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Abstract-- This paper presents an improved design methodology
for developing two types of microstrip bandpass filters, a
narrowband filter and a wideband filter, employing stepped-
impedance resonators (SIRs) and parallel stubs. The
fundamental resonator integrates two parallel stubs and a
centrally located air gap within a stepped-impedance structure.
The corresponding even- and odd-mode capacitances are
evaluated, and an additional SIR is coupled to the primary
resonator to achieve the desired bandpass response through
dimensional optimization. To verify the electromagneti
simulation results, an equivalent LC circuit model is extractd
and analyzed, demonstrating strong agreement with t
wave response. Owing to its compact geometry and str

achieves a center frequency of 2.4 GHz W
0.15 dB, a return loss of 26.26 dB, al

Narrowband
|deband Filter.

e that provide frequency
commpnications  satellite, mobile
electronic warfare systems in

microw; s. In general, the electrical efficiency
of a filteNs described based on return losses, insertion losses
a tion in the passageway. Filters should
haveNgw insdrtion losses, large return losses to match the
impeda Il with the components connected to it [1]-[2]

p layer consists of specific patterns, which are referred
0 as resonators. Various design approaches are employed in
microstrip filter design. One of the designs that has garnered
considerable attention in recent research is the stepped
impedance resonator (SIR). Stepped impedance resonators
are essentially resonators with different impedance sections
that are ultimately coupled together. The design methodology
of each resonator and the manner in which they are connected
to one another are critical aspects of the design process. The
utilization of stepped impedance resonators contributes to
size reduction, loss improvement, and enhanced overall
performance of the final filter structure [3]-[4]. One of the
critical challenges in the design of dual-band and multi-band
filters is preventing interference between the passbands. In
other words, achieving appropriate frequency selectivity
through adequate isolation between bands is considered a key
design technique. Isolation between passbands is realized by
creating high insertion loss at frequencies located between the
passbands. Logically, while insertion loss is minimized
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within the passbands, it reaches a maximum value at the
isolation frequency, thereby preventing signal transmission.
This technique effectively mitigates interference between the
information transmitted in the respective passbands [5, 6].

In [7], a new design has been proposed for the bandwidth
of the bandpass filter. The compact structure of the filter is
also obtained by placing a microstrip ring between two
parallel. In [8], a two-band bandpass filter is presented using
a winding stepped impedance resonators . What is being
discussed here is the average behavior of harmonic
frequencies. This dual-band filter is designed to operate at
5.25,4.2 GHz. In [9] , a two-frequency filter is designed and
manufactured with parallel connection of two bandpass
filters. The authors in [10] made a double-band filter by
combining a bandpass filter and a wide-band bandpass filter.
But these two structures have different filter compositions in
the design of two-frequency filter with relatively large
dimensions. The study in [11], has used a vertical stacked
structure in the design of WLAN dual-frequency filters. In
[12], the designed dual-band filter uses a coupled stepped-
impedance resonator pair. By placing stepped impedance
resonators inside a coaxial cavity, a two-band pass filter has
been reported [13] with central frequencies of 0.9 and 1.8

Band-pass Filter
Band-stop Filter
Low-pass Filter

High-pass Filter

GHz . In [14], the stub loading theory is introduced based on
the voltage distribution of the resonant mode and independent
dual resonance is obtained. It is possible to design a dual-band
band pass filter with compact dimensions by selecting the
appropriate differential-mode [15]. In [16], a dual-band band
pass filter with central frequencies of 2.33 & 4.36 GHz is
presented using parallel coupled SIR resonators. In [17], SIW
is used to design a dual band pass filter. In the final design of
the microstrip double-band pass filter, the parallel coupled
lines and simple coupled microstrip rings have been used
[18]. In this paper, by presenting a design algorithm, the
microstrip single-band bandpass filter is igned by
selecting a suitable base resonator and of cou
design.

The flowchart illustrating the detail
procedure of the filters is presented in
can be used for designing any ofjreriy

essential details .Theref
guide for designe ing
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Fig. 1. Step-by-Step Flowchart for the Filter Design.



