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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 transmlssmn line is to be supplied with
two bands of frequencies from different sources
or when signals on g 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 1mporta,nce in cost reduc-
tion.

The present invention provxdes 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-
mon 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 transmift 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 {o match the
impedance of the terminal loads with which they
are associated. 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. Ifcoaxialline
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
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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 ar-
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-
tioh 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 paralléled end-of the lower frequency filter
is made up .of two tandem-~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, * Flor ease of computation the two sections
may be made of the same length and the sécond
section may be short-circuited at its distant end.
An impedance-inverting section of line, having a
length approximately edual.to. an odd. multiple
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 1mpeda.nce over the band of the hxgher
frequency filter, ... .

If either the band w1dths or the m1d 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 mechamcal structure and reducmg the
cost. .

The nature of. the 1nvent10n will ke more fu]lyf
understood from. the following detailed descrip=
tion and by reference to fhe accompanying draw-
ings, in which like reference characters refer to
similar or correspondmg parts and in which: |

Fig..1 is.a lohgitudinal ‘ cross-sectional view,
with parts of two sections removed, of a_ two-
channel branchmg circuit in accordance Wlth the
mventlon, o

Figs. 2 and 3 ‘show equlVaIent electncal c1r-
cuits for the filters used in the’ a,rrangement of

_Fig.1; and

parallel without adversely affecting the transmis- 55°

- Fig. 4 gives the’ 1mpedance-frequency cha,rac-
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3
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 of fmi1 and fms, respectively, which are
combined in the common line I, 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 méans of the
two band-pass wave filters 8 and 9 which are
connected in parallel to the line i at the juné-
tion point 0.

The filters 8 and 9 are of the ladder type, com-
prising shunt impedance brancheg and interposed
series impedance branches, gnd are shuni-ter-
minated at each end. The filter 8, shown as a
single-section structure, comprises two identical
shunt branches 12 ang I3, an interposed series
branch 14 and an 1mpedance-mvertmg section of
line i85 connected between the shunt branch i3
and the junction point 16, The filter 9, also
shown as a single-section structure, comprises
two 1dent1cal shunt branches {1 and 18, an in-
terposed series branch 9 and a building-out sec-
tion of line 20 connected between the branch 1
and fhe junction 10. The dlscnmmatmn be-
tween the cha,nnels 2 and 3 may, of course, be
mcreased t6 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
{1, for example, has a cylindrical outer conduc-
tor 22 and congcentri¢c therewith an inner con-
ductor 23, Each of the shunt branches 12 and
13 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 shurit
branches 12, £3, 1 and 18 is short-circuited at
its distant end gs, for éxample, by the conduc-
tive end plate 28 on the branch {8, The use
of coaxidal line sectlons has the advantdge that
the outer conductors may all be grotinded, or
dtherwise fixed in potential, as shown at 29, thus
providing substantlally perfect shielding for the
entn‘e structure. Other types of line sections
may, however, be uséd in someé circumstances.
In Fig. 1 portions of the line sections 14 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 fi1 to fa1 with a mid-band frequency
of fmi, which i the geometric mean of the two,
and the filter 9 a higher band between fiz and
fa2 with a mid-band frequency fm2. The design
may be worked out most convemently by referring
t6 the equivalent electrical circuit which, for the
filter 9, is shown in Fig. 2. The circdit is an
unbalanced single-section, three- element, lad-
der-type structure, with input terminals 30 31
and output termmals 32, 33. The shunt branches
at the ends of the filter, each comprising a ca-
pacitance C:z and an inductance Lsz connected
in paralle], are furnished by the line sectionis 171
and 18, which are identical. The series indue-
tanceé Lm and the two shunt édpacitances Ciz at
the ends thereof represent the line séction 19.
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The approximate values of these elements in
terms of the lengths and characteristic imped-
ances of the line sections are given by the fol-
lowing formulas:

v C’12=%(; farads )
Co=575~ 3 VZ farads 2
L= A%m henries 3)

ng—— Eg— henries 4)

in which A and B are the lengths in centimeters
of the liné sections {9 and (8, respectively, Zo
and Zoz are, respectively, the characteristic im-
pedances and V is the velocity of propagation
in the sections, which may be taken as 3 x 1010
centimeters per second. If is assumed that the
distributed resistance and conductance of the
line §ectidns are small enough to be neglected.
In Equation 4 the factor 8/« is used becalise the
section 18 is in the neighborhood of & 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. Van Nostrand, Inc.

