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Abstract. An interdigital resonator approach for wideband
filter applications in ridged-waveguide technology is pre-
sented. The interdigital arrangement of the ridged-waveguide
resonators ensures stronger coupling between the resonators.
As the coupling sections are consequently enlarged by the
interdigital arrangement of the resonators, more feasible fil-
ter structures are possible at increasing frequencies. The ap-
proach itself can be easily implemented with conventional fil-
ter synthesis formulas, which is demonstrated by two 20 GHz
examples with a bandwidth of 2 GHz and 100 MHz, respec-
tively. The designed filters are subsequently compared to the
standard implementation of ridged-waveguide filters.

1 Introduction

The new communication standards of the fifth and sixth gen-
erations (5G/6G) will lead to very high data rates in the
gigabit range, which will be in particular realized by the
use of frequencies in the millimeter-wave regime. In or-
der to separate different signals from each other, not only
a good spurious passband suppression, but also wide pass-
bands of the used filters are necessary. Conventional λ/2-
based hollow-waveguide filters are easily manufacturable
up to very high frequencies, but due to the used TE101-
resonators, the first parasitic resonances occur at around 1.5
times the desired midband frequency. Previous strategies for
the suppression of such undesired passbands involved the use
of λ/4-based combline filters (Wenzel, 1971; Matthaei et al.,
1980; Cameron et al., 2018), which can push the spurious
passbands up to three times the specified midband frequency.
With the technology of combline filters, the interdigital ar-
rangement of resonators was investigated (Matthaei, 1962;
Abramovicz, 2010), in which consecutive resonators are

placed opposite to each other. Due to the consequential in-
creased coupling between the resonators, very broadband fil-
ters can be synthesized with this technology. Since combline
resonators are based on coaxial transversal-electromagnetic
(TEM) lines, an increased midband frequency leads to very
little geometrical details, which makes this technology only
suitable for filters up to around 20 GHz, because of arising
manufacturing difficulties.

A solution for a good spurious passband suppression with
better geometric dimensions are single-ridged waveguide fil-
ters, which consist of ridged-waveguide resonators, coupled
by rectangular hollow-waveguide sections below the cut-
off frequency. Closely related to the concept of broadband
combline filters (Levy et al., 1997), such microwave filters
were first introduced in Craven and Mok (1971) and consti-
tute a highly suitable alternative for suppressing undesired
passbands with additional good power handling capability.
The reason for this excellent suppression of spurious pass-
bands at higher frequencies can be found in Soto et al. (2009)
and Weindl and Eibert (2020). The synthesis and the deter-
mination of the filter dimensions can be performed with the
well known synthesis formulas presented in Levy (1967),
Matthaei et al. (1980), and Cameron et al. (2018). As it is
known from the general filter theory, large bandwidths de-
mand strong interresonator coupling. As a consequence, the
rectangular hollow-waveguide sections used for coupling are
significantly reduced in length and the limited dimensions of
milling tools cause manufacturing problems for these broad-
band filters.

In this contribution, the beneficial size of ridged-
waveguide filters is combined with the advantages of the
interdigital arrangement of the resonators, known from the
combline technology. The consequential stronger coupling
between the resonators allows longer coupling sections,
which is highly beneficial for the fabrication process of
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Figure 1. Bandpass equivalent circuit.

broadband filters with good spurious passband suppression.
First the coupling of interdigital ridged-waveguides in com-
parison to the conventional constellation is investigated. The
concept is then integrated into the filter synthesis. Subse-
quently, a broadband and a narrowband filter are computed
in the interdigital technology and compared to the conven-
tional ridged-waveguide filters, afterwards. Both interdigital
filter versions possess a very good spurious passband sup-
pression and the dimensions guarantee good producibility.
This proves the benefit of an interdigital resonator arrange-
ment for wideband filter structures.

2 Ridged-Waveguide Filter Design

The general equivalent circuit for bandpass filters in waveg-
uide technology is presented in Fig. 1. In the circuit of order
three, the different resonators i, realized by waveguide sec-
tions of length li are coupled to each other by impedance in-
verters Ki,i+1. Additionally, the first and last resonators are
coupled to the input and output impedances. The coupling
between resonators can be electric, magnetic or a mix of both
(Hong, 2011; Cameron et al., 2018). The validity of Fig. 1 is
based on the equivalent representation of coupling through
the use of impedance inverters, which can be proven through
network transformations. If the desired filter characteristic is
specified, the necessary impedances for the inverters can be
calculated with the known formulas (Matthaei et al., 1980)

K0,1 =

√
R0χ1ν

g0g1
, (1)

Ki,i+1 = ν

√
χiχi+1

gigi+1
, (2)

Kn,n+1 =

√
RLχnν

gngn+1
. (3)

In Eqs. (1)–(3), ν represents the fractional bandwidth of the
filter and gi are the so-called lowpass filter prototype values,
which can be calculated analytically for a predefined ripple
in the passband. The slope parameter χi of resonator i gives
information about the behaviour of the resonator around the
resonance frequency.