1. BASIC RESONATOR DESIGN

In the design of this filter, a basic stepped-impedance
resonator is employed, with two parallel stubs placed at the
center of its structure. Fig. 2 illustrates the stepped-
impedance resonator positioned centrally within a two-stub
configuration. This arrangement allows for more precise
control of the filter’s frequency characteristics while
maintaining a compact overall structure.

Fig. 2. A stepped impedance resonator with a stub placed in the middle of
the structure [19].

The two parallel stubs with characteristic impedance ZS2
can be replaced by a single stub with impedance ZS, yielding
the configuration in Fig. 3(b). Even- mode and odd-mode
analysis allow determination of the corresponding
capacitances and the spacing between the stubs.
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Fig. 3. (a) Resonator even mode. (b) Simplified even resonatg

optimizing the dimensions of tH€
frequency response is achi

response is resonator, shown in Fig. 5(b), has a center
frequency of 14.32 GHz. All simulations were performed
using ADS software with the Momentum solver. The
substrate used is Rogers 5880 with a thickness of 15 mm, a
tangent loss of 0.0009, and a dielectric constant of 2.2. The
use of this substrate enables a compact design, reducing the
size of the resonators and, consequently, the overall
dimensions of the proposed filter.
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RROW-BAND MICROSTRIP FILTER

e proposed basic resonator exhibits a
response, one of the design objectives is to

chieve a suitable operating frequency, a coupled stepped-
mpedance resonator is added to the base resonator. Fig. 6
illustrates the stepped-impedance resonators added to the
base structure and the corresponding equivalent LC circuit.
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Fig. 6. S

By adding stepped-impedance resonators to the base
structure, a filter with the desired frequency response is
obtained, as shown in Fig. 7. The two resonators, previously
illustrated in Fig. 6, are positioned between the air gap of the
base resonator and the side stubs, with adjusted dimensions
and displacement. The resulting filter is a single-band design,
presented in Fig. 7.
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Fig. 7. The final filter is designed and its frequency response.

Finally, a filter with a center frequency of 2.4 GHz, an
insertion loss of 0.15 dB, a return loss of 26.69 dB, and a
bandwidth of 102 MHz was obtained.

IV. LC MoDEL oF THE NARROW-BAND FILTER

One of the most critical steps in the design of mic
bandpass filters is the development of an accurate eqdivalent

implementations often involve the i
resonators to form the final styigf
systematic, piecewise modek
Specifically, the overall fil

d be partitioned
yith an appropriate

d response. Subsequently, the

values elements for each block must be
detgrmin e calculations are based on four primary
p length (L), width (W), substrate
thick (h),Jand relative permittivity (er). Using analytical
formulatioms] these geometrical and material parameters are

translated into equivalent inductance and capacitance values
within the circuit model.

Upon assigning circuit models to each block and
computing the element values, the individual models are
integrated to form the complete equivalent circuit of the filter.
The frequency response of this lumped-element model is then
compared against full-wave electromagnetic simulation
results. In this validation process, the most critical criterion is
the accurate alignment of the passhand center frequency
between the circuit model and the electromagnetic structure.

It is acknowledged that discrepancies may exist in other
characteristics, such as insertion loss and bandwidth, due to
the inherent simplifications of lumped-element models. To
mitigate these discrepancies while preserving the accuracy of
the center frequency alignment, the initially calculated
element values are fine-tuned through a parametric
optimization (sweeping) process. The ultimate objective is to
achieve a satisfactory agreement between the frequency
responses of the circuit model and the electromagnetic
simulation, subject to the constraints imposed by the primary
goal of center frequency alignment.

To design the LC circuit, the values of the igeluctors and
capacitors are first calculated according to thegelatigns given
in [19].
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is th&’ wave impedance in free space and
ittivity of the substrate before the effect
ayers. Now, the relationships can be
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Here, W denotes the width of the microstrip lines, H is the
substrate thickness, C is the speed of light in free space, and
erefr IS the effective dielectric constant. Fig. 8(a) shows the LC
equivalent circuit, including the values of the inductors and
capacitors, while Fig. 8(b) presents the frequency response of
the final LC narrow-band filter model.
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Fig. 8. (a) Equivalent circuit of LC (b) Frequency response of LC Model of
the narrow-band filters. (C) Comparison of frequency response of LC model
and final filter.

