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ABSTRACT In this paper, a very efficient procedure for designing waveguide combline bandpass filters with
an advanced electrical response is presented. The proposed technique is based on a segmentation strategy,
which reduces the number of variables to be optimized by dividing the design process into simpler stages.
The electrical response of an appropriate equivalent circuit model of the waveguide structure considered
in each stage is used to generate the target curve needed in the optimization process. Moreover, the well-
known Aggressive Space Mapping technique has been also implemented to improve the computational
efficiency of the whole method. In order to validate the proposed design procedure, two high-order combline
bandpass filters, with symmetric and asymmetric electrical responses including transmission zeros, have
been successfully designed and simulated with full-wave analysis tools. Furthermore, as an experimental
validation, a prototype of the symmetric filter has been manufactured, showing a good agreement between
simulated and experimental data.

INDEX TERMS Aggressive space mapping, bandpass filters, combline filters, coupling matrix, cul-de-sac
filter, equivalent circuit model.

I. INTRODUCTION
Microwave bandpass filters have a wide range of applications
in satellite and wireless communications systems, and they
can be implemented using different topologies and technolo-
gies. The most appropriate realization technique is usually
selected based on the required electrical specifications, and
also on the different system requirements and constraints [1].
In this context, waveguide combline filters represent a class
of bandpass filters that exhibits some important advantages,
such as a high degree of compactness and a good power
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handling capability [2], [3]. Although combline filters are
typically implemented using rectangular cavities loaded with
cylindrical metal posts [4], other non-canonical topologies
have also been investigated in the past, as the new family
of combline filters based on triangular resonators recently
presented in [5], or the inline configuration outlined in [6],
where the resonator posts are transversally positioned and
mutually rotated in a circularly shaped cavity.

In this type of waveguide filters, rectangular irises are
frequently used to implement either magnetic or electric
couplings between resonators. The height and the position
of the coupling windows determine the amount and the
sign of the coupling coefficient [4]. Besides, although
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combline filters are classically implemented using an inline
configuration [7], [8], [9] (metal and dielectric tuners can
also be employed for reconfigurability purposes, as in [10]
and [11]), folded arrangements are preferred if the filter
selectivity needs to be enhanced by the implementation of
transmission zeros (TZs) [2], [4], [12], [13], [14]. However,
TZs can also be realized using an inline configuration. For
instance, inline combline filters employing resonators loaded
with planar rectangular posts have been recently investigated
in [15], where several bandpass filters exhibiting TZs below
and above the passband have been designed and fabricated
using printed circuit board (PCB) technology. In this solution,
the practical implementation of physical structures providing
mixed inductive and capacitive couplings is required. Another
example of an inline topology with TZs can be found in [16],
where the different resonator posts alternate their position
to introduce several cross-couplings. Yet another interesting
approach was presented in [17], where the three coaxial
resonators of the designed tunable filter are arranged in a
triangle shape. More recently, extracted-pole filters using
non-resonant nodes have been investigated in [18]. In that
work, an inline combline filter providing two TZs in the
upper side of the passband has been designed, using mapping
relationships between the coupling matrix elements and the
dimensions of the real filter.

Other coupling topologies, such as the so-called cul-de-sac
and box-section configurations, can also be employed to
implement TZs placed on both the upper and lower sides of
the passband [19], [20], [21], [22]. Advanced filter responses
using the cul-de-sac configuration were initially proposed
in [19] and [21]. Using this topology, asymmetric electrical
responses can be synthesized without resorting to diagonal
cross-couplings, thus overcoming different problems that
may arise during the manufacture of a prototype.

Next, it would be worth discussing the results of our
review of previous relevant contributions in the context of
bandpass filters design. The design of a filter typically starts
with a set of given electrical specifications. Afterwards, the
well-established approach consists of deriving an appropriate
coupling matrix that fulfils the specifications [2], [23]. Other
works rely instead on the obtention of an equivalent circuit
model in terms of lumped elements and inverters, as in [7],
[16], and [18].

The resonant frequencies of the cavities and the
input/output couplings are first modelled and, afterwards, the
inter-resonator couplings are considered. After completing
these steps, an initial set of filter dimensions is obtained and,
finally, the whole filter is assembled. The initial electrical
response of the filter is then compared with the response
provided by the derived coupling matrix (or by the equivalent
circuit model) and, by means of a full-wave simulator, the
dimensions of the physical structure are iteratively optimized
until the desired electrical response is recovered [4], [6], [11],
[13], [14], [17], [18], [24]. Proceeding in this way, however,
the complete set of the filter dimensions is optimized at the
same time. Therefore, if a complex high-order filter needs

to be designed, the number of involved physical dimensions
will increase, and the optimization algorithm employed to
adjust the design variables will typically require high CPU
resources. In some cases, the optimization algorithm can even
get trapped in a localminimumwhen a large number of design
variables are handled.

In contrast to the aforementioned classical design tech-
nique, the reflected group delay method (firstly introduced
by Ness in [25]) proposed a segmentation of the structure to
divide the design process into simpler stages, with the aim of
decreasing the number of optimized variables in each step of
the procedure. Ness’ technique has been successfully used for
the design of several bandpass filters implemented in different
technologies [26], [27], [28]. Moreover, a very efficient
design technique, combining a segmentation of the structure
and the use of a circuit model based on lumped elements and
ideal impedance inverters, was presented in [29] for designing
low-order rectangular waveguide combline filters in a folded
configuration (without including TZs). A similar strategy
was followed in [30] for the design of compact H-plane
(inductive) rectangular waveguide filters including a coaxial
excitation.

