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Abstract

In this paper, a completely reconfigurable comb-line bandpass filter is presented. Due to the
modularity, different standard coupling matrix topologies like the folded form, cascaded tri-
plets, and the cul-de-sac form can be implemented and tested. Circuit-based coupling matri-
ces like the extracted pole topology can easily be realized as well. Different types of input-/
output- and cross-couplings can be examined before fabrication of a fixed filter set-up
takes place. Furthermore, the proposed filter platform can be used to construct a diplexer.
By using different heights of the inner and outer conductor of the coaxial resonators, arbitrary
center frequencies in the range between 1 and 4 GHz can be realized. Various types of input
couplings are available and proposed here to achieve bandwidths between 10 and 110 MHz. A
variety of cross-coupling apertures able to realize transmission zeros are presented as well.

Introduction

Coaxial comb-line resonator bandpass filters are analog key components of current and future
communication systems. They are frequently used in e.g. base-stations due to the good relation
between manufacturing costs, achievable Q-factor and their robustness [1]. The rapid evolution
of analog front-end components requires a targeted development of filters. Therefore, it is mean-
ingful to use a completely modular filter platform in which different components like input-/
output- and cross-couplings, as well as variable filter topologies, can be tested before they are
used in a fabricated filter. Furthermore, the set-up is best suited for education purposes.

The proposed filter platform is completely modular and is in the current configuration able
to realize up to 11 coupled coaxial resonators, whereby an extension to higher filter orders is
easily possible by using a larger ground plate/cover. The platform is only composed by a top
and a bottom plate separated by commercially available low-cost PCB (printed circuit board)
spacers in between (also denoted as “posts”), building the enclosure of each cavity. Six PCB
spacers in the middle of each cavity are used to implement the inner conductor. The modu-
larity and versatility of the filter is shown within this paper, which is organized as follows:

In the section “Filter set-up” the basic filter set-up and components are described in detail. The
section “Input-/output- and cross-couplings” provides an overview on a large variety of input-/
output- and cross-couplings available for the proposed filter platform. Subsequently, the section
“Filter topologies and reconfiguration of the comb-line filter” summarizes standard filter coupling
topologies which can easily be realized with the proposed filter. Finally, the section “Diplexer”
focuses on the realization of a diplexer in two ways: In the first configuration a T-junction is
used while in the second configuration the separation of both signals takes place within a common
resonator, which is an elegant solution if the center frequencies of both filters are very close to each
other [2,3]. An extension to a triplexer configuration is theoretically possible as well [4].

Filter set-up

The basic filter set-up is shown in Fig. 1, where currently an all-pole filter is realized by four
honeycombed resonators. The honeycomb-structure is similar to the one proposed in [5]. As
the filter is enclosed between two plates separated by commercially available PCB spacers, it is
in general similar to commonly known substrate integrated waveguide (SIW)-filters [6], while
here six additional rods with shorter length are used for realizing an inner conductor.

The resonators are disposed between a ground plate and a cover with side length wgp =
156 mm × lgp = 214 mm which are both realized in brass. The outer conductor of each reson-
ator has a length of lR = 60 mm and a width of wR = 52 mm (Fig. 1). The six rods of the inner
conductor are arranged on a circle with radius r = 15 mm.

One resonator is composed by maximally 24 spacers. Different heights of the PCB spacers
are available, ranging from 4 mm until 20 mm length. Combination of the rods to achieve
intermediate sizes is also possible. Longer rods are commercially available as well. An overview
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is shown in Fig. 2. To provide a good electrical contact between
the ground plate and the cover, all spacers have an external thread
on the lower side and an internal thread on the upper side. The
achievable range of center frequencies for the outer post height
ranging from 10 mm ≤ hop≤ 30 mm and an inner post height
of 5 mm ≤ hip≤ 29 mm is shown in the heat map in Fig. 3.

Tuning of the center frequency is possible by M4 tuning
screws tS (green screw in Fig. 1), which are mounted in the
cover as well. The depth of the tuning screws can be varied during
the measurement. Due to the nested structure of outer and inner
conductor, as well as the tuning screw, the tuning range is com-
parably large [7]. The tuning range for different heights of the
inner conductor is shown in Fig. 4. To achieve the maximal pos-
sible Q-factor the height of the inner post should be chosen prop-
erly as each tuning screw screwed deep into the resonator
increases the losses and reduces the Q-factor.

