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True Inline Cross-Coupled Coaxial Cavity Filters
Ying Wang, Member, IEEE, and Ming Yu, Fellow, IEEE

Abstract—In this paper, a novel true inline configuration for
cross-coupled coaxial cavity filters is presented, which is charac-
terized by a simple and compact structure, improved performance,
and good tunability. Instead of using folded structures, dedicated
coupling probes, or extra cavities, as required by conventional
techniques, cross coupling is realized by changing the orientation
of selected resonators. Sequential coupling between adjacent
resonators and cross coupling between nonadjacent resonators
are effectively controlled by introducing small metal plates at
different locations. A six-pole bandpass filter with two transmis-
sion zeros was built and tested. The measurement and simulation
results agree very well, demonstrating feasibility of the inline filter
configuration. It enables compact design with improved resonator

compared to conventional combline filters. Furthermore, cross
coupling can be readily adjusted using tuning elements.

Index Terms—Coaxial cavity filters, combline filters, cross cou-
pling, inline filters, microwave filters.

I. INTRODUCTION

I N microwave bandpass filter design, transmission zeros on
one or both sides of the passband are frequently required

in order to meet increasingly stringent rejection requirements.
Transmission zeros can be readily realized using cross coupling
[1], [2]. Folded structures are usually necessary for convenient
realization of coupling between nonadjacent resonators. How-
ever, they are not suitable when there is structural constraint of
inline configuration. In addition, input and output connectors
are sometimes required to be placed on opposite sides of the
two end resonators. For waveguide filters, inline configuration
can be realized using cross coupling between multimode cavi-
ties [3] or extracted pole cavities [4]. Other techniques include
using higher order modes for the implementation of the two
signal paths required for the generation of a transmission zero
[5], application of nonresonating nodes [6], and use of rectan-
gular ridges arbitrarily oriented within a waveguide [7]. Most of
the techniques based on waveguide technologies cannot be di-
rectly applied for coaxial cavity filters, which is the focus of this
paper. For coaxial cavity filters, the techniques that are suitable
for realizing transmission zeros for inline configuration include
the extracted pole technique [4] and the application of nonres-
onating nodes [8]. However, both techniques require additional
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resonating or nonresonating structures and may lead to spurious
peaks at out-of-band frequencies [9]. Furthermore, for an inline
implementation, it is necessary to couple the input and output to
the second and the second to last resonators. Additional wirings
are needed in order to move connectors to the two ends of the
filter housing.

Another well-known solution for combline filters is to use a
coupling probe embedded in the housing of the filter. Fig. 1(a)
demonstrates the coupling and routing schematic of an example
six-pole filter with one transmission zero. In Fig. 1(b), the
cross coupling between resonator 1 and 3 is realized by a probe
across three resonators. However, such a long probe generates
unwanted resonances. Fig. 1(c) shows the full electromag-
netic (EM) simulation results of the six-pole filter example
centered at 1.54 GHz using HFSS [10]. Besides generating a
transmission zero above the filter passband, the coupling probe
resonates and generates a spike in the lower stop band as shown
in Fig. 1(c). Another disadvantage for such an implementation
is that tuning of the cross coupling becomes difficult.

In this paper, we present a true inline configuration for coaxial
cavity filters characterized by simple and compact structure,
improved performance, and good tunability (patent pending).
Instead of using folded structures, dedicated coupling probes,
or extra cavities, as required by conventional techniques,
cross coupling between nonadjacent resonators is realized by
changing the orientation of selected resonators. Sequential
coupling between adjacent resonators is effectively controlled
by introducing small metal plates at different locations. Input
and output connectors can be conveniently positioned at the
two ends of the filter housing. The proposed filter configuration
enables compact design with an improvement in the resonator

factors compared to conventional combline filters. Further-
more, filter tunability is improved due to the fact that cross
coupling can be readily adjusted using tuning elements. A
six-pole bandpass filter with two transmission zeros using the
inline configuration was manufactured, tuned, and tested. The
measurement results are presented and practical issues in the
design and tuning of the filter are discussed.

