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A Ka-Band Fully Tunable Cavity Filter

Bahram Yassini, Member, IEEE, Ming Yu, Fellow, IEEE, and Brian Keats

Abstract—A TEy11 Ka-band tunable filter with a stable and
continuous tuning performance is presented in this paper. Both
bandwidth and center-frequency tunability are demonstrated by
cascading six-pole pseudo-low-pass and pseudo-high-pass tunable
filters. A novel mode-splitter resonator and coupling configura-
tion enabling cross-coupled planar TEy; filter realization is in-
troduced in this paper. The concept can be applied to back-to-
back coupled TEq11 resonators as well. The filter design is verified
through fabrication of multiple tunable filters that demonstrates
500 MHz of tuning range with a stable RF tuning performance.

Index Terms—Cavity resonators, coupling, reconfigurable archi-
tectures, TEqy1, tunable filters.

I. INTRODUCTION

EALIZING a flexible transceiver, particularly for recon-

figurable payloads, presents a number of technical chal-
lenges; bandwidth tunability, center-frequency tunability, and
selectivity must be achieved over a wide frequency range [1]. If
tunability is realized by resizing cavities, the actuation system
must exhibit minimal power consumption. Latching is required
to ensure that power is only consumed during a tuning operation
and to maintain filter performance while the mechanism is un-
powered. A key design parameter in realizing the filter function
for a tunable filter is the desired mode.

The field pattern of a cylindrical cavity operating in the TEg11
mode is an attractive choice for tunable filters. Along with a
high quality factor, the field pattern and current distribution
offer key advantages for realizing tunable filters. However, this
mode of operation is degenerate with a pair of low-quality-
factor TM11; modes that need to be separated from the oper-
ating TE¢11 mode without degrading the quality factor or overall
filter performance [2], [3]. Realization of a filter function in a
cross-coupled resonator configuration such as this presents an-
other challenge [4]; however, a cross-coupled realization is es-
sential since a planar layout allows for a single actuation mech-
anism to realize tunability. To the best of our knowledge, no
demonstration of stable tuning performance using this mode can
be found in the literature.

The most efficient technique to split the degenerate TM1;
mode from the operating TEg3; mode is shaping the cavity res-
onator [2], [3]. This technique uses a barrel-shaped cavity re-
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lating the modes of a cylindrical cavity to those of a spherical
cavity. However, this shaping method increases the overall filter
footprint and is difficult to manufacture. Another technique in-
troduced in [4] employs metallic posts to split the degenerate
TMj11 mode, but it suffers from fabrication complexity and
performance degradation. In [5], a disc-loaded technique is pre-
sented for the L-band. The efficacy of this technique is not sub-
stantiated and clarified. In [5], however, the disc is not used to
split the degenerate TM;1; mode.

All of the published TEy;; filters use a below-resonance iris
(short iris) to couple two cavities. This type of iris only realizes
one coupling sign in a side-to-side (planar) cross-coupled cavity
configuration. Therefore, it does not offer an all-purpose and
comprehensive solution to realize any desired filter function in a
planar and cross-coupled fashion using TEq11 cavity resonator.

Although the extracted-pole technique [6] can be employed
to realize a filter response in a planar fashion using the same
sign coupling configuration, this technique suffers from a size
disadvantage. The extracted pole design is not attractive for tun-
able filter design because of the frequency-sensitive transmis-
sion lines used between cavities.

The back-to-back coupling employing an offset-cavity tech-
nique in two layers described in [4] can provide both positive
and negative couplings. This method increases the overall filter
envelope due to the offset cavity configuration. This configu-
ration is not practical where a single actuation mechanism will
simultaneously tune all cavities.

The single-layer cross-coupled cavity design presented in this
paper is an attractive filter configuration, particularly for tunable
filter realization. This configuration requires both positive and
negative coupling to realize the desired filter function. A design
that can address both coupling signs in a planar cross-coupled
fashion has not been introduced in the literature. The presented
tunable filter technology offers both bandwidth and center-fre-
quency tunability. By matching the tuning curves of the cav-
ities, a single actuation mechanism can be used for all filter
cavities. This configuration minimizes power consumption and
complexity.

II. END-CAP METAL-RING TM711; MODE-SPLITTER

In order to split the degenerate TM;7; mode, a feature is re-
quired that will move the TM;1; resonance, while minimally
affecting the desired TEO11 mode.

