1959

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

121

Tunable Passive Multicouplers Employing

Minimum-Loss Filters*
J. F. CLINEt axp B. M. SCHIFFMAN?

Summary—Several multicoupler techniques are described for
operating twenty or more UHF transmitters and receivers simul-
taneously with a single localized antenna system. The types of multi-
couplers considered include the simple parallel-connected filter type
and several distributed-line types, in which the individual branches
are separately tuned. The filters used are of the symmetrical, narrow-
band, direct-coupled resonator type, designed to obtain minimum
center-frequency insertion loss for a given insertion loss in the adja-
cent channels. Design formulas are given for these filters, and char-
acteristic response shapes are presented. The extra-channel suscept-
ance, which is the principal factor limiting the number of channels
obtainable in a single multicoupler, is discussed in terms of the input
coupling coefficient, the resonator parameters, and the lengths of the
connecting lines.

InTRODUCTION

HE NUMBER of antennas that can be accommo-
Tdated in a given air, sea or ground-based installa-
tion is limited by considerations of space restric-
tions, mutual disturbance of radiation patterns, and
intercoupling of signals. In certain complex electronic
systems now in existence and in others being planned,
the large number of individual transmitters and receiv-
ers makes it impossible to satisfy the system require-
ments by a multiplicity of antennas alone, and, there-
fore, special multicoupler networks involving filters and
other components are necessary to permit the sharing
of antennas by groups of receivers and transmitters.
This paper has evolved {rom a study program cover-
ing several aspects of multicoupler design. The multi-
couplers considered here consist of minimum-loss
narrow-band filters connected together in different
ways. The basic assumptions are that the number of
branches is large, i.e., twenty or more, while the pass
band of each branch is small in comparison with the
minimum channel separation. A typical application is
found in the 225 to 400 mc band, with a minimum chan-
nel spacing of 2 mc, an adjacent channel isolation of 60
db, a channel-center loss of 1 db or less, and a pass band-
width sufficient for typical AM, SSB, or NBFM
speech modulated signals.
The problems considered here include the design of
the minimum-loss filters, the manner of their intercon-

* Manuscript received by the PGMTT, June 13, 1958; revised
manuscript received, August 29, 1958. The work on which this paper
is based was conducted at the Stanford Res. Inst., Menlo Park,
Calif., under the sponsorship of AF Cambridge Res. Center, under
Contract AF 19(604)-2247. The measurements illustrated in Figs. 12
and 13 were conducted under the sponsorship of the U. S. Navy
Dept., Bureau of Ships, under Contract NObsr-72765.

t Stanford Res. Inst., Menlo Park, Calif.

1 Varian Associates, Inc., Palo Alto, Calif.

nection, and their effects upon each other from the
standpoint of the impedance matching problem. Since
these mutual effects involve both the interconnection
scheme and the filter design, these two topics must be
considered simultaneously. Fixed-tuned, complemen-
tary-filter multicouplers are not considered here; in-
stead, the emphasis is on the type of multicoupler in
which separate narrow-band channels are independently
tunable. Since it may be necessary to change the center
frequencies of the individual channels frequently, the
preferable method for avoiding excessive impedance
mismatch in the multicoupler is to design each branch in
such a way as to introduce a minimum of mismatch,
rather than to use a matching scheme that involves
mutual adjustments of two or more channels at once.

MUuLTICOUPLER NETWORK CONNECTIONS

In all of the figures, the letters 4, LS, R, and T are
used to represent antennas, line-stretchers, receivers,
and transmitters, respectively. Most of the diagrams are
drawn under the assumption that the transmission line
sections are of the coaxial or strip-line variety and that
the resonant or anti-resonant devices, including those
within the filters, are coaxial resonators. However, the
waveguide or wire-circuit counterparts may be con-
sidered in situations where those techniques are ap-
plicable. The results of the filter analysis given in the
following section apply equally well to the RF and the
microwave regions, since they are expressed in terms of
such basic quantities as the loaded and unloaded value
of Q, the coupling coefficient, the normalized frequency
displacement, and the insertion loss.