The circuit of Fig. 2 will Be recognized as the
filter designated Type I1Iz on page 316 of “Trans-
mission Networks and Wave Filters” by Shea, &lso
published by D. Van Nostrand, Inc. The follow-
ing design formulas may be used:

. Zr
Le=t5a 7o) - ®
_Un—fi)Zx
2"'f12 (6)
JeT p— @

27 (fzz'—fx’z)ZK
where Zk is the image impedance of the filter
at the mid-band frequency fmz. In comparing
Equatmns 6 and 7 with the corresponding ones
given by Shea it should be remembered. that ap-
pllcant s filter has a mid-shunt termination.

A suggested design procedure for the fiiter 9
will now be outlined. It will be assumed that
the common line | and the channels 2 and 3 all
have the same chara,ctenstlc 1mpedance Zok. The
image impedance Zx of the filter is, therefore,
chosen equal to Zox to prov1de an 1mpedance
match at the junctions of the filter and the lines.
The cut-off frequenczes fiz and f22 are chosen and
the required values of the elements Lz, Log and
the sum of Ci12 and sz are computed from Equa-
tions 5, 6 and 7. The value of Le2 found from
Equatmn 6 is now substltuted in Equatmn 4 and
the required le_ngth_(B of each of the shunt sec-
tions 17 and I8 is found assuming, for a reason
to be explained below, that the characteristic im-
pedance Zoz2 is equal to Zox:. Next, the value of
Cz2 is found from Equation 2. Since the sum of
Ciz and C22 is known from Equation 7 the value of
Ci2 may now be found: This value of Ciz is substi=
tuted in Equation 1, the value of Luz found from
Eguation 5 is substituted in Equation 3 and the
two equations selved SImultaneously for the re-
quired length A and characteristic impedance Zo1
of the series branch 19,

At the junction point ] the filter 9 must have
a high input impedance at the mid=band fre-
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quency fmi of the lower frequency filter 8. At this
frequency the input impedance will be approxi-
mately the impedance. of the shunt branch 11,
which . is a section of line short-circuited at its
distant end. In order to build this up to a high
valile. a building-out section of transmission line
20 of characteristic impedance Zox is connected
between . the junction point 19 and the shunt
branch 17.  Since the branch {7 also has a char-
acteristic impedance of Zox, it is only necessary to
make the length D of the section 20 plus the
length B of the branch {7 approximately equal
to. an . odd multiple of a quarter wavelength at
the frequency fm1. That is,

®)

where 7 is any integer but is usually taken as
unity. The characteristic impedance Zo2 of the
shunt branch 7T might have been chosen as some-
thing different from Zox but in that case the sim-
ple relationship given by Equation 8 for the length
D of the building-out section 28 would not hold.

It is seen that the line sections {7, 18 and 20
all have the same characteristic impedance,
namely, Zox. It is possible, by proper choice of
the cut-off frequencies fiz and f22, to make the
characteristic impedance Zoi of the series sec-
tion 19 also equal to Zox. If this is done, then the
entire filter § 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 8§, it is necessary that the input im-
pedance of the former at the point of junction
18 be high over the transmission band of the
latter. The length E of the impedance-inverting
section 18 is, therefore, made approximately equal
to an odd multiple of a quarter wavelength at
the mid-bang frequency fma of the filter 9, that
is,
2n—1 V

4 Fme

where 7 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 I3 resonant at fma. It is also required that
Z be high over the transmission band of the filter
8. This is done by making the branch 13 anti-
resonant at fm. 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 Zoz,
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 T, the
impedance Z is given by the expression

Zoa+Zo . 20F
Tg STy
wF ZOB

wr iz“’F

VT Z 5 ¥

where w is equal to 2« times the frequency f. If
the impedance Zoa is smaller than the impedance
Zos 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

E=

®

7=
cos?

(10
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section 13 is a multiple of a half wavelength. - In-
equation form :

ng—/E=mr an

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

a2

The first three antiresonances fa1, faz and fa3 are
shown. If Zoa and Zos were equal the antireso-
nance would occur at equal frequency intervals.
However, by making Zoa smaller than Zoe the odd
antiresonances fa1 and fas are lowered in fre-
quency and the even antiresonances, such as faz,
are raised. The result is that in the neighbor-
hood of the odd resonances fR1 and frz there is a
considerable frequency space between resonance
and antiresonance.

