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Abstract

Microwave filter design is a popular topic in the area of modern microwave engineering.
Novel technologies, novel applications and more demanding component miniaturiza‐
tion are some of the key drivers for the development of novel microwave filters. For the
systems  operating  with  high  power  and  low  losses,  waveguide  filters  represent
sustainable solutions, in spite of their size. Herein, a method for the advanced bandpass
and bandstop waveguide filter design is presented. Properly designed printed‐circuit
inserts,  with simple resonators,  are used as resonating elements inside a standard
rectangular waveguide. In this manner, multi‐band bandpass or bandstop waveguide
filters are developed. Multiple resonant frequencies can be obtained using single insert,
with properly positioned resonators. Filter design is exemplified by numerous three‐
dimensional electromagnetic models of the considered structures, equivalent micro‐
wave circuits and fabricated devices. Some of the advantages of the proposed design
are simplicity, ease of implementation, possibility of miniaturization and experimental
verification. The waveguide filters considered here are designed to operate in the X
frequency band, so their application is recognized with the radar and satellite systems.
Further improvement of the proposed method is possible, according to the future use
of the presented devices.
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1. Introduction

Microwave filters are essential components of every modern communication system operating
at microwave frequencies. In general, filters are used to pass the signals at chosen frequencies
and to block or weaken the undesired signals. Microwave filter design represents an important
topic in the area of modern microwave engineering. The researchers are developing novel
microwave filters using various technologies, keeping their focus on the novel applications and
more demanding device miniaturization, but also bearing in mind the basic filter requirement
—to meet a given specification [1].

This chapter focuses on the waveguide filter design. As high quality‐factor devices [2],
waveguide filters still represent sustainable solutions for the systems where high power and
low losses are required (e.g., satellite systems and radar systems).

Waveguide filters can be implemented in different ways. Various solutions based on the
waveguide structure modification, by adding branches, are known for decades and are widely
implemented. Furthermore, numerous implementations using substrate integrated wave‐
guide (SIW) technology can be found. Herein, waveguide filters using discontinuities inside
the waveguide structure are of interest. These discontinuities can have various shapes and
positions [3]. Numerous examples, along with the equivalent circuits and closed‐form
expressions to calculate the parameters of discontinuities, are given in [4].

In this chapter, waveguide filters using printed‐circuit discontinuities are considered. These
inserts can be differently positioned inside the waveguide, and some classification can be made
accordingly. In the available literature, various solutions can be found for the filters using
inserts placed in the E‐plane of a rectangular waveguide. Actually, this is a widespread
approach, and an example of such design applied to the bandpass filter is presented in [5].
Split‐ring resonators (SRRs) are often used as resonating elements for the bandstop filter
design. Implementations of bandstop filters using E‐plane inserts with SRRs can be found in
[6], with a single rejection band, and in [7], with multiple rejection bands. Another approach
is based on the use of H‐plane inserts. Similarly as for the E‐plane insert, various types of
resonators can be implemented on the H‐plane insert, as well. For the bandpass filters,
complementary split‐ring resonators (CSRRs) are widely used, as presented in [8, 9], for the
filter with a single pass band. Dual‐band filter with SRRs is proposed in [10], while compact
filter solutions can be found in [11].

The main advantage of the implementations based on the concept of using inserts in the
waveguide, compared to the solutions with modified waveguide structure, is simpler design
and ease of fabrication.

A method for the advanced bandpass and bandstop waveguide filter design has been devel‐
oped and reported. It is based on the use of printed‐circuit discontinuities, with relatively
simple resonators, acting as resonating elements. Multiple resonant frequencies can be
obtained using single insert, with properly positioned resonators. The goal is to implement
multi‐band bandpass or bandstop waveguide filters using printed‐circuit inserts, having better
characteristics (e.g., bandwidth, return loss, insertion loss and structure size), compared to the
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ones published in the available literature. The method considers three‐dimensional electro‐
magnetic (3D EM) modeling of the structures, generating equivalent microwave circuits,
optimization and device miniaturization. Relatively simple design, ease of implementation
and experimental verification are important aspects of the proposed design guidelines.

The waveguide filters considered here are designed to operate in the X frequency band (8.2–
12.4 GHz), so they can be used as components of radar and satellite systems of various
purposes. Proposed design method allows their further improvement in accordance with their
potential future use. We have been investigated various planar structures, as well, which might
be suitable for miniaturization, see for example [12–15].

The chapter is organized as follows. Section 2 will briefly cover waveguide fundamentals,
while Section 3 will provide basic concepts of microwave filter design. Section 4 will elaborate
on the method for the waveguide filter design, explaining 3D EM modeling and simulation,
equivalent microwave circuits and experimental verification of the considered waveguide
filters. Sections 5 and 6 will introduce bandpass and bandstop waveguide filters using the
presented method for an advanced waveguide filter design, respectively. Section 7 will focus
on the multi‐band filter design. Finally, the obtained results and findings will be outlined in
conclusion.