The next step is to use the shown equivalent circuit for the
implementation of single ridged-waveguide filters. The cross
section of a ridged-waveguide is depicted in Fig. 2. Analogue
to rectangular hollow-waveguides, the outer boundary of the

Figure 2. Cross section of ridged-waveguide.

waveguide is defined by the parameters a and b. The centered
ridge is specified by the ridge width s and the gap d . Due to
the ridge, the cutoff frequency of the ridged-waveguide is be-
low the cutoff frequency of a rectangular hollow-waveguide
with the same parameters a and b. By defining a certain mid-
band frequency, the waveguide cross sections of the two re-
spective waveguides can be chosen in a way that the first
mode of the ridged-waveguide is above the cutoff frequency,
whereas the rectangular hollow-waveguide is operated below
the cutoff frequency. Since a rectangular hollow-waveguide
below cutoff frequency is inductive by nature, it can be used
as an inductive coupling element, similar to a coupling iris
in conventional rectangular hollow-waveguide filter technol-
ogy. In Fig. 3, the length cut through a ridged-waveguide
filter is depicted. For clarity, the first resonator length lres,1
and the third inverter length linv,3 are marked. The waveg-
uide ridges are drawn in a lighter gray shade and represent
the resonators as well as input and output waveguides. Af-
ter using Eqs. (1)–(3) for calculating the theoretical inverter
impedances of the equivalent circuit, the determined values
have to be translated to a real waveguide structure. In Levy
(1973), it is shown that an impedance inverter can be real-
ized by waveguide discontinuities and negative waveguide
lengths. In Fig. 4, the general setup for an impedance inverter
between two ridged-resonators is shown. The discontinuities
for realizing the inverter are marked with dashed lines. For
the S21-parameter between these lines, the expression (Vanin
et al., 2004)

S21 =
2Z0

K +Z2
0/K

(4)

can be derived from the ABCD-matrix of an impedance in-
verter. In Eq. (4), Z0 referes to the characteristic impedance
of the waveguide and K describes the desired impedance of
the inverter. By varying the coupling length lc of the rectan-
gular hollow-waveguide section, the inverter values can be
adjusted accordingly. It can be shown through Eq. (4) that
a larger impedance K corresponds to stronger coupling be-
tween the resonators and, therefore, a larger value of S21.
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Figure 3. Length cut through ridged-waveguide filter model.

Figure 4. Conventional coupled resonators.

Since the inverters in the ridged-waveguide filters are real-
ized by rectangular hollow-waveguide sections below its cut-
off frequency, i.e, with attenuation, a larger value of S21 is
obtained by a shorter value of lc in Fig. 4. From Eqs. (1)–
(3) it can also be deducted that a larger fractional bandwidth
leads to larger overall values of inverter impedances. As a
consequence, broadband filters require stronger coupling be-
tween resonators and, therefore, shorter evanescent waveg-
uide sections between the ridged-waveguide resonators. As
mentioned before, these short coupling sections can be prob-
lematic for a reliable fabrication of filters, since they are
milled out by a cutter with certain dimensions.

3 Interdigital Ridged-Waveguide Resonators

For reliable fabrication, the coupling between the resonators
has to be increased. With stronger coupling, the evanes-
cent, rectangular hollow-waveguide sections can be extended
without losing the desired filter characteristic. Simple meth-
ods for investigating the coupling between two resonators are
measurement or simulation, respectively. If all spurious res-
onances are ignored, a single, uncoupled resonator possesses
one resonance peak at the resonance frequency fr, visible by
inspection of the scattering parameters. If two of the exact
same resonators are coupled to each other, instead of one sin-
gle resonance peak, two peaks are visible. The stronger the
coupling between the resonators, the wider is the separation
1fr of the peaks. The effect of two coupled resonators can
be seen in Fig. 5. In this way, it is easy to compare different
coupling structures. From Fig. 5, the coupling coefficient M
can be extracted by M =1fr/fr, which gives information
about the coupling intensity between the resonators. Most of
the time, the coupling coefficient M between resonators is a
combination of magnetic coupling Mm and electric coupling

Figure 5. Scattering parameters of resonators.

Figure 6. Interdigital coupled resonators.

