1 +55 

whence 

12, 
cosh a cos B=1+ 5 > 

2 

and sinh a sin 6=0. It follows that if sinh 
a==0, a==0 and cosh a=1 and 

dz =1 424, cos B +5 : 

This last equation gives the phase relation 
within the free transmitting range. Since 
cos 8 lies between —1 and +1 it follows 
that 

2 

25 
lies between —4 and 0 for the free trans- 
mitting range. On the other hand, if sin 
§==0, G=0 or +7, and cos B=-+1 and 

1 2, 
cosh a= +(1 +37) 

. _ 48-22, +1/427 _ 
ainh o,= (1-8) 2,442, (1—s%)2,+42, 

Plotting the foregoing expression for a, as 
‘a function of 

%4 
% 

‘for various’ values of 8, we get the dotted 
line curves as shown in Fig. 4. 

Thus it appears that S-type wave-filter 
gives a sharper attenuation transition than 
the prototype, on the side beyond 

ft Ay 
2 

the point of maximum attenuation being 
brought nearer the critical frequency. The 
attenuation is less sharp, however, beyond 

However, for the simple low-pass wave- 
filter, the simple high-pass wave-filter, and 
in general all “constant £” types (for which 
2,2,—=k’, and & is a constant, independent of 
frequency), the attenuation ranges corre- 
spond only to © 

4 
% a 

less than —4. Therefore S-types derived 
from these classes of wave-filters always 
give this sharper attenuation, which may ! 
more important near the critical frequencies 

Fig. 
) function of 

_ this to any desired degree by 

= (2, 1f2,\? | cok 
in the attenuation range. The full line in 

4 is a plot of equation 9, showing a as 

. 2,’ 

that is, the full line gives the attenuation 
characteristic of -the prototype wave-filter 
for values of 

cat 

24 

corresponding to frequencies outside the 
free transmitting range. 

For the S-type wave-filter the equation 
corresponding to equation (9) is 

ey (10 
Pog, 

2,1 
Zn A 

sinh a,= 

Substituting from equations (1), 
(9) this reduces to 

46% __ sinha (11) 

than beyond. Hence as a general proposi- 
tion if one has a wave-filter giving a cer- 
tain attenuation characteristic, and if he 
desires to have a sharper transition of at- 
tenuation as 2,/z, passes from the value —4 
to values less than —4, he can accomplish 

substituting 
an S-type wave-filter for the prototype. 

Moreover, since the characteristic imped- 
ance is exactly the same, he can remove a 
mid-series section or several mid-series sec- 
tions from the prototype and replace them 
by S-type sections, thus making the change 
of attenuation more abrupt to a degree by 
combining the attenuation effect of the pro- 
totype and its S-type. ; 

On the other hand, if we have a given S- 
type wave-filter, we may desire that its at- 
tenuation shall be less sharp, or that at a 
remote part of the attenuation range, the 
attenuation shall be increased; to secure 
these results we can change the value of 
s in appropriate manner. 

I will now disclose a specific example in 
which the substitution of S-type sections im- 
proves the operation of certain wave-filters. 
It is well known to make a long telephone 
circuit available not only for the ordinary 
telephoning frequencies but also for “car- 
rier currents” of higher frequency which 
may be modulated for additional telegraph 
or telephone uses. At the receiving station 
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- it becomes necessary to separate the frequen- 
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cies so: that those of the ordinary telephone 
range may go to an ordinary telephone re- 
ceiving instrument and those of higher fre- 
quency may go to proper modulating appa- 
ratus. In Fig. 5 the incoming line from the 
left. branches to two wave-filters in paral- 
lel which lead respectively to the apparatus 
J and K, J for ordinary telephone frequen- 
cies, K for higher frequencies... Leading to 
J is a low-pass wave-filter and to K is a 
high-pass wave-filter. It is desirable that 
frequencies below 2800 per second go to J, 
and that higher frequencies go to K. To 
insure that frequencies in one range shall 
not go into the other apparatus from that 
for which they are intended, there must 
necessarily be an intermediate band of “lost 
frequencies”, which it is desirable to make 
as narrow as possible. It is practicable with 
my apparatus to put frequencies up to 2600 
into J and above 3000 into K, thus having 
a lost frequency band of only 400 cycles. 