2. Brief review of waveguide fundamentals

Hollow waveguides represent structures for transmission of electromagnetic waves, consisting
of a single transmission line [16]. Depending on the shape of their cross‐section, they can be
classified as rectangular or circular. Actually, rectangular waveguide is the most commonly
used waveguide component [17]. Hollow metal waveguide is a shielded structure, so there is
practically no electromagnetic coupling with the surrounding devices. In spite of their size at
lower frequencies, they still represent sustainable solution for the systems operating with high
power (e.g., transmitters and radars) and low losses (e.g., satellite systems). Also, they can be
used for the implementation of high quality‐factor resonators.

Rectangular waveguide is used for the transmission of transverse electric (TE) and transverse
magnetic (TM) waves. Figure 1 depicts the rectangular waveguide for the wave propagating
along the z‐axis. We can assume that the conductor is perfect, while the waveguide is filled by
the homogeneous and lossless dielectric. The analysis of the wave propagation assumes
solving the wave equation, taking into account the boundary conditions on the waveguide
walls.

For the TE wave propagation, with axial electric field Ez = 0, it is required to solve the wave

equation as a function of Hz, Δ���+ �2�� = 0, or in Cartesian coordinates∂2��/ ∂�2 + ∂2��/ ∂�2 + �2�� = 0, where �2 = γ2+ �2, γ=jβ is propagation coefficient

(β is phase coefficient), � = ω εμ. Scalar function Hz, given in Cartesian coordinates,�� �, �, � = �� �, �, 0 �−γ�, represents the solution of the given wave equation, and each non‐
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zero field component can be expressed as a function of Hz. By solving the wave equation, the

following expression is obtained for Hz: �� �, �, � = �0cos �π�/� cos �π�/� �−jβ�,  � = 0, 1, 2, …,   � = 0, 1, 2, …, where H0 is a complex constant. Starting from this solution, the
other field components of the TEmn mode can be derived [17].

Figure 1. Rectangular waveguide (wave propagation is along z-axis).

Similarly, for the TM wave propagation, with axial magnetic field Hz = 0, it is required to solve

the wave equation as a function of Ez, Δ���+ �2�� = 0, or in Cartesian coordinates∂2��/ ∂�2 + ∂2��/ ∂�2 + �2�� = 0. Scalar function Ez, given in Cartesian coordinates,�� �, �, � = ��(�, �, 0)�−γ�, represents the solution of the given wave equation, and each non-

zero field component can be expressed as a function of Ez. The following expression is obtained

for Ez, by solving the wave equation: �� �, �, � = �0sin �π�/� sin �π�/� �−jβ�,  � = 1, 2, …,   � = 1, 2, …, where E0 is complex constant. Starting from this solution, the other
field components of the TMmn mode can be obtained, as in [17].

For each TEmn or TMmn mode, the frequency from which that mode starts to propagate, called

a cut-off frequency, can be defined as: �� = �/2 �/� 2+ �/� 2   � = 1/ εμ.

The wavelength of the guided wave in the waveguide is calculated as:λg = λ0/ 1 − ��/� 2,where λ0 is the wavelength in the vacuum at frequency f. The following

equations are used to determine the wave impedance for the TEmn and TMmn mode:�TE = μ/ε/ 1 − ��/� 2,   �TM = μ/ε 1 − ��/� 2.

The dominant mode of propagation is the one with the lowest cut-off frequency. In case a > b,
the dominant mode is TE10. The propagation of the dominant mode is of interest, and it will be
considered throughout the chapter. Its cut-off frequency is ��TE10 = �/2� = 1/ 2� εμ , and a

set of field equations for this mode is: �� �, �, � = 0, �� �, �, � = − jωμ�0 �/π  sin π�/� �−jβ�,�� �, �, � = jβ�0 �/π sin π�/� �−jβ�, �� �, �, � = 0, �� �, �, � = �0cos π�/� �−jβ�, whereβ = ω2εμ − �π/� 2− �π/� 2 denotes the phase coefficient.
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Maximum power in the waveguide is limited by the dielectric breakdown, that is, by the critical
field in the waveguide. Furthermore, in case the waveguide is not matched to its ports, so there
is a reflected wave beside the incident one, the maximum power will be decreased by the value
of the reflected power.

For the waveguide filters considered in this chapter, standard WR‐90 rectangular waveguide
is used. According to Figure 1, dimensions of its cross‐section are a = 22.86 mm and b = 10.16
mm. The frequency range for this waveguide is 8.2–12.4 GHz. The cut‐off frequency for the
dominant mode of propagation TE10 is 6.56 GHz. Next, higher mode, TE20, starts propagating
from 13.12 GHz, which is in accordance with the observed frequency range for this waveguide.