Me. The absolute coupling coefficientM then can be approx-
imately described as (Hong, 2011)

M 'Mm +Me. (5)

Since electric and magnetic coupling possess a different sign
and compensate each other, a reduction of one coupling ef-
fect may result in an increase of the overall coupling between
two resonators. Keeping this in mind, a possible way to in-
crease the overall coupling for ridged-waveguide resonators,
is to decrease the electric coupling by placing the resonators
in an interdigital way, as it is depicted in Fig. 6. The inter-
digital placement of resonators has almost no effect on the
magnetic coupling, since the main contribution of this cou-
pling effect is still due to the evanescent hollow-waveguide
section, which remains unchanged. However, by positioning
the resonators in an opposite manner, the electric coupling is
reduced, which, therefore, contributes to an overall stronger
coupling. To show this effect, two coupled resonator proto-
types were built and measured. Both prototypes consist of
the same two resonators, one with conventional resonator ar-
rangement, the other one with the interdigital arrangement.
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Figure 7. Conventional prototype.

Figure 8. Measured transmission of the built prototypes.

Fig. 7 shows the built prototype with conventional resonator
placement.

Input and output were realized through coaxial feeding
pins, which were loosely coupled to the resonators, in order
to reduce disturbing coupling effects. The resonators for both
structures where designed for a resonance at 12 GHz and the
coupling length lc was set to 4 mm. The open structure was
closed with a lid. For the interdigital approach, the second
resonator was milled into the lid in order to realize the in-
terdigital resonator constellation. As it can be seen from the
measurement results shown in Fig. 8, the resonance peaks
of the interdigital resonators do possess a wider separation,
which indicates the stronger coupling between the oppositely
placed resonators.

Since the first measurements showed good results re-
garding the improved coupling, a more detailed compar-
ison between the conventional and the interdigital cou-
pling was carried out. With respect to the theoretical fil-
ter synthesis, the influence of the coupling length lc in
Figs. 4 and 6 on the realized impedance K of the inverters
was investigated. The structures of interest were designed
for 20 GHz, the cross section dimensions were set to a =

Figure 9. Comparison of inverter impedances.

3.75 mm, b = 3.19 mm, s = 1.39 mm and d = 0.68 mm. For
the electromagnetic computation, the Mode-Matching Tech-
nique (Vahldieck et al., 1983; Bornemann and Arndt, 1987;
Arndt et al., 1997; Conciauro et al., 2000) was used in or-
der to extract the scattering parameters between the drawn
inverter sections. The necessary eigenfunctions of the ridged
waveguides were obtained by the use of the Finite Element
Method (Jin, 2014). The eigenfunctions for the rectangular
hollow-waveguides are analytically well known (Harrington,
1961; Collin, 1990; Jin, 2015). In every step of the proce-
dure, lc was increased and the S21-value between the dashed
lines was computed. By solving Eq. (4) for K , the realized
inverter impedance of the structure could be determined. The
sweep over lc was performed for the conventional constel-
lation as well as the interdigital one. In Fig. 9, the resulting
impedances with respect to lc are depicted.

As it can be seen, especially short coupling sections
deliver very drastic differences in the realized inverter
impedance. For sections of around 1 mm, the impedance
of the interdigital approach is more than two times the
impedance of the conventional approach. With increasing
values for lc, the difference between the two curves in Fig. 9
is reduced. At around 4 mm the difference is almost not vis-
ible. The reason for this behaviour can be traced back to the
electric coupling between the ridges. For short lc the differ-
ence in coupling is large, but with increasing distance of the
ridges, the electric coupling is reduced, until it completely
vanishes. A suitable analogy is the comparison with a plate
capacitor, for which the capacitance is indirectly proportional
to the plate distance. The ridges act as the plates in this com-
parison. If the distance between the plates is large enough,
the capacitance vanishes, independent of the conventional or
interdigital resonator constellation. The important key mes-
sage of Fig. 9 lies in the fact that the interdigital approach
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Figure 10. Simulation of passband of wideband filter.

is especially beneficial for short coupling sections in a filter,
which highly supports broadband structures. This is due to
the large differences in the inverter impedances for shorter
coupling lengths. Additionally, the longest inverter section
of a ridged-waveguide filter is the main contributor to the
first spurious passband (Soto et al., 2009; Weindl and Eib-
ert, 2020). Since the longest rectangular hollow-waveguide
sections do not experience a major enlargement in the inter-
digital approach, no significant differences in the location of
the spurious passband should be expected.

4 Interdigital Filter Synthesis

In order to compare the different filter approaches, a Cheby-
shev bandpass filter of order n= 5 for a midband frequency
of 20 GHz and a bandwidth of 2 GHz for each approach
was designed. The return loss in the passband was set to
20 dB. For both filters the general steps of waveguide fil-
ter synthesis were conducted. It should be mentioned that
Eqs. (1)–(3) are only valid if the correct slope parameters of
the resonators are extracted beforehand. Another possibility
is the use of iterative methods, as described in (Vanin et al.,
2004; di Crestvolant and Paolis, 2018). Without these mea-
sures, the synthesis would lead to unintentionally increased
bandwidths. After the first calculations, further optimization
of the dimensions was done by an iterative gradient-based
method, in order to determine the exact, desired filter curve.
In Fig. 10, the simulated passband of the interdigital filter
structure is depicted.

