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Novel designs of polarization-preserving
circular waveguide filters

JENS BORNEMANN AND SENG YONG YU

Novel designs of circular waveguide components for lowpass, highpass, bandpass, and bandstop applications are presented.
The filters are formed by cascaded TM,,-mode resonator sections which share a common axis, thus preserving the polariz-
ations of input signals due to rotational symmetry. Moreover, the filters are smaller than standard TE,,-mode bandpass
filters. Basic design considerations are discussed with respect to the connection of TM,,-mode resonators through circular
irises. Design principles for all four filter types are presented and their performances computed by the coupled-integral
equation technique (CIET). All filter performances are verified by the commercially available software package uWave

Wizard, and structural dimensions are provided.
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. INTRODUCTION

In order to preserve the polarization of signals, waveguide cir-
cuits are required to have a common center axis, and they
must conform to the following conditions: Each cross
section must be two-plane symmetric, such as in
quadruple-ridged waveguides [1, 2] or in orthomode horn
applications [3-5]. Alternatively, the entire component can
possess rotational symmetry, e.g. [6-9]. Both features benefit
from extended bandwidth, e.g. [4, 7], through the excitation
of only those modes that satisfy structural symmetry along
with that of the incoming electromagnetic field, e.g. [8, 9].

Modern microwave filters are required to possess proper-
ties such as wide bandwidth, improved out-of-band perform-
ance, the ability to generate transmission zeros, and
preservation of all polarizations. Although the mechanism to
generate transmission zeros at finite frequencies in the filter
response is well understood in standard dual-mode filters,
e.g. [10, 11], fulfilling the polarization-preserving specifica-
tions is not necessarily a straightforward design exercise, e.g.
[12].

Recently, inline rectangular waveguide filters have been
proposed which utilize the resonances of TM,, modes to
create filters and the fundamental-mode TE,,-mode bypass
coupling to generate transmission zeros [13]. Unfortunately,
this design does not lend itself to two-plane cross-section sym-
metry due to the mandatory offsets between connected wave-
guides. The equivalent scenario in circular waveguide
technology would employ TM,,-mode resonators. However,
the TM,,, will not be excited by an axial symmetric connection
to the fundamental TE,, mode of a circular waveguide. (The
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reader is referred to [14] for plots of modal field distributions
in rectangular and circular waveguides.)

Therefore, we utilize the circular waveguide TM,, mode to
create an equivalent to the so-called singlet design in rectangu-
lar waveguide [13]. It will be demonstrated in this paper that
this approach leads to the design of rotationally symmetric,
thus polarization-preserving, circular waveguide filters and
allows the creation of transmission zeros. Moreover, a band-
pass filter using TM, ,-mode resonators will be much shorter
than one realized with conventional TE,,-mode cavities.

This work is an extension of [15] but it incorporates a
number of additional aspects. First, we will explain the funda-
mental connections between TM,,-mode resonators and their
adjacent circular waveguide sections. Different scenarios are
discussed which will later be exploited for the design of
lowpass, highpass, bandpass, and bandstop filters. We also
demonstrate the limiting aspect of TM,,,-mode resonators as
opposed to TM,,-mode resonators. Finally, examples of band-
stop and lowpass filters are added which demonstrate that the
entire range of filter categories can be designed to preserve
polarization of the filtered signals.

Il. DESIGN CONSIDERATIONS

For the purpose of initiating the discussion with respect to an
individual filter category, we start with a regular circular wave-
guide iris filter that is straightforwardly designed using cas-
caded half-wave cavities separated by irises that act as
impedance inverters [16, 17]. The inset of Fig. 1 shows the
filter which is designed for a center frequency of 11.5 GHz,
a bandwidth of 500 MHz, and a return loss of 22 dB.
Stopband requirements were selected such that seven cas-
caded TE,,-mode cavities are obtained. This filter is used as
a first prototype to satisfy the demand for the preservation
of polarization. WC 8o (20.24 mm in diameter) input and
output waveguides are selected and are maintained
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Fig. 1. Performance of a seven-resonator regular circular waveguide iris filter
designed for s00 MHz bandwidth at 11.5 GHz (cf. Table 1).

throughout the paper for better comparison between filters or
filter components. The fundamental TE,,-mode cutoff fre-
quency of the ports is 8.68 GHz. Due to rotational symmetry,
the next excited higher order mode is TM,, with a cutoff fre-
quency of 18.1 GHz. Thus, the operational bandwidth under
consideration of rotational symmetry is about 9-18 GHz.
Similar principles are applied in other on-axis connected cir-
cular waveguide components such as, e.g., corrugated horns
[7]. The cutoff frequencies of the two modes involved in
this work are

Jere,, = 1-8412%, Jerm,, = 3-8317é, (1)
where ¢ is the speed of light and d is the diameter of the
waveguide.