V. WIDE-BAND MICROSTRIP FILTER

By applying fundamental modifications to the basic
resonator structure, including the introduction of an air gap
and stubs in the central part of the structure, optimization of
the transmission line dimensions and the side stubs, as well
as relocating the input and output impedance matching ports
to the side stubs, the narrowband single-band filter is
ultimately upgraded to a wideband filter suitable for X-band
applications.

Specifically, this upgrade is realized by adding stepped
impedance resonators to the base resonator, producing a filter
with the desired frequency response (Fig. 9(a)). The two
stepped-impedance resonators shown in Fig. 6 are placed
within the base resonator’s air gap, with their dimensions and
the position of one side stub adjusted accordingly. For a mor,
detailed circuit-theory analysis, the LC equivalent circui
been designed and presented, and its results are cogfpa
with the simulations.

Fig. 9(b) presents the final designed LC circyj
9(c) shows the fabricated prototype and its ce
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TABLE |

rovides the Detailed Results of the Fabricated Prototype, the EM-
Simulated Model, and the Designed LC Circuit Model, Which are
Compared with Each Other.

Model CF (GHz) | BW (GHz) | RL (dB) | IL (dB)
EM Model 10.02 15 38.2 0.1

Circuit

Model 10.02 0.85 40.5 0.001
Fabrication 10.02 1.33 30.1 1.03

The fabrication results are strongly correlated with the
type of selected substrate used in the implementation, the type
of input and output impedance matching ports, the quality of
the connection between these ports and the structure, as well
as the precision with which the resonator patterns are realized
on the substrate. Accordingly, the higher the accuracy with
which the aforementioned factors are executed, the closer the
frequency characteristics of the fabricated prototype will
align with those of the simulated model.

To further evaluate the high selectivity of the wideband
BPF, the shape factor (S.F2ode/3d8) Was employed. By slightly

reformulating the normalized bandwidth as
defined in [20], it is expressed as follows:
BW. i
S, ondB/3dB — 20dB of NormalizedS21 3)

BW3dB of NormalizedS21

where BWsgg is the bandwidth over which the filter’s S21
response decreases by 3dB (usually the main operational
bandwidth of the filter). BWxgqs is the bandwidth over which



the filter’s S21 response decreases by 20dB (a measure of the
filter’s passband roll-off and attenuation rate). In Table II,
using (3), the shape factor (S.Faods/ads) Of the electromagnetic
(EM) model, the designed LC circuit model, and the final
fabricated prototype are presented and compared. The shape
factor (S.F2oqe308) Of the final fabricated filter is 2.3, which is
considered a satisfactory result for the fabricated prototype.

TABLE Il
Comparison of the quality factor between the fabricated prototype, the
electromagnetic (EM) simulation model and the circuit (LC) simulation

model
Parameter Simulation Simulation Fabrication
EM Model LC Model model
S.F20dB/3dB 2.1 5.4 23

One of the key metrics in the design of microstrip filters is
the quality factor (Q-factor). The quality factor directly
affects frequency selectivity, insertion loss, and the overall
size of the filter. By selecting appropriate materials,
optimizing the resonator structure, and controlling the
coupling mechanisms, a high-quality factor can be achieved,
which is essential for advanced communication applications
and microwave systems. For microstrip filters, the loaded
quality factor, Q. (Loaded Q-factor) is calculated using the
center frequency and the bandwidth. The fundamental
relationship is given as follows [19]:

Cr
BW

In (4), Q. denotes the loaded quality factor, Cr repr
the center frequency, and BW corresponds to the pdssband

Q=

circuit model, and the final fabricated prototyp
and compared. The loaded quality fa
fabricated filter is 7.53, which is co
result for the fabricated prototype

Fabrication
model
7.53

quality factor relates the filter

is designed for wideband or narrowband
applications, the ratio of the center frequency to the
bandwidth indicates the effectiveness of the design with
respect to the target application. Furthermore, the shape
factor represents the steepness of the frequency response; a
lower shape factor corresponds to a sharper roll off, implying
superior frequency selectivity and enhanced performance of
the designed filter.

