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1. 

This invention relates to wave transmission 
networks and more particularly to branching cir 
cuits comprising two parallel-connected wave fil 
ters made up of sections of transmission line for 
combining or separating two different bands of 
frequencies. 
The principal object of the invention is to place 

upon a common transmission line simultaneously 
tWo bands of frequencies from different sources 
or to separate into individual channels two bands 
Simultaneously transmitted by one line. 
Other objects are to broaden the transmission 

bands, sharpen the cut-offs and increase the 
transmission efficiency of the individual channels 
and increase the discrimination between chan 
nels. 
When a transmission line is to be supplied with 

two bands of frequencies from different sources 
Or when signals on a line are to be separated into 
individual channels on a frequency basis a 
branching circuit is required. Often it is desired 
that the channels be capable of transmitting ef 
ficiently comparatively Wide bands, with sharp 
cut-offs. High discrimination between channels 
is also often desirable. Always there is the re 
quirement that the presence of one channel does 
not decrease unduly the transmission efficiency of 
the other channel. Simplicity in mechanical 
structure is also of importance in cost reduc 
tion. - - - - 

The present invention provides a branching cir 
cuit which fulfills the above requirements in a 
compact, fully shielded structure especially adapt 
ed for use in the higher frequency ranges of the 
order of hundreds of megacycles. The circuit 
comprises two wave filters connected to the com 
nOn transmission line in parallel. The filters are 
of the ladder type, are shunt terminated and 
each comprises one or more sections. The fil 
ters may be designed to transmit substantially 
any desired width of band. The discrimination 
between channels may be increased to any re 
quired amount by adding sections. The image 
impedances of the filters are chosen to match the 
impedance of the terminal loads with which they 
are a SSociated. The component impedance ele 
ments used in the filters are sections of transmis 
Sion line. Such elements have low dissipation 
and therefore provide high transmission efficiency 
within the band and Sharp cut-offs. If coaxial line 
is used for the Sections the Outer conductors may 
be grounded, thereby providing almost perfect 
shielding for the structure. 
In order that the two filters may operate in 

parallel without adversely affecting the transmis- 55 Fig. 
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Sion efficiency, it is necessary that, at the par 
alleled end, each filter have a high input imped 
ance over the band of the other, Special air 
rangements are provided to accomplish this. The 
terminating shunt branch at the paralleled end 
of the higher frequency filter is a section of trans 
mission line short-circuited at its distant end. 
The filter also has at this end a building-out Sec 
tion of line the length and characteristic imped 
ance of Which are chosen to provide at the junc 
tion of the filters a high shunting impedance over 

One Way of ac 
complishing this is to make the building-Out Sec 
tion and the shunt branch of the same charac 
teristic impedance, and With a Combined length 
approximately equal to an odd multiple of a quar 
ter wavelength at the mid-band frequency of the 
other filter. The terminating shunt branch at 
the paralleled end of the lower frequency filter 
is made up of tWotandem-connected Sections of 
line having different characteristic impedances 
proportioned to provide an antiresonance at the 
mid-band frequency of that filter and a reso-, 
nance at the mid-band frequency of the other 
filter. For ease of computation the two sections 
may be made of the same length and the second 
section may be short-circuited at its distant end. 
An impedance-inverting Section of line, having a 
length approximately equal to an odd nultiple 
of a quarter wavelength at the mid-band fre 
quency of the higher frequency filter, is added 
at the paralleled end of the lower frequency fil 
ter to provide at the junction of the filters a high 
shunting impedance over the band of the higher 
frequency filter... . . . . . . . 

If either the band widths or the mid-band fre 
quencies of the two channels may be chosen at 
will the outer conductors of all of the component 
coaxial elements used in the filters may be made 
of the same diameter, thus considerably simpli 
fying the mechanical structure and reducing the 
cost. . . . . . . . . . . . . . . 
The nature of the invention will be more fully 

understood from the following detailed descrip 
tion and by reference to the accompanying draw 
ings, in which like reference characters refer to 
similar or corresponding parts and in which: 
Fig.1 is a longitudinal cross-sectional view, 

with parts of two sections removed, of a two 
channel branching circuit in accordance with the 
invention; . . . . . . . . . . . . . 

