IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-20, NO. 12, DECEMBER 1972

Design of a Channel Diplexer for Millimeter-

Wave Applications

CHUNG-LI REN

Abstract—The design of millimeter-wave filters is, in principle,
no different from the design of conventional waveguide filters. In
practice, however, several factors impose limitations on the choice of
the filter structure. As a result, new filter structures must be used
requiring new synthesis techniques for their design. In this paper, a
new channel diplexer structure is described and a synthesis tech-
nique for its design is given. The expected electrical performance of
the filter, designed using the proposed technique, is verified by mea~
suring the performance of a scaled filter model centered at 3.95 GHz.
The results of these measurements are given. The design procedure
is also applicable to other waveguide filter structures.

I. INTRODUCTION

AVEGUIDE filters are commonly used in
&;&/ microwave radio systems, since waveguide cav-
ities have much higher intrinsic Q than, for ex-
ample, TEM line structures. But the intrinsic Q de-
creases as the frequency increases. Thus even waveguide
filters of conventional structure can no longer meet the
loss requirements of a millimeter-wave transmission
system [1], [2]. Indeed, one of the controlling design
objectives for a millimeter-wave channel diplexer is that
the intrinsic losses must be kept low for both the
through channels and the dropped channel (or the
channel to be combined). To {ulfill this requirement one
might consider the utilization of low-loss modes, over-
sized waveguides, and cavities [3]-[6]. Consequently,
there will be stringent design limitations for the wave-
guide and cavities of the filter structure, because, within
the specified frequency band, no spurious modes should
pass through cutoff in the main waveguide and spurious
resonant modes in the cavities must be avoided. Fur-
thermore, in order to avoid moding problems, severe
limitations also exist in choosing the shapes and the
locations of the coupling apertures between the wave-
guide and the cavities, and of the tuning devices in the
intended filter design. In addition, there are physical
limitations to the filter design at millimeter-wave {re-
quencies because of the extremely small size. The feasi-
bility of filter fabrication must be considered.
In this paper, a new channel diplexer (Fig. 1) is de-
scribed that will achieve the various design objectives
enumerated in the preceding. The incoming signals in
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Fig. 1.

H{> channel diplexer.

the main waveguide are in the low-loss semicircular Hg;
mode and the dropped channel at the output port is
restricted to the dominant rectangular waveguide mode.
Therefore, unlike conventional waveguide filters with
only the dominant mode function involved, the pro-
posed channel diplexer involves more than one mode.
Consequently, the circuit elements of its equivalent cir-
cuit are functions of the guide wavelengths of different
modes, which vary differently with frequency. There-
fore, the simple frequency transformation commonly
used in waveguide filter synthesis is no longer applicable.
A new synthesis technique has been developed for the
design of the proposed channel diplexer. The proposed
technique is also applicable to other filter structures.
The synthesis technique, when used in the diplexer de-
sign, provides precise 3-dB bandwidth and high return
loss at the common port.

An experimental model of the two-pole channel di-
plexer of Fig. 1 with a center frequency at 3.95 GHz, a
3-dB bandwidth of 20 MHz, and 0.175 in thick irises,
was designed and fabricated. At this frequency the
dimensional tolerances of a fabricated filter can be con-
trolled effectively and the design theory can be verified
with a high degree of accuracy. The experimental filter
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with a center frequency at 3.95 GHz is obtained by fre-
quency scaling from a diplexer design intended for
102.76 GHz. Very good agreement has been achieved
among design objectives, theoretical performance, and
measured performance. Thus it is shown that a channel
diplexer involving oversized waveguides, envisioned for
use in a millimeter-wave waveguide transmission sys-
tem, can be designed using the proposed synthesis and
design technique.

II. TeE CHANNEL DIPLEXER

A two-pole channel diplexer is shown in Fig. 1. A
semicircular waveguide propagating the Hg mode is
chosen as the main guide because of the advantages in
loss and bandwidth. Since numerous channel diplexers
will be connected in tandem in the repeater station,
minimization of the through channel loss is essential. An
oversized semicircular waveguide propagating the Hy,
mode provides roughly a three-to-one reduction in loss
in comparison with a dominant mode rectangular guide.
Furthermore, in the oversized main waveguide of a
channel diplexer, spurious modes may be excited.
Within the frequency band of interest, the diameter of
the main waveguide must be determined so that no
mode passes through cutoff, lest it create serious prob-
lems in the channel multiplexing system. The semi-
circular waveguide can provide such a frequency band
with 18-percent bandwidth located between the cutoff
frequencies of the Hy, and E;; modes. Eighteen percent
is considered remarkably wide for an oversized wave-
guide.