Fig. 1 shows two possible multicoupler arrangements.
The symbol S represents a two-position switch. Symbols
having the same subscript represent parts operating on
a common frequency. In the circuit at the left, the isola-
tion between the channels is provided entirely by the
filters in the multicoupler, on a {requency difference
basis. In the circuit at the right, additional isolation is
provided by the two-port antenna system, on the basis
of either phase cancellation or field orientation. In gen-
eral, an antenna system having any number of ports
greater than unity can be used in this application. An
example of a three-port microwave antenna systera of
this type is described by Honey and Jones.!

1 R. C. Honey and E. M. T. Jones, “A versatile multi-port biconi-
cal antenna,” 1957 IRE NaTtioNnarL CoNVENTION RECORD, pt. 1, pp.
129-137.
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Fig. 2—Parallel-connected multicoupler.

Fig. 2 illustrates a common-junction parallel-con-
nected multicoupler. The admittance, looking from the
left into the common junction, is measured at the fre-
quency fi, which is the center frequency of the upper
branch. The input admittance of the upper filter at this
frequency is a conductance approximately equal to the
characteristic admittance of the connecting lines. The
other filters appear as small susceptances, the values of
which, in general, are increased considerably by the
effects of the short connecting lines between the
junction and the filters. The sum of these extra-channel
susceptances appearing at the common junction pro-
duces an admittance mismatch at this point. This mis-
match is the principal factor limiting the number of per-
missible branches in the multicoupler. It can be reduced
by shortening the connecting lines, improving the junc-
tion design, and by applying the usual compensation
techniques, but it cannot be eliminated entirely over
a whole band of frequencies.

Figs. 3 through 6 show several ways of connecting
filters in a distributed fashion along a transmission line.
In Fig. 3, LSy is adjusted so that the admittance look-
ing toward the right from the Nth junction is as near
zero as possible at the operating frequency of Ry and
Ty. At the same frequency each of the other filters
looks like a small capacitance, which can be com-
pensated locally. Once LSy has been adjusted, LSy_; is
then adjusted so that the admittance looking toward
the right from the N —1 junction is as near zero as pos-
sible at the operating frequency of Ry, and Tx_a, etc.

A possible circuit-packaging arrangement for the
different sections in Fig. 3 is suggested in Fig. 4, where
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Fig. 3—Distributively-connected multicoupler.
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Fig. 4—Single multicoupler section.
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Fig. 5—Line-stretcher and isolation-resonator connections.
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Fig. 6—Circuit employing isolation resonators only.

the entire diagram represents a single section of Fig. 3.
Three line stretchers are used instead of one, and two of
the line stretchers are gang-tuned together with the
band-pass filter., This makes each section nearly inde-
pendent of the others as far as tuning is concerned. The
third line stretcher is adjusted separately, depending
upon where the particular section in question is placed
in the network chain. Once set, it ordinarily is not reset
during tuning operations.?

2 The idea of connecting and ganging filters and line stretchers in
a separate package was suggested verbally by L. E. Friedman,
formerly with Balco Research Laboratories of Newark, N. J.
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If it is permissible to restrict the tuning range of each
ection in Fig. 3 so that the center frequencies always
ncrease monotonically with section number, the line
tretchers can be eliminated and their function can be
erformed by means of a mechanical arrangement in
vhich the filter ports slide along the transmission line.
iven if such a restriction is not permissible, the line
tretchers still can be eliminated if a means can be de-
rised for sliding the filter ports past each other or plug-
ing them in at different points along the line. Another
nethod is to use a line that is long enough so that each
liding filter port has a freedom of motion of at least a
walf wavelength at its lowest frequency of operation.

The circuit of Fig. 5 avoids the interdependence
ffects of the adjacent line stretchers by the interposi-
ion of resonators coupled to the line. For example, the
esonator Cy is adjusted to place, in effect, a short cir-
.uit in parallel with the line at the frequency of opera-
ion of Ry and T4. The line stretcher LS; then is adjusted
o separate the cavity and the filter by a quarter wave-
ength, so that the filter port is, in effect, in parallel
vith an open circuit. The new problems in Fig. § are
issociated with the design of these added resonators
wind their coupling to the line, with the object of pro-
lucing an isolating effect in the pass band while produc-
ng as little effect as possible in adjacent channels.