3. Basic concepts of microwave waveguide filter design

This section briefly covers resonators, as building blocks of the filters, and filter design
principles, with the focus on the waveguide filters.

3.1. Resonators

The resonators can be characterized as fundamental passive microwave components and basic
elements of the frequency selective circuits, such as filters. They are capable to store frequency‐
dependent electric and magnetic energy [2]. Under ideal circumstances, resonator is electro‐
magnetically isolated part of the space, without losses, so once excited electromagnetic field
can be indefinitely retained [16]. However, in real situations, every resonator loses its energy
due to various losses (e.g., losses in conductors and dielectric) and the coupling with the
surrounding components, which is usually weak. This means that the energy must be contin‐
uously added to the resonator, in order to compensate for the losses and maintain the excited
field.

The main parameters which qualify a resonator are its resonant frequency and the quality
factor (Q‐factor). In general, Q‐factor reflects the resonator performance [17].

Resonators can be implemented in different ways: for the frequencies up to 1 GHz as LC circuits
and for the frequency range 1 MHz–10 GHz as transmission line sections, while for the
frequency range 1–100 GHz as waveguide resonators.

Planar resonators can be classified as resonators implemented in planar technologies, such as
the microstrip technology. Quarter‐wave and half‐wave planar resonators are widely used for
the filter design, either as short‐circuited or opened lossless transmission‐line section of
electrical length θ = π/2 or θ = π (at resonant frequency ω0 = 2πf0), respectively. Besides the
short‐circuited quarter‐wave resonators (QWRs), we have developed various models of the
waveguide filters using SRRs (for bandstop filters) and CSRRs (for bandpass filters). Filters
using these resonators can have one or more pass bands or rejection bands [18–24].
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3.2. Basic filter design principles

Filters can be defined as frequency selective networks, with two or more ports, used to pass
signals at chosen frequencies and weaken other signals (mostly by reflecting them) [16].
Depending on their use, they can be implemented in different ways. However, the filter design
procedure is pretty much determined; it consists of several steps which can be classified as
follows [1, 16, 25]: specification, approximation, synthesis, simulation model, implementation,
study of imperfections and optimization.

Specification represents a set of criteria that a filter should meet [1, 16]. Approximation is a
mathematical representation of the frequency response, so the filter specification can be met
and the filter itself can be implemented. It is usually given as an attenuation, in dB, for the low‐
pass filter, and based on that, approximations for the other types of filters can be derived. Some
of the most commonly used approximations are Butterworth, Chebyshev, elliptic (Cauer),
Bessel and Gaussian function.

Synthesis assumes generating the filter schematic, using ideal elements, which fulfills transfer
function given by approximation. Filter simulation model is a filter schematic with real
components instead of ideal ones. Filter implementation is actually a laboratory prototype—
fabricated device; it is used to experimentally validate the filter response by measurements, in
order to evaluate the simulation model and modify it, if necessary. Study of imperfections
investigates various parasitic effects caused by the use of real components. Optimization
assumes systematic variation of the filter parameters, using some numerical method, in order
to meet the specification.

The filter transfer function is the ratio of the Laplace transforms of the output signal and the
input signal assuming zero initial conditions, and the filter is treated as a linear time‐invariant
two‐port network. The frequency response is the transfer function on the imaginary axis. Mi‐
crowave filter response is typically represented by scattering parameters (S‐parameters) [16].

Generic representation of the filter as a two‐port network is depicted in Figure 2a. At the first
port, filter is excited by a real generator, with internal resistance, and the second port is
terminated by a resistor.

Figure 2. (a) Generic representation of the filter as a two‐port network, (b) bandpass filter schematic with parallel LC
circuits and admittance inverters.

A filter prototype is a ladder LC network of the low‐pass filter with ideal elements. Starting
from the prototype, the parameters of the real filter elements can be obtained, by using
frequency and impedance transformations [2, 26, 27]. In this manner, bandpass and bandstop
filters, consisting of parallel and series LC circuits, can be obtained. Often, it is convenient to
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have a network with LC circuits only in parallel branches or only in series branches. This can
be achieved by adding inverters.