II. PROPOSED INLINE CONFIGURATION

A. Filter Configuration

For combline filters, the coupling between nonadjacent res-
onators is minimized in an inline configuration [11]. Coupling
probes are therefore usually needed in order to introduce cross
coupling. In the inline configuration proposed herein, cross cou-
pling is realized by changing the orientation of selected res-
onators. Fig. 2 utilizes a three-pole coaxial cavity filter example
for demonstration. Unlike combline filters, the second resonator
is rotated by 90 . As a result, besides sequential coupling be-
tween resonators 1 and 2 and between resonators 2 and 3, there

0018-9480/$26.00 © 2009 IEEE
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Fig. 1. (a) Coupling and routing schematic of an example of a six-pole filter
with one transmission zero. (b) Realization of transmission zero using coupling
probe embedded in the housing of the filter. (c) EM simulation of the filter
transfer function shows that besides generating a transmission zero above the
filter passband, the coupling probe resonates and generates a spike.

Fig. 2. (a) Perspective view, (b) side view, and (c) top view of the inline con-
figuration.

is direct coupling between resonators 1 and 3, which creates a
trisection and consequently a transmission zero.

Intuitively, changing the distances between resonators and iris
sizes would cause both sequential-coupling and cross-coupling
values to change at the same time, since both types of coupling
are strongly affected by these parameters. The main difficulty is

Fig. 3. Two resonator structure for calculation of sequential coupling.

effectively controlling sequential coupling and cross coupling
separately. Since fields in cavity 2 are perpendicular to those
in cavities 1 and 3, a solution to the problem is greatly facil-
itated by the introduction of small rectangular metal plates in
the corner of the cavity between coaxial resonators. Two metal
plates, each of size , are shown in Fig. 2. By proper ar-
rangement of locations and sizes of the plates and distances be-
tween resonators, the desired coupling coefficients can be real-
ized as detailed below.

Note that the middle resonator may be rotated to other angles
to control coupling values. However, practical implementation
will become difficult.

B. Control of Sequential and Cross Coupling

Without the small plates in between, the coupling between ad-
jacent resonators is dominantly magnetic coupling, and the total
coupling is the magnetic coupling less the electric coupling,
which is very similar to the combline configuration [2], [12].
Rotation of one of the resonators by 90 makes the inter-res-
onator coupling less effective compared to a combline config-
uration. Resonators can be placed closer together to increase
coupling, which results in a more compact design. More im-
portantly, small plates are introduced to allow a wide range of
adjustment of coupling between adjacent resonators.

In order to demonstrate how the coupling coefficient is af-
fected by locations and sizes of the coupling plate and the res-
onator distances, the structure shown in Fig. 3 with only two
resonators is used. As an example, the cavity width and height

are assumed to both be 1.5 in. The resonators have 0.4-in di-
ameter and 1.3-in height. The distance between the centers of
the resonators to each of the three closest side walls along the
orientation of the resonator is fixed, which is always half of the
cavity width. For example, the distance between the center of
resonator 1 to each of the three vertical side walls is 0.75 in.
The thickness of the coupling plate is 0.04 in.

Due to the fact that resonators 1 and 2 are not identical, the
coupling coefficient cannot be calculated by placing a perfect
electric conductor wall and a perfect magnetic conductor
wall between resonators [13]–[15]. However, when the two
resonators have the same resonance frequencies, the following
equation is used to calculate the coupling coefficient :

(1)

where and are the two eigenmodes of the structure in
Fig. 3. They can be calculated using the eigenmode solver of
an EM simulator [10].
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Fig. 4. Side view of the small plates between resonators with different locations
(a) at corner � and (b) at corner �.