The signals coming from the circular transmission
waveguides are in the circular electric H§, mode. A
simple waveguide transition from a circular waveguide
to a semicircular waveguide can be readily designed by
gradually tapering a radial vane into a semicircular
metallic sector in the circular waveguide [1].

Narrow rectangular apertures along the center axis
of the plane of bifurcation provide convenient and
practical couplings between the main waveguide and
the resonant cavities [5], [6]. The excitation of spurious
modes can be made negligible for sufficiently narrow
apertures that will respond mainly to the Hy mode
(Hy mode is below cutoff).

Circular cavities! are used in the design with H3y
being the resonant mode. N represents the cavity length
in terms of the number of half wavelengths of the HS
mode. For larger mode index N, the intrinsic loss of the
cavity becomes lower. However, larger N also means
narrower bandwidth for the cavity to be free of spurious
resonance modes. In the proposed structure, H, modes
are used. The circular cavities used in the design are

1 The cross section of the resonant cavities may also be either
rectangular or elliptical. The circular cavities have higher intrinsic Q
than the rectangular cavities (U. S. Patent 3 668 564).
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oversized with both HS and ES modes above cutoff.
Typically, over 13-percent bandwidth can be provided
by such oversized H}, cavities with the band located
between the resonant frequencies of the spurious E,
and E§, modes. Over 15-percent bandwidth can be
provided by the HY, cavity having the same radius. If
the cavities are not oversized, i.e., if the cavities propa-
gate only the dominant mode, still broader bandwidth
is obtainable.

As in conventional waveguide filter structures, the
aperture coupled HY, cavities have asymmetrical fre-
quency responses [7]. They are compensated to be sym-
metrical by the semicircular ridges in the main wave-
guide (Fig. 1). These ridges do not disturb the circular
symmetry of the electromagnetic fields of the Hg; mode
and, therefore, excite no spurious modes. Furthermore,
in order that the compensating ridges compensate for
the asymmetry of the cavity frequency response without
significantly affecting the aperture coupling, they are
placed Ag/2 away from the coupling aperture locations.

III. SYNTHESIS—NETWORK REPRESENTATION OF
THE CHANNEL DIPLEXER AS A Two-PoLe
COMPLEMENTARY FILTER

Since the shapes and locations of the coupling aper-
tures and tuning devices are carefully chosen as ex-
plained in the preceding section, only the Hy; mode in
the semicircular guide and the Hf, mode in the circular
cavities are assumed propagating. All other propagating
modes are not excited by the coupling apertures and
tuning devices. The longitudinal magnetic field of the
Hy, mode in the semicircular guide is coupled to the
transverse magnetic fields of the Hf, mode in the cav-
ities through the narrow rectangular apertures. The
two bandpass cavities are coupled by the transverse
magnetic fields of the H, modes in each of the two
cavities through a narrow rectangular aperture. The
dropped channel is coupled to the transverse magnetic
fields of the HE mode in the rectangular guide.

The design of the channel diplexer requires the avail-
ability of known transmission and reflection properties
of the coupling apertures and tuning devices in the filter
structure, from which an equivalent circuit can be de-
rived. The latter is required in the filter synthesis. The
theoretical solution of the filter structure is obtained
from small aperture and small obstacle theory [8], [9].
The equivalent circuit of the channel diplexer is subse-
quently derived [10], [11] as shown in Fig. 2. For con-
venience in presentation, the equivalent circuits of the
semicircular ridges are not included in Fig. 2, but will
be introduced later on to show that without their pres-
ence in the filter structure in Fig. 1, the equivalent
circuit as shown in Fig. 2 will not be a complementary
filter [12].

Fig. 5 shows the network transforming steps for
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Equivalent circuit derived from small aperture theory.
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obtaining the prototype circuit of the bandpass section
[Fig. 5(c)]. Applying the network transformations of
Fig. 3 and Fig. 4 to the equivalent circuit in Fig. 5(a), a
typical bandpass filter circuit is obtained as portrayed
in Fig. 5(b).2 Thus a prototype bandpass circuit can be
derived from Fig. 5(b) consisting of a series element Z,

2] in Fig. 5(a) is half wavelength or a number (integers) of half
wavelengths depending upon the design specifications.
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Fig. 5. Network transformation for bandpass section.