Electromagnetic field and current distribution for the desired
TEg11, the degenerate TM;1; and the high-frequency spurious
TE311 modes are shown in Fig. 1. Normalized electric field
strength versus normalized radius for all of the electric field
components of these modes are also shown in Fig. 2.

TEg11-mode electric field strength and current distribution
approach zero at both the center and edge of the cavity. Due
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Fig. 1. Electric and magnetic field and current distribution for the TEgyy,
TM111, and TE311 modes.
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Fig. 2. Normalized electric field strength versus normalized radius.

to the weakness of the current flow and electric field at the
center and edge of the end walls, introducing a properly de-
signed perimeter channel and center bore as shown in Fig. 3
will have a minimal effect on the desired TE(;1 mode.

However, the TM31-mode current distribution is strong at
both the center and edge of the end wall. Both radial and angular
components of the electric field are strong at the center while the
radial component is also strong at the perimeter. Although the
longitudinal component of this mode () follows the same dis-
tribution versus cavity radius as the angular component of the
TEg11 electric field, it has the opposite distribution along res-
onator axis and has its maximum at the end wall. The perimeter
channel and center bore described in Fig. 3 will therefore per-
turb this mode strongly and lower the resonant frequency sig-
nificantly. The magnitude of this shift depends on the dimen-
sions of the channel and bore. The bore diameter should be less
than 48% of cavity diameter since longitudinal electric field of
TMj1; is maximum at this point, and the bore will counter-af-
fect the gap if it is larger than that value.

The high-frequency spurious TE31; mode is strong at the
end-wall edge and weak at the center. Its resonant frequency
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is also shifted lower by the end cap channel and bore. However,
the impact is significantly less than on the TM;1; mode due to
the longitudinal electric component of the TM;;; mode being
maximum at the end cap. The impact is also lessened by the dif-
fering field and current distribution (Fig. 1).

The channel and bore dimensions should be carefully de-
signed to optimize the spurious-free window with the minimum
impact on the TEy;; quality factor or exciting other unwanted
modes.

The structural details of the mode-splitting end cap are shown
in Fig. 3. The combination of the perimeter channel and center
bore forms an end-cap metal ring mode-splitter.

The cavity can be loaded with one or two mode-splitters,
depending on the application. The channel can cause unwanted
resonance if the length is too close to a quarter-wavelength
(of free space). The channel length must therefore be well
below a quarter wavelength to avoid these unwanted resonant
frequencies.

A movable end cap can be introduced in the cavity to make it
tunable, as shown in the Fig. 3. Electrical contact must be pro-
vided between the end of the channel and the cavity wall. The
enclosure contact must provide adequate conductivity to create
a near short-circuit condition. This will guarantee that the de-
generate TM;1; mode and other spurious modes are kept out-
side of the operating frequency range. This criterion can also be
achieved with reactive impedance. Violating this condition may
provide unwanted surface impedance that will not only shift the
TE311 and TM11; mode undesirably, but also create other un-
wanted resonant modes that can be sufficiently close to the op-
erating frequency to degrade the overall filter performance.

It is well known that the imperfect conductivity at the enclo-
sure contact does not affect the quality factor of the operating
TEg11 mode. Therefore, the enclosure criteria can be met with
a sliding contact mechanism to create tunability for a resonator
or filter.

The spurious performance of the proposed resonator is
shown in Fig. 4. A resonator without the center bore is shown
for comparison. The channel length is varied from 0.05 to
0.09 in and TEgy;;, TM;i;, and TEg1; resonant frequencies
are computed using a full-wave solver. More than 2 GHz of
spurious-free window (TE311-TMj1) is achieved using this
technique. The figure shows that the center bore shifts the
degenerate TM;;; mode further toward lower frequencies
without impacting TEgq; and TEs;; modes. For the dimensions
shown here, end caps with both a perimeter channel and center
bore increase the spurious-free window by 400 MHz compared
with a perimeter channel alone.

III. LONG IRIS FOR POSITIVE COUPLING

A coupled TEg;; resonator is shown in Fig. 5. Coupling is
realized through an iris. It is common practice to use an iris
with a length less than half the free-space wavelength (below
resonance). This type of iris is referred to here as a short iris. A
short iris provides only negative coupling.

Introducing an iris with positive coupling offers additional
design flexibility, since it allows for a filter layout with both
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Fig. 3. Tunable TEq;; resonator with mode-splitter rings.

coupling signs. An iris with a length longer than half of the
free-space wavelength (over the resonance) can provide positive
coupling (opposite sign of the short iris) between cavities. This
configuration is referred to here as a long iris. The following is
an example on how these two irises are different.