The low-pass wave-filter leading to J has 
5 series impedances 2, represented by the in- 

ductances L,. At the input end this low- 
pass wave-filter has “x-series” termination, 
which means that the terminal series impe- 
dence is x times that of the sections that fol- 
low, # being less than 1. At the drop end 
is a reactance annulling network, which com- 
prises a half of an S-type section. I shall 
refer to this kind of reactance annulling 
network more fully in connection with Figs. 
9 and 10.. 

The high-pass wave-filter leading to appa- 
ratus K has the series impedances 2’, repre- 
sented by the reactances of condensers 0’, 
except that at the input end the value is 
modified to give the same #-series termina- 
tion as for the low-pass wave-filter, and at 
the drop end to give a similar reactance an- 
nulling network. In order that each of the 
two wave-filters shall co-operate for the in- 
tended purpose in this case, they are made 
“complementary”, which means that, with 
the primed letters referring to the high-pass 
wave-filter. 

2’, = a2, 
and 

1 
2, =G%1 (12) 

Equations (12) give the condition for com- 
plementary constant-/ wave-filters in gener- 

In the case of low-pass and high-pass 
reduce to the 

al. 
wave-filters, these equations 
following: 

and . 

Lj=2L, (13): 

1,538,964 

Equations (13) afford the data by which 
the values of C’, and L’, are expressed in 
terms of C, and L, in the legends of Fig. 5. 
In this. particular case I let a=8.878. 

Though the example now under consider- 
ation relates to a case of a simple low-pass 
wave-filter and a simple high-pass wave- 
filter, it is only an example of a general 
method of treatment which is good for any 
pair of complementary constant-k filters, 
It will be seen that the values for 2’, and 
z’, in equations (12) satisfy the definition 
of constant K, namely K?=z,,. 

The attenuation characteristics for the 
low-pass wave-filter and high-pass wave- 
filter of Fig. 5 are shown respectively in 
Figs. 6 and 7 by means of full vines, It is 
at once apparent that it will be advantage- 
ous if these characteristics can be made 
steeper for each wave-filter. 
complished by substituting S-type sections 
between the dotted lines E and F in Fig. 5. 
The resultant pair of wave-filterg is illus- 
trated in Fig. 8, where the substituted S- 
type sections stand between the lines E’ and 
I’. It will not be necessary to explain all 
the details of my design. I have chosen cer- 
tain parameters so as to make the number 

This is ac-' 
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of different sizes of inductance coils and . 
condensers as low as practicable, and I have 
been influenced by 
Fig. 8 shows the structural modification 
made in Fig. 5 to get a sharper cut-off for 

other considerations. . 95 

each wave-filter, and the dotted curves in ~ 
Figs. 6 and 7 show the improvement that 
has been gained in this way. The values of 
the inductances and capacities that go to 
inake up the reactances of Fig. 8 are labelled 
thereon, and they may readily be verified 
by means of the equations that have been 
given earlier in this specification. For both 
wave-filters I have let s=0.316. Accord- 
ingly equations 1 and 2 give 2,,=0.816 2, 
and 2,,.—=0.712 2,-+ 
wave-filter. For the high pass wave-filter 
2’s9=0.316 2’, and 2’,.=0.712 2’,13.16 2’,, 
whence the values appearing as legends on 
Fig. 8 may be derived. 
The foregoing example illustrates how 

_ upon inspection of the attenuation char- 
acteristic of a wave-filter, I can remove a. 
section from it and substitute an S-type 
section to sharpen the cut-off, if so desired. 
The effect may be enhanced by substituting 
a plurality of S-type sections. The value 
of s ‘can be determined with reference to 
the desired degree of steepness of attenua- 
tion. characteristic, or with reference to con- 
venience of structural design, or with ref- 

‘erence to other conditions, or two or more 
‘of these conditions. 

I will now turn to another example of the 
application of the theory of S-types for 
improving the operative . characteristic of 

3.16 2, for the low pass 
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a wave-filter. From equation 5 it -is ap- 
parent that in the free transmitti range, 
the mid-series characteristic impedance of 
a wave-filter is a pure resistance, remember- 
ing that the impedances ®, and 2, may be 
regarded practically as pure reactances. In- 
asmuch as the characteristic impedance of 
most lines is practically indistinguishable 
from a pure resistance, the property just 
mentioned would indicate that a mid-series 

proper one for a wave- 
filter so that it may fit a line without re- 
flection losses. However, it is likely to be 
the case that the mid-series characteristic impedance, even though a pure resistance 
over the free transmitting range of fre- kn: uency, is widely variable over that range. 
bviously it would be desirable to have it nearly constant over at least the major part of the range. If I should substitute a full 