and a shunt element Y, [Fig. 5(c)]. Z, and ¥, are shown
analytically in the vicinity of the center frequency of
the channel diplexer f; as
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Zx(f) Bui(f) — Bulfo) )
Y.(f) B11(f)B11(fo)

Bo and By, are the phase velocities of the Hg; and HY
modes, respectively. It is also shown in the network
transformation that, in order to obtain Z, and ¥, as
shown in (1), a 1-Q negative line length — 3, must be
added at x, and that a shunt reactance v,, must be ex-
tracted at go. The negative line length represents merely
a phase shift of the rectangular waveguide port at ux;,
while the shunt reactance y, must be compensated
(removed from the circuit at g,). It is to be shown that
yps Can be compensated by a semicircular ridge as por-
trayed in Fig. 1.

yps Of Fig. 5 may be written in approximation as
(B2«K1 in a practical design)

} = Boi(f) (1

2)(012 Ml

————— —— Afo1. 2
7 2% (x01) @1t $or @

Yps =

It can be shown from small obstacle theory that the
equivalent circuit of a thin semicircular ridge is a posi-
tive shunt reactance identical to v, as a function of
frequency but opposite in sign.

xo01” M
e o e
2% (x01) @1
M is the magnetic polarizability of the ridge that per-
turbs the longitudinal magnetic field of the Hy mode
perpendicular to the surface of the ridge. For the time
being, let us assume that the semicircular ridge is placed
at zo instead of Ag/2 away from gz, as shown in Fig. 1.
Thus it becomes clear from (2) and (3) that y,, can be
compensated [removed from the circuit as portrayed by
the dotted lines in Fig. 6(a)] by the semicircular ridge
for all frequencies.

A similar prototype network representation for the
bandstop section can be obtained from the following
network transformations. Each coupling waveguide as
represented by a line length L in Fig. 6(a) is replaced by
the familiar equivalent circuit shown in Fig. 7. The
reactance elements vy as well as the characteristic im-
pedance of the impedance inverters Z, are functions of
frequency. It should be noted that the characteristic
impedance of the impedance inverter is normalized to
unity at the design center frequency of the channel
diplexer but deviates significantly from unity at the
3-dB points of the filter, even for very narrow-band
designs. To achieve good design accuracy, the exact
frequency function of this characteristic impedance is
used in the synthesis instead of unity as conventionally
assumed. Applying the network transformation of Fig. 7
to the two coupling waveguides in Fig. 6(a) and after the
subsequent cancellation of the two impedance inverters,
the equivalent circuit in Fig. 6(a) is transformed into
its alternate representation in Fig. 6(b). The series
impedance is

Yoa = —j 3

Zy = Zo¥(ys + 2y) (4)
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and the shunt admittance is
(5)

Where y, and y,” are the shunt input admittances at z
and 2, respectively [Fig. 6(a)],

s =¥ + .

724, 60
s = a

y 3

1 + —cot 61]}7
2
and
, j2d.!

W= (6b)

B,
14+ 7 cot ,8111,-’

If the shunt admittance y at gy is neglected, it can be
shown that for Fig. 6(b) to be a complementary filter
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(i.e., the input admittance at the common port (port 1)
is frequency invariant (1 @) when port 2 and port 3 are
terminated into a 1-Q load), the following conditions
must be satisfied for all frequencies:

1

= Z,(f) = 7
Z(f) = Z(f) 7. ™
Y(f) = Yu(f) = 1 (8)

)= Y.(f) = Z0

and
Z(f) = 2Y(). ©
Consequently, the scattering coefficients are
| Su| =0 (10a)
| Sie? = 1 (10b)
R POMOIE
| S1s]? = EAULCs (10¢)
1+ [z(hr( |2

lzprp > 7
Szz 2 = 10d
5 [1+fﬂﬁY®P] 1

‘ . )
| 52 = [1 - IZ(f)Y<f)|2] (10¢)

ZH Y

St = St = QYO g

1+ [ zpprp ]

The condition specified by (9) is fulfilled as it is evi-
dently shown in (1). To fulfill the conditions specified
by (7) and (8), it is imperative that ¥, in (5) and Z, in
(4) are inverse functions of Z, and V,, respectively. Z,?
in (4) is an even function of frequency centered at fo.
y in (4) and (5) are odd functions of frequency similar
to (1) but with negligible magnitudes. Thus Z, and 7,
of (4) and (5) will be approximately inverse functions
of Z,and ¥V, as in (1) if y, and 9,’ are inverse functions
of (1). However, v, and »,” in (6) do not have such fre-
quency responses. ¥, can be shown analytically in the
vicinity of f, as

N 1 Bu1(fo)
Bor(f} Bulf) — Bulfo)

Similarly, y,” can also be shown as in (11). The inverse
of (11) isdifferent from (1) by a factor of Bu(f) cot Bu(f) 1.
Z, and Y, of Fig. 6(b) do not satisfy (7) and (8), and,
therefore, the equivalent circuit in Fig. 6 is not a com-
plementary filter.