Figure 1 shows the performance of the regular circular
waveguide iris filter. Its length from first to last iris is
131.5 mm with 1 mm thick irises (cf. Table 1). It is observed
that the main passband is well represented but a second
wider passband appears already at 15.5 GHz, thus limiting
the applicable bandwidth of such a design.

In order to improve the stopband performance, the use of
frequency-dependent radial inverters was suggested [3] as
they are capable of adding transmission zeros in the lower
and/or upper stopband of a bandpass filter. As is demon-
strated in [3, 15], however, the introduction of such trans-
mission zeros fails to prevent the second passband due to
the fact that the electrical lengths of the resonators remain
largely unchanged.

In order to eliminate the second passband in Fig. 1 or move
any higher-order resonances beyond 18 GHz, shorter cavities
must be used whose resonances are independent of length.
This is possible by using resonating TM,,,, modes. As
pointed out earlier, the TM,,, mode will not be excited by a rota-
tionally symmetric connection to a fundamental-mode circular
waveguide. Therefore, we are investigating in Fig. 2 the use
TM,,,-mode cavities. In all three cases, the cavity has a diameter
of 36 mm and a length of 2 mm. These dimensions have purpo-
sely been selected to provide a resonance that is lower than
the passband in Fig. 1. It will aid in demonstrating in Fig. 3
the limitations of an offset-connected TM,,,-mode resonator.

Figure 2(a) shows a direct connection between the
TM,,,-mode cavity and WC 8o waveguides whose
TE,,-mode cutoff frequency is at 8.68 GHz. The resonator

Table 1. Dimensions of circular waveguide filters (diameters d, and
lengths [,, in mm).

Fig. 1 Fig. 4 Fig. 6 Fig. 7 Fig. 8

d, 20.240 20.240 20.240 20.240 20.240
Iy 10.000 10.000 10.000 10.000 10.000
N 12.185 12.522 17.444 33.489 24.860
I, 1.000 0.500 10.540 1.217 2.980
d, 20.244 29.838 34.472 19.524 20.003
N 16.043 4.940 1.198 5.579 4.300
3 9.419 9.877 15.818 32.331 25.596
l3 1.000 0.500 6.167 3.856 3.774
d4 20.244 29.813 30.565 19.485 19.872
l4 18.057 4.018 2.834 2.950 2.268
ds 8.673 8.015 13.049 31.702 25.184
I 1.000 0.500 0.972 5.728 3.110
des 20.244 30.272 29.639 18.278 20.122
Is 18.423 3.176 4.950 1.904 1.452
d, 8.518 7.082 12.981 31.274 26.348
l7 1.000 0.500 2.009 6.266 3.516
dg 20.244 30.490 29.604 18.278 20.765
Iy 18.478 3.103 5.637 1.904 2.703
d9 8.518 7.082 12.981 31.702 27.836
I 1.000 0.500 2.009 5.728 3.555
dy, 20.244 30.272 29.639 19.485 20.949
Lo 18.423 3.176 4.950 2.950 3.012
d,, 8.673 8.015 13.049 32.331 26.630
L, 1.000 0.500 0.972 3.856 5.265
d,, 20.244 29.813 30.565 19.524 20.363
L, 18.057 4.018 2.834 5.579 3.241
d13 9.419 9.877 15.818 33.489 27.890
113 1.000 0.500 6.167 1.217 3.565
d,4 20.244 29.838 34.472 20.240 19.949
l14 16.043 4.940 1.198 10.000 1.213
d,s 12.185 12.522 17.444 27.739
Ls 1.000 0.500 10.540 6.215
di 20.244 20.240 20.240 19.863
Ls 10.000 10.000 10.000 1.402
d,, 28.410
L, 3.911
dis 20.240
lis 10.000

produces as notch at 10.15 GHz similar to an E-plane stub
in a rectangular waveguide. The resonance close to the
cutoft frequency occurs due to the fact that at and close to
cutoft, all sections support fundamental-mode propagation.
This is also known from rectangular waveguide lowpass [16]
and bandpass filters [18].