The boundaries for the |S11|-parameter are marked in
green. As it can be seen, the filter fulfills the predefined spec-
ifications perfectly. Since the conventional approach deliv-

Table 1. Broadband filter dimensions of the different approaches.

conventional interdigital
Dimensions filter filter factor

lres,1 (mm) 2.79 1.64 0.59
lres,2 (mm) 1.60 1.43 0.89
lres,3 (mm) 1.46 1.38 0.95
lrect,1 (mm) 0.55 1.39 2.53
lrect,2 (mm) 1.79 2.49 1.39
lrect,3 (mm) 2.41 2.87 1.19

Figure 11. Simulation of spurious behaviour of wideband filter.

ered almost the exact same results for the passband, the plot
of the simulation was omitted. In Table 1, the resulting di-
mensions of the waveguide sections as well as the length
ratios are listed. Due to the symmetry of Chebyshev filters,
the remaining parameters can be deduced from the table. Ta-
ble 1 shows a major difference in the length of resonator 1.
Resonator 2 and resonator 3 result in similar lengths. As ex-
pected, the shortest inverter section of the conventional filter
is significantly increased by a factor of around 2.5 by the in-
terdigital resonator constellation. The lengths of inverter 2
and inverter 3 are increased as well, but not by the extent of
inverter 1.

Figure 11 presents the scattering parameters up to 65 GHz.
The filter exhibits excellent spurious passband suppression
up to 2.5 times the desired midband frequency of 20 GHz.
Additionally, the |S21|-parameter of the conventional res-
onator configuration is depicted. As it can be seen, the con-
ventional filter shows a lower |S21|-value at around 30 GHz,
but it does not introduce any significant difference in the lo-
cation of the spurious passband regarding the frequency. In
summary, both filters show similarly good transmission be-
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Figure 12. Simulation of passband of narrowband filter.

Table 2. Narrowband filter dimensions of the different approaches

conventional interdigital
Dimensions filter filter factor

lres,1 (mm) 1.28 1.25 0.98
lres,2 (mm) 1.23 1.23 1.00
lres,3 (mm) 1.23 1.23 1.00
lrect,1 (mm) 2.87 3.22 1.12
lrect,2 (mm) 6.44 6.51 1.01
lrect,3 (mm) 6.88 6.93 1.01

haviour, but the interdigital filter has considerable benefits in
terms of fabrication.

In the following, the dimensional differences for a
100 MHz narrowband filter are investigated. The scattering
parameters of the passband are depicted in Fig. 12, the cal-
culated resonator and inverter lengths as well as length ratios
can be found in Table 2.

For narrow passbands, the coupling between the res-
onators is significantly smaller than for its broadband coun-
terpart. With regard to Fig. 9, the differences for the coupling
lengths are, therefore, very similar to those of the conven-
tional filter. Again, since the longest inverter sections have
nearly the same length, the position of the spurious passbands
are almost exactly the same, as it can be seen in Fig. 13.
As explained in Weindl and Eibert (2020), the spurious reso-
nances now occur at lower frequencies than with the broad-
band version of the filter.

In summary, this bandwidth comparison makes it clear
that the use of interdigital resonators should only be used
for wideband applications. For narrowband applications, the
conventional method is slightly better and shows a larger in-
sertion loss in the upper frequency regions.

Figure 13. Simulation of spurious behaviour of narrowband filter.

5 Conclusions

Ridged-waveguide filters are outstanding for bandpass fil-
ters with large midband frequencies as well as good spuri-
ous passband suppression. Due to the concept of these filters,
large bandwidths lead to filter dimensions that are problem-
atic for a reliable fabrication. In this contribution, the use
of interdigital resonators within the technology of ridged-
waveguide filters was investigated. With the goal of a more
dependable fabrication, the presented resonator constellation
leads to a stronger coupling between the resonators, which
consequently guaranetees more suitable filter dimensions.
This can be traced back to an increased length of the coupling
structures. Regarding the theoretical synthesis of these filters,
special attention was given to the impedance values of the re-
alized impedance inverters. The presented concept was var-
ified by measurements of two coupled-resonator prototypes,
as well as the simulation of two conventional as well as in-
terdigital ridged-waveguide filters with a midband frequency
of 20 GHz with a bandwidth of 2 GHz and 100 MHz. The
synthesized broadband interdigital filter exhibits the desired
passband as well as spurious passband suppression, while it
maintains filter dimensions, which are beneficial in terms of
fabrication.
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