S-type section for any section of the Wwave- 
filter, it would not help matters, because as. I have already explained, the salient prop- _ erty of S-type sections is that they have the 
same characteristic impedance as the proto- 

Accordingly, I try the effect of adding at the end of the wave-filter a half S-type section as illus- 
trated at the left in Fig. 9, thus terminating the wave-filter at mid-shunt S-type. Now a 
mid-shunt termination gives a pure re- 
sistance for the characteristic impedance of 
the wave-filter in the free transmittin 
range. This may readily be proved accord- ing to a procedure that is suggested by the preceding derivation of equation 5. Hence the wave-filter of Fig. 9 has its impedance reduced to a pure resistance, and it remains to investigate the variability of that re- sistance over the free transmitting range. To do this, the parameter s must be given some particular value between 0 and [. A somewhat different way of looking at the diagram of Fig. 9 will be convenient. The 
two series impedances 0.5 82, and 0.5 2, .at the left may be looked upon as the 2- series impedance of an w-series termination with the first shunt member as a suscept- ance annulling network. This leaves in the 

a resistance 1/O,., where C;, is the characteristic conductance of the a-series termination. Accordingly _we have the relation 

Ve, =3 8&2, +3 2 

whence 
a= 2y—1. (14) 

Substituting for s in terms of 2 from equa- tion (14) we get the legends of Fig. 10, for 
determined parameter is now x instead of s. 

g. theory of 

The characteristic conductance C., which is also the reciprocal of the mid-shunt characteristic impedance of the S-type, can readily be computed from elementary net- work theory for any particular value of L, 
which may vary from 5 to 1 consistently 
with the limits for s. Plotting the con- ductance coefficient C,,.h, where 

. k= Vez against , 

21 
ky 

over the free transmitting range, which we ow is terminated at 0 and 4, we get a variety of curves in Fig. 11 corresponding to’ different values of #, and we can choose that one which makes C,, most nearly constant. 
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I'am sketching the procedure only in out-. . line. I mention it here merely as one of several examples of applications of my im- proved S-type method. It will be sufficient for the present purpose, that for “constant &” types the most available value of w is approximately 0.809. It may be added that’ this end half section, besides giving im- pedance correction in the free ‘transmitting range, has the steeper attenuation charac- teristics of an 
_ Tange. 

Briefly stated, the following aspect of the 
Figs. 9 and 10 may be helpful. By introducing a half S-type section at the end I lose nothing as compared with ordi- nary mid-series termination of the wave- filter, and I introduce a parameter s, sub- stituted by ~, with freedom to choose for 2 the value which gives the most nearly con- stant impedance over the ‘whole free trans- mitting range. 

Still another example of my improved method of modifying the operative charac- teristics of a wave-filter is involved in the. design of a tapered wave-filter, which I will now discuss. To prevent reflection losses it is always desirable that when a wave-filter is interposed between two lines or pieces of apparatus, the input charac- teristic impedance, the characteristic im- pedance of the wave-filter, and the output characteristic impedance shall be equal or nearly equal. But it does not always hap- pen that the two lines or pieces of appara- tus to be united by the wave-filter have their characteristic impedances equal. For exam- ple, it may be desired to receive current from a circuit in a cable, through a wave-filter, and transmit it thence to an open wire line. In such a case the input and output im- pedances will be unequal. One way of meeting this difficulty is to employ a tapered 
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wave-filter, one in which the characteristic 

impedance of the wave-filter changes pro- 

gressively from section to section. It might 

seem upon first consideration that there 
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would be no advantage in substituting a 
series of small reflections for a single large 
reflection; but, when it is remembered that, 
in general, the currents in the successive 

sections of the wave-filter differ in phase, 
it will at once be appreciated that the various 
little reflections differing in phase will to 
a large extent neutralize each other, just 
as the vector sum of a plurality of non- 

parallel vectors will be much less than if 
they have the same direction. The im- 
provement is a matter of degree and is small 
in certain special cases, namely at frequen- 
cies for which the phase constant is zero or 

nearly zero for successive sections of the 
wave-filter. But in general, the advantage 

of a tapered wave-filter will be realized. 
However, the change in characteristic im- 
_pedance from section to section must be ac- 
complished in some such way as to avoid 
changing the critical frequencies or other- 
wise spoiling the wave-filter action. 