Figs. 2 and 3 show equivalent electrical cir 
cuits for the filters used in the arrangement of 
Fig. 1; and . . . . . . . . . . . . . . . 4 gives the impedance-frequency charac 
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teristic of the shunt branches of the lower fre 
quency filter'. 
In Fig. 1 a common transmission line 

branches into two channels 2 and 3. All of these 
lines may, for example, be of the coaxial type, 
Comprising a hollow cylindrical outer conductor 
4 and concentric therewith an inner conductor 5 
which may be either solid or hollow. The chan 
nels 2 and 3 may be supplied from separate 
Sources with bands of signals having mid-band 
frequencies offm1 and fm2, respectively, which are 
combined in the common line , or the line may 
carry the two bands which are to be separated 
into the individual channels 2 and 3, as indicated 
by the double-pointed arrows. The combining 
or separating is accomplished by means of the 
two band-pass wave filters 8 and 9 which are 
connected in parallel to the line f at the junc 
tion point 0. 
The filters 8 and 9 are of the ladder type, com 

prising shunt impedance branches and interposed 
series impedance branches, and are shunt-ter 
minated at each end. The filter 8, shown as a 
single-section structure, comprises two identical 
shunt branches 2 and f3, an interposed series 
branch 4 and an impedance-inverting section of 
line 5 connected between the shunt branch f3 
and the junction point 0. The filter 9, also 
shown as a single-section structure, comprises 
two identical shunt branches 1 and 8, an in 
terposed series branch 9 and a building-out sec 
tion of line 20 connected between the branch 7 
and the junction 10. The discrimination be 
tween the channels 2 and 3 may, of course, be 
increased to any required extent simply by add 
ing more sections to the filters 8 and 9. All of 
the component impedance branches of the filters 
are formed by sections of transmission line. As 
shown, these are of the coaxial type. The branch 
fi, for example, has a cylindrical outer conduc 
tor 22 and concentric therewith an inner con 
ductor 23. Each of the shunt branches 2 and 
3 of the filter 8 is constituted by two sections of 

line 24 and 25, having inner conductors 26 and 
27, connected in tandem. Each of the shunt 
branches 2, 3, 7 and 8 is short-circuited at 
its distant end as, for example, by the conduc 
tive end plate 28 on the branch f 8. The use 
of coaxial line sections has the advantage that 
the outer conductors may all be grounded, or 
otherwise fixed in potential, as shown at 29, thus 
providing substantially perfect shielding for the 
entire structure. Other types of line sections 
may, however, be used in some circumstances. 
In Fig. 1 portions of the line sections 4 and 20 
have been removed in order to save space. 
The electrical design of the filters will now be 

considered. It will be assumed that the filter 8 
is required to transmit a band of frequencies ex 
tending from fil to fa1 with a mid-band frequency 
of fm1, which is the geometric mean of the two, 
and the filter 9 a higher band between f12 and 
f22 with a mid-band frequency fm2. The design 
may be worked out most conveniently by referring 
to the equivalent electrical circuit which, for the 
filter 9, is shown in Fig. 2. The circuit is an 
unbalanced, single-section, three-element, lad 
der-type structure, with input terminals 30, 3 
and output terminals 32, 33. The shunt branches 
at the ends of the filter, each comprising a ca 
pacitance C22 and an inductance L22 connected 
in parallel, are furnished by the line sections 7 
and 8, which are identical. The series induc 
tance L12 and the two shunt capacitances C12 at 
the ends thereof represent the line section 9. 
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4. 
The approximate values of these elements in 
terms of the lengths and characteristic imped 
ances of the line Sections are given by the foll 
lowing formulas: 

A. 
Cie-27 farads (1) 

Cat-32. farads (2) 

L12== 4. henries (3) 