Couplings to adjacent resonators can be realized if one up to
three hexagonal rods per coupling are omitted, which is possible
at each edge of the honeycomb-structure (see Fig. 1). The spacer
in the middle is replaced by a coupling-screw cS (red screw in
Fig. 1), which is fixed with a threat in the cover (compare e.g.
Fig. 6). The depth of the coupling screw can be varied within
the tuning process. The number of spacers removed should
depend on the desired bandwidth. In the standard configuration
one coupling screw with two adjacent spacers is used, which
ease the tuning process. In this case, the maximal bandwidth pro-
vided by the inter-resonator couplings is limited to B ≈ 25 MHz at
2 GHz. Fig. 5 shows the achievable non-normalized coupling fac-
tor in dependence of the depth of the coupling screw cS for the
standard configuration and if two or three hexagonal rods are

Fig. 2. Hexagonal rods (“PCB spacers”) with different available length manufactured
in brass. All rods have a diameter of 5 mm, an external thread on the lower side and
an internal thread on the upper side.

Fig. 1. Basic filter set-up consisting of a ground plate (wgp = 156 mm, lgp = 214 mm,
and thickness = 2.5 mm) and PCB spacers, realizing currently a fourth order all-pole
filter. The outer conductor has a total length of lR = 60 mm and a width of wR =
52 mm. The inner posts are arranged on a circle with radius r = 15 mm. Diameter
of outer and inner posts: dop = dip = 5 mm. Different heights of posts in between
4 mm < hip, hop < 20 mm are available.

Fig. 3. Heat map for the achievable frequency range depending on the height of the
inner and outer posts. The heat map is recorded without using tuning screws.
Therefore, the frequency can further be degraded as shown in Fig. 4

Fig. 4. Maximal tuning range for M4 tuning screws inserted in the cover for different
heights of inner hexagonal rods and 20 mm outer rod height.

Fig. 5. Coupling factor in dependency of the depth of the tuning screw cS for the
standard aperture and two up to three hexagonal rods omitted (height of the
outer post is hop = 20 mm).
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omitted. The coupling factor is calculated by

mij = f 22 − f 21
f 22 + f 21

, (1)

where fi is the i-th eigenmode of a substructure containing two
cavities and one coupling aperture in between [8]. If all hexagonal
rods are omitted the maximal bandwidth can be enlarged to
around 110 MHz at 2 GHz center frequency. Fig. 6 shows a rea-
lized sixth order filter with a cross-coupling between resonator
2 and 5. Please note that the distance between two hexagonal
rods is 7.5 mm while each spacer has a diameter of around
5 mm. Therefore, the free space between two spacers is limited
to 2.5 mm, which is much smaller than the wavelength at the cen-
ter frequency of the filter, which is usually set to f0≈ 2 GHz (λ0≈
15 mm). Thus, an unwanted leakage of fields between the cavities
and therefore an undesired coupling is avoided.

Input-/output- and cross-couplings

The modular structure of the proposed filter allows the integra-
tion of a wide class of input-/output- and cross-couplings.
Figure 7 depicts a selection of input- and output-couplings. All
of them are mounted on a brick of side length (20 mm ×
20 mm × 5 mm), which can be positioned at every edge of each
honeycomb resonator within the filter as shown in Figs 1 and 6.

Figure 7(a) shows an inductive loop input-coupling which is
built by simply bending a wire. The end of the wire is fixed by
a knurled screw on the bottom of the brick. Loosen the screw
allows subsequent tuning of the wire length by pulling and

pushing the wire in the input-/output cavity. A large disadvantage
of most input-couplings is the bad handling in terms of tunability,
especially if small deviations must be compensated. One elegant
solution is shown in Fig. 7(b). Here the inner part of the brick
of Fig. 7(a) is manufactured as a rotatable cylinder. The coupling
strength of the wire coupling of Fig. 7(a) mainly depends on the
effective area of the loop which is perpendicular to the magnetic
fields in the cavity. Therefore, rotating the inner cylinder and like-
wise the wire loop reduces the input-coupling strength.

Additionally, Fig. 7(c) shows the so-called wire coupling,
where a wire with 0.8 mm diameter is soldered on the nearest
inner post of the first or last cavity. Depending on the position
at which the wire is soldered on the inner post, different coupling
strengths can be achieved. Positions near the ground plane realize
smaller values of the input-coupling strength. Changing the coup-
ling strength after the wire is soldered on the inner post is possible
by adapting the height h of the wire. Larger values of h lead to
stronger input-couplings.

Finally, Fig. 7(d) depicts the plate-coupling which provides the
maximal achievable input-coupling strength and hence band-
width. In comparison to the input couplings of Figs 7(a) and
7(c), the plate-coupling is capacitive. The coupling strength is
adapted beforehand by the width w and length l of the plate.
After assembling the filter the input coupling strength can be var-
ied by changing the distance d between the brick and the plate.
Large values of d lead to higher coupling strengths.