Fig. 6 illustrates a scheme for avoiding the use of
sither sliding ports or line stretchers. The coupled
-esonators Ci, Ce, etc., act as open circuits at their cen-
-er frequencies, and they are placed as close as possible
‘o the filter junctions; that is, the distances A\ in the
liagram are made as small as possible.

Other applicable types of multicouplers have been
{escribed by Carlin,® by Cohn and Coale,* and by Lewis
ind Tillotson.® Carlin’s multicoupler has the practical
lisadvantage that each section operates on the prin-
siple of a balanced bridge, in which the antenna imped-
wnce is one arm of the bridge, so that a careful balance
nust be maintained in order to provide the required
solation. The other two multicouplers employ direc-
jonal filters that are constant-resistance networks and
wre best suited for use in fixed-tuned multicouplers
where the pass bands are more nearly contiguous. They
ire more complex than is necessary in the present ap-
slication, where the pass bands are narrow in compari-
son with the channel separations. Multicouplers em-
ploying resistance-terminated lines also have been used,
sspecially for receiver application in strong signal areas
where the added losses can be tolerated, but the addi-
tional loss makes their use undesirable in cases where a
more satisfactory solution can be found.

3 H. J. Carlin, “UHF multiplexer uses selective couplers,” Elec-
tronics, vol. 28, pp. 152-155; November, 1955.

+S, B. Cohn and F. S. Coale, “Directional channel-separation
filters,” Proc. IRE, vol. 44, pp. 1018-1024; August, 1956.

5 W. D. Lewis and L. C. Tillotson, “A non-reflecting branching
filter for microwaves,” Bell Sys. Tech. J., vol. 27, pp. 83-95; January,
1948.
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Fig. 8—Notation for filter response curves.

FiLtErR DESIGNS
Design Basis

The narrow-band filters considered here are of the
symmetrical, direct-coupled resonator type. Primary
attention has been given to two and three-resonator ca-
pacitively coupled filters, equivalent circuits for which
appear in Fig. 7. The terminal load conductances are
denoted as G, the terminal coupling capacitances are
denoted as C, and the internal coupling capacitances
are denoted as C;. The resonators each are represented
as a parallel combination of inductance L, conductance
G, and a capacitance of which the major part is denoted
as Ci. All resonators in any one filter are identical and
have a value of unloaded Q that is denoted as Qu. It
may be noted that the total of all capacitances con-
nected to the upper terminal of each resonator is ex-
actly equal to Ci. The value Ci is a resonator design
parameter which is not set by the filter response speci-
fications, but may be fixed at any arbitrary value within
the limits imposed by the resonator geometry. Terminal
and internal coupling coefficients are defined as kr
= Cy/ Crand k= C;/C}, respectively.

Fig. 8 shows typical response curves for the two types
of filters and introduces certain symbols needed for their
description. The center frequency is denoted as fo and
the insertion loss in decibels at that frequency is denoted
as Lo. A design frequency fs is defined at a point in the
filter stop band where the insertion loss in decibels is
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made equal to a design value Lg. The difference between
fs and fo 1s denoted as f4. The symbol w, appearing with
various subscripts at other points in this paper, is used
in the usual way to represent 2z times the value of f
carrying the same subscript. The symbols f and w with-
out subscripts represent the general frequency vari-
able.

The filters described here are symmetrical filters de-
signed on a mintmum loss basis, .e., the values of fy, f,
and Lg are specified and kr and % are then adjusted to
produce the smallest value of L, for a given value of
Qu. Whatever response shapes result from following this
design procedure are then accepted if they are adequate
for the particular application. Some typical response
curves are shown in Figs. 9 and 10.

Two-Resonator Filters

The general expression for insertion loss, in decibels,
as derived by Cohn and Shimizuf is

6 S, B. Cohn and J. Shimizu, “Strip Transmission Lines and Com-
ponents,” Stanford Res. Inst., Menlo Park, Calif., Project No. 1114,
Quart. Prog. Rep. 2, Contract No. DA 36-039SC-63232, pp. 4-6;
May, 1955.
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where the normalized frequency variable is defined by
u=(f—fo)/fo and Qr is the Q of each cavity due to
terminal loading only.