However, in our review of the technical literature, very few
works deal with the efficient design of high-order waveguide
combline filters with advanced electrical responses, reporting
detailed guidelines for the determination of all the physical
dimensions of the designed structure (this is, in fact, one
of the main contributions of the present work). The only
relevant work we have found is [12], where a step-by-step
design procedure based on the obtention of an appropriate
input impedance phase was presented. Although a waveguide
combline filter with two TZs was designed in that work,
the considered structure was a low-order filter (fourth-order)
with a classical folded arrangement, providing a symmetric
frequency response. Another relevant work that is worth to
be cited is [19], where several waveguide combline filters
in a cul-de-sac configuration were successfully designed and
manufactured. However, the design guidelines followed to
achieve the real physical dimensions of the synthesized filters
were not detailed. Furthermore, different design guidelines
have been reported in [2] with the aim of characterizing some
dimensions (e.g. inter-resonator and input/output couplings)
of a general filter, and particularly of classical combline
configurations. Nevertheless, the design of more complex
topologies (as the aforementioned cul-the-sac configuration)
is not a straightforward procedure.

In this context, therefore, the main objective of this
novel contribution is to present a systematic design proce-
dure, inspired by the segmentation approach (used in [29]
and [30] with simple structures), of more complex waveguide
combline filters with advanced electrical responses, including
cul-de-sac configurations, as the one shown in Fig. 1.
Compared to previous contributions on this topic, this
novel work provides detailed design guidelines to efficiently
obtain the physical dimensions of high-order bandpass
filters (with symmetric and asymmetric frequency responses)
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FIGURE 1. Eighth-degree waveguide combline filter in a cul-de-sac
configuration.

implemented in rectangular waveguide combline technology.
With the aim of getting responses with TZs located below and
above the filter passband, the designed solutions include both
electric- and magnetic-type cross-couplings.

The design technique that we propose is based on a proper
segmentation of the considered filter structure, and on the
use of equivalent circuit models. In every design stage, only
a section of the combline filter is optimized, by using the
group delay of the S11-parameter response of the circuit
model of such filter section as the design goal. Proceeding in
this way, the different dimensions of the structure are added
progressively and, in every step, only few new dimensions
are optimized, with the aim of improving the computational
efficiency of the design method. This procedure not only
reduces the complexity of the design process, but also
improves its convergence to the optimal solution. Besides,
since the Aggressive Space Mapping (ASM) technique has
been used [31], most of the simulations carried out during
the optimization process are run in a low-accuracy full-
wave electromagnetic (EM) simulation tool, thus drastically
reducing the overall CPU time and memory costs. This is one
of the main innovative contributions of this work.

Apart from verifying the proposed technique with accurate
full-wave simulations, a filter prototype of an 8-th order
generalized Chebyshev bandpass filter with 4 TZs operating
in the S-band (f0 = 3 GHz) has been manufactured as an
experimental validation.

This paper has been organized as follows. Section II
details the main steps of the proposed design process.
To verify this novel procedure, two high-order combline
bandpass filters with advanced electrical responses (both
symmetric and asymmetric), and including TZs to improve
the response selectivity, are discussed in Section III. For
validation purposes, the results of the cul-de-sac combline
filter obtained using two accurate full-wave simulation
tools, are also successfully compared. Next, section IV
details the practical implementation of the designed filter

with symmetric response, obtaining a very good agreement
between simulated and experimental data. Finally, the main
conclusions of this work are summarized in Section V.

II. DESIGN PROCEDURE
In this section, the procedure used to determine the physical
dimensions of waveguide combline filters with advanced
electrical responses is explained in detail. The designed filters
will consist of rectangular cavities loaded with cylindrical
posts located in a centered position. The different resonators,
that will be arranged in a folded configuration, will be
coupled using rectangular windows designed to provide
either electric- or magnetic-type couplings, as described
in [4]. The designed filters will be excited using a coaxial
waveguide, whose inner probe will not be in contact with the
resonator metal posts (see Fig. 1).
The proposed design technique consists in a step-by-

step procedure, where the different filter resonators are
progressively added one after another, with the aim of
reducing the number of variables to optimize in each stage.
The electrical response of a circuit model of the structure
employed in each stage, will be considered as the target
response in the optimization process.

A. DESIGN OF THE RESONATOR AND DERIVATION OF ITS
EQUIVALENT LUMPED ELEMENTS
In the first step, the dimensions of a rectangular cavity loaded
with a cylindrical post should be determined to resonate at
the desired frequency f0 (i.e., the central frequency of the
passband). To obtain the relevant dimensions (width, height
and length of the resonator, as well as the height and diameter
of the post), the eigenmode solver of Ansys HFSS can be
used following the guidelines described in [32]. After that,
an equivalent circuit of the resonator in terms of a series
combination of an inductance and a capacitance (LC series
network) should be obtained. To this aim, first, the slope
parameter X of the resonator can be calculated as follows:

X =
ω0

2
dXin(ω)
dω

∣∣∣∣
ω=ω0

(1)

where ω0 = 2π f0, Xin represents the reactance of the input
impedance of the cavity, and the derivative of Xin must be
evaluated at ω = ω0. The reactance Xin is obtained using
Ansys HFSS, by considering a one-port structure obtained
after opening the bottom surface of the resonator [32]. Since
X is also equal to L ω0, the inductance L can be readily
obtained. Afterwards, the capacitance C can be calculated as
C = 1/(ω2

0L).
It is worth noting that, when designing asymmetric filters,

the different resonators are asynchronously tuned, so a
frequency-independent reactance (FIR) should be considered
in the equivalent circuit of the resonator [2], as shown in
Fig. 2. In the next steps of the design process, all the
dimensions derived in this stage (except for the height of the
post) will not be optimized.
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FIGURE 2. Equivalent circuit of the resonator including a
frequency-independent reactance Z = jX (X = 0 for symmetric filters).

FIGURE 3. Equivalent circuit of the connection of the m-th and n-th
resonators.