La- Ba henries (4) 
in which A and B are the lengths in centimeters 
of the line sections 9 and 18, respectively, Zo1 
and Z02 are, respectively, the characteristic im 
pedances and W is the Velocity of propagation 
in the sections, which may be taken as 3 x 100 
centimeters per second. It is assumed that the 
distributed resistance and conductance of the 
line sections are small enough to be neglected. 
In Equation 4 the factor 8/ar is used because the 
section 8 is in the neighborhood of a quarter 
wavelength long and is short-circuited at the 
end. In this connection reference is made to 
Equation 2:139 and the accompanying discus 
sion on page 65 of applicant's book “Electrome 
chanical Transducers and Wave Filters' pub 
lished by D. Wan Nostrand, Inc. 
The circuit of Fig. 2 will be recognized as the 

filter designated Type EIF3 on page 316 of “Trans 
mission Networks and Wave Filters' by Shea, also 
published by ED. Wan Nostrand, Inc. The follow 
ing design formulas may be used: 

Zk 
Li2= (fi2+ f2) - (5) 

L-92. (6) 
C+C = a - (7) 27t (f: - f2) ZK. 

where ZK is the image impedance of the filter 
at the mid-band frequency fm2. In comparing 
Equations 6 and 7 with the corresponding ones 
given by Shea, it should be remembered that ap 
plicant's filter has a mid-shunt termination. 
A suggested design procedure for the filter 9 

will now be outlined. It will be assumed that 
the common line f and the channels 2 and 3 all 
have the same characteristic impedance Zok. The 
image impedance ZK of the filter is, therefore, 
chosen equal to ZoK to provide an impedance 
match at the junctions of the filter and the lines. 
The cut-off frequencies f12 and f22 are chosen and 
the required values of the elements L12, Leg and 
the sum of C12 and C22 are computed from Equa 
tions 5, 6 and 7. The value of L22 found from 
Equation 6 is now substituted in Equation 4 and 
the required length B of each of the shunt sec 
tions 7 and 8 is found assuming, for a reason 
to be explained below, that the characteristic im 
pedance Zo2 is equal to ZoK. Next, the value of 
C22 is found from Equation 2. Since the sum of 
C12 and C22 is known from Equation 7 the value of 
C12 may now be found. This value of C2 is substi 
tuted in Equation 1, the value of L12 found from 
Equation 5 is substituted in Equation 3 and the 
two equations solved simultaneously for the re 
quired length A and characteristic impedance Zol 
of the series branch 9. 
At the junction point 10 the filter 9 must have 

a high input impedance at the mid-band fre 



2,421,033 
5 

quency fml of the lower frequency filter 8. At this 
frequency the input impedance. Will be approxi 
mately the impedance of the shunt branch T, 
which is a section of line short-circuited at its 
distant end. In order to build this up to a high 
value, a building-out section of transmission line 
20 of characteristic impedance ZoK is connected 
between the junction point and the shunt 
branch 7, Since the branch also has a chair 
acteristic impedance of ZoK, it is only necessary to 
make the length D of the section 20 plus the 
length B of the branch approximately equal 
to an odd multiple of a quartel wavelength at 
the frequency fml. That is, 

2n-1 V. 
4 jm.1 

where n is any integer but is usually taken as 
unity. The characteristic impedance Z02 of the 
shunt branch night have been chosen as SOme 
thing different from ZOK but in that case the Sim 
ple relationship given by Equation 8 for the length 
D of the building-out section 2) Would not hold. 

It is seen that the line sections 7, 8 and 2) 
all have the same characteristic impedance, 
namely, ZoK. It is possible, by proper choice of 
the cut-off frequencies f12 and f22, to make the 
characteristic impedance Zol of the Series Sec 
tion 9 also equal to ZoK. If this is done, then the 
entire filter 9 may be constructed out of a single 
size of coaxial line, thus simplifying the assembly 
and reducing the cost. 
The design of the lower frequency filter 8 will 

now be considered in more detail. To prevent 
the filter 8 from adversely affecting the operation 
of the filter 9, it is necessary that the input im 
pedance of the former at the point of junction 
to be high over the transmission band of the 
latter. The length E of the impedance-inverting 
section. 5 is, therefore, made approximately equal 
to an odd multiple of a quarter Wavelength at 
the mid-band frequency fm2 of the filter 9, that 
lS, 