The first term of (1) determines the midband loss and
is a number that is generally less than 10. The second
term, which is significant only for filters with large de-
grees of overcoupling or undercoupling, has a coefficient
which is the difference between two approxinately equal
quantities and is, therefore, small. The third term, how-
ever, increases as the fourth power of # and is therefore
the only significant term in the stop band. Hence the
insertion loss in decibels at frequency f; is given quite

accurately by
40 r?
o 2
)

where u, is the value of u for f=f,, i.e., #s = (fs—f0)/fo.
It can now be seen that the ratio Qr/k must be held con-
stant in the process of finding a minimum-midband loss
design for specified values of L, and u,.

First, u is set equal to zero in (1). Then the equation
is rearranged to give the band-center loss, in decibels, as

orog [ (0 (20N, 05t (¥
Ly = 2010g10[2<k>< 0200 )+ 5 <QT>] (3)

The argument of the above equation is differentiated
with respect to Qr while holding Qry and (Qr/k) invari-
ant. The derivative is then set equal to zero, and after
simplifying the result with the aid of (2), the condition
for minimizing L, is found to be

_ 10M9TF 0r/Qu
V201/Qu

When (2) and (4) are substituted in (3) we obtain the
following expression for the minimum center-frequency
loss of a symmetrical two-resonator filter, in decibels:

1/0r Qr 2
Ly = 101o —_ = —
’ g10[4<QU+1><QU+2) :l )
In practice, the value of Qr/Qu which satisfies (5) can
be found either by a graphical method, by an iterative
process, or by solving the cubic equation. This value of
Qr/Qu inserted in (4) gives a simple relation between
the minimum value of Qy, the stop band insertion loss
Lg, and the normalized frequency variable #, which
will yield that insertion loss.
Finally, the value of the internal coupling coefficient
k is obtained by rearranging (2) as follows:

k= 207u,2/10L:/2, (6)

Ls = 10 10g10 (

QUus

(4)
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Thus the electrical design of the two-resonator filter has
been completely specified by (4) through (6) for given
values of Qu, L., and ..

Three-Resonator Filter

A similar procedure is followed for the three-resonator
filter. From expressions derived by Taub and Bogner,’
the midband insertion loss in decibels is given by

Lo = 20 logro 1/Qu*0u + 2#/Qx )

2R/ Qyr
where Qp is defined by 1/Qr=1/Qr-+1/Qu. Eq. (7)

applies to a symmetrical filter, and our notation, not
that of Taub and Bogner, is used. In the case of the
optimum three-resonator filter it is impossible to achieve
a perfect maximally-flat or Tchebycheff response in a
symmetrical filter having internal losses, as pointed out
by Dishal and Sellers® and by Taub and Bogner.” By
way of comparison, however, the symmetrical design
derived below has the following advantages over the
exact response shape design:

1) A better pass-band match is possible.

2) Midband loss is lower for the same values of f;, L,,
and Qp. As derived by Taub and Bogner from expres-
sions given by M. Dishal® the loss, in decibels, is

”_;ﬁ] (2u)?

c

4 [A“ Zb] (2u)* + (W} ®

L[ = L() + 10 10g10 {1 + [

-
where
2 1 ) 2 1
ot T T e T
and
2k 1
o o

The insertion loss at the normalized frequency u,
(corresponding to fs in Fig. 10) as determined from (7)
and (8), is given to an excellent approximation by

42: uﬁ). (9)

It is apparent from the above that Qr/&? is the quantity
that must be held constant in order to determine the
minimum midband loss of a three-resonator filter for a

L, = 20 logo <

7 J. J. Taub and B. F. Bogner, “Design of three-resonator band
pass filters having minimum insertion loss,” Proc. IRE, vol. 43, pp-
681-686; May, 1957.

8 M. Dishal and B. Sellers, “Design of three-resonator dissipative
band-pass filters having minimum insertion loss,” Proc. IRE, vol. 46,
p. 498; February, 1958.

o M. Dishal, “Design of dissipative band-pass filters producing
desired exact amplitude-frequency characteristics,” Proc. IRE, vol.
37, pp. 1050-1069; September, 1949.
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constant value of L,. The analysis then proceeds in a
manner similar to that of the two-resonator case.
The design relation for this case is thus found to be
102991+ 02/00
V4Qr/Qu

By combining (7), (9) and (1) we then obtain an ex-
plicit formula for Qr/Qu

Quu; =

(10)

3 s T
Qr _ —(1/1 4 (10%er — 1) — 1>. (11)
Qu 2 9
The value of the internal coupling coefficient % is ob-
tained by rearranging (9) as follows:

b= 24/ Qrus’

10Ls/46— '

(12)

Thus the electrical design of a symmetrical three-
resonator filter having minimum insertion loss is com-
pletely specified by (10) through (12).