B. OBTENTION OF THE EQUIVALENT CIRCUIT OF THE
FILTER
Once the resonators of the filter have been characterized
in terms of lumped elements, the next step consists in
obtaining an equivalent circuit of the whole filter. For
filters with a symmetric frequency response, the circuit
model will be based on ideal impedance inverters (that
model the coupling windows of the real filter), and LC
series networks representing the resonators. Furthermore,
as previously discussed, FIRs must be also included in the
circuit model if the filter response is asymmetric. Fig. 3
displays the equivalent circuit of the connection of two
resonators using an ideal impedance inverter.

Given a set of electrical specifications (in terms of f0,
the prescribed return losses, the order N of the filter, its
bandwidth and the number and position of the TZs), the
correspondingN+2 couplingmatrix is synthesized according
to the desired filter configuration and electrical response
(cul-de-sac configuration, symmetric or asymmetric filtering
response, etc.) [2], [19]. The values Kij of the impedance
inverters are obtained starting from the derived coupling
matrix elements, by taking into account the effect of the
source and the load impedance Z0, the bandwidth BW of
the filter and the values of the lumped elements (L) of the
involved resonators, as follows:

Kij = Mij
L
L0

, i ̸= j (2)

KS1 = KNL = MS1

√
Z0L
L0

(3)

where Mij represents the corresponding coupling matrix
value, subscripts S and L stand for source and load,
respectively, L0 = 1/(2πBW ) and i, j = 1, 2, . . . ,N . Finally,
the values of the FIRs can be deduced from the diagonal
elements of the coupling matrix, as follows [2]:

Xi = Mii
L
L0

(4)

C. DESIGN OF THE COAXIAL EXCITATION
Combline filters are two-port components that are frequently
fed using coaxial probes [4], [10], [11], [14], [17]. In this
section, therefore, the objective is to describe the procedure to
derive the initial dimensions related to the coaxial excitation.

FIGURE 4. Waveguide component used for the design of the coaxial
excitation (left) and the corresponding equivalent circuit (right).

To this aim, a one-port structure is considered in this step of
the design process, consisting in a rectangular cavity loaded
with a cylindrical post and fed by a coaxial probe, as it can be
seen in Fig. 4.

The target response is extracted from the equivalent
circuit model of the physical component (see Fig. 4, right),
which consists of the impedance inverter KS1 representing
the input/output coupling (its value has been deduced in
the previous stage), an LC series network representing the
resonator, and a FIR of value jX1 (to be included only
for asymmetric filters). Next, the waveguide structure is
optimized (in terms of the group delay of the S11 parameter)
using an efficient full-wave EM simulation tool (in this
case, the commercial software FEST3D), with the aim of
obtaining the same electrical response as the circuit model.
The dimensions to optimize in this step are (see Fig. 4, left):
the height of the resonator loading post (h), the position of
the coaxial feeding line (d), and the penetration depth of the
coaxial probes (lp).

D. INITIAL DIMENSIONS OF THE RECTANGULAR
COUPLING WINDOWS
Filter resonators are coupled using rectangular waveguide
windows that, depending on their location, can implement
both electric- and magnetic-type couplings. Usually, mag-
netic couplings can be achieved by placing the iris at the
short-circuit location of the filter resonator, whereas an
electric coupling requires to place the iris at the open end of
the resonator [4]. In this work, the thickness lw of all coupling
windows (see Fig. 1) is set to 1.5 mm, and this value is not
optimized during the design process. It is worth noting that
it is better to maintain constant this dimension in order to
facilitate the manufacturing process. The chosen value for the
thickness (1.5 mm in this work) is able to provide us with the
couplings values required by the equivalent circuit models.

First of all, the case of symmetric filters is addressed.
With the aim of finding an initial value for the height
of electric- and magnetic-type coupling windows (denoted
as hwe and hwm , respectively, in Fig. 1), 2-port symmetric
structures composed of two resonators excited using coaxial
lines and coupled through the corresponding rectangular iris
are considered (the dimensions related to the resonators and
the coaxial excitation have been obtained in the previous
design steps). More details on the considered geometries
for magnetic-type windows can be found in [29], while
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FIGURE 5. Waveguide component used for obtaining the initial
dimensions of an electric-type coupling iris.

the waveguide component to be considered for electric-type
coupling windows in folded arrangements is shown in Fig. 5.

After that, the ideal network of the waveguide compo-
nent is derived (using impedance inverters and LC series
networks), and its electrical response in terms of the S21
parameter is used as a target. Then, the dimensions of the
waveguide structure are optimized in order to get a match
with the target response. With the aim of reducing the
number of variables to optimize, only the window requiring
the strongest coupling is designed following this procedure,
and the obtained value of the height is considered as the
solution for all the windows of the filter (note that electric
and magnetic windows are treated separately, so a different
initial height is found in each case).

On the other hand, to obtain an initial value for the widths
of the windows (represented as w in Fig. 5), the resonant
frequencies of the previously cited 2-port symmetric struc-
tures should be determined. For this purpose, as explained
in [29], the two involved resonators must be weakly coupled
to the input and output coaxial ports (which can be easily
achieved in Fig. 5 by properly reducing the length of the
coupling coaxial probes). Next, the inter-resonator coupling
of these waveguide structures can be readily obtained (in
terms of the cited resonant frequencies [2]) as a function
of the width of the considered window. Finally, the values
for the widths of the coupling windows required to provide
the corresponding coupling coefficients kij of the equivalent
circuit (kij = Kij/X ) are initially estimated.

Although this design procedure holds, as well, for filters
with an asymmetric frequency response, some relevant
changes have to be considered. First of all, FIRs must be
taken into account in the corresponding circuit models. For
instance, Fig. 6 shows the equivalent circuit of the waveguide
component displayed in Fig. 5 for the case of asymmetric
filters. Besides, since the filter resonators are asynchronously
tuned, 2-port asymmetric structures (instead of symmetric
ones) must be used to determine the initial dimensions of
the windows. This can be easily achieved in Fig. 5 by using
slightly different post heights to account for the differences

FIGURE 6. Circuit model of the waveguide component in Fig. 5 for the
case of asymmetric filters.