From (11) and (1), one can easily see that by multi-
plying (6) with KBu(f) cot Bu(f)l, a modified shunt
input admittance at either 2; or 2, can be created as an

Vs tan ,811<f)lr. (11)
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Fig. 8. Equivalent circuit of the channel
diplexer as a complementary filter.

inverse function of (1). K of the multiplier, KB(f)
cot Bu(f), is a constant that must be properly chosen
such that the multiplication of (6) by the multiplier will
be physically realizable in the network. An appropriate
multiplier is found to be —(B,/2) cot Bu(f)l,, where
BrxBu(f). Let 9, and 7" be the modified shunt input
admittance at 2; and 2,. We then have

B,
¥: = y,(—-? cot .Bll(f)lr>

=y — j24, (12)

and

B,
)—’s' = ysl <'—7 cot Bll(f)lr,) (13)

=/ — 524,

Equations (12) and (13) signify the extraction of
shunt negative reactances vy,,=324, and y,/=3j24," at
z1and 2. [Fig. 8(a) ], respectively. §,~! and §,~* are shown
in the vicinity of f, as

B11(f)B11(fo) .
B11(f) — Bu(fo)

We may now conclude that a complementary filter can
be obtained from Fig. 6(a) by extracting v, at z and
Yrs' at 2. ¥ and ¥, are identical to y,q of (3) as func-
tions of frequency but opposite in sign. Therefore, v,
and v,/ can be compensated for by the semicircular
ridges at z; and 2 for all frequencies [removed from the

_5}::1} « Boi(f) (14)
7
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circuit as indicated by the dotted lines shown in Fig.
8(a)]. A canonical circuit representation of a two-pole
complementary filter is finally obtained as shown in
Fig. 8(b), where

1
Zy = Zo*(¥s + 29) 2 — (15)
Y,
Y= 5+ o (16)
8 ys y— Zp
Zp =2V, (17)

Thus the channel diplexer can be designed by com-
puting the polarizabilities of the coupling apertures
and the cavity lengths from the solutions of (10), (15),
(16), and (17). To achieve precise 3-dB bandwidth
specified in the design, the design parameters are com-
puted at either one of the two half-power points. Let f,
be the half-power frequency. Then

_ 1
1mM=w=ﬁwﬂ (18)
and
1 1
'MM=%‘EWH' (19)

The design parameters are computed from (18) and
(19). The design accuracy is shown by a typical design
of the channel diplexer with a center frequency of 102.76
GHz and a 3-dB bandwidth of 520 MHz. Substituting
the design parameters obtained from the design pro-
gram into the equivalent circuit in Fig. 2(a), the theo-
retical performance of the channel diplexer is analyzed
and shown in Fig. 9. It exhibits precise 3-dB bandwidth,
over 40-dB in-band return loss (VSWR <1.02) and over
30-dB out-of-band return loss (VSWR <1.053).

However, the computed theoretical performance in
Fig. 9 is based on an assumption made in the preceding
synthesis that the negative reactances ¥, ¥r., and y,,’
are compensated for by the semicircular ridges located
at zq, 21, and z; as in Fig. 8(a), i.e., directly under the
coupling apertures in the main waveguide of the chan-
nel diplexer. However, the presence of the compensation
ridges directly under the coupling apertures will perturb
the longitudinal magnetic field of the incident Hy; mode
close to the apertures and will alter the aperture cou-
plings computed in the design program. In order that
the compensating ridges compensate for the asymme-
try of the cavity frequency response without signifi-
cantly affecting the aperture couplings, they are placed
Ag/2 away from coupling aperture locations (Fig. 1).
This will preserve the good in-band performance
achieved by the design program while degrading the
out-of-band return loss (Fig. 10). A computer optimiza-
tion program was then used to optimize the out-of-band

COMPUTED RETURN LOSS (dB)

Fig. 9.
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return loss by varying either the dimensions of the com-
pensating ridges or their locations in the main wave-
guide relative to the locations of the coupling apertures
or both. If the channel diplexer is designed for use in a
frequency band less than 13-percent wide, it is found
that only the dimensions of the compensating ridges
should be varied to achieve better than 1.05 VSWR for
the entire band without having to alter other design
parameters. The result is shown in Fig. 10. For band-
width larger than 13 percent a small variation of the
locations of the compensating ridges becomes necessary.
In some extreme cases of the broad-band design a few
percent change of the aperture coupling of the two band-
stop cavities are needed. It has also been shown that
more than three compensating ridges can be used to
achieve better results.