Table I shows the simulated odd- and even-mode frequen-
cies for short and long irises in a side-to-side metal ring loaded
TEg11 coupled resonators. It has to be noted that cavities should
be properly sized to fit the long iris without performance degra-
dation. It is clear from this table that the coupling sign of the long
iris is opposite of the one for the short iris. The idea of the long
iris is also applicable to the back-to-back coupled resonator.

One interesting characteristic of the long iris is its low sen-
sitivity to its height variation and to the cavity length (cavity
resonant frequency) change. This feature makes it a good can-
didate for applications that require stable coupling over a wide
frequency range or cavity-length variation. Consider a block of
two coupled side-by-side TEy;1 tunable resonator, as shown in
Fig. 5. The top end walls of both cavities include metal rings
displaced by £0.02 in to represent more than 450-MHz range at
K a-band (20 GHz). Coupling variation for short and long irises
is shown in Fig. 6. This figure shows that the long iris coupling
value variation is less than 3.5% versus 10% for the short iris
over more than 450 MHz (around 2.5%) of tuning range. There-
fore, tunable filters with a stable response can be designed by
incorporating long irises in the design.

IV. APPLICATION IN FILTER DESIGN

The introduction of a long iris offering positive coupling
(along with a short iris with negative coupling) can be em-
ployed to improve the TEO11 filter design for both functionality
and layout. Realizing many filter functions in a cross-coupled
planar TEO11 structure is feasible by employing long and short
irises properly.

A. A Four-Pole Elliptic Filter Function

Both coupling signs are required to realize a cross-coupled
four-pole elliptical filter function with two transmission zeros.
Long and short irises can be used to realize such a filter in a
planar TEy1; configuration, as shown in Fig. 7. The filter struc-
ture comprises of three sequentially coupled long irises (posi-
tive signs) and one short iris to realize negative cross coupling.
Resonators are loaded metal-ring mode splitters to isolate the
TM;i11 mode. Input and output ports are rotated by 30° to min-
imize stray coupling and balance the notches. Full-wave simu-
lation of such a filter is shown in Fig. 8. The in-band response
is clean, and the degenerate mode is shifted down as expected.
Simulation demonstrates that the degenerate TM;1;; mode is
lowered by another 450 MHz by the center bore as expected.

B. Realizing Planar Asymmetric Filter Functions

Asymmetric filter functions can be realized using trisection
building blocks as shown in Fig. 9. Trisection building blocks
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Fig. 4. Spurious modes for a 20-GHz TE:: resonator with metal ring
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Fig. 5. Two TEgy11 metal ring-loaded resonators coupled through an iris. (a)
Side view. (b) Top view.

offer size and expandability advantages. Coupling structure
for both pseudo-low-pass and pseudo-high-pass 6-2 filters are

shown in Fig. 9(a) and (b), respectively. These are six-pole
filters with two transmission zeros. Each trisection provides
three poles and one transmission zero.

Although both pseudo-low-pass and pseudo-high-pass
coupling matrices are not unique, one can conclude that the
pseudo-low-pass version is not realizable without positive
coupling [7]. The positive-coupling long iris is used to realize
this filter. A cross-coupled pseudo-low-pass filter employing all
positive coupling signs is shown in Fig. 9(a). This filter function
is realizable in a planar TEg1; direct-coupled configuration
using the introduced long iris [8]. Fig. 10 shows a layout of
such a filter incorporating two trisections and cavities loaded
with a metal-ring mode splitter. All of the TEg;; resonator
cavities are directly coupled using long irises to realize positive
coupling. The same layout with different iris sizes can be used
for pseudo-high-pass versions to realize the coupling structure
shown in Fig. 9(b). A pseudo-high-pass filter is also realizable
using all negative coupling signs.

V. TUNABLE TEgy1; FILTER

A variety of tunable filter technologies have been reported
in literature and industry [9]-[21]. Presenting both bandwidth
and center frequency tunability with a stable response over a
wide tuning range is still a major challenge among them. It is
known that bandwidth adjustment can be realized by cascading
two (low-pass and high-pass) tunable filters. Both bandwidth
and center frequency can then be tuned by tuning each filter
center frequency with respect to each other. The resultant cas-
caded performance is the overlap of the two filter responses.

