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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 electromagnetic 

simulation results, an equivalent LC circuit model is extracted 

and analyzed, demonstrating strong agreement with the full-

wave response. Owing to its compact geometry and structurally 

efficient configuration, the proposed filter is well suited for 

integrated microwave systems. The wideband implementation is 

designed to operate at a center frequency of 10.02 GHz, 

exhibiting an insertion loss of 1.03 dB, a return loss of 30.1 dB, 

and 1.33 GHz bandwidth. In contrast, the narrowband design 

achieves a center frequency of 2.4 GHz with an insertion loss of 

0.15 dB, a return loss of 26.26 dB, and 102 MHz bandwidth. 

 
Index Terms- Microstrip Bandpass Filter, Narrowband 

Filter, Stepped-Impedance Resonators (Sirs), Wideband Filter. 

I.  INTRODUCTION 

icrowave filters are the type that provide frequency 

selection in communications satellite, mobile 

communications, radar, and electronic warfare systems in 

microwave frequencies. In general, the electrical efficiency 

of a filter is described based on return losses, insertion losses, 

and frequency selection in the passageway. Filters should 

have low insertion losses, large return losses to match the 

impedance well with the components connected to it [1]-[2]. 

In the design of microstrip filters, energy storing elements 

such as inductors and capacitors were conventionally used. 

However, with the advancement of wireless communication 

systems, the need for transmitting large volumes of data at 

high frequencies, along with the necessity of size reduction, 

compactness, and performance enhancement through loss 

improvement, has led to significant attention being paid to 

microstrip technology in the design of microwave filters. The 

design of microstrip filters is fundamentally based on three 

main layers: the bottom layer is metal, which serves as the 

ground plane; the middle layer is the dielectric substrate; and 

the top layer consists of specific patterns, which are referred 

to 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 

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 designed by 

selecting a suitable base resonator and of course a very simple 

design. 

The flowchart illustrating the detailed step-by-step design 

procedure of the filters is presented in Fig. 1. This flowchart 

can be used for designing any other high-performance filters 

as well. This flowchart encompasses all stages of filter 

design, beginning with the initial steps and extending through 

the fabrication of the final prototype, while accounting for all 

essential details  .Therefore, it can serve as a comprehensive 

guide for designers working in this field. 
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Fig. 1. Step-by-Step Flowchart for the Filter Design.



 

 

II.  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. 
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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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(a)                                     (b) 

Fig. 3. (a) Resonator even mode. (b) Simplified even resonator mode [19]. 

 

The structure shown in Fig. 2 is employed to design the 

base resonator. Next, following the multi-stage resonator 

configuration in Fig. 4, an additional stepped-impedance 

resonator is inserted at the center of the base structure. By 

optimizing the dimensions of the base design, an acceptable 

frequency response is achieved. 

l2, θ2
l2, θ2

Z1
Z2Z2

2l1, 2θ1

l3, θ3 l3, θ3

Z3 Z3  
Fig. 4. Structure of a multistep resonator [19]. 

 

A base resonator is employed to design the filter. Fig. 5(a) 

shows a schematic of the base resonator, which consists of a 

simple structure with stubs separated by a gap. The frequency 

response of this 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. 
 

 
(a) 

 
(b) 

Fig. 5. (a) Schematic of the basic resonator. (b) The base resonator frequency 

response. 

III.  NARROW-BAND MICROSTRIP FILTER 

Given that the proposed basic resonator exhibits a 

bandpass-like response, one of the design objectives is to 

realize a bandpass filter. However, the initial structure does 

not provide a central frequency compatible with WLAN. To 

achieve a suitable operating frequency, a coupled stepped-

impedance 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. 

 

 
Fig. 6. Stepped impedance resonators added to the base resonator 

 

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 microstrip 

bandpass filters is the development of an accurate equivalent 

circuit model that corresponds to the electromagnetic 

structure of each constituent resonator. While circuit models 

available in the literature are typically proposed for canonical 

resonators and simple configurations, practical filter 

implementations often involve the integration of multiple 

resonators to form the final structure. In such cases, a 

systematic, piecewise modeling approach is required. 

Specifically, the overall filter structure should be partitioned 

into distinct blocks, each associated with an appropriate 

circuit model that accurately represents its electromagnetic 

topology and behavior. A key challenge at this stage lies in 

correctly identifying the types of resonators embedded within 

each block and selecting the corresponding circuit topology 

that captures their combined response. Subsequently, the 

values of the circuit elements for each block must be 

determined. These calculations are based on four primary 

physical parameters: length (L), width (W), substrate 

thickness (h), and relative permittivity (εr). Using analytical 

formulations, 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 passband 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 inductors and 

capacitors are first calculated according to the relations given 

in [19]. 
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Where η=120πΩ is the wave impedance in free space and 

εr is the relative permittivity of the substrate before the effect 

of the resonator layers. Now, the relationships can be 

summarized in the following form [19]: 

 

Zc =
120π

Ca
ε0
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(2a) 

Lstub =
ZCl

VP
         ,        C =

l

ZCVP
 (2b) 

Here, W denotes the width of the microstrip lines, H is the 

substrate thickness, C is the speed of light in free space, and 

εreff 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 more 

detailed circuit-theory analysis, the LC equivalent circuit has 

been designed and presented, and its results are compared 

with the simulations. 

Fig. 9(b) presents the final designed LC circuit model. Fig. 