Immittance inverter (a common name for the impedance and admittance inverter) is a
two‐port, frequency independent, network without losses. Impedance inverter can be used
to transform parallel admittance into series impedance, and admittance inverter can be
used to transform series impedance into parallel admittance. Figure 2b depicts the band‐
pass filter schematic, with admittance inverters and parallel LC circuits. The following
equations are used to calculate the characteristic inverter admittance (J):�0, 1 = �0���, 1/Ω�, proto�0�1, ��, � + 1 = �/Ω�, proto ��, ���, � + 1/���� + 1 � = 1,…, � − 1 ,��, � + 1 = �� + 1���, �/Ω�, proto���� + 1, ��, � = 1/�02��, �   (� = 1,…, �). Parameters gi are
those used for the prototype filter, as well as Ωp,proto, while B denotes the bandwidth. The
values of the elements Y0, Yn+1, Ci can be arbitrarily adopted, and the filter response will
be identical to the prototype response if the parameters Ji,i+1 are calculated using afore‐
mentioned equations.

Immittance inverters can be implemented in different ways. In this chapter, inverters as
quarter‐wave transmission line sections are of interest. To be more precise, since waveguide
filters are considered, inverters are implemented as waveguide sections.

4. Method for advanced waveguide filter design using printed-circuit
discontinuities

Advanced waveguide filter design method assumes the development of resonating elements
employed as printed‐circuit inserts, placed inside a rectangular waveguide [28]. The goal is to
obtain one or more resonant frequencies using a single resonating insert, which can be achieved
by optimal layout of the resonators on the plate. Desired solution might assume uncoupled
resonators, in order to be able to tune each resonator independently for each frequency band.
In this manner, multi‐band filter can be implemented. Herein, SRRs, CSRRs, QWRs and similar
types of simple resonators are used on the printed‐circuit inserts as resonating elements.

Waveguide filters can be implemented using H‐plane or E‐plane inserts. For the higher‐order
multi‐band filters with H‐plane inserts, it is necessary to properly implement inverters between
the resonators, for each center frequency. For the considered filters, waveguide section of length
equal to λg/4 (λg – guided wavelength in the waveguide) is used as an inverter. Furthermore,
for the higher‐order bandpass filter, folded H‐plane inserts are used in order to meet require‐
ment regarding quarter‐wave inverter implementation for each center frequency. For the
compact filter design, miniaturized inverters are considered, by introducing properly designed
additional plates between H‐plane resonating inserts. The other solution for the waveguide
filter design is based on the E‐plane insert implementation, with properly coupled resonators
on the plate. Along with the waveguide filter design, structures for precise positioning of
inserts are developed and used for the measurement of the frequency responses.
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Based on the presented filter design method, an algorithm has been developed, that assumes‐
following steps: making 3D EM models, optimizing resonator and filter parameters, investi‐
gating frequency responses, (optionally) generating microwave circuits and, finally,
experimental verification by measuring the response of the fabricated prototype. In order to
complete these steps, software tools supporting full‐wave simulations have been used, as well
as the tools for microwave circuit simulations. Experimental verification is performed to
validate simulation results and verify the filter design method.

Various bandpass and bandstop waveguide filters have been developed using proposed
method [28, 29]. The same standard rectangular waveguide (WR‐90) is used for each imple‐
mentation in the chosen frequency band, since there is no modification of the waveguide
structure. The dominant mode of propagation (TE10) is of interest. Filters are designed to
operate in the X frequency band (8.2–12.4 GHz).

For precise modeling of the waveguide filters, WIPL‐D software (http://www.wipl‐d.com) is
used, as powerful software capable to perform EM simulations of the complex 3D structures.
It allows us to work with a large number of elements (nodes, plates, generators, etc.) and
variables. In terms of numerical calculations, the software is based on the method of moments
(MoM), and theoretical background is elaborated in detail in [30]. Besides the network
parameters (S/Z/Y), it can efficiently calculate near field, far field (radiation) and current
distribution.

WIPL‐D software provides the possibility of precise geometrical modeling of the structure,
meaning it can be completely defined using various elements and parameters available in the
software. Virtually, every structure can be modeled in this manner. For example, structures
can be modeled as pure metallic, pure dielectric or composite (metallic and dielectric). Every
structure primarily consists of nodes, as essential elements, and they are further used to create
wires, plates, junctions and generators. As an excitation, an ideal delta‐function generator is
used. Graphical interface allows us to visually track the modeling procedure.

WIPL‐D software provides the possibility to take into account conductor and dielectric losses.
The losses due to the surface roughness and the skin effect in conductors are taken into account,
so the conductivity of the metal plates, for the X frequency band, is set to σ = 20 MS/m. Dielectric
losses are given as parameters of the domain used to model the considered dielectric.

There are several features in WIPL‐D software which can be used to increase the accuracy of
the obtained results (edge manipulation) or simplify the modeling procedure (symbols, grids,
imaging, symmetry, etc.). All these features are thoroughly explained in the software docu‐
mentation (http://www.wipl‐d.com).