When a small plate is introduced at corner , as shown in
Figs. 3 and 4(a), resonators 1 and 2 have exactly the same cavity
dimensions since the cavity width and height are the same
and the plate has a squared shape as shown in Fig. 4, except
for a 90 rotation of the center posts. Therefore, the condition
that both resonators have the same resonance frequencies can be
easily met. However, when the plate is introduced at corner ,
as shown in Figs. 2 and 4(b), the plate is close to the bottom of
resonator 1 and the top of resonator 2. When the two resonators
have the exact same dimensions, they do not have the same res-
onance frequencies. To obtain a good approximation of the cou-
pling value, each resonator is first simulated individually with
the other resonator completely detuned. Detuning can be done
by short-circuiting one of the resonators, e.g., resonator 2. The
resonance frequency of resonator 1 is calculated. The reso-
nance frequency of resonator 2 is then calculated by detuning
resonator 1. If and are different, resonator dimensions are
adjusted and resonance frequencies are recalculated until they
are the same. This extra step is only to make sure that each res-
onator by itself, without the presence of the other, resonates at
the same frequency. The coupling coefficient can then be cal-
culated by coupling the two resonators as shown in Fig. 3 and
using (1). As will be proven by simulation and measurement re-
sults, good initial values can be obtained following these steps.

Fig. 5 shows simulated coupling coefficients as locations and
sizes of the plate and the resonator distances vary. Fig. 5(a)
demonstrates that when the plate is at corner , the coupling
coefficient reduces as the plate becomes larger. The reason is
that such a small plate reduces magnetic coupling, and thus re-
duces the total coupling. The coupling coefficient reduces to
zero when the size of the plate is about half of the resonator
height. The plate size which causes coupling null depends on the
dimensions of the resonator. As the electrical length of the res-
onator gets shorter, coupling null occurs when the plate height is
below half of the resonator height. After the plate size increases
beyond this point, the coupling changes from magnetic coupling
to electric coupling and starts to increase.

On the other hand, if the plate is placed at corner , the elec-
tric coupling is reduced. Therefore, the resulting total coupling
increases in Fig. 5(b) as the plate size increases. A plate at corner

has the same effect. When a small plate is placed at corner ,
it increases electric coupling and thus reduces the total coupling
as shown in Fig. 5(c). After the plate is increased to about half of
the resonator height, the coupling changes to electric coupling
and starts to increase rapidly. All results show that the coupling
reduces as the distance between resonators increases.

The magnetic cross coupling between resonators 1 and 3 in
Fig. 2 gives rise to a positive coupling and therefore generates a

Fig. 5. Sequential-coupling coefficients when the plate is placed at (a) corner
�, (b) corner�, and (c) corner� of Fig. 3. The cavity width � and height � are
both 1.5 in. All resonators have a 0.4-in diameter and 1.3-in height. Thickness
of the plate is 0.04 in.

transmission zero in the upper stop band. A transmission zero in
the lower stop band can be created by simply rotating the third
resonator 180 vertically as shown in Fig. 6.

A rigorous method of calculating nonadjacent coupling be-
tween combline cavities is described in [11]. Here an approx-
imate solution is found by detuning the second resonator in
Fig. 2, removing the input/output coupling, and finding the two
resonant frequencies using the eigenmode solver of an EM sim-
ulator. The coupling coefficient is calculated using (1). Fig. 7
shows that the cross coupling reduces monotonically as the size
of the plate increases and as the resonator distance increases
when the plate is placed at corner in Fig. 2. A plate at corner

has the same effect.
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Fig. 6. Filter configuration to realize below passband transmission zero: (a)
perspective view, (b) side view, and (c) top view.

Fig. 7. Cross-coupling coefficients when the plates are placed at corner � in
Fig. 2, with input/output coupling removed and resonator 2 detuned. The cavity
width � and height � are both 1.5 in. All resonators have a 0.4–in diameter and
1.3–in height. Thickness of each plate is 0.04 in.