TABLE IV

Comparison of the Results of the Proposed Filter with a Number of

References
FBW | RL IL SIZE
REF CF SF (%) | (dB) | (dB) | (mmxmm)
1 10.04 | 148 | 29.11 | 13 | 2.77 | 40.2x28.9
2 43 | 146 | 60 18 | 4.1 40%34
21 59 | 1451657 | 10 | 47 9.1x13
22 6.47 | 201 | 2327 | 15 | 29 20x18
23 309 |128| 60 | 172 | 0.8 39.4x27
24 25 | 153 | 50 16 | 0.5 | 96.1x35.9
25 1028 | 192 | 81 | 159 | 431 [a8.3%6.8
26 819 | 214 | 341 | 25 | 1 2x28
WIDE
BAND 1002 | 23 | 12.7 | 30.1 3x7.05
NARROW
BAND 24 2 4.25, 6 0.15 | §5.8x13.3
RL: RETURN Loss, IL: IN 0ss, BBW: FRACTIONAL

Q F: SHAPE FACTOR

e proposed design with
enter frequency, insertion
e fact@r. Insertion loss is defined as
ed power to the input power; in
i0 is to unity, the more desirable
Therefore, insertion loss should be
as possible. Return loss, on the other
as the ratio of the reflected power to the

BANDWIDTH, CF: CENT,

he frequency response. A smaller shape factor corresponds
0 a sharper roll-off, indicating higher selectivity and
improved overall filter performance.

For the fabrication of the proposed filters, the Rogers 5880
substrate was utilized. This substrate employs alumina-based
dielectric material with a thickness of 15 mm, a low loss
tangent of 0.0009, and a dielectric constant of 2.2. Compared
to similar studies, this substrate exhibits more favorable
characteristics, which is reflected in the desirable results
obtained.

VI. CONCLUSION

Initially, RF filters were realized using inductors and
capacitors. In recent years, microstrip filters have gained
widespread use due to their simple design process and lower
fabrication cost. Most microstrip bandpass filters are
typically designed for a fixed center frequency and operate in
a single mode. In this work, stepped-impedance resonators
with a central stub are employed to construct the base
resonator. The primary contribution of this research lies in the
novel design of the proposed resonator structures. The key
innovations include the implementation of a symmetrical
design methodology, the transformation of a narrowband
configuration into a wideband response through the
integration of stubs at the central section of the structure, and
the optimization of critical physical dimensions.
Furthermore, precise determination of the optimal junction
points between transmission lines and stubs, along with the
careful selection of air gap distances in both the central and
lateral regions of the layout, have played a vital role in



achieving the desired frequency characteristics. These design
considerations collectively form the core contributions of this
work. Among the critical evaluation criteria for the proposed
design are insertion loss, return loss, and shape factor.
Insertion loss, defined as the ratio of transmitted power to
input power, should ideally be minimized, as values closer to
zero indicate higher efficiency. In this work, the measured
insertion loss for the wideband and narrowband structures is
1.03 dB and 0.15 dB, respectively, demonstrating highly
desirable performance. Return loss, which represents the ratio
of reflected power to incident power, is another key metric;
higher return loss values indicate lower reflected power and
better impedance matching.

The proposed design achieves return loss values of 30.1
dB and 26.6 dB for the wideband and narrowband structures,
respectively. Furthermore, the shape factor, which quantifies
the steepness of the frequency response, is 2.3 for the
wideband structure and 2 for the narrowband structure. These
values confirm the sharp roll-off and high selectivity of the
proposed filters. Overall, the results validate the effectiveness
of the design approach and its suitability for modern wireless
communication systems. It is worth noting that the
dimensions of the designed filters, normalized to the guided
wavelength, are 0.02224 % 0.019)4 and 0.087Ag x 0.083)4 for
the wideband and narrowband structures, respectively.

Throughout the design process, and to enhance
performance, modifications are applied simultaneously to the
electromagnetic (EM) model based on the finalized
dimensions, while an equivalent circuit model reflectin
these changes is also developed. The frequency responses@f
the equivalent circuit and EM models are compar d
finally validated against the fabricated pr@totype,
demonstrating excellent agreement. By intrgeluc
additional stepped-impedance resonator be

tailored frequency responses are
the proposed design is its st

a wide bandwidth and f
characteristics.

nal relationships that could have
e work reported in this paper.
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