B-- De (8) 

where n is any integer but is usually taken as 
unity. The input impedance Z of the shunt 
branch 3 must be low over the band of the fil 
ter 9. This may be accomplished by making the 
branch 3 resonant at fm2. It is also required that 
Z be high over the transmission band of the filter 
8. This is done by making the branch 3 anti 
resonant at fml. In order to get a wide spacing 
between the resonance and antiresonance used, 
the shunt branch 3 is preferably made up of 
tWO Sections of transmission line 24, 25 having 
different characteristic impedances ZoA and Zob, 
respectively, With the second section 25 short 
circuited at its distant end. If the distributed re 
sistance and conductance are neglected and the 
Sections 24 and 25 have the same length F, the 
impedance Z is given by the expression 

ZoA--ZoB sin 2oF 
Z=--T Y eos E-2A sing 

V ZoA V 

where w is equal to 2r times the frequency f. If 
the impedance ZoA is Smaller than the impedance 
ZoB the impedance Z plotted against frequency 
will be of the form shown in Fig. 4. The reso 
nances occur when the numerator in Equation 10 
is zero, that is, when the total length 2F of the 

(9) 

(10) 
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6 
section 3 is a multiple of a half wavelength. In 
equation form 

2F 
-- =nt (11) 

where n is any integer. The first three reso 
nances fr1, fr2 and fr3 are shown in Fig. 4. The 
antiresonances occur where the denominator in 
Equation 10 is Zero, that is, when 

sin t; cF ZoA - 
g-tan'y-Z, (12) 
V 

The first three antiresonances fall, fa2 and fa3 are 
shown. If ZoA and Zob were equal the antireso 
nance would occur at equal frequency intervals. 
However, by making ZoA smaller than Zob the Odd 
antiresonances fall and fa3 are lowered in fre 
quency and the even antiresonances, such as fa2, 
are raised. The result is that in the neighbor 
hood of the odd resonances fr1 and fra there is a 
considerable frequency space between resonance 
and antiresonance. 
The length 2F of the shunt branch f3 is there 

fore so chosen that One of the odd resonances 
fr1, fr3 or a higher one occurs at the mid-band 
frequency fm2 of the higher frequency filter 9. If 
the frequency spacing between the two mid-band 
frequencies famil and fm2 is not too great, the first 
resonance fr1 may be used. However, when this 
spacing is considerable it is preferable to use fr3 
or a higher resonance. If fr3 is used the length 2F 
will be 3/2 Wavelengths at fm2 and the length F 
may be found from Equation 11 by taking in as 
three and () as 2n fm2, that is, 

3V. 
P 4fm2 (13) 

The first antiresonance fall will now be placed 
at the mid-band frequency of the lower frequen 
cy filter 8. As explained above, the antireso 
nances depend upon the ratio of the character 
istic impedances ZoA and ZOB of the two lengths 
of line 24 and 25. The required ratio may be 
found from Equation 12 by taking F as the length 
found from Equation 13 and setting as equal to 
2nfm1, that is, 

ZoA 2atfni F H 2 Zoe tan V 

The next step is to determine the character 
istic impedances ZoA and ZoB of the sections 24 
and 25 and the diameters of the conductors. 
Here certain mechanical and electrical consid 
erations must be kept in mind. The outer con 
ductors may conveniently have the same inner 
diameter b as that used in the sections of the 
filter 9. The diameter d of the inner conductor 
of a Coaxial line is related to the diameter b 
and the characteristic impedance Zo by the 
formula 

(14) 