FIGURE 7. Electrical response of the waveguide component of Fig. 5
compared to the response of its circuit model, considering input/output
resonators weakly coupled to the coaxial access ports. The dimensions
(all in mm) of the waveguide structure (see Fig. 5) are: a = 15, b = 30,
l = 14, h1 = 22.454, h2 = 22.514, r = 2, hwe = 10, w = 7, d1 = 10.247,
d2 = 10.251.

among the resonant frequencies (which can be evaluated
using the values of L, C and Xm of the circuit model
resonators).

In addition, in order to obtain an initial value for the
widths of the coupling windows, the inter-resonator coupling
coefficient of these asymmetric waveguide structures should
be calculated (for each considered window width) using the
method and expressions found in [33], in terms of the electric
andmagnetic resonant frequencies fe and fm. Furthermore, the
required coupling coefficient of the corresponding equivalent
circuit needs to be evaluated, as well. To this end, we propose
to use the circuit model of the considered waveguide structure
(as the one shown in Fig. 6) by choosing a very low
value for the input/output inverter KS1. In order to validate
this procedure, Fig. 7 shows the magnitude (in dB) of
the S21 parameter of the waveguide component in Fig. 5
when the input/output resonators are weakly coupled to the
input/output coaxial ports. The electrical response of the
related equivalent circuit is also displayed in Fig. 7. It is
worth noting that both curves can provide the same values
for the inter-resonator coupling coefficient (since their peaks
are located at the same frequency points), so this technique
is used to obtain the initial dimensions of the electric-type
coupling window.

E. ADDITION OF THE RESONATORS OF THE FILTER
In this step of the design process, the filter resonators are
added progressively one after the other. The waveguide struc-
ture dimensions found in the previous steps are considered
as initial values of each new optimization stage, in order to
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guarantee the convergence of the design method. In each
stage, an equivalent circuit model of the corresponding
real structure is obtained, following the guidelines given in
Section II-B. Next, the dimensions of the physical structure
considered in each stage are optimized by taking the group
delay of the S11 parameter of the equivalent circuit model as
the target response.

For the sake of efficiency, the height of the magnetic-
type coupling windows is not optimized in this stage, so that
the initial value found in the previous design step is not
modified. However, the height of windows implementing
an electric coupling may need a further optimization in
order to recover the required response, since the value
of this type of coupling is more sensitive to the window
dimensions. On the other hand, the width of the (electric
and magnetic) coupling windows do need to be optimized as
the different resonators are progressively added. Regarding
the resonator dimensions, only the heights of the loading
posts are optimized. Furthermore, all dimensions related
to the coaxial excitation of the structure, also need to be
re-optimized in this stage of the design process.

More details of this design process stage are given for
the two filter examples considered in the next section.
They are arranged in a folded configuration, and cross-
couplings have been implemented in order to achieve two
advanced frequency responses. It is worth noting that the
design strategy that we have followed consists in, firstly,
designing the filter (following the step-by-step procedure
described in this section) without considering the cross-
couplings of the component. Once all the mainline couplings
have been designed, the different cross-couplings are added
progressively, and the whole filter can then be built and
optimized. It is also worth mentioning at this point that,
when a cross-coupling is considered, only the dimensions
related to the new added cross-coupling element should be
optimized and, only if the target results are not recovered,
the dimensions of nearby resonators are also considered for
optimization.

F. IMPLEMENTATION OF THE AGGRESSIVE SPACE
MAPPING TECHNIQUE
All the simulations described in the previous sections
are performed employing the full-wave EM software tool
FEST3D, by using a set of simulation parameters chosen
to generate very fast simulations and low-precision results.
In the filters designed in the next section, we have only
considered 10 accessible modes to connect discontinuities,
and 300 localized modes for their characterization (the
meaning of these two computational parameters can be found
in [34]). Therefore, the obtained low-accuracy frequency
responses are not accurate enough for fabrication purposes.
The well-known ASM technique presented in [31], however,
enables us to recover the results in a precise but time-
consuming space (fine model) using the results derived in
the low-accuracy space (coarse model). In our two design

examples, FEST3D is used as the coarse model, while the
commercial EM software Ansys HFSS is employed for
recovering the results in the fine model. In most cases, only
a few iterations are needed to recover the target frequency
response of the filter in the fine space.

A summary of the main steps of the proposed design
procedure can be found in Table 1.

III. DESIGN EXAMPLES
To illustrate the practical application of the procedure
detailed in the previous section, we have considered next the
design of two high-order generalized Chebyshev combline
bandpass filters operating in the S-band. Both filters are
arranged in a folded configuration, and cross-couplings have
been implemented to achieve symmetric and asymmetric
frequency responses including TZs located above and below
the passband. In particular, the first design case is an 8-th
order bandpass filter in a standard folded configuration,
including 4 TZs (at real frequencies) located symmetrically
below and above the filter passband (i.e., an 8-4-0 filter).
The second example is an 8-th order bandpass filter arranged
in a cul-de-sac configuration, exhibiting an asymmetric
frequency response with 3 TZs at real frequencies and
different rejection lobes, being one TZ located at the lower
side of the passband, and the other two TZs located at the
upper side (i.e., an 8-3-0 filter).