Let the input characteristic impedance be 
Z, and the output characteristic impedance 
be Z, and assume that there will be x mid- 
series sections of tapered wave-filter inter- 
posed between the terininals. Accordingly 
there will be n + 1 points of discontinuity ; 
and the continued product of the impedance 
ratios across these n + 1 points should be 
Zy/Z., and these ratios should be as nearly 

equal as practicable. A tapered wave-filter 
that answers to the requirements of the situa- 

tion here sketched is shown in Fig. 12, 
where the series impedances are equal and 
have the value 2,, except for the half value 
at the mid-series termination; and the shunt 

. impedances have the values appearing as 

55 

60 

legends in the diagram, 2, being the initial 
shunt impedance. It should be understood 
that 2, and 2, have the proper values so that 
in a wave-filter of uniform sections they 
would give it a suitable characteristic im- 
pedance. o ; 7 

To present the theory of the tapered wave- 
filter of Fig. 12 I will first. direct attention 
to a hypothetical design shown in Fig. 18 
that stands in an intermediate relation be- 
tween Figs. 1 and 12. The first mid-series 
section of Fig. 18 is the same as of Fig. 1, 
beginning at AB in Fig. 1. With this as a 
prototype, the mid-series section in Fig. 13: 
between G and H is of S-type, where 

1 . 
gal, 

t 

and ¢ has a suitable value based on the ratio. 
Z,/Za, 90 that #'=Z,/Z., and the total ulti- 
mate impedance gradation corresponds to 

"1,588,964 . 

said ratio. The next section from H to Tis. 
of S-type, where : 

1 an 

&= 2 

For the next section 

gots e 

and soon. According to the principles that 
have been enunciated, the mid-series charac- 
teristic impedance of the wave-filter of Fig. 
18 is throughout the same as of the proto- 
type Fig. 1. en re - 

It is well understood that if all the im- 
pedances of a net connecting two points are 
multiplied by the same real factor, the re- 

70° 

75 

80. 
sultant impedance of the net beween those 
two points will be multiplied by that same 
factor. Accordingly the mid-series charac-— 
teristic impedance of Fig. 18 will be stepped 
up by the factor ¢ at the mid-series point G 
if all the impedance elements to the right of 

_G, both series and shunt, are multiplied by 
t. Again, the. mid-series characteristic im- 
pedance will be stepped up at H by multi- 
plying all.the impedances to the right of H 
by #, superposing this operation on the re- 
sult of the operation of the: preceding sen- . 
tence. Let this procedure be followed clear 
through to the end of the wave-filter of Fig. 
18, and it will be transformed into the wave- 
filter of Fig. 14, which is at once seen to 
be the same as Fig. 12. This derivation of 
the tapered wave-filter of Fig. 12 through 

have the same points of critical frequency 
and that the resultant wave-filter answers 
to the tapering requirement of the situation ; 
by a proper choice of #, its resultant imped- . 

Figs. 18 and 14 from Fig. 1 proves that they’ 

85 

90. 
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ance ratio will correspond to the given ratio © 
Z,/Z.. The resultant wave-filter has the ad- 
vaatage that it keeps the number of differ- 
ent sizes of coils and condensers as low as 
practicable. It will be noticed’ that the 
series impedances are all equal. It also gives 
a sharper cut-off for at least one end of the 
free transmitting range than the prototype 
on which itis based. This will be especially 
advantageous in case of simple low-pass or 
high-pass filters. It will be noticed that the 
geometrical relation obtained by. keeping 
the same ratio ¢ throughout is not necessary. 
The ratio might vary from section to sec- 
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tion, but a constant ratio is convénient and =~ 
appropriate. . 

Other tapered wave-filters are shown in ‘120 

Figs. 15, 16 and 17. In Fig. 15, ¢<i, and =. 
* the wave-filter is derived from its prototype 
through. the S-type construction, taking - 
s=t initially. In Fig. 16. ¢<1, but the 
theory, of H-type is employed in this case: . 125 

The prototype wave-filter with the appro-- -
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priate mid-shunt “termination is shown in 
Fig. 1, extending to the right from the 

_points C D. The result of passing to H.- 
type sections after the full mid-shunt sec- 

5 tion, taking 

het 
gives the series admittances in order, 

10 

15. 

etc.; and the shunt admittances in order, 
20 i 

22, 

1 t 
sto 
22, 22, 

t. P. 
Ba, * Ba,’ 

etc. Now successively multiplying all the 
impedances to the right of each mid-shunt 
division point by ¢,-we get the resultant 
wave-filter of Fig. 16. Its properties and 
advantages will be apparent upon com- 
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' parison and contrast with the wave-filter 
of Fig. 12. 