It can be seen from Figs. 5(a)–(b) and 7, by simply moving
the same sized plate from corner to corner , that the sequen-
tial coupling can be significantly increased while the cross cou-
pling remains unchanged. A similar effect can be expected when
moving a plate from corner to , although the cross-coupling
values are slightly different from data shown in Fig. 7.

When there is more than one plate between a pair of adja-
cent resonators, the contribution from each plate may add up
or cancel depending on the location of this plate. An example
is shown in Fig. 8. The two rectangular plates have the same
height . The plate at corner has a length of and the plate
at corner has a length of . The sequential coupling be-
tween two adjacent resonators and cross coupling between the
first and last resonators are calculated as a function of and
shown in Fig. 9. The distance between adjacent resonators is
1.25 in and the height of the plates is 0.7 in. It is assumed that

. When reduces to 0 in, the filter in Fig. 8

Fig. 8. (a) Perspective view, (b) side view, and (c) top view of the inline con-
figuration with two coupling plates between adjacent resonators.

Fig. 9. Sequential- and cross-coupling coefficients of the filter in Fig. 8 as the
length of the plate at corner ��� � increases. Resonator distance � � 1.25 in
and height of the plates � � 0.7 in. Thickness of each plate is 0.04 in.

has the same configuration as the filter in Fig. 2. The filter in
Fig. 8 can therefore be considered as the result of splitting the
coupling plate in Fig. 2 into two pieces. As can be seen from
Fig. 9, the cross coupling remains unchanged and the sequential
coupling increases significantly as the length of coupling plate

increases. Therefore, by separating one coupling plate into
two pieces, we can individually control sequential coupling and
cross coupling.

In addition, the thickness of the coupling plate can be used as
another design variable. Fig. 10 shows sequential-coupling and
cross-coupling values as the thickness increases when the plate
is positioned at corner . The resonator distance is 1.3 in, the
length and height of the small plate is 0.3 in, and the rest of
the dimensions are as those in Figs. 5 and 7. As can be seen
from Fig. 10, changing the thickness of the coupling plate has
a similar effect to changing the length and height of the plate.
When the plate is at corner the sequential-coupling coefficient
decreases as the thickness of the plate increases. However, it
does not have significant impact on cross coupling. Therefore,
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Fig. 10. Sequential- and cross-coupling coefficients versus thickness of the
plate when placed at corner � in Fig. 2 Resonator distance � � 1.3 in and
length and height of the small plate � � 0.3 in.

Fig. 11. Comparison of EM simulation results of the filter in Fig. 2 (solid black)
and the filter in Fig. 8 (gray or red in an online version), both showing a trans-
mission zero in the upper stop band. The filter in Fig. 2 has one coupling plate
between adjacent resonators, while the filter in Fig. 8 has two plates between
resonators.

plate thickness can be used for fine adjustment of sequential
coupling, once the desired cross coupling is obtained.

In summary, the proposed configuration offers great flex-
ibility for filter design. Besides resonator distance, length,
height, and thickness of the coupling plate, location of the plate
and the number of coupling plates between adjacent resonators
can all be utilized as design parameters. By allowing the size of
the plate to vary in all three dimensions or by adding additional
plates, the design optimization procedure can be simplified.
The designer may also choose to fix certain parameters, e.g.,
plate thickness, which generally requires iterative design pro-
cedure to obtain required coupling values. In the filter examples
shown next, the design optimization is carried out through a
combination of a full EM model [10] and a circuit model based
on a coupling matrix. The circuit model, i.e., coupling matrix,
is extracted in every iteration of optimization [16].

Note that the proposed configuration is not limited to coaxial
resonators with square cross sections. Rectangular cavities are
also applicable. Cavity size can be selected with a conventional
tradeoff between and filter size. Since horizontally and verti-
cally oriented resonators have similar factors, no special con-
sideration is required.

Fig. 12. (a) Perspective view and (b) top view of the inline configuration real-
izing a higher cross coupling while maintaining the same filter bandwidth.