Since the passband of both filters is centred at f0 = 3 GHz,
the first step of the design procedure (see Section II-A) is
common for both of them. The dimensions of the designed
rectangular cavity are as follows (see Fig. 1): a = 15 mm,
b = 30 mm and l = 14 mm. Besides, the height of the
cylindrical post is of 22 mm, while its radius is equal to 2 mm.
On the other hand, the calculated values for the equivalent
lumped elements of the resonator are: L = 13.236 nH
and C = 0.213 pF. In order to check the obtained values
for the lumped elements, the reactance of the derived LC
series resonant circuit is compared with the reactance of the
real waveguide resonator. The results shown in Fig. 8 fully
validate the followed approach.

A. FIRST DESIGN EXAMPLE: 8-4-0 FILTER
First, the design of an 8-th order generalized Chebyshev
bandpass filter operating at f0 = 3 GHz, with 22 dB of
return losses and a bandwidth of 20 MHz, is addressed.
In addition, to improve the filter selectivity, 4 TZs are
introduced symmetrically in the frequency response by using
cross-couplings between some resonators. The coupling and
routing diagram of this filter is represented in Fig. 9, where
all the couplings are of magnetic type, except for the coupling
between resonators 3 and 6, which is of electric type. For the
sake of clarity, the cross-couplings are drawn in Fig. 9 using
dotted lines.

The TZs are included in the low-pass prototype at
s = ±j1.2 and at s = ±j1.7, which produce 4 rejec-
tion lobes of 40 dB and 60 dB distributed on both the
lower and the upper sides of the passband. The non-zero
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TABLE 1. Summary of the proposed design procedure.

FIGURE 8. The reactance of the lumped elements equivalent circuit of the
resonator is compared with the reactance of the real waveguide
implementation.

FIGURE 9. Coupling and routing diagram of the 8-4-0 bandpass filter.

elements of the corresponding N + 2 coupling matrix
for this design using a folded configuration (see Fig. 9)
are: MS1 = M8L = 1.0231, M12 = M78 = 0.8440, M23 =

M67 = 0.5919, M34 = M56 = 0.4834, M45 = 0.7842,
M36 = −0.2894, M27 = 0.0320. It is worth mentioning that,
given a set of electrical specifications for a specific design,
a particular coupling matrix is obtained. Therefore, if we
want to add more transmission zeros to the electrical
response, a different and appropriate coupling matrix should
be synthesized, and additional cross-couplings should be
considered in the physical structure.

The circuit model of the filter can be derived starting
from the obtained coupling matrix and the equivalent lumped
elements of the resonators. Fig. 10 shows the equivalent
circuit of the proposed filter, where Z0 stands for the modal
impedance of the coaxial line TEM mode (note that, since
the filter is symmetric, FIRs are not included in the circuit
model). The values of the LC lumped elements were obtained
in the previous section, while the values (all in �) of
the impedance inverters are: KS1 = K8L = 21.2788,
K12 = K78 = 1.4043, K23 = K67 = 0.985, K34 =

K56 = 0.8094, K45 = 1.2964, K36 = −0.4707, and
K27 = 0.0517 (note that the required coupling coefficients
kij can be calculated, as stated in Section II-D, in terms of Kij
and the resonator slope parameter χ = Lw0). The electrical
response (S-parameters) of this ideal circuit is displayed in
Fig. 11. Furthermore, the physical realization of this filter in
combline technology is shown in Fig. 12, where it is worth
noting that the electric coupling between resonators 3 and 6
(see also Fig. 9) has been implemented using a rectangular
window placed at the open end of the resonator [4].

According to the design procedure described in Section II,
the next step consists in designing the coaxial excitation. The
input/output resonators will be fed using 50� commercial
coaxial connectors (inner and outer radii equal to 0.82 mm
and 2.625 mm, respectively, and ϵr = 2.1). In this stage,
only the first resonator of the filter fed by the coaxial line is
considered (see Fig. 4, left). Next, the group delay of the S11
parameter of the circuit model of this component (see Fig. 4,
right) is considered as the target response. Only 3 parameters
are optimized in this stage: d , h1 and lp (see Fig. 12 for the
definition of these dimensions). After the optimization, the
results shown in Fig. 13 are obtained, where a very good
agreement can be observed between the full-wave and target
responses. The following optimized dimensions (all in mm)
are obtained at the end of this stage: d = 10, h1 = 22 and
lp = 4.28.
Afterwards, a set of initial values for the coupling windows

is derived following the procedure explained in Section II-D.
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FIGURE 10. Equivalent circuit model of the 8-4-0 filter in terms of LC series resonators and ideal impedance inverters.

FIGURE 11. S-parameters of the equivalent circuit displayed in Fig. 10.

FIGURE 12. Physical realization in combline technology of the 8-4-0
bandpass filter whose coupling diagram is shown in Fig. 9.

The obtained height of the magnetic-type coupling windows
is hwm = 9.3 mm, while the height of the electric coupling
window has been set to hwe = 14 mm in order to achieve the
required electric coupling (in this particular case, hwe and hwm

FIGURE 13. Results of the optimization after designing the coaxial
excitation of the 8-4-0 filter.

will not be optimized in the following steps). Furthermore,
if wmn refers to the width of the coupling window between
the m-th and n-th resonators (see Fig. 12), the obtained initial
values (all in mm) are: w12 = w78 = 5.5, w23 = w67 = 4.85,
w34 = w56 = 4.45, w45 = 5.9, w27 = 2.1 and w36 = 6.2.
Next, since the filter is symmetric, we will firstly design

the connection of the first 4 resonators (i.e., the lower branch
of the routing diagram in Fig. 9) without considering the
cross-couplings of the filter. These resonators will be added
progressively, one after another, following the guidelines
described in Section II-E, and using the results of previous
stages as initial values of the next one. In each stage, the
electrical response of the corresponding waveguide structure
is optimized considering the response of the related circuit
model (which can be easily derived from the circuit in Fig. 10)
as a target. Fig. 14 shows the results of the optimization
process after adding the first 4 resonators (connection S-1-
2-3-4), where a very good agreement between the full-wave
response and the target curve can be observed (the results
concerning the connection of the first 2 and 3 resonators
have been omitted for the sake of brevity). In addition, the
dimensions of the waveguide component are also reported
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FIGURE 14. Results of the optimization considering the first 4 resonators
(S-1-2-3-4) of the 8-4-0 filter.