Besides the modeling of the waveguide filter itself, it is important to properly model its
excitation, that is, its ports. Each waveguide port (one port on each waveguide end) can be
represented as a short‐circuited waveguide section with a monopole, fed by an ideal delta‐
function generator [28]. This section should be long enough so each evanescent mode ceases
toward the port end, thus only desired mode propagates in the considered structure. In order
to obtain required filter response, that is, to determine its S‐parameters, de‐embedding
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technique is applied, so the influence of the ports on the amplitude response is eliminated.
This technique is explained in detail at http://www.wipl‐d.com.

In order to generate microwave circuits of the considered filters, the following software tools
have been used: WIPL‐D Microwave Pro (http://www.wipl‐d.com) and NI AWR Microwave
Office (http://www.awrcorp.com). The equivalent microwave circuits have been generated
using lumped elements (for the resonant circuits) and waveguide sections (for the inverters).
The goal is to develop an equivalent circuit as simple as possible, starting from the known
equivalent circuits of the corresponding elements, thus allowing for a relatively simple filter
optimization.

The printed‐circuit inserts are fabricated on the machine MITS Electronics FP‐21TP (http://
www.mitspcb.com). Experimental verification is performed by measuring the frequency
characteristics of the fabricated filters using network analyzer Agilent N5227A (http://
www.keysight.com), as shown in Figure 3.

Figure 3. (a) MITS Electronics FP‐21TP machine, (b) Agilent N5227A network analyzer, (c) ports used for the measure‐
ments.

5. Bandpass filters

Bandpass waveguide filter design is based on the use of CSRRs. Starting from the models
given in [9], various types of waveguide resonators and filters have been developed and
proposed. The inserts are placed in the H‐plane of the standard rectangular waveguide. The
3D EM models and equivalent microwave circuit of the CSRR on the multi‐layer planar insert
can be found in [31, 32]. Such CSRR can be further upgraded by adding a central section on
the inner side, providing for resonant frequency fine‐tuning, as proposed in [32].

Third‐order bandpass waveguide filter has been developed using aforementioned printed‐
circuit inserts with CSRRs [31]. For the printed circuits, RT/Duroid 5880 substrate (http://
www.rogerscorp.com) is used, and its parameters are relative permittivity εr = 2.2, losses tanδ
= 0.0009, substrate thickness h = 0.8 mm, metallization thickness t = 0.018 mm. The inserts are
placed in the transverse planes of the waveguide (Figure 4a). Filter is designed to operate at
center frequency of 11.95 GHz and 3‐dB bandwidth of 500 MHz, so the parameters of the CSRRs
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are tuned accordingly. In order to properly design higher‐order filter, it is necessary to take
into account the inverters between the resonating elements (waveguide sections of length equal
to λg/4 at 11.95 GHz). The obtained amplitude response is shown in Figure 4b.

Figure 4. Third‐order bandpass filter using CSRRs on the printed‐circuit inserts: (a) 3D model, (b) amplitude response.

6. Bandstop filters

Bandstop filters presented here are implemented using SRRs and QWRs on the multilayer
planar inserts. Depending on the filter design, the inserts can be placed in the H‐plane or E‐
plane of the rectangular waveguide, as will be elaborated in this section.

The basic model of the waveguide resonator uses printed‐circuit insert with dimensions equal
to those of the waveguide cross‐section (Figure 5a, type 1). SRR is used as a resonator. Such
model can be found in the available literature [10, 11], and it is also investigated in detail in [33].
Another planar insert with SRR (type 2), introduced in [34, 35], is implemented as a small
dielectric plate (it is significantly smaller than the waveguide cross‐section), attached to the
top and bottom waveguide walls by thin dielectric strips. The waveguide resonator using this
type of resonating insert is also shown in Figure 5a. In both cases, inserts are designed using
RT/Duroid 5880 substrate (its parameters are given in Section 5). Dimensions of the SRR in
both cases are optimized to achieve f0 = 9 GHz. The amplitude responses of the waveguide
resonators using previously described inserts are compared in Figure 5b. Although resonant
frequencies are slightly moved apart, it is notable that the return loss beyond the stop band
has lower values for the type 2 insert. Therefore, better matching in the pass band can be
obtained using smaller planar insert. This is an important result for the higher‐order filter
design.

For this model of the resonator, the equivalent circuit is proposed (Figure 5c). The parameters
of  the  RLC  circuit  are  calculated  using  following  equations  [28]:� = 2 �11 jω0 �0 / 1 − �11 jω0 , � = 2�3dB�0 �11 jω0 /�02, � = 1/ 2�3dB�0 �11 jω0 ,
where R represents resistance, L inductance, C capacitance, ω0 is the resonant frequency in
[rad/s], |S11(jω0)| is the amplitude characteristic of S11 at resonant frequency, B3dB is a 3‐dB
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bandwidth, Z0 represents the nominal impedance and it is calculated according to equations
given in Section 2.