The basic shape of the curve in Fig. 2(a) implies that this
direct connection can be exploited for either lowpass or band-
stop filter applications. In the progress of connecting the
TM,,,-mode cavity to the input/output guides through
irises, Fig. 2(b) shows coupling through a large iris.
Compared to Fig. 2(a), we observe that the resonance close
to cutoff vanishes as the iris prevents propagation at or
close to cutoff. The notch frequency in Fig. 2(a) moves down-
wards to 9.45 GHz due to the fact that the irises contribute
to the notch effect. A new resonance appears at 9.85 GHz.
Moreover, another resonance (towards 12.5 GHz and
beyond) might possibly be exploited for highpass applications.

As coupling through the irises decreases (Fig. 2(c)),
the TM,,,-mode resonance becomes more pronounced
(9.62 GHz), and the notch frequency moves down to
9.2 GHz. This is the basic shape required for bandpass filters.
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Fig. 2. Performance of a TM,,,-mode cavity coupled to standard circular WC
8o waveguides: (a) direct coupling, (b) through large irises, and (c) through
small irises.

For a bandpass filter designer, the question as to whether
the transmission zero in Fig. 2(c) can be moved from being
below to above the resonance is of fundamental importance.
The answer is negative if rotational symmetry is to be main-
tained. Since the structure in Fig. 2(c) represents a singlet
[13], the transmission zero is generated by a bypass coupling
of the TE,, mode through the TM,,,-mode resonator. Note
that the cavity is too short for the TE,, mode to resonate. In
order to move the transmission zero to the other side, the
polarity of the main resonator must be reversed [13].
However, this is only possible if the feeding waveguide is
moved off the center of the cavity. Figure 3 shows such a

POLARIZATION-PRESERVING CIRCULAR WAVEGUIDE FILTERS
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Fig. 3. pnWave Wizard computation of an offset-connected TM,,,-mode
cavity with the transmission zero to the right of the resonance.

structure and its performance. Indeed, the transmission zero
appears on the right side of the resonance. However, the resonat-
ing mode is no longer a pure TM, ,, but a combination of modes
including the TM,, mode, which is excited due to the off-center
connection. The cutoff frequency of the TM,,, mode is

¢
Jerm, = 2.405— (2)
and it will propagate in the input/output ports above 11.34 GHz,
thus severely limiting the operational bandwidth in addition to
the loss of the polarization-preserving property of the filter.

For the design of rotationally symmetric circular wave-
guide filters, a coupling matrix approach according to [13]
can be used in principle. However, it was experienced that
the repeated computations of direct and bypass couplings
for each resonator required large amount of manually input
data. Therefore, the respective scenarios of Fig. 2 are selected
for the filter characteristic at hand, and optimized [19] to
satisfy a predefined response. The computational speed of
the coupled-integral equation technique (CIET) permits the
filter design to be completed within normal time frames. For
instance, the analysis of the filter in Fig. 4 with 500 frequency
points, TE/TM,,, modes up to 1000 GHz and TE/TM, ,-mode
basis functions up to 200 GHz requires 8 s on a dual-core
1.66 GHz PC with 2 GB of RAM.

. RESULTS

In order to compare a bandpass filter based on TM,,-mode
cavities with the standard circular-iris filter displayed in
Fig. 1, we use the properties displayed in Fig. 2(c) and
cascade seven such resonators. Figure 4(a) shows the filter
structure and its performance including comparison obtained
with the pWave Wizard. Several differences are noted when
comparing this response with that of Fig. 1. We obtain
seven transmission zeros below the passband according to
Fig. 2(c). The transition from stopband to passband between
11 and 11.25 GHz is significantly improved due to the appear-
ance of the transmission zeros. This comes at the expense of a
reduced stopband performance immediately above the pass-
band. However, this apparent disadvantage is offset by the
elimination of the second passband in Fig. 1 (15.5-18 GHz),
where the filter in Fig. 4(a) maintains an attenuation of
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Fig. 4. Performance of a seven-resonator TM,,-mode filter (Table 1) for
comparison with Fig. 1: (a) S parameters and (b) tolerance analysis.

35 dB. Note that the nearly constant attenuation level towards
higher frequencies is in accordance with filter theory since all
possible transmission zeros appear below the passband.
Finally, the TM,,-mode filter in Fig. 4(a) is considerably
more compact as its length from first to last iris is only
31.4 mm (cf. Table 1) - a reduction by more than 75% com-
pared to the filter in Fig. 1.

The practical filter designer is, of course, concerned about
accuracy of fabrication and tolerances involved in the process.
Therefore, Fig. 4(b) shows a tolerance analysis of this filter.
One hundred trials with variations of up to +25 wm are
performed and plotted as thin gray lines in Fig. 4(b). Itis demon-
strated that the stopband performance displays a negligible
influence on manufacturing tolerances of +25 um and that
the passband return loss variations are well within the margins
of tolerance analyses performed in [20]. It is thus apparent
that this filter (and the ones presented later in this paper) is
subject to the same dependencies for mass production as other
filters with or without transmission zeros [20].