Both filters should maintain their in-band and rejection
performance when tuning center frequency. This is the main
challenge in the cascade approach, particularly at microwave
frequencies. The introduced tunable metal-ring loaded TEgy13
cavity and long coupling iris (positive coupling) are the key
elements to realize such a stable tunable filter response.

TEy11 metal-ring loaded cavity resonators and combinations
of long and short irises can be employed to realize both pseudo-
low-pass and pseudo-high-pass filters in the same planar layout,
as shown in Fig. 10. The center bore of the metal ring is not used
for simplicity in the example provided in this paper. The center
bore can be added if a wider spurious-free window is required.
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Fig. 6. Coupling value variation for a K a-band (20 GHz) metal ring-loaded
TEg11 coupled resonators. (a) Coupling variation versus displacement (b) Cou-
pling variation versus resonance frequency.

It is important where possible to use (long) positive cou-
pling irises in both designs to achieve a stable RF performance
over the tuning range as the long iris exhibits a very small cou-
pling variation over the tuning range (Fig. 6). Therefore, the
pseudo-low-pass filter is realized using all positive (long) cou-
pling irises. The pseudo-high-pass version is realized using five
positive (long) coupling irises for sequential coupling and two
negative (short) coupling irises for cross coupling. Input and
output irises are located at 90° with respect to the sequential
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Fig. 7. Four-pole planar TEy, filter incorporating mode-spliter ring and long
and short irises to realize elliptic filter function.

coupling irises (Iris-12 and Iris-56, respectively) to suppress
TE31; coupling and reduce stray coupling.

Each cavity has a different resonant frequency, as shown by
coupling matrices in Fig. 9(a) and (b). Therefore, tuning curves
of cavities must match each other to maintain filter response
over the tuning range. Independent cavity actuation can achieve
that at the cost of multiple actuation systems and a more com-
plex tuning mechanism. A single actuation mechanism is pos-
sible if the tuning curves are matched for each cavity.

The resonant frequency of each TEg;; cavity is governed by
the following equation:

where y{; is the first zero of the derivative of the Bessel function
of the first kind and order 0 and /; and 7; are length and radius
of the ¢th cavity, respectively.

The derivative of resonant frequency of each cavity with re-
spect to its length can be derived from (1) as

afi 2 1

@)

Therefore, the following criterion ensures that resonator
tuning curves matches at the middle of the tuning range:

fil} = 108, 3)

Considering the typical dimensions of a K a-band (20 GHz)
TEg1; filter (Fig. 4) and (2), the tuning slope is in the range of
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Fig. 10. Cross-coupled planar TEgq; filter layout incorporating metal-ring
mode-splitter and long/short irises to realize both pseudo-low-pass and
pseudo-high-pass 6-2 filter functions.
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Fig. 11. Tunable filter moving section including tuning plate, tuning
disc/plunger, and sliding contact.

10 MHz/mil. Thus, 25 mil (5% of cavity length) is required
for £250-MHz (a total of 500 MHz) tuning range. Bearing in
mind the self-coupling values presented in the coupling struc-
ture from Fig. 9, a bandwidth of 170 MHz, and a tuning range of
500 MHz, one can use the first-order approximation of (3) and
derive the following formula for the length of each cavity with
respect to the length of first resonator or any desired reference

resonator:
Ji—h
hi=h (1 3f1 ) . @
Criterion (4) is satisfied by properly choosing each cavity di-
ameter at the middle of the tuning range. Therefore, a uniform
plunger displacement incorporating single actuation is adequate
to provide an efficient and cost-effective tuning mechanism.
The moving part of the tunable filter including tuning plate
and six plungers is shown in Fig. 11. Each plunger contains a
mode-splitter disc and a sliding contact, as shown in Fig. 11.
A conductive elastomer tube is used to provide sliding contact.
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The elastomer has a conductivity of 20 000 S/m, providing ade-
quate conductivity to enclose other modes (particularly TM; 1,
and TE311). The sliding contact does not affect the TEg1; mode
as was described in the previous section.

The filter is tuned over the desired tuning range by ad-
justing the tuning plate attached to the six plungers using a
stepper motor. RF tuning performance of both TE(1; tunable
pseudo-high-pass and pseudo-low-pass filters are shown in
Fig. 12. Fig. 12(a) and (b) includes simulated performance
for comparison. The in-band performance is clean and the
degenerate TM1; mode is moved lower as expected.