IV. EXPERIMENTAL DESIGN

An experimental model of the channel diplexer of
Fig. 1 with center frequency at 3.95 GHz, a 3-dB band-
width of 20 MHz, and 0.175 in thick irises, was designed
and fabricated (Fig. 11). At this frequency the dimen-
sional tolerances of a fabricated filter can be controlled
effectively and the design theory can be verified with a
high degree of accuracy. This filter is a scaled version of
the diplexer design shown in Fig. 9 with a center fre-
quency of 102.76 GHz and a 3-dB bandwidth of 520
MHz.

The equivalent circuit of the channel diplexer used in
the design program and synthesis is derived from a first-
order solution of electromagnetic scatterings from the
coupling apertures. The design program computes the
polarizabilities of these apertures. In small aperture
theory the aperture dimensions may be computed from
these polarizabilities provided that the aperture dimen-
sions are small compared to wavelength and that the
apertures are infinitesimally thin. However, in practical
designs for millimeter wave applications, the rectangu-
lar apertures must be thick for practical purposes. In
this experimental design, the apertures of the scaled
model at 3.95 GHz are 0.175 in thick and 0.4 in wide.
The length of the apertures are either comparable to, or
larger than, a quarter wavelength. In order to hold the
accuracy to the design specification, the correlation be-
tween the computed polarizabilities of the design pro-
gram and their corresponding aperture lengths, as well
as the required length of the coupling waveguides of the
bandstop section, is established by measurements.

Fig. 12 shows the measured return loss at the input
port of the semicircular waveguide and Fig. 13 shows the
measured insertion loss for the through channels as well
as the dropped channel. The measured performance
compares very well with the theoretical performance in
Fig. 9(b) and Fig. 10, based on the corresponding fre-
quency scales as displayed in Fig. 12.

The experimental model was made of machined brass.
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Fig. 11.

Experimental channel diplexer.
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The measured loss at the center of the dropped channel
is 0.29 dB, as compared to 0.18 dB computed theoreti-
cally using dc conductivity. If copper were used, the
measured loss would be estimated at about 0.15 dB, as
compared to 0.093-dB theoretical loss. This estimate is
based on the relative dc conductivities of brass and
copper.

V. SUMMARY

It has been shown that a channel diplexer, envisioned
for use in a millimeter-wave waveguide transmission
system, can be designed. Agreement has been estab-
lished among design objectives, theoretical performance,
and measured performance of a scaled model. When the
experimental model is scaled to 102.76 GHz, it should
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have a 3-dB bandwidth of 520 MHz and an operating
band of over 12 GHz. If the waveguide surface rough-
ness could be scaled, the minimum transmission loss of
the dropped channel would be 0.8 dB.? However, in
practice a surface roughness of 8 uin is expected and the
loss is likely to become higher; but it should be less than
1.5 dB.* Using the proposed scheme in the channel di-
plexer design, the channel multiplexing can be accom-
plished with low loss for both the dropped channel and
the through channels. The excellent return loss at the
common port over a wide band also permits the connec-
tion of numerous channel diplexers in tandem as is re-
quired in a waveguide transmission system. The appli-
cation of the filter at millimeter-wave frequencies re-
quires development of manufacturing techniques.

It has also been shown that the synthesis method
developed in this paper will enable the designer to
achieve excellent design accuracy for filter structures
involving more than one mode. The conventional
method using a simple frequency transformation is no
longer applicable. Even in the case where the conven-
tional method does apply, the proposed synthesis tech-
nique provides better design accuracy because: 1) the
bandstop-type cavities are properly compensated; 2)
exact network representations of the coupling wave-
guide between the bandstop-type cavities are used
directly in the synthesis; and 3) in the design program

3 0.8 dB is estimated from the measured loss of the scaled filter
under the assumptions that the loss is proportional to +/f and that
the filter is made of copper.

¢ This figure is estimated from the measured intrinsic Q of a single
cavity at 92 GHz with respect to those measured at 3.95 GHz.
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the circuit elements are matched at the 3-dB point for
fulfilling the complementary condition.
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