Fig. 13. EM simulation results of the filter in Fig. 12 showing a transmission
zero closer to the passband while maintaining the same bandwidth as the pre-
vious examples. Resonator distance � � 1.1 in and length and height of the
small plate � � 0.3 in. Thickness of each plate is 0.04 in.

C. Filter Design Examples

In the following, design examples are presented using the pro-
posed inline filter configuration. The cavity width and height

are assumed to both be 1.5 in. The distance between resonator
1 and the end wall on the input side and the distance between
resonator 3 and the end wall on the output side are both 0.75
in. These dimensions remain unchanged for all examples in this
section.

In the first example, the filter configuration in Fig. 2 is used to
realize a three-pole filter with a transmission zero above its pass-
band. The filter is centered at 1.54 GHz with the bandwidth

48.8 MHz. The normalized coupling matrix is shown in

(2)

The coupling coefficient can be found using

(3)



WANG AND YU: TRUE INLINE CROSS-COUPLED COAXIAL CAVITY FILTERS 2963

Fig. 14. EM simulation results of the filter in Fig. 6 showing a transmission
zero in the lower stop band. Resonator distance � � 1.27 in and length and
height of the small plate � � 0.6 in. Thickness of each plate is 0.04 in.

Fig. 15. Coupling and routing schematic of the six-pole filter.

Fig. 16. Pictures of the manufactured inline filter: (a) top view of the filter body
with the lid removed and (b) the filter lid.

The corresponding sequential coupling is 0.0285 and the cross
coupling is 0.0046. The initial values for resonator distance
and length of the small plate are estimated using the curves
shown in Figs. 5(b) and 7 through interpolation. The filter is
then optimized [16] resulting in 1.3 in and 0.55 in.
Plate thickness is used as a variable during optimization since
it allows independent control of sequential and cross couplings.
The optimized thickness is 0.08 in. Fig. 11 shows the EM sim-
ulation response.

The same coupling values in (2) can be realized using the filter
in Fig. 8, in which there are two coupling plates between adja-
cent resonators. In the first step, the size of the coupling plate
and the distance between adjacent resonators are selected to re-
alize the required cross-coupling value as if a single coupling
plate were to be used. From Fig. 7, is selected to be 1.25 in
and is 0.7 in. As shown in Fig. 9, for the selected dimensions,
the realizable sequential coupling has a wide range. The desired
coupling value is obtained when the length of the plates at corner

TABLE I
DIMENSIONS OF MANUFACTURED INLINE FILTER

Fig. 17. Comparison of initial measurement (bold lines) with EM simulation
results: (a) near-band responses of return loss and insertion loss and (b) wide-
band responses of insertion loss. Both measurement and simulation are without
tuning elements.

is 0.15 in and the length of the plates at corner is
0.55 in. The EM simulation results are shown in Fig. 11, which
show the same response as the previous example. Plate thick-
ness is kept unchanged in this case at 0.04 in.

The next filter example has the same bandwidth. The cross
coupling is increased to or . The res-
onators are moved closer together to increase cross coupling,
which increases the sequential coupling at the same time. The
small plates are changed to corner as shown in Fig. 12 to
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reduce the sequential coupling. The optimized simulation re-
sponse is shown in Fig. 13, where 1.1 in and 0.3 in.
The thickness of each coupling plate is 0.04 in. The same band-
width as in the previous examples is realized using a different
resonator distance, size, and location of the plate, resulting in a
different out-of-band rejection level.

In the last example, the filter configuration in Fig. 6 is used
to realize a three-pole filter with a transmission zero below its
passband. The resonators are brought slightly closer together
than in the first example to realize the same bandwidth as pre-
vious examples. Fig. 14 shows the optimized response from EM
simulation, in which resonator distance 1.27 in, length, and
height of the small plate 0.6 in and the thickness of each
coupling plate is 0.04 in.