Z = 60 log. (15) 
It is seen from this equation that, for a given 
diameter b of outer conductor, the diameter a 
of the inner conductor decreases as the imped 
ance Zo is increased, and increases as Zo is de 
creased. But When the impedance of one of the 
sections 24 or 25 is chosen, the impedance of the 
other one is fixed in accordance with equation 
14. The impedance ZoB of the higher impedance 
Section 25 Will, therefore, be chosen low enough 
So that its inner conductor 27 will be large 
enough for mechanical stability but high enough 
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so that the inner conductor 26 and outer con 
ductor of the lower impedance section 24 will 
have Sufficient separation to prevent a voltage 
breakdown. After the impedance Zob has been 
chOSen, the impedance ZOA is found from Equa 
tion 14 and the diameters a1 and a2 of the inner 
conductors 26 and 27 from Equation 15. In order 
to avoid the formation of a corona discharge in 
the branch 3, the end of the inner conductor 
26, where it joins the inner conductor 27, should 
be rounded off as shown at 34. Each length F 
will then be measured from the point where the 
diameter of the inner conductor is the average 
of d1 and C2. The shunt branch. 2 will be iden 
tical With the branch 3. 
There remains now only to determine the series 

branch. 4 of the filter 8. The equivalent elec 
trical circuit of the filter, which is similar to that 
of the filter 9, is shown in Fig. 3. The series in 
ductance L11 and the two shunt capacitances C11 
at the ends thereof, representing the line section 
4, have the values 

G 
C1-2 VZ (16) 

L-92 (17) 
Where G is the length of the Section and Zoe 
is its characteristic impedance. The shunt 
branches at the ends of the filter, each compris 
ing a capacitance C2i and an inductance L21 
connected in parallel, represent the shunt 
branches 2 and 3 in the neighborhood of the 
Enid-band frequency fm which coincides with the 
first antiresonance at fall. By analogy with the 
procedure followed on pages 63 to 65 of appli 
cant's above-mentioned book, C21 and L21 may be 
evaluated as 

C se: VZ, farads (18) 

E21 = (2if.)2C, herries (19) 
Ehe filter design formulas, which are similar to 

Equations 5, 6 and above, are 

Lir, (fff) (20) 

La-E2. (21) 
Ci- Cr= (22) 2ar (fi-fi)Zir 

Sice the length F and the impedance ZoA have 
been determined, the value of C21 may now be 
found from Equationi 18. Since the mid-band 
frequency fmr has also been selected, the value of 
Eel may be found from Equation i9. This value 
of L2 is now Substituted in Equation 2 and the 
cut-off frequencies fill and f21 SO chosen that 
Equation 21 is satisfied, keeping in mind that 

fnir Wiffi (23) 
These values of fi and fai are substituted in 
Equation 20 to find Lili and in Equation 22 to 
find the sum of C11 and C21. Since the value of 
C21 has already been determined, tine Value of 
Ci1 may be found. These values of C11 and L11 
are now Substituted in Equations i6 and 17, re 
spectively, and the equations Solved simulta 
neously for the length G of the section f4 and its 
characteristic impedance Zo2. There remains 
now only to find the diameters of the conductors 
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8 
for the section 4. The outer conductor may 
conveniently be made of the same diameter as 
the outer conductors used in the other component 
line sections of the filters. The diameter of the 
inner conductor may be found from Equation 15. 
The above formulas for the lengths of the 

coaxial Sections are based on the assumption 
that the concentric outer conductor will extend 
for the full length of the section. As is apparent 
in Fig. 1, however, When a side branch is coni 
nected at the end of a series branch at least a 
portion of the Outer Wall will be missing at the 
connected ends of the Sections. To correct for 
this condition the lengths of the line sections 
must be increased somewhat. This factor is of 
more importance in the higher frequency filters. 
in the Case of the shunt branches it has been 
found that a more nearly correct result will be 
obtained if the length is measured from thie 
outer conductor of the series branch as shown, 
for example, by the dimension B for the branch 
8. 
What is claimed is: 
i. In combination, two wave filters connected 

at One end, One of said filters comprising a series 
impedance branch and a shunt impedance 
branch, Said Series branch being connected be 
tWeen Said shiunt branch and the junction of 
Said filters and being constituted by a section of 
transmission line having a length approximately 
equal to an integral number of quarter wave 
lengths at the mid-band frequency of the other 
of Said filters and said shunt branch comprising 
tWO tandern-Connected sections of transmission 
line having different characteristic impedances 
and having their lengths and characteristic im 
pediarices chosen to make Said branch antireso 
nant near the mid-band frequency of said one 
filter and resonant near said mid-band frequency 
of Said other filter. 