Approximate Design Formulas

Certain approximations, accurate to within 5 per
cent for values of Ly less than 1 db, can be obtained for
the quantities Quu, and Qr/Qu in (4), (5), (10), and
(11). Design formulas for the two-resonator filter, based
on these approximations, can be written as

W,
b~ 141 — (13)
10Ls/40w0
Groal
be ~ 1,19 Y 0R00 (14)
10L3/80
1014065,
Qv =~ 6.15 — (15)
0Wd

while corresponding formulas for the three-resonator

filter are

b 157 (16)

101“‘/60@0

\/GLwdf

kr = 1.31 —-——10le120 (17)

E10%Ls/804,
Qu =~ 8.21—7—— . (18)

0wd

The value L in (14) and (17) is the value of the resonator
equivalent inductance shown in Fig. 7.

Facrors LiMiTinGg THE NUMBER OF BRANCHES

Each multicoupler branch in Figs. 2 through 6, at
band center, presents to the junction an input admit-
tance approximately equal to Gr. Outside its pass band,
each branch presents an input admittance which is
essentially a susceptance, described here by the term
extra-channel susceptance.
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The multicoupler is set up in such a way that the
center frequency of each branch is different from that
of any other branch. In general, the extra-channel sus-
ceptance of each branch, measured or calculated at the
center frequency of another branch, is small in com-
parison with Gr. However, the total effect of all of
these small extra-channel susceptances is the principal
factor limiting the permissible number of branches.
Consequently, it is important to make the extra-chan-
nel susceptance of each branch as small as possible.
Each of these extra-channel susceptances is equal to the
extra-channel susceptance of its filter, transformed
through the short length of conductor connecting the
filter port to the junction or branch point. In the usual
case, this is approximately equal to the sum of the extra-
channel susceptance of the filter alone plus the lumped
capacitance of the short conductor to ground. At VHF
and higher frequencies, the magnitudes of the various
quantities are such that the capacitance of this short
conductor is the larger of these two components unless
the conductor is less than a small fraction of an inch
in length. This makes it important to design the junction
in such a way as to minimize this effect as much as pos-
sible.

In the parallel-junction multicoupler shown in Fig.
2, the extra-channel susceptances add directly at the
junction. If it is assumed, for simplicity, that each sus-
ceptance consists entirely of the lumped susceptance
of the short line between the junction and the filter port,
the total susceptance in, for example, a 20-channel mul-
ticoupler is 20 times the average lumped susceptance of
one branch line. The largest total susceptance that can
be compensated by practical means over a two-to-one
frequency band is probably about equal to Gy. If the
characteristic impedance of the lines is also equal to
Gy, and if the average frequency is taken as 300 mc, for
example, the lines can average no more than about
0.2 inch in length. When the added effects of the filters
are considered, this length must be reduced even fur-
ther. Consequently, the distributed type of multi-
coupler shown in Fig. 3 seems to offer more promise
when there are more than five or ten branches, since
the extra-channel susceptance is not concentrated at
one point. It appears quite possible to design the dis-
tribution line so that the branch susceptances in effect
become part of the distributed shunt susceptance of
the distribution line itseli. In this case, the connecting
line effects become less important, and attention can
be turned to the extra-channel susceptances of the filters
themselves.

It is easily shown that in either the two or the three-
resonator filter, the extra-channel susceptance is essen-
tially unchanged when the second resonator is short-
circuited. The value of the extra-channel susceptance
then is given approximately by

wo

B = wksCy + wkp?Cy ~'—2

W — W

(19)
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where w is 27 times the frequency of measurement or
calculation and wy is 27 times the center frequency of
the filter in question. The value of kr is given by either
(14) or (17) for the minimum-loss filter designs de-
scribed in this paper. The minimum-loss filter is well
suited to multicoupler applications because of its small
value of ky. For the parameters of other filter designs
having any number of resonators, the reader is referred
to a recent article by Cohn.1?