A 500-MHz tuning range is demonstrated through
£0.0027-in adjustment of the tuning plate using a stepper
motor. Stable tuning performance is achieved. Nominal 3-dB
bandwidth at the center of tuning range is 190 and 200 MHz
for pseudo-high-pass and pseudo-low-pass filters, respectively.
Bandwidth variation is less than 1.5% (£3 MHz) for both
tunable filters over the 500-MHz tuning range. Both filter
shapes are stable over the entire 2.5% tuning range. Return loss
is maintained at better than 17 and 20 dB for pseudo-high-pass

and pseudo-low-pass tunable filters, respectively. To the best
of our knowledge, this is the best tuning performance demon-
strated in the literature.

Near-band rejection performance is stable, particularly for the
pseudo-low-pass version where the filter exhibits stable notch
levels over the entire measured tuning range. Overall tuning per-
formance for the pseudo-low-pass version is more stable since
it uses only long irises for coupling.

Measured minimum insertion loss and extracted () main-
tained their value between 0.2-0.22 dB and 15500-16 000
over the 500-MHz tuning range. The simulated values for
insertion loss and @) are 0.16-0.17 dB and 18 000. Comparing
simulated and measured values verifies that the sliding contact
is not degrading filter performance. The presented technology
has a great advantage over microelectromechanical systems
(MEMS) and varactor-based technologies and techniques since
it can handle high power and has a potential application for
output circuits [22], [23].

Fabricated pseudo-low-pass and pseudo-high-pass tunable
filters are used in a cascade configuration, as shown in Figs. 13
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Fig. 13. Tunable filter block diagram in a cascade configuration capable of
tuning center frequency and bandwidth.

and 14, to realize both bandwidth and center frequency tun-
ability. An isolator is used to connect the two halves of the
tunable filter as shown in Fig. 14. Measured tuning performance
is shown in Fig. 15. A bandwidth tuning of 40—160 MHz over
more than 500-MHz tuning range is exhibited maintaining a
very stable in-band and out-of-band performance.

The realized tunable filter achieves a step size of 1 MHz. The
repeatability of the mechanism was demonstrated over a life
test that consisted of 1400 iterations across the 500-MHz tuning
range in 125-MHz increments for a total of 11201 actuations.
The total worst case variation of the —3-dB band-edge measured
during this test was 0.94 MHz (Fig. 16).

Fig. 14. Cascaded TEq;; tunable pseudo-low-pass and psuedo-high-pass fil-
ters to realize full tunable filter with center frequency and bandwidth tenability.

The precision of the fine-tuning performance is shown across
the tuning range (single-step) in Fig. 17. A frequency lookup-
table (LUT) was constructed from prior measured tuning perfor-
mance. The measured error with respect to the LUT is shown,
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along with the measured —3-dB band edge. The LUT error is
within approximately +0.5 MHz.

The pseudo-high-pass filter was subjected to random vibra-
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plane axis. The pre- and post-vibration filter response is shown

in Fig.

18. The filter response is unaffected by dynamic loading.
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The details of the mechanism design are beyond the scope
of this paper. These data are presented to demonstrate that this
filter design can be realized with a robust tuning mechanism
capable of achieving excellent tuning resolution and repeata-
bility, while simultaneously withstanding dynamic loads typical
of space applications.

VI. CONCLUSION

A metal-ring loaded TEg1; resonator is shown to offer wide
spurious-free window by splitting the degenerate TM;1; mode.
The introduced resonator offers tunability without performance
degradation.

A cross-coupled planar TEq1; cavity resonator incorporating
an end-cap metal ring feature and a novel long iris to realize
positive coupling in a direct-coupled cavity layout is intro-
duced in this paper. The long iris allows for any transmission
zero locations to be realized in a cross-coupled planar TEg1;
configuration.

Pseudo-low-pass and pseudo-high-pass tunable filters with
complex filter function and stable tuning performance were de-
signed and fabricated using the presented idea. Both filters em-
ploy the same layout and actuation mechanism. To the best of
our knowledge, this is the most stable tunable filter presented in
the literature with respect to return loss and transmission zeros.
The filter maintains steep selectivity and excellent return loss
over the tuning range.

A 40-160-MHz bandwidth and 500-MHz center frequency
tuning range at the 20-GHz band was exhibited by cascading
pseudo-low-pass and pseudo-high-pass tunable filters.

The tuning mechanism exhibits a resolution of 1 MHz and a
repeatability of 0.94 MHz over an 11 201 actuation life test. The
measured tuning error is approximately £0.5 MHz with respect
to an LUT. The pseudo-high-pass filter response is maintained
after vibration testing.
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