9(c) shows the fabricated prototype and its connection to the 

SMA ports for testing and measurement. In Fig. 9(d), the 

results of the electromagnetic (EM) model, the designed LC 

circuit model, and the final fabricated prototype are presented 

and compared in terms of frequency characteristics. During 

the fabrication process of the three-bandpass filter, a Rogers 

5880 substrate with a thickness of 15 mm, low loss tangent of 

0.0009, and dielectric constant of 2.2 was used. 
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Fig. 9. (a) The final wide-band filter design along with its frequency 

response, (b) Equivalent circuit of LC, (c) The fabricated filter prototype, (d) 

Comparison of frequency response of EM model, LC Model and fabricated 

model of the wide-band filters. 

 

During the measurement process, the Network Analyzer 

was configured with 800 points across the frequency span for 

both structures. Specifically, for the wideband filter, the 

frequency range was set from 7 GHz to 13 GHz, and for the 

narrowband filter, it was set from 2.25 GHz to 2.6 GHz. 
 

TABLE I 
Provides the Detailed Results of the Fabricated Prototype, the EM-

Simulated Model, and the Designed LC Circuit Model, Which are 

Compared with Each Other. 

IL (dB) RL (dB) BW (GHz) CF (GHz) Model 

0.1 38.2 1.5 10.02 EM Model 

0.001 40.5 0.85 10.02 
Circuit 

Model 

1.03 30.1 1.33 10.02 Fabrication 

 

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.F20dB/3dB) was employed. By slightly 

reformulating the normalized bandwidth as 

defined in [20], it is expressed as follows: 

S. F20dB/3dB =
BW20dB of NormalizedS21

BW3dB of NormalizedS21

 (3) 

 

where BW3dB is the bandwidth over which the filter’s S21 

response decreases by 3dB (usually the main operational 

bandwidth of the filter). BW20dB is the bandwidth over which 
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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.F20dB/3dB) of the electromagnetic 

(EM) model, the designed LC circuit model, and the final 

fabricated prototype are presented and compared. The shape 

factor (S.F20dB/3dB) of the final fabricated filter is 2.3, which is 

considered a satisfactory result for the fabricated prototype. 
 

TABLE II 
Comparison of the quality factor between the fabricated prototype, the 

electromagnetic (EM) simulation model and the circuit (LC) simulation 

model 

Fabrication 

model 

Simulation   

LC Model 

Simulation   

EM Model 
Parameter 

2.3 5.4 2.1 S. F20dB/3dB 

 

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, QL (Loaded Q-factor) is calculated using the 

center frequency and the bandwidth. The fundamental 

relationship is given as follows [19]: 

 

QL =
CF
BW

 
(4) 

In (4), QL denotes the loaded quality factor, CF represents 

the center frequency, and BW corresponds to the passband 

bandwidth. In Table III, using (4), the loaded quality factor 

QL  of the electromagnetic (EM) model, the designed LC 

circuit model, and the final fabricated prototype are presented 

and compared. The loaded quality factor QL of the final 

fabricated filter is 7.53, which is considered a satisfactory 

result for the fabricated prototype. 

 

TABLE III 
. Comparison of the QL (Loaded Q-factor) Between the Fabricated 

Prototype, the Electromagnetic (EM) Simulation Model and the Circuit 

(LC) Simulation Model 

Fabrication 

model 

Simulation   

LC Model 

Simulation   

EM Model 
Parameter 

7.53 11.78 6.68 QL 
 

In general, the quality factor relates the filter 

characteristics such as center frequency and bandwidth to its 

operational frequency band. Depending on whether the 

intended 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 

SIZE 

(mm×mm) 

IL 

(dB) 

RL 

(dB) 

FBW 

(%) 
SF CF REF 

40.2×28.9 2.77 13 29.11 1.48 10.04 1 

40×34 4.1 18 60 1.46 4.3 2 

9.1×13 4.7 10 16.57 1.45 5.9 21 

20×18 2.9 15 23.27 2.01 6.47 22 

39.4×27 0.8 17.2 60 1.28 3.09 23 

96.1×35.9 0.5 16 50 1.53 2.5 24 

8.3×6.8 4.31 15.9 8.1 1.92 10.28 25 

42×28 1.2 25 34.1 2.14 8.19 26 

7.33×7.05 1.03 30.1 12.7 2.3 10.02 
WIDE 

BAND 

15.8×13.3 0.15 26.6 4.25 2 2.4 
NARROW 

BAND 

RL: RETURN LOSS, IL: INSERTION LOSS, FBW: FRACTIONAL 

BANDWIDTH, CF: CENTRAL FREQUENCY, SF: SHAPE FACTOR 

The main criteria for comparing the proposed design with 

other related works include the center frequency, insertion 

loss, return loss, and shape factor. Insertion loss is defined as 

the ratio of the transmitted power to the input power; in 

practice, the closer this ratio is to unity, the more desirable 

the performance. Therefore, insertion loss should be 

minimized as much as possible. Return loss, on the other 

hand, is defined as the ratio of the reflected power to the 

incident power. A lower reflected power is preferable to allow 

maximum power transmission; consequently, higher return 

loss values indicate less signal reflection and are thus more 

desirable. Finally, the shape factor represents the steepness of 

the frequency response. A smaller shape factor corresponds 

to 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 0.022λg × 0.019λg and 0.087λg × 0.083λg 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 reflecting 

these changes is also developed. The frequency responses of 

the equivalent circuit and EM models are compared and 

finally validated against the fabricated prototype, 

demonstrating excellent agreement. By introducing an 

additional stepped-impedance resonator between the base 

structures, a primary filter with the desired response is 

achieved. Moreover, by fine-tuning the dimensions of the 

side stubs in the proposed resonator and adjusting the position 

of one of them, both narrow-band and wide-band filters with 

tailored frequency responses are realized. A key advantage of 

the proposed design is its structural simplicity, combined with 

a wide bandwidth and favorable insertion and return loss 

characteristics. 
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