Another advantage of utilizing TM,,-mode resonators
becomes apparent when further investigating the capabilities
of the singlet shown in Fig. 2(b). By increasing the length of
the resonator as well as the diameters and lengths of the con-
nected irises, two more resonances, which appear above that
of the TM,, mode can be exploited. This is shown in Fig. s,
where the |S,,| minimum at 11.41 GHz is due to the TM,,,
resonance. The TE,,-mode resonance in the iris causes the
dip at 13.5 GHz, and that at 16.5 GHz is due to the TE,,,
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Fig. 5. Performance of an extended TM,,,-mode singlet incorporating
resonances of irises and that of the TE,,, mode.

resonance in the large cavity. Consequently, such a combi-
nation of axially connected circular waveguide sections is des-
tined for quasi-highpass applications.

Based on this investigation, a quasi-highpass configuration
formed by seven TM,,-mode resonators is assembled and
optimized for a roll-off frequency of 11.21 GHz and return
loss of 24 dB. The filter is shown in Fig. 6 (inset) together
with its performance. The length including input and output
irises is 63 mm and thus about twice as long as the bandpass
filter depicted in Fig. 4. Note that rotational symmetry and
thus polarization preservation has not been compromised.

For comparison with measurements the reader is directed
to [21] where a comparable quasi-highpass filter in rectangu-
lar waveguide technology has been presented. The excellent
agreement between measurements and CIET results in [21]
as well as the verification of the filter response in Fig. 6
by the pWaveWizard validates the design procedure for
polarization-preserving circular waveguide TM, ,-mode filters.

Figures 4 and 6 demonstrate bandpass and highpass per-
formances, respectively, of rotationally symmetric circular
waveguide components. The up-to-now missing filter cat-
egories are bandstop and lowpass filters. According to
Fig. 2(a), sandwiching a TM,,,-mode resonator between two
fundamental-mode circular waveguides produces a frequency
notch. In order to obtain a narrow stopband and, at the same
time, maintain an acceptable return loss (e.g. 20 dB) in the rest
of the frequency range, a number of TM, ,,-mode cavities with
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Fig. 6. Performance of a quasi-highpass filter (Table 1) with seven
TM, ,,-mode resonators and additional resonances according to Fig. 5.
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Fig. 7. Performance of a bandstop filter with seven TM, ,,-mode resonators;
dimensions cf. Table 1.

very similar resonance frequency must be cascaded. The per-
formance of such a seven-resonator filter is shown in Fig. 7.
The 20 dB return loss bandwidth extends up to 11.14 GHz
and beyond 11.86 GHz; the 20dB rejection band lies
between 11.3 and 11.7 GHz with more than 6o dB attenuation
between 11.46 and 11.59 GHz.

A lowpass filter is obtained by following the same design
principle as for the bandstop filter. However, the individual
notch sections have to be initially designed for different fre-
quencies to cover the entire stopband towards higher frequen-
cies. This leads to a design that, contrary to the ones shown
previously, is asymmetric in axial direction, but still maintains
rotational symmetry. The inset in Fig. 8 depicts a lowpass filter
formed by nine TM, ,,-mode cavities, each of which contrib-
utes to one of the nine notch frequencies shown between 14.4
and 18 GHz in Fig. 8. The level of attenuation was set to 35 dB
during optimization with a return loss of at least 20 dB in the
passband from 9 to 14 GHz. As in previous examples, excel-
lent agreement with results from the wWave Wizard is
demonstrated.

V. CONCLUSION

Novel designs of TM,,-mode filters in circular waveguide
technology are presented. It is demonstrated that such filters
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Fig. 8. Performance of a lowpass filter with nine TM,,,-mode resonators;
dimensions cf. Table 1.

POLARIZATION-PRESERVING CIRCULAR WAVEGUIDE FILTERS

possess a number of significant advantages to standard circu-
lar waveguide iris filters. TM,,-mode filters are smaller and do
not suffer from a second passband within the frequency range
of application. They allow for design flexibility with respect to

lowpass, highpass, bandpass, and bandstop operation. All
filter structures exhibit cross-sectional rotational symmetry

and thus preserve the polarization of any input signal.
Excellent agreement with the commercially available software
package pwWave Wizard validates the design approach. A tol-
erance analysis for the bandpass filter reveals dependencies
comparable to other filters of comparable bandwidths.
Structural dimensions of all filters are provided and can be
scaled to different frequency bands.
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