The length 2F of the shunt branch 3 is there~
fore so chosen that one of the odd resonances
fr1, fr3 or a higher one occurs at the mid-band
frequency fme of the higher frequency filter 9. If
the frequency spacing between the two mid-band
frequencies fm1 and fmzis 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 frsis used the length 2F
will be 3/2 wavelengths at fmz and the length F
may be found from Equation 11 by taking n as
three and w as 29 fm2, that is,

=3V
=i (13)

The first antiresonance fa1 will how 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 Zor 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 « equal to
27 fm1, that is,

F

%‘;—2=tan2 2 Sl (14)
"The next step is to determine the character-
istic impedances Zoa and Zos 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 8. The diameter ¢ of the inner conductor
of a coaxial line is related to the diameter b
and the characteristic impedance Zo by the
formula -
7060 log., & a5)
It is seen from this equation that, for a given
diameter b of outer conductor, the diameter
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 Zos of the higher impedance
section 2§ will, therefore, be chosen low enough
so that its inner conductor 271 will be large
enough for mechanical stability but high enough.
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§0 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 Zor has been
chosen, the impedance Zoa is found from Egqua-
tion 14 and the diameters a1 and a2 of the inner
conductors 26 and 27 from Fquation 15, In order
to- avoid the formation of a corona discharge in
the branch 13, the end of the inner conductor
26, where it joins the inner c¢onductor 21, 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 a1 and @2. The shunt branch 12 will be iden-
tiedal with the branch 13.

There remains now only to determine the series
branch t4 of the filter 8. The equivalent elec-
trical circuit of the filter, which is similar to that
of the filter 4, is shown in Fig. 3. The series in-
ductartce Lu and the two shunt capacitances Cu
at the ends thereof, representing the line section
{4, have the values

G
C'u—m (16)
Ly=2e an

where G is the length of the section {4 and Ze
is its characteristic impedance. 'The shunt
branches at the ends of the filter, each compris-
ing a capacitance Ca1 and an inductance Le:
conrected in parallel, represent the shunt
bragnches {Z and (3 in the neighborhood of the
mid-band frequency fmi which coincides with the
first antiresonance at 7a1. By analogy with the
procedure followed on pages 63 to 65 of appli-
cant’s above-mentioned book, Ca21 and Le: may be
evaluated as

Coy= farads {18)

1 )
Lmémt henries (19)

The filter design formulas, which are similar to
HEquations 5, 6 and 7 above, are

- Zx
L= o (20)
L= (fzxzjrgigz_x @1
Cn+ Cyr= 1 (22)'

2 (fa~fi)Zi

Since the lerigth F and the impedance Zoa have
been determined, the value of Cz may now be
found from Egquatiorr 18. Since the mid-band
frequency fmr has also been selected, the value of
L2: may be found from Equation 18. This value
of Le: is now substituted in Eguation 21 and the
cut-off frequencies fu1 and fe1 so chosen that
Egquation 21 is satisfied, keeping in mind that

f ml=m (23)
These values of fu and fa are substituted in
Equation 20 to find Li; and in Equation. 22 to
find the stim of Ci1 and Ca. Since the value of
Ca21 has alreddy been determined, the value of
Ci1. may be found. These values of Cu and Lt
are now substituted in Equations 16 and 17, re-
spectively, and the equations solved simulta-
neously for the length G of the section 14 ang its
characteristic impedance  Zeo. There remains
now only fo find the diameters- of the conductors
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for the section {4, The outer conductor may
conveniently be made of the same diameter as
the outer corniductors 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 oufter conductor will extend
for the full length of the section. AS is apparent
in: Fig, 1, however, when a side branch is con-
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
cbtained if tlie length is medsured from the
outer conductor of the series branch as showh,
for example, by the dimension B for the branch
18.

What is cla;lmed is:
at one end, one of sald filters comprising a series
impedance branch and a shunt inipedance
branch, said series branch being connected be-
tween said sHumt 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 frequenicy of the othér
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 im-
pedarices chosen to make said branch antireso-
nant near the mid-band fregquency of said obe
filter and resonant near said mid-band frequency
of said other filter.

2. The combination in accorddnce with claim
1 in which said mid-barnd frequencies are widely
spaced in frequency and said shunt branch has
at least two intermediate resonances occurring
in the frequency range betwéen 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 Iocated 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
1 in which said sections of line in said shunt
brahch have approximately the same length.

6. Thé combination in accordance with claim
1 in which said sections of line in said shunt
branch. are of the codxial type having outer
conductors of the same inwer diameter.

7. The combindtion in accordance with claim
1 in which said sections of line in said shunt
branch are of the coaxial fype having outer
conductors of the same inner diafieter and inner
conductors which differ from €ach other in di-
ameter, said inner conductor of larger diameter
being associated with said tandém-connected
section of line nearer to said series branch.

8. In combinsgtion, two wave filters and an
inipedance-inverting section of transmissiof line,
said filters being contiectéd in parallel 4t one end,
one of said filfers comprising g 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 g 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
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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.

WARREN P. MASON.

REFERENCES CITED

The following references are of record in the
file of this patent:

UNITED STATES PATENTS

Number Name Date
2,064,775 ‘Wheeler oo Deec. 15, 1936
2,196,272 Peterson ce- e vme e Apr. 9, 1940
2,201,326 TIreVor oo May 21, 1940