It is worth to mention that also the couplings of Figs 7(c) and
7(d) can be mounted on the rotatable cylinder of Fig. 7(b) which
might ease the tuning process.

In addition to various types of input-couplings, a variety of cross-
couplings can be realized by the proposed filter as well. The filter
can realize magnetic (“positive”) cross-couplings simply by coupling
the desired cavities, like in the case of mainline couplings. Therefore,
transmission zeros (TZs) above the passband in the case of triplets
and complex pairs for phase equalization in the case of a quadruplet
can easily be realized [9]. The coupling strength is adapted by insert-
ing a standard M3 coupling screw in the cover in the direction of the

Fig. 6. Set-up of a sixth order folded filter with a pair of symmetric real frequency axis
TZs. Cavity two and five are cross-coupled by a bended wire coupling in the cover, a
bridge element is placed on the bottom plate. All tuning screws (M4) and coupling
screws (M3) are mounted in the cover.

Fig. 7. Various input-couplings and maximal achievable bandwidth (at f0≈ 2 GHz): (a)
loop coupling, Bmax≈ 18 MHz, (b) rotatable input coupling with assembled wire, (c)
soldered wire coupling with moderate bandwidth. The maximal bandwidth strongly
depends on the height, at which the wire is soldered on the inner post. (d) plate
coupling, which achieves the highest possible bandwidth among the input couplings
is proposed here (Bmax≈ 110 MHz)
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ground plate [10]. If TZs far away from the passband and hence
weak cross-couplings are required, a bridge element as shown in
Fig. 8 can be inserted. The bridge reduces the effective area at
which mainly magnetic fields couple. In Fig. 8(b) the bridge is com-
posed of three posts of 10 mm height, a small plate with 20 mm
width, and 2 mm height as well as two further posts with 8 mm
height. Other combinations are possible. The tuning takes place
with a M3 tuning screw inserted from the cover of the filter.

For the realization of “negative” (in comparison to positive main
path) couplings further commercially available material is needed.

Figures 9(a) and 9(b) depict the bended wire cross-coupling to
realize a capacitive coupling. The wire is mounted on a plastic M3
screw, which is screwed in the cover before the filter is assembled.
Depending on the horizontal length (lh) and the vertical depth (lv)

the coarse coupling strength can be adjusted before the wire is
mounted inside the filter. Fine tuning is subsequently possible
by rotating the plastic screw in the assembled filter by the angle
θ. To increase the absolute coupling strength the bridge element
is mounted below the wire to reduce the magnetic fields within
the coupling aperture [11].

Figures 9(c) and 9(d) depict the inverted-sign coupling, which
provides a negative coupling although it works inductive. It is
composed of two bridge elements, one of which is placed on
the top of the other by using two threaded rods. The magnetic
field in the first cavity induces a current in the wire. Due to the
bending, the current flows in the altered direction in the next
cavity and generates a magnetic field in the opposite direction
compared to the first cavity. The coupling is mounted on the
three common rods of two adjacent cavities. Therefore, a negative
magnetic coupling can easily be realized. The strength of
the cross-coupling depends on the area surrounded by the wire
in both cavities. This aperture was first proposed in [12] for
applications in dielectric TM-mode filters. A drawback of this
cross-coupling is the bad tunability. A subsequent tuning is
only possible by pushing or pulling the wire with a small tool,
e.g. a screwdriver.

Finally, Figs 9(e) and 10 show a capacitive coupling realized by
two plates, which are mounted on the inner conductor of two
adjacent cavities. Please note that for the assembling the inner
conductor must consist of two rods where the plate is clamped
in between. The plates of length lp and distance hp to each
other can be milled from a thin brass foil or cut out by using a
tinsnips. The coupling strength depends on the length lp, width
wp and the distance of both plates hp. Tuning of the cross-
coupling in the assembled filter is possible by mounting a plastic
screw in the cover, as depicted in Fig. 9(e). If the screw is turned
down, the distance hp is reduced and the cross-coupling strength
is enlarged. Please note that again a bridge element is additionally
required to reduce the amount of coupled magnetic fields in the
aperture.

The choice of the cross-coupling aperture depends on the
necessary tunability and desired coupling strength.

Filter topologies and reconfiguration of the comb-line filter

Many standard coupling matrix topologies of up to eleventh order
can be implemented by the proposed filter-platform. Higher order
filters can be realized as well if further platforms are connected or
rather the area of the ground and bottom plate is simply enlarged.
An example of a sixth order folded filter with assembled rods real-
izing two real frequency axis TZs is already depicted in Fig. 6. In

Fig. 8. “Bridge” element to reduce the coupling strength of magnetic fields: (a)
mounted in the filter and (b) bridge element composed of six components.