2. The combination in accordance with claim 
1 in which said mid-band frequencies are widely 
Spaced in frequency and Said shunt branch has 
at least two intermediate resonances occurring 
in the frequency range between said mid-band 
frequencies. 

3. The combination in accordance with claim 1 
in which said mid-band frequency of said one 
filter is located near the first antiresonance of 
said shunt branch and said mid-band frequency 
of said other filter is located near the third 
resonance of said shunt branch. 

4. The combination in accordance with claim 
1 in which said shunt branch is short-circuited 
at its distant end. 

5. The combination in accordance with claim 
i is: which Said Sections of line in said shunt 
branch have approximately the same length. 

6. The combination in accordance with claim 
1 in which said sections of line in said shunt 
branch are of the coaxial type having outer 
conductors of the same inner diameter. 

7. The combination in accordance with claim 
1 in which said Sections of line in said shunt 
branch are of the coaxial type having outer 
conductors of the same inner diameter and inner 
conductors which differ from each other in di 
ameter, said inner conductor of larger diameter 
being associated with said tandem-connected 
section of line nearer to said series branchi. 

8. In combination, two wave filters and an 
impedance-inverting section of transmission line, 
said filters being connected in parallel at one end, 
one of said filters comprising a shunt branch, said 
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impedance-inverting section being connected be 
tween said shunt branch and the junction of said 
filters and having a length approximately equal to 
an odd multiple of a quarter wavelength at the 
mid-band frequency of the other of said filters 
and said shunt branch comprising two tandem 
connected sections of transmission line having 
different characteristic impedances and having 
their lengths and characteristic impedances 
chosen to make said branch antiresonant near 
the mid-band frequency of said one filter and 
resonant near the mid-band frequency of Said 
Other filter. 

9. The combination in accordance with claim 8 
in which all of said sections of line are of the 
coaxial type having outer conductors of the same 
inner diameter. 

10. The combination in accordance with claim 
8 in which said one filter includes a series im 
pedance branch constituted by a section of trans 
mission line the length and characteristic imped 
ance of which are so chosen that both of Said 
filters have the same image impedance at the 
mid-band frequency. 

11. The combination in accordance with claim 
8 in which said one filter has a lower mid-band 
frequency than said other filter. 

12. The combination in accordance with claim 
8 which includes a building-out Section of trans 
mission line, said other filter comprising a shunt 
branch constituted by a section of transmission 
line short-circuited at its distant end, said build 
ing-out section being connected between said 
shunt branch of Said other filter and said junction 
of Said filters and the combined lengths of Said 
building-out Section and said section of line in 
said shunt branch of said other filter being ap 
proximately equal to an odd number of quarter 

10 

15 

20 

25 

30 

35 

10 
wavelengths at the mid-band frequency of said 
one filter. 

13. In combination, two wave filters and a 
building-out section of transmission line, said 
filters being connected in parallel at one end, one 
of Said filters comprising a shunt branch con 
stituted by a section of transmission line short 
circuited at its distant end, said building-out 
Section being connected between said shunt 
branch and the junction of said filters and the 
combined lengths of said building-out section and 
said section of line in said shunt branch being 
approximately equal to an odd number of quarter 
wavelengths at the mid-band frequency of the 
other of said filters. 

14. The combination in accordance with claim 
13 in which said one filter has a higher mid-band 
frequency than said other filter. 

15. The combination in accordance with claim 
13 in which both of said Sections of line have the 
same characteristic impedance. 

16. The combination in accordance with claim 
13 in which said sections of line are of the coaxial 
type having Outer conductors of the same inner 
diameter and inner conductors of the same 
diameter. 

WARRENP, MASON. 

REFERENCES C TED 
The following references are of record in the 

file of this patent: 
UNITED STATES PATENTS 

Number Name Date 
2,064,775 Wheeler ------------ Dec. 5, 1936 
2,196,272 Peterson ------------ Apr. 9, 1940 
2,201,326 Trevor ------------- May 21, 1940 