Figure 5. Waveguide resonator using printed‐circuit insert with SRR: (a) type 1 and 2, (b) comparison of amplitude
responses: blue—type 1 insert, red—type 2 insert, (c) equivalent circuit.

Besides SRRs, properly designed QWRs can be also used for the bandstop filter design. They
are short‐circuited to top or bottom waveguide wall, depending on the implementation. The
insert with the QWRs can be placed in the H‐plane [36] or E‐plane [37] of the rectangular
waveguide.

6.1. Third-order H-plane bandstop filter using printed-circuit insert with SRR

The third‐order bandstop filter using aforementioned type 2 planar inserts is shown in
Figure 6a. Small dielectric plates are centrally positioned in the waveguide. The filter is
designed for the center frequency of 9 GHz and the 3‐dB bandwidth of 320 MHz, so
dimensions of the SRRs are optimized accordingly. The obtained amplitude response is
given in Figure 6b.

Figure 6. Third‐order bandstop filter using printed‐circuit insert with SRR (type 2): (a) 3D model, (b) amplitude re‐
sponse.

6.2. E-plane bandstop waveguide filter using QWRs

Herein, second‐order bandstop filter using E‐plane insert with QWRs is considered. Filter
specification requires the center frequency of 10 GHz and 3‐dB bandwidth of 680 MHz. Two
QWRs, with identical dimensions, are used to achieve this, and they are positioned on the
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insert as shown in Figure 7a. For the planar insert, copper clad PTFE/woven glass laminate
(TLX-8) (http://www.taconic-add.com) is used as a substrate, and its parameters are εr = 2.55,
tanδ = 0.0019, h = 1.143 mm, t = 0.018 mm.

Figure 7. Bandstop filter using E-plane insert with QWRs: (a) 3D model, (b) fabricated insert, (c) comparison of ampli-
tude responses: blue—simulation results, red—measurement results.

The amplitude response is analyzed for various values of the distance between the QWRs. It
has been shown that this variation primarily influences the bandwidth; to be more precise, by
increasing the distance, the bandwidth becomes narrower.

For the considered filter model, the coupling between two QWRs is investigated in terms of
their mutual distance, as proposed in [26, 38]. By increasing the distance, the coupling gets
weaker. Based on the obtained results for the 3-dB bandwidth and the coupling coefficient k,
it can be concluded that these results are in accordance with the statements in the available
literature [26], that is, B3dB and k change in the same manner.

In order to validate the proposed design, the planar insert for the filter containing QWRs is
fabricated (Figure 7b), and the obtained response is experimentally verified using the WR-90
waveguide. Figure 7c shows comparison of the simulation and measurement results, and their
good matching confirms filter design.

Proposed filter can be further upgraded to achieve bandwidth fine-tuning, by adding a
coupling element, realized as a SRR and positioned between the QWRs on the insert
(Figure 8a). The positions of the QWRs and their mutual distance are the same as in the
original model without coupling element. The amplitude response is shown in Figure 8b.
The obtained results show that, by adding the coupling element between the QWRs, the
bandwidth becomes narrower for 50 MHz (which is nearly 7.37% compared to the refer-
ence value of 678 MHz for the second-order filter).

In order to investigate the possibility for bandwidth fine-tuning, using the coupling element,
its printed line width is varied, while the distance between the QWRs remains the same. In
this case, the center frequency practically does not change, while the bandwidth is slightly
changed. This is in accordance with the purpose of the coupling element to fine-tune the
bandwidth, without modifying the filter response.

Similarly as for the filter with two QWRs, the coupling between the resonators is also analyzed
for this case, for the chosen distance between the resonators and different values of the printed
line width of the coupling element. The obtained results and conclusions regarding the
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proposed filter design can be summarized as follows. By adding the coupling element between
the QWRs: (1) the bandwidth is decreased, (2) the coupling is weakened, (3) the bandwidth
can be tuned (decreased) without increasing the distance between the QWRs, thus providing
for the device miniaturization.

Figure 8. Waveguide filter using E‐plane insert with QWRs and coupling element: (a) 3D model, (b) amplitude re‐
sponse.

7. Multi-band waveguide filter design

Multi‐band filter design represents a significant research field, particularly for the modern
communication systems. One of the advantages of the presented method for the waveguide
filter design is that it can be used to relatively easy develop multi‐band bandpass or bandstop
filters. Namely, multiple resonant frequencies can be obtained using single insert with properly
designed and positioned resonators. It is recommended to have uncoupled resonators on the
insert, since in that case, each frequency band can be independently controlled by tuning only
particular resonator [28]. Waveguide resonator with multiple resonant frequencies can be
obtained in this manner. It can be designed using H‐plane insert with multiple CSRRs or similar
resonating elements for the bandpass characteristic, as in [32, 39–41], or with SRRs for the
bandstop characteristic, as in [33, 34]. H‐plane insert with QWRs, providing multiple resonant
frequencies and having bandstop characteristic, is introduced in [36]. Herein, compact dual‐
band bandpass filter with CSRRs and dual‐band bandstop filter are elaborated in detail. They
both use H‐plane inserts.