Fig. 9. Various cross-couplings: (a) bended wire coupling, (b) principle drawing of (a),
(c) inverted-sign coupling, (d) principle drawing of (c), (e) electric plate coupling. Fig. 10. Close view on the electric plate coupling assembled in a filter.
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this example, the capacitive wire coupling is used for the realiza-
tion of the negative cross-coupling between cavity 2 and 5. The
wire is mounted in the cover by means of a plastic screw, which
allows subsequent tuning. The measurement results are shown
in Fig. 11. It is worth to mention that this cross-coupling is
able to realize an asymmetry in the position of the associated
TZs as well. If the wire is turned in the direction of cavity
three, the total cross-coupling strength m25 is reduced, otherwise,
the coupling factor m35 arises and the position of the TZs
becomes slightly asymmetric. For this reason, one TZ above the
passband is visible while the weaker TZ below is lost in the
noise floor at approximately 1.648 GHz.

Three further measurement results are depicted in the next fig-
ures. The associated filter topologies are depicted in each figure as
well. Please note the following notation: Resonators are indicated
with circles, nonresonating nodes (NRN) are represented by
boxes, solid black lines indicate positive main-line couplings,
dashed lines represent positive cross-couplings and negative cross-
couplings are shown as dashed dotted (red) lines. The following
topologies were realized for the proposed filter platform [9]:

• Sixth order folded topology with two TZs (already discussed in
Fig. 11).

• Seventh order cascaded triplet topology with two TZs (Fig. 12).
• Fifth order cul-de-sac coupling matrix with two TZs (Fig. 13).
• Fourth order extracted pole topology with two TZs (Fig. 14).

For the first three examples the rotatable wire input-coupling
was used, therefore the bandwidth is limited to around 18 MHz.

The versatility of the proposed filter is especially seen in the
extracted pole filter of Fig. 14, which realizes two TZs without a
need for a cross-coupling aperture. The coupling matrix was
derived as proposed in [9,13,14]. Usually, the extracted pole cav-
ities are coupled to the rest of the filter by NRNs, which can in
many cases be designed as strongly detuned resonators or pieces
of transmission lines of defined length [15]. Within the honey-
comb structure the NRNs can be realized by using a different
inner post height compared to the “real” resonators which
detunes them. A photograph of the set-up is shown in Fig. 15,
the post heights used for this configuration are indicated in
the caption. Please note that here the soldered wire input-
coupling of Fig. 9(c) is used to provide a proper input-coupling
strength. With this configuration a bandwidth of B ≈ 19 MHz is
achieved.

The Q-factor of all set-ups depends mainly on the depths of
the tuning- and coupling screws. The deeper the screws are
inserted, the lower is the Q-factor. Furthermore, all screws for
mounting the cover and bottom plate should be tightened to
reduce the losses. For the results proposed here the Q-factor
was calculated in the range 1000≤Qu≤ 1300 [16].

Fig. 14. S-Parameters and topology for the realization of a fourth order extracted
pole filter. The extracted poles are connected to the main filter by nonresonating
nodes.

Fig. 11. S-Parameters and coupling diagram for the realization of a sixth order folded
topology with two real frequency axis TZs.

Fig. 12. S-Parameters and coupling diagram for the realization of a seventh order
triplet filter with two real frequency axis TZs.

Fig. 13. S-Parameters and coupling diagram for the realization of a fifth order
cul-de-sac filter with two real frequency axis TZs.
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Diplexer

The proposed filter platform is best suited for the realization of
diplexers. A diplexer consists of two bandpass filters with different
center frequencies interconnected with each other realizing a
three-port device. The filter with the higher center frequency is
assumed here to be the TX filter while the other one is assumed
to be the RX filter with the lower center frequency. The connec-
tion of both filters can be realized in two different ways. The
choice of the connection method mainly depends on the fre-
quency difference between the RX/TX passbands. If this differ-
ence is comparably large, both filters can be tuned
independently and are connected afterwards using a splitting or
T-junction. The length of the line between the T-junction and
the input port of one filter is chosen in such a way, that the
line transfers the impedance of the other filter to an open circuit
at the center frequency of the first filter. The same is done for the
second filter and the related center frequency. Both filters are
tuned independently before they are connected with each other.