TABLE 2. Optimized dimensions (in mm) of the waveguide component
obtained after connecting the first 4 resonators of the 8-4-0 filter.

TABLE 3. Optimized dimensions (in mm) of the waveguide component
obtained after connecting (without cross-couplings) the 8 resonators of
the 8-4-0 filter.

in Table 2 (hi stands for the height of the i-th resonator
post).

In the next step of the design process, we can address
the optimization of the whole filter since the component is
symmetric. However, cross-couplings will not be included yet
and only the mainline couplings will be taken into account.
Therefore, the direct connection of the 8 resonators of the
filter following the routing diagram shown in Fig. 9 (without
the cross-couplings K27 and K36) is considered next. The
initial dimensions of the structure have been reported in
Table 2. This time, the electrical response to be optimized is
based on the magnitude of the S11 and S21 parameters. The
results of the optimization are displayed in Fig. 15, where
the response of the equivalent circuit model is successfully
compared with the response of the waveguide component.
Moreover, the new optimized dimensions of the structure are
reported in Table 3 (note that, since the filter is symmetric,
only the relevant dimensions are shown in the table).

In the next step, the electric coupling between resonators
3 and 6 is added (see also Fig. 9). The S-parameters of
the optimized waveguide component compared with the
electrical response of the corresponding circuit model are
shown in Fig. 16, where a very good agreement can be again

FIGURE 15. Results of the optimization considering the connection
(without cross-couplings) of the 8 resonators of the 8-4-0 filter.

FIGURE 16. Results of the optimization considering all the couplings of
the 8-4-0 filter except for the magnetic cross-coupling 2-7.

TABLE 4. Dimensions (in mm) of the 8-4-0 bandpass filter (low-precision
design).

observed. Finally, the magnetic coupling between resonators
2 and 7 is added to the structure, and the optimization of
the whole bandpass filter can be addressed. The electrical
response of the designed filter is shown in Fig. 17, where
a very good agreement can be observed between the
responses of the circuit model and waveguide component.
The dimensions of the designed filter are summarized in
Table 4 (note that the filter is symmetric).

As we explained in Section II-F, the filter dimensions
reported in Table 4 provide us with a low-precision design.
However, a high-precision design can be recovered by using
the ASM technique (the commercial EM software Ansys
HFSS is used for the simulations performed in the fine
space). The final results obtained in the high-precision space
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FIGURE 17. Electrical response of the designed 8-4-0 bandpass filter
(low-precision design).

FIGURE 18. Electrical response of the designed 8-4-0 bandpass filter
(high-precision design).

TABLE 5. Dimensions (in mm) of the 8-4-0 bandpass filter (high-precision
design).

(Ansys HFSS) are shown in Fig. 18, where 8 iterations
of the ASM technique have been needed to recover the
previous results obtained in the coarse or low-precision space
(FEST3D results). A very good agreement can be observed,
thus confirming the accuracy of the ASM results. Table 5
collects the final dimensions of the designed filter. These
values are very close to the dimensions obtained in the coarse
space (see also Table 4).

B. SECOND DESIGN EXAMPLE: 8-3-0 CUL-DE-SAC
BANDPASS FILTER
Next, we address the design of an 8-th order general-
ized Chebyshev bandpass filter arranged in a cul-de-sac

FIGURE 19. Coupling and routing diagram of the 8-3-0 cul-de-sac
bandpass filter.

configuration exhibiting an asymmetric response. The pass-
band is centred at f0 = 3 GHz, with 23 dB of return
losses and a bandwidth of 16.7 MHz. In this case, 3 TZs
are introduced in the frequency response, one at the lower
side of the passband (s=−j1.326 in the low-pass prototype,
producing a rejection lobe of 40 dB), and a pair at the upper
side (s = j1.29 and s = j1.472 in the low-pass prototype,
generating two rejection lobes of 60 dB). The coupling and
routing diagram of this filter is represented in Fig. 19, where
all the couplings are of magnetic type, except for the coupling
between resonators 2 and 6, which is of electric type (the
cross-couplings have been depicted in Fig. 19 using dotted
lines).

The non-zero elements of the N + 2 coupling matrix for
this design using a cul-de-sac configuration are: M11 =

M88 = 0.0054, M22 = M77 = 0.0059, M33 = −0.1376,
M44 = 0.4551, M55 = −0.8707, M66 = 0.1190, MS1 =

M8L = 1.044, M12 = M78 = 0.8644, M23 = 0.3970,
M34 = 0.7054, M56 = 0.3485, M67 = 0.4510,
M26 = −0.4510, M37 = 0.3970. On the other hand, the
equivalent circuit model of the filter is shown in Fig. 20,
where the values (all in �) of the impedance inverters are:
KS1 = K8L = 19.8176, K12 = K78 = 1.1981, K23 = 0.5503,
K34 = 0.9777,K56 = 0.483,K67 = 0.6252,K26 = −0.6252,
andK37 = 0.5503. In this case, since the diagonal elements of
the coupling matrix (Mii) are not equal to zero, the equivalent
circuit of Fig. 20 must include FIRs in the corresponding
resonators. According to (4), the next values (all in �) for
these FIRs are obtained: X1 = X8 = 0.0075, X2 = X7 =

0.0081, X3 = −0.1908, X4 = 0.6308, X5 = −1.2069,
and X6 = 0.1649. Then, following the numerical procedure
given at the end of Section II-D, the next values for all
the filter coupling coefficients are obtained: k12 = 0.0048,
k23 = 0.0022, k34 = 0.0039, k56 = 0.0019, k67 = 0.0024,
k78 = 0.0048, k26 = −0.0025 and k37 = 0.0022. The
S-parameters of this ideal circuit are shown in Fig. 21, while
its physical realization can be found in Fig. 1.