The last term in (19) represents a series combination
of inductance and capacitance that is resonant at w =wq.
This series combination, in parallel with Cs, as indicated
by the first term, forms the extra-channel equivalent
circuit for the filter. This is shown schematically in the
upper part of Fig. 11, which represents a group of seven
filters tuned to relative frequencies of wy/w=0.985,
0.99, etc., as indicated. In the case where wo/w=1, the
approximation upon which (19) is based is not valid,
and the input admittance is approximately equal to Gy.
The bar charts below the equivalent circuits illustrate
qualitatively the way in which the two branch suscept-
ances values vary with wy. The value of w is the same in
all cases. The left hand branch susceptance, wC, in-
creases with decreasing wy, because kr, and hence C;
also, increases as wo decreases. For values of wg far re-
moved from w, the susceptance of the right hand branch,
represented by the last term in (19), becomes negligible.
Also, its sign changes when wo passes through w. Conse-
quently, when there are a large number of channels
spread over a wide frequency range, it may be possible
in some cases to neglect the last term in (19) from the
standpoint of its average effect, and the average extra-
channel susceptance of a filter then reduces to that of
Cs alone.

Although this paper, as stated in the Introduction,
has evolved from a study program in which the multi-
couplers under consideration operate in the 225 to 400
mc band with twenty or more branches, some of the first
experimental measurements on equipment designed
from the above formulas were made in connection with
another multicoupler study program!! conducted in the
HF range and involving only four branches. Figs. 12
and 13 show the measured ingertion loss and admittance
of a four-branch, parallel-connected multicoupler, in
which each branch consists of a minimum-loss filter
containing three resonant circuits. In these measure-
ments, the center frequencies were set at 17, 18, 19,
and 20 mc. The admittance was measured at the com-
mon junction of the four filter ports and the heavy seg-
ments of the curve define bandwidths of 0.2 mc. The
shunt susceptance of the junction connections at 20 mc,
normalized with respect to the characteristic admit-
tance, was measured separately and found to be 0.29.

10 S, B. Cohn, “Direct-coupled resonator filters,” Proc. IRE, vol.
45, pp. 187-196; February, 1957.

1 Sponsored by U. S. Navy Dept., Bureau of Ships, under con-
tract NObsr-72763.
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The filter centered at 20 mc, tested alone, had values
of Ly=1 db, L,=30 db, and ws/we=0.05. The filter
centered at 17 mc had values of Ly=1.2 db, L,=37 db
and wg/wy=0.059. The resulting values of Qu given by
(18) are 500 and 480, respectively, which agree reason-
ably well with a value of 530 obtained in separate
measurements on the coils alone. The higher loss of
about 1.9 db at 17 mc in Fig. 12 is due to the fact that
a mismatch exists at that frequency, as shown in Fig.
13. The ripples in the stop band of each branch in Fig.
12 occur in or near the frequencies of the pass bands of
the other branches. They can be explained in terms of
the shunting action at the junction produced by each
filter in and near its pass band. Generally speaking, this
is not detrimental to the operation of the multicoupler.

CoONCLUSIONS

When the pass band of each channel is much nar-
rower than the minimum channel separation, an effec-
tive multicoupler may be formed by connecting to-
gether several narrow-band filters, either in parallel at
a common junction or distributed along a transmission
line. The distributed connection is superior to the paral-
lel connection when the number of branches in the mul-
ticoupler becomes larger than about five or ten. The
directional filter approach to multicoupler design is
more complicated than necessary in the present case
and is best suited to contiguous pass band applications,
which are not considered here.

The narrow-band filters can be designed to produce
a minimum center-frequency insertion loss for given
values of channel spacing, adjacent-channel insertion
loss, and unloaded resonator Q. Symmetrical two and
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Fig. 12—Measured insertion loss in a four-branch multicoupler.
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Fig. 13—Measured admittance in a four-branch multicoupler.

three-resonator filters designed on this basis have re-
sponse functions that are suitable for many applica-
tions, including the present one. In the case of the three-
resonator filter, the center-frequency insertion loss is
smaller than that obtained in the maximally-flat, un-
symmetrical three-resonator filter,
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