If the frequency offset is very small with respect to the center
frequency, both filters should share a common resonator as pro-
posed in [3]. Here the overall size can be reduced since no trans-
mission lines are needed while on the other hand the attenuation
behavior is improved.

Shunt connected diplexer

The shunt connected type is explained by means of Fig. 16. One
port of the T-junction is exemplary connected to a common
antenna, while the further ports are connected to the TX and
RX filters by means of transmission lines with length li and
phase constant βi. The aim of the following investigation is to
find the length li for fixed center frequencies of the TX and RX

filters to achieve a minimal influence from the TX to the RX filter
and vice versa. A simplified Smith chart of the problem is shown
in Fig. 17.

The length of the transmission line l1 is chosen in that way that
the TX filter is transformed to an open circuit at the RX center
frequency. The length l2 is calculated in the same way. The corre-
sponding angular θi = liβi can be gathered from the Smith chart.

Finally, Fig. 18 shows the results of a shunt connected diplexer
consisting of two third order all-pole filters at 1.835 and 1.9 GHz.
The method proposed in this section only allows the realization of
diplexers with a relatively wide distance of the RX and TX center
frequencies.

Diplexer with common node

An elegant solution for the realization of diplexers with small fre-
quency gap between the RX and TX path is the implementation of
a common splitting resonator as proposed in [3]. The advantages
are an improved attenuation behavior as the filter order of the TX-
and RX-filters is increased by one. Furthermore, the whole
diplexer can be described by a coupling matrix, which ease the
realization and tuning [3]. The specifications for the RX filter
are set to: filter order nRX = 3, one TZ above the passband at nor-
malized frequency fTZ,RX = 2 and a return loss of RLRX = 20 dB
while the TX filter is composed by four resonators (nTX = 4)

Fig. 15. Photograph of the filter set-up for the realization of a 4-2 extracted pole fil-
ter. For the nonresonating nodes inner posts with height hip,NRN = 18 mm were used,
all other posts of the inner conductor have a height of hip,Res = 15 mm. The outer
posts have a height of hop = 20 mm.

Fig. 16. Connection of the TX and RX filter to a common T-junction with transmission
lines of length l1, l2 and phase constants β1, β2.

Fig. 17. Smith diagram of the individual TX and RX filters without additional trans-
mission lines.

Fig. 18. S-Parameters and topology of the shunt-connected diplexer set-up.
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and a minimal return loss of RLTX = 20 dB. The center frequency
of the RX filter is chosen to be f0,RX = 1.805 GHz with a band-
width of BRX = 9 MHz while the TX filter is centered at f0,TX =
1.82 GHz with a bandwidth of BTX = 9 MHz. Please note that
the position of the normalized TZ of the RX filter is related to
the RX center frequency. The corresponding coupling matrix is
shown in (2). Tuning takes places by conventional coupling
matrix extraction techniques using the Cauchy-method, which
is extended for the application of diplexers in [17]. Fig. 19 finally
shows the S-parameters and the coupling topology of the diplexer
with common node, which is denoted as I. The matching of the
diplexer implies some difficulties due to mutual influences
between both filters. Considering the coupling matrix of (2) the
following design constraints should be observed in the filter struc-
ture before the cover is assembled:

• As the coupling between the source port and the common split-
ting resonator I is comparably high, a plate input coupling of
Fig. 7 should be used.

• The coupling factor from the splitting resonator I to the first
resonator of the TX/RX filters is much larger than the coupling
factors within the individual filters. Therefore, the coupling
should be realized with at least one hexagonal rod omitted
(compare Fig. 5).

All other couplings can be implemented with one coupling
screw or an inductive wire coupling of Fig. 7(a) for the two out-
put ports.

Conclusion

A completely modular coaxial comb-line filter platform for proto-
typing and education purposes is presented. The function of differ-
ent types of input-/output- as well as cross-couplings can be tested
before the implementation into a fixed microwave filter set-up takes
place. Within this paper, three different types of input couplings
able to realize a wide variety of bandwidths with a large flexibility
in terms of handling are proposed. Three types of cross-coupling
apertures (positive and negative) are proposed as well.

Many of the commonly known canonical filter topologies like
the folded form, the cul-de-sac form, cascaded triplets/

quadruplets, as well as extracted pole filters, can easily be imple-
mented with the modular filter platform. Furthermore, the pro-
posed structure can be used for the realization of diplexers in
two configurations. An extension to a triplexer is theoretically
possible as well. Depending on the depth of all tuning screws,
quality factors in the range of 1000≤Qu≤ 1300 can be achieved.

Author ORCIDs. Daniel Miek, 0000-0003-2452-5410; Michael Höft,
0000-0001-9352-2868
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