Next, the design of the coaxial excitation of the filter is
addressed (input/output resonators are fed using the same
coaxial line that we employed in the previous design). In this
stage, only the first resonator of the filter (fed by the coaxial
line) is considered, and the height h1 of the post, as well as
the dimensions d1 and lp1 (see Fig. 1) are optimized based
on the response of its equivalent circuit (see Fig. 4). The
following optimized dimensions (all in mm) are obtained
at the end of this stage: d1 = 9.917, h1 = 22.076 and
lp1 = 4.148. It is worth noting that, although this filter is not
symmetric, the design of the coaxial excitation for the input
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FIGURE 20. Equivalent circuit model of the cul-de-sac bandpass filter in terms of ideal impedance inverters, LC series resonators and FIRs.

FIGURE 21. Electrical response of the circuit model of the cul-de-sac
bandpass filter.

and output resonators provides the same initial values, since
KS1 = K8L . However, the dimensions of the input/output
resonators related to the coaxial excitation will be optimized
independently afterwards.

In the next stage of the design process, a set of initial
values for the coupling windows is determined. As explained
in Section II-D, the 2-port asymmetric structures considered
in this stage must include resonators with different values for
their post heights. The obtained initial values (in mm) for the
cited heights, which have been evaluated taking into account
the resonant frequencies of the circuit model resonators, are:
h1 = h2 = h7 = h8 = 22.076, h3 = 22.084, h4 =

22.048, h5 = 22.129, h6 = 22.069. By following the design
procedure explained in Section II-D, an initial value of hwm =

9.3 mm is obtained for the height of all magnetic windows
(this dimension will not be optimized in the following
steps). For the electric-type coupling window, we obtain
hwe = 10 mm. Furthermore, the obtained initial values
(in mm) for the widths of the coupling windows are:
w12 = w78 = 5.15, w23 = 4, w34 = 4.8, w56 = 3.78,
w67 = 4.1, w26 = 7, and w37 = 4.15.

FIGURE 22. Results of the optimization after designing the connection
S-1-2-3-4 of the 8-3-0 filter.

As the filter is not symmetric, the design strategy consists
in splitting the design process in three main steps. Firstly,
the connection of resonators S-1-2-3-4 will be addressed (i.e.,
the lower branch of the coupling diagram in Fig. 19). Next, the
connection of resonators 5-6-7-8-L will be considered (i.e.,
the upper branch of the coupling diagram in Fig. 19). Finally,
the cross-couplings between resonators 2-6 and 3-7 will be
added one after another. In each of these three main steps, the
resonators will be added progressively, and the dimensions of
the corresponding waveguide components will be optimized
considering the electrical response of the equivalent circuit
model as the target response.

Fig. 22 shows the results of the optimization after
connecting the resonators S-1-2-3-4, compared with the
response of the corresponding ideal circuit. The dimensions
of the physical structure can be found in Table 6, where hi is
the height of the i-th resonator post, and wmn stands for the
width of the coupling windows connecting the m-th and n-th
resonators (see also Fig. 1).

On the other hand, Fig. 23 shows the results of the design
of the waveguide component representing the connection of
resonators 5-6-7-8-L. Once again, a very good agreement is
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TABLE 6. Dimensions (in mm) of the structure after optimizing the
connection of resonators S-1-2-3-4.

FIGURE 23. Results of the optimization after designing the connection
5-6-7-8-L of the 8-3-0 filter.

TABLE 7. Dimensions (in mm) of the structure after optimizing the
connection of resonators 5-6-7-8-L.

FIGURE 24. Results of the optimization after adding the magnetic
coupling 3-7 to the 8-3-0 filter.

obtained between the full-wave response of the structure and
the response of the equivalent circuit model. The optimized
dimensions of the component are reported in Table 7.

After designing the second half of the filter, the magnetic
coupling between resonators 3 and 7 is considered (see
also Fig. 19). Fig. 24 shows the optimized results of the
S-parameters (compared with the electrical response of the
corresponding circuit model) after adding this coupling
window. An excellent agreement between both responses is
again observed.

FIGURE 25. Performance of the S-parameters of the 8-3-0 filter for
different dimensions of the electric window connecting resonators
2 and 6.

TABLE 8. Dimensions (in mm) of the 8-3-0 cul-de-sac bandpass filter
(low-precision design).

In the last step of the design process, the electric coupling
between resonators 2 and 6 is added to the structure, so the
design of the whole filter can be addressed. As we stated
before, the required electric coupling between resonators
2 and 6 results in a coupling window whose initial values for
the height and width are hwe = 10 mm and w26 = 7 mm,
respectively. With these initial values, however, it was not
possible to recover the ideal response of the whole filter.
In fact, the results we achieved using such initial values are
shown in Fig. 25 with red lines. With the aim of obtaining
a better initial point, a new re-optimization of the window
dimensions was performed, thus finding the following new
values: hwe = 12 mm and w26 = 11 mm. As we can check
from Fig. 25 (see the new results with black lines), a very
good starting point was finally obtained. This change in the
dimensions of the electric-type coupling window was due to
the stronger effect of the adjacent resonators in such coupling
topology.

The results of the optimization of the S-parameters of
the complete filter (low-precision design) are successfully
compared with the ideal circuit response in Fig. 26, while the
dimensions of the final design are reported in Table 8.

The last stage of the design process consists in applying
the ASM technique, in order to get a set of dimensions
that provide us with a high-precision design. A very good
matching with the response of the low-precision design has
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FIGURE 26. Electrical response of the designed 8-3-0 cul-de-sac
bandpass filter (low-precision design).