In view of the explanation that has been 
given for other examples, it is thought that 
the derivation of the wave-filter of Fig. 
16 will be apparent; it is based on H-types, 
with h=1/¢ initially. 

Wave-filters or wave filter sections of 
S-type are based on mid-series points as 
the division points between sections; and 

. H-type wave-filters and wave-filter sections 
‘are based on mid-shunt points as the divi- 
sion points between sections. These are the 
only mid-points at which a wave-filter can 
be divided into sections. These are the only 
points that divide the wave-filter symmetri- 
cally. They are the only points that will 
divide it so that in the simple wave-filter 
of Fig. 1 the impedance is the same looking 
either way from the division point. Both 
the S-type and the H-type may be jooked 
upon as species under a more generic con- 
cept mid-type, which I call the M-type. 

I define the class M-type to comprehend 

35 
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the classes S-type and H-type, and no 
others; having precisely defined the S-type 
and the H-type in connection with the fore- 

80 going equations 1, 2, 3 and 4, this statement 
gives an exact definition of the M-type. 

It may be noted that the prototype itself 
is a member of the whole of a class of M- 
types. For example, the prototype is an 

_ of, M being different from unity. 

7 

S-type for which s=1 and the prototype 65 
is an H-type for which 4=1. Thus when 
I refer to a set of wave-filters or wave-filter 
sections which are all S-types or H-types or 
M-types of a common prototype, it will be 
seen that the prototype itself may be one 
of the set. It can readily be shown that 
with a given prototype, the S-type and 
H-type wave-filters have identical propaga- 
tion constants provided sh—=1. 

I claim: 
1. A wave-filter.having one or more half- 

sections of a certain kind and one or more 
other half-sections that are M-types, there- 
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2. A wave-filter having its sections and 80 
half-sections so related that they comprise 
different M-types of a common prototype, 
M having several values for respectively 
different sections and half-sections. 

3. A wave-filter having one or more half-: 
sections of a certain kind and: one or more 
half-sections introduced from a different 
wave-filter having the same characteristic 
impedance and the same critical frequencies 
and a different attenuation characteristic 
outside the free transmitting range. 

4. A wave filter having recurrent sections 
and comprising means to give it a steep at- 

90 

‘tenuation characteristic, said means com- 
prising at least one section with component 95 
impedances different from the others and 
with the same critical frequencies. 

5. A wave filter having recurrent sections 
and having means to make it cut off the 
transmission abruptly at an end of a trans- 
mitting range consisting of at least one- 
half section of M-type, M being different 
from unity. 

6. A wave filter of the kind having re- 
current sections and comprising means to 
give it a steep attenuation characteristic 
consisting of a section of M-type, M being 
different from unity. 

7. A tapered wave-filter having its sec- 
tions all M-types of a common prototype, 
modified by successively increasing the com- 
ponent impedance elements in the same 
ratio beyond successive points of junction 
of the wave-filter sections. 

8. A wave-filter having its characteristic 
impedance at successive mid-section points 
graded between different terminal values, 
and having certain impedance elements of 
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‘constant value throughout the sections. 
9. A wave-filter of tapering impedance 120 

having its sections all M-types of a common 
prototype, except ‘for the variation of im- 
pedance from one to another. — 

10. Two complementary wave-filters con- 
nected to the same line, and each compris- 
ing a respective M-type section, M being 
different from unity. 

‘11. In combination, a transmission line, 

125
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@ high ‘pass -wave-filter. ‘corinected thereto,” “catit to its critical frequency, } Me £ being aif. 
a low pass wave-filter connected. thereto, ferent from unity. : 

_. said two wave-filters having nearly the same —_ In testimony. whereof, I have signed my 10 
-. eritical frequency. with .a narrow. lost fre- name to this specification. this 18th day of 
5 quency range between them, and each said . J anuary, “AML: | . 
~wave-filter comprising an M-type section to ne ce 

: steepen its attenuation characteristic adja ST ee orto J. ZOBEL,
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