III. EXPERIMENTAL RESULTS

A six-pole bandpass filter with a center frequency of
1.54 GHz and bandwidth of 48.8 MHz was designed, built, and
tested. Its coupling matrix is given by

Fig. 15 shows the coupling and routing schematic.
After initial physical dimensions were obtained using the

techniques described above, the filter was optimized using the
method in [16] with the dimensions shown in Table I. The
cavity width and height were both 1.5 in and the overall length
was 7.77 in. The resonators each had a 0.4-in diameter and a
1.3-in height. Thickness of each coupling plate was 0.04 in.
Pictures of the manufactured inline filter are shown in Fig. 16,
with input and output connectors located on the opposite sides
of the two end resonators. The initial measurement response
without any tuning is shown in Fig. 17. A good agreement can
be observed between the EM simulation and measurement re-
sults. The wideband results in Fig. 17(b) show much improved
out-of-band rejection compared to Fig. 1(c) where a coupling
probe is used to realize cross coupling.

Next, tuning elements are introduced to explore tunability of
the filter. As shown in Fig. 16(b), tuning screws are placed on
the lid between resonators 1 and 3, and between resonators 4
and 6 to facilitate tuning of cross coupling, which also has rel-
atively small effects on sequential coupling. Tuning screws for
adjusting sequential coupling are placed on the side wall be-
tween adjacent resonators, which provide good tuning range
and have minimum impact on cross coupling. Thus, all coupling
values can be effectively adjusted. Experimentation with tuning
of the cross coupling shows that the inner notch can be readily
adjusted by 4 dB. The measured response after tuning is shown
in Fig. 18 together with EM simulation results with tuning el-
ements. Note that the center frequency has shifted downward
since the frequency tuning screw above each resonator can only
reduce the resonance frequency.

Fig. 18. Comparison of measurement (bold lines) with EM simulation results.
Both measurement and simulation are with tuning elements.

Fig. 19. EM simulation results of a six-pole bandpass filter with one transmis-
sion zero in the upper stop band and one in the lower stop band: (a) near-band
response and (b) wideband response of insertion loss.

The measured resonator is 4400, which is slightly lower
than the simulated of 4900 considering nonideal factors
such as surface roughness. EM simulation of the conventional
combline filter shown in Fig. 1(b) with the same filter size
shows a resonator of 4500. The results demonstrate that by
removing most of the vertical irises needed in the combline
filter the cavity size is in effect increased and thereby results in
an 8% improvement in the resonator factor.

Another simulation is performed to demonstrate design flexi-
bility by simply rotating the last resonator, resonator 6, by 180
vertically and shifting the small plate between resonators 5 and
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6 from the current location, i.e., corner , to corner to main-
tain the coupling coefficient. As a result, one of the transmission
zeros is moved to the lower stop band as shown in the near-band
EM simulation results in Fig. 19(a). The wideband EM simula-
tion result in Fig. 19(b), similar to Fig. 17(b), shows improved
out-of-band rejection without any spurious resonance close to
filter passband.

IV. CONCLUSION

An inline configuration for coaxial cavity filters which
allows coupling between nonadjacent resonators without addi-
tional structural complexities is presented in this paper. Cross
coupling is realized by changing the orientation of selected res-
onators. Small metal plates are introduced between resonators
to effectively control sequential coupling between adjacent
resonators and cross coupling between nonadjacent resonators.
The available design parameters include resonator distance,
length, height, and thickness of the coupling plate, location of
the plate, and the number of coupling plates between adjacent
resonators, which offer great flexibility for filter design. The
novel filter configuration enables true inline implementation.
It allows a more compact design with improvement in the
resonator compared to conventional combline design. Fur-
thermore, cross coupling can be adjusted using tuning elements.
A six-pole bandpass filter with two transmission zeros was built
and tested. The measurement and simulation results agree very
well demonstrating feasibility of the inline filter configuration.
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