FIGURE 27. Electrical response of the designed 8-3-0 cul-de-sac
bandpass filter (high-precision design).

TABLE 9. Dimensions (in mm) of the 8-3-0 cul-de-sac bandpass filter
(high-precision design).

been obtained after 11 iterations of the ASM technique,
as shown in Fig. 27, where the results obtained in the
high-precision space (Ansys HFSS) are displayed and
compared with the response of the low-precision design. The
dimensions obtained in the high-precision space, which are
reported in Table 9, are very close to the ones derived in the
coarse space (see also Table 8).

As a final validation check of the complete design
procedure, the cul-de-sac filter designed in the high-precision
space has also been analyzed with a second full-wave EM
commercial simulator (CST Studio Suite). The obtained

FIGURE 28. Ansys HFSS and CST Studio Suite electrical responses of the
designed 8-3-0 filter.

results, which can be seen in Fig. 28, show a good agreement
between CST and HFSS responses. The minor differences
between both simulators results are reasonable, since a filter
response with a very narrow passband (0.56% of fractional
bandwidth) has been obtained using two EM software tools
based on different numerical analysis methods.

Finally, we have compared the electrical performance
and complexity of the two designed filters with other
similar combline and coaxial filters found in the technical
literature, in terms of several parameters: order N of
the designed filter, topology of the filter (inline, folded
arrangement, etc.), presence of transmission zeros, and
symmetry or asymmetry of the filter response. We have also
included in this comparison the technique used in the design
procedure (classical, as explained in Section I, or based on
a segmentation of the structure), as well as the technology
employed for implementing the filter. The summary of this
comparison can be found in Table 10, where it can be seen
that higher order and very selective responses, as well as
complex topologies (such as the cul-de-sac one), have been
successfully considered in this work.

IV. EXPERIMENTAL VALIDATION
As an experimental validation of the proposed design proce-
dure, the 8-4-0 filter example considered
in Section III-A has been manufactured in aluminum.
However, before implementing the filter prototype, some
important practical issues must be taken into account.

First, since we will resort to a low-cost fabrication
technique (i.e., standard milling), rounded corners (radius of
2.5 mm) must be considered in all the cavities of the filter to
account for undesired mechanization effects. Besides, tuning
screws will be needed both in cavities (diameter of 4 mm)
and coupling windows (diameter of 2 mm, except for the
screw used in the 2-7 coupling window, whose diameter is
found to be of 1.6 mm). Furthermore, the size of the flange
of the coaxial connector that we have used (Radiall® TNC-
18 connector) is equal to 19 mm, so a minimum gap of
19 mm is needed between adjacent connectors. However, the
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TABLE 10. Comparison of the two designed combline filters with similar designs found in the technical literature.

FIGURE 29. Modified 8-4-0 filter with rounded corners, tuning screws and
input/output ports located on the side faces of the component.

TABLE 11. Dimensions (in mm) of the modified 8-4-0 bandpass filter.

available space between the center of the input/output ports
in our design (see Fig. 12) is of 16.5 mm. As a consequence,
the coaxial connectors need to be shifted to the side faces
of the structure. Since all these issues must be considered
before manufacturing the prototype, the filter needs, first,
to be slightly fixed. Fig. 29 shows the new design of the
8-4-0 filter, including rounded corners, tuning screws and
input/output ports located on the sides of the component.

The new dimensions (in mm) of the modified 8-4-0
filter (high-precision design), considering all prior practical
aspects, are collected in Table 11, where the notation for the
different variables is the same of Section III.

A photograph of the manufactured filter can be found
in Fig. 30, while Fig. 31 shows a comparison between
the simulated response (without considering metal losses)
and the measured data. An acceptable agreement has been
obtained, and a very good performance in terms of the

FIGURE 30. Photograph of the manufactured 8-4-0 filter: assembled
component (top) and body without cover (bottom).

FIGURE 31. Simulated response (no losses) compared to the measured
data.

measured return losses can be observed. Although the
transmission zeros are not clearly marked in the measured
response, their presence (and location) can be easily inferred
from the experimental results.

It is worth noting that, based on our previous experience
with the prototype manufacturer, we are aware that the
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FIGURE 32. Simulated response considering metal losses (σ =8.67·106

S/m) compared to the measured data.

real conductivity of the material (aluminum) used in the
fabricated filter is lower than the well-known nominal value,
thus obtaining an in-band performance with higher insertion
losses than expected (also due to the narrowband nature of the
designed filter). Therefore, we have proceeded to simulate
the designed filter considering the metal losses, by using
in the simulation tool a material whose conductivity value
(σ = 8.67·106 S/m) provides the same level of insertion losses
as in the measured response. The obtained results are shown
in Fig. 32, where a very good agreement is now observed
between both sets of data. It is also worth mentioning that,
as we already observed with the measured data, transmission
zeros are not either clearly visible in the simulated response
when losses are considered in the full-wave analysis tool.

V. CONCLUSION
In this paper, an efficient procedure to design high-order
combline bandpass filters with advanced electrical responses,
and including transmission zeros, has been presented. The
design process, which is based on a proper segmentation
strategy of the complete filter structure, relies on the use of
equivalent circuit models that provide the target electrical
responses needed in each stage of the proposed method.
Moreover, the ASM technique has allowed to implement
the design procedure with a low-accuracy EM solver, thus
finally obtaining a very accurate solution for the designed
filters with a reduced number of high-accuracy simulations.
In order to validate the proposed design procedure, two
complex combline bandpass filters, one of them in a cul-
de-sac configuration exhibiting an asymmetric frequency
response, have been successfully designed using full-wave
commercial simulation tools. Futhermore, as an experimental
verification, a prototype of the 8-4-0 bandpass filter has
been manufactured, obtaining a good agreement between the
simulated and measured responses, thus fully validating the
proposed design procedure.
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