7.1. Compact dual-band bandpass filter with H-plane inserts

Design starts from the resonating insert with two CSRRs in order to obtain two resonant
frequencies, 9 GHz and 11 GHz. Flat metal insert with two CSRRs can be placed in the H‐plane
of the rectangular waveguide, as explained in [40, 41].

Since it is necessary to properly implement inverters for each center frequency, for higher‐order
filters, folded insert is introduced as a suitable solution [40, 41]. The second‐order filter using
two identical folded metal inserts is shown in Figure 9. Dimensions of the CSRRs are the same
for both inserts and optimized to obtain f01 = 9 GHz, B3dB‐1 = 450 MHz, f02 = 11 GHz, B3dB‐2 = 650
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MHz. The length of the plate connecting parts of the folded insert with CSRRs is lpl = (λg9GHz–
λg11GHz)/8. In this manner, quarter‐wave inverters are implemented for both center frequencies,
as shown in Figure 9a.

Figure 9. Second‐order bandpass filter using folded metal inserts with CSRRs: (a) 3D model, (b) equivalent microwave
circuit, (c) comparison of amplitude responses for the 3D EM model (blue) and equivalent circuit (red).

The  equivalent  microwave  circuit  is  generated  for  the  proposed  second‐order  filter
(Figure 9b).  Two separate networks are used for each insert,  and the waveguide section
is  added  between  them as  a  quarter‐wave  inverter.  The  short  plate  providing  the  fold
is  represented  by  an  inductor.  The  following  equations  are  derived  [28]  and  used  to
calculate  the  parameters  of  the  RLC  circuits:  � = �0 �21 jω0 / 2 1 − �21 jω0 ,� = �3dB�0 �21 jω0 / 2�02 ,  � = 2/ �3dB�0 �21 jω0 ,  where  R  represents  resistance,  L

inductance,  C  capacitance,  ω0  is  the  resonant  frequency  in  [rad/s],  |S21(jω0)|  is  the  am‐
plitude characteristic of S21 at resonant frequency, B3dB is a 3‐dB bandwidth, Z0 represents
the  nominal  impedance  and  it  is  calculated  according  to  equations  given  in  Section  2.
The  inductances  of  the  additional  inductors  between  RLC  circuits,  for  each  insert,  are
tuned.  The  port  impedance  is  set  to  Z0  =  500  Ω,  which  is  the  wave  impedance  at  10
GHz (the  frequency  between  the  targeted  ones,  9  GHz  and  11  GHz).  The  amplitude
responses  obtained  for  the  3D  EM model  and  circuit  are  compared  in  Figure  9c,  and
their  good  mutual  agreement  validates  proposed  equivalent  representation.

The next step is to develop compact solution, based on the use of miniaturized inverters.
Precisely, quarter‐wave inverter between the resonating inserts, for each center frequency, is
replaced by a shorter waveguide section and additional, properly designed, metal insert. In
this manner, the length of the device decreases, by shortening the inverters, without degrading
filter response. The realization details, including 3D EM models and the equivalent microwave
circuit, of the filter with inverters of length equal to λg/8 for each center frequency, can be found
in [40, 41]. The inverters are halved compared to the original model, and additional metal plate
for miniaturization (with properly designed slots) is centrally positioned between the reso‐
nating inserts, to preserve the original filter response.

In order to simplify fabrication and experimental verification, presented filter can be further
modified. Therefore, a compact filter with flat inserts is proposed. This means that the inserts
with CSRRs, as well as the additional insert for miniaturization, are flat. However, the inverters
for both center frequencies are not miniaturized in the same manner. The distance between the
CSRRs with f01 = 9 GHz is set to λg9GHz/8, while the normalized length of the inverter between
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the CSRRs with f02 = 11 GHz is equal to 0.18λg11GHz (Figure 10a). Dimensions of the slots on the
additional metal insert are tuned to preserve the original filter response, without miniaturi‐
zation. Comparison of amplitude responses of the second‐order dual‐band filter before and
after applying inverter miniaturization, with the same and different normalized lengths of the
inverters, is shown in Figure 10b. Since the obtained results match well, compact filter with
flat inserts is confirmed as a solution more suitable for experimental verification.

Figure 10. (a) Compact bandpass filter with unequal inverter miniaturization, (b) comparison of amplitude responses
of the filter without inverter miniaturization (blue), with equal (red) and unequal (green) inverter miniaturization.

In order to confirm the proposed compact filter solution, the amplitude response of the
second‐order dual‐band filter with flat metal inserts and unequal inverter miniaturization
is experimentally verified. Resonating inserts and additional plate for miniaturization are
fabricated using metal foil of thickness 100 μm. However, it is necessary to have stable
inserts inside the waveguide to successfully measure the amplitude characteristics. There‐
fore, we propose fixtures for supporting metal inserts. They are fabricated using FR‐4 ep‐
oxy substrate (εr = 4.5, h = 1.0 mm, tanδ = 0.02). Structures for precise positioning of
inserts are depicted in Figure 11a, and the detailed description of their design can be
found in [41]. The photographs of the fabricated inserts and the structures for precise po‐
sitioning are given in Figure 11b. Comparison of the simulated and measured amplitude
responses is shown in Figure 11c, confirming the compact filter solution by a good agree‐
ment of the obtained results.

Figure 11. Experimental verification: (a) structures for precise positioning of inserts, (b) photographs of the fabricated
components, (c) comparison of simulated (blue) and measured (red) amplitude responses for the compact filter.
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7.2. Third-order dual-band bandstop filter using planar insert with SRR

Herein, third‐order bandstop filters using printed‐circuit inserts with SRRs, introduced in
Section 6, are considered. In this manner, the use of such inserts for the higher‐order multi‐
band filters is exemplified. First, third‐order bandstop filters with f0 = 9 GHz and f0 = 11 GHz,
each having a single rejection band, are designed. Based on that, by combining elements of
these single‐band filters, third‐order dual‐band filter is designed with f01 = 9 GHz and f02 = 11
GHz, and each rejection band has the same 3‐dB bandwidth of 335 MHz [35].

For the bandstop filter, it is convenient to have LC circuits, representing resonators, connected
in series; thus, the inverters are used and the parameters of the resonators are determined as
explained in [26]. Microwave circuit of this filter is shown in Figure 12a.

Figure 12. Third‐order dual‐band bandstop filter: (a) microwave circuit, (b) 3D model, (c) comparison of amplitude re‐
sponses (blue—3D EM model, red—microwave circuit).

The 3D model of the filter is shown in Figure 12b. The inserts are optimally positioned so the
inverters can be properly realized between the corresponding resonators, as explained in
details in [35]. Comparison of the amplitude responses of the microwave circuit and 3D EM
model is given in Figure 12c, showing good matching of the obtained results and confirming
the proposed filter design.

The experimental measurements for the filter using the presented inserts cannot be easily
performed without finding a way to have stable inserts in the waveguide. Therefore, a structure
for precise positioning, in a form of ladder fixtures, is introduced in [42]. Since we use dielectric
inserts, the fixtures are also designed using dielectric substrate although they can be made as
multi‐layer planar structures. These fixtures are attached to the top and bottom waveguide
walls, and the inserts are attached to them. As shown in [42], the use of the fixtures does not
degrade the filter response, so they can be used for precise positioning of inserts in the
measurement procedure.
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8. Conclusion

Starting from the microwave filter design principles, a method for the advanced waveguide
filter design has been developed. It is based on the use of printed‐circuit discontinuities as
resonating elements. Relatively simple resonators, such as SRRs, CSRRs and QWRs, have been
used for the printed‐circuit insert design. In spite of their simple forms, these types of resona‐
tors provide a lot of possibilities to tune the amplitude response. Since multiple resonant
frequencies can be obtained using single insert, these inserts can be employed for the multi‐
band filter design. Therefore, various implementations of novel waveguide filters have been
made using H‐plane or E‐plane inserts. For bandpass filters, metal or multilayer planar inserts
with CSRRs have been used. Also, a compact filter solution has been proposed. Furthermore,
bandstop filters have been designed using planar inserts with SRRs and QWRs. Besides 3D
EM simulations and microwave circuits of the considered filters, prototypes have been
fabricated so the amplitude responses can be measured. Also, structures for precise positioning
of inserts, for bandpass and bandstop filters, have been designed and fabricated, since they
are necessary to smoothly perform the measurements on the laboratory prototypes. The
obtained experimental results have shown good agreement with the simulated ones, thus
confirming the application of the proposed method for the advanced waveguide filter design.

Although considered waveguide filters are designed for radar and satellite systems, it is
expected that the same design guidelines can be applied to the filters operating in other
frequency bands by using the proper waveguide and scaling dimensions of the resonating
components. Also, it can be further upgraded to keep up with the continuous technological
development (e.g., tunable filter design). The most important advantage of the proposed
method is a relatively simple design and implementation of structures which can be used in
modern communication systems.
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