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Abstract

This paper outlines the design and development of a cross-coupled band-
pass filter with operational frequency at 1.2 GHz, intended for mobile commu-
nication applications. To enhance computational efficiency, the filter is decom-
posed into individual components and each part is simulated separately using
HFSS simulator and AWR software, which facilitates the extraction of criti-
cal parameters in accordance with a general coupling matrix (CM). A Rogers
RO4003C substrate with a thickness of 0.813 mm and dielectric properties of
εr = 2.2 and tanϕ = 0.0027 was used in the simulation. The dimensions of the
fabricated cross-coupled filter are as follows 25×52×0.847mm3, where the filter
shows a desirable frequency response with two transmission-limiting zeros as
expected. The simulated cross-coupled filter has an excellent electromagnetic
performance, it exhibits an insertion loss of 1.1 dB and a return loss of –25 dB
within a frequency range of 1.13 GHz to 1.28 GHz. The results show that the
analysis, simulation and measurements agree well with each other, proving the
accuracy and efficiency of the filter design.
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Introduction. In the field of radio frequency and microwave filter de-
sign, the cross-coupled bandpass filter represents a recent innovation developed to
meet the growing demands of advanced communications and processing systems.
This type of filter offers a sophisticated solution that reduces noise and distor-
tion while maintaining signal quality across multiple frequency ranges, making it
ideal for complex applications that require simultaneous processing of different fre-
quencies [1]. The cross- coupled bandpass filter focuses on passing signals within
three specific frequency ranges, while filtering out other unwanted frequencies.
Analytically, the N × N coupling matrix is a mathematical tool used in many
fields of physics and engineering, particularly in the analysis of communications
and electronics systems [2], which represents an advanced model for studying
the interactions between an array of connected resonators. This matrix enables
us to understand how energy interacts between the various components of a sys-
tem, and thus to estimate the overall performance of the system under the influ-
ence of a range of different parameters, such as frequencies and mutual interac-
tions [3].

In this paper, a cross-coupled filter design was proposed. The design pa-
rameters were optimized using a High Frequency Structure Simulator (HFSS) to
achieve performance consistent with specified requirements, such as frequency re-
sponse, selectivity characteristics, and insertion loss. The coupling matrix for
the proposed filter was presented and interpreted as described in [4]. The design
was divided into sub-modules to simulate each component separately to ensure
modelling accuracy and verify partial performance before assembling the entire
system. Simulation results were presented using both AWR and HFSS software.
The comparison showed good agreement between the results obtained from the
two simulators, demonstrating congruence in performance and calculation accu-
racy. The manufacturing process and settings associated with the measurement
phase were also addressed to verify the design’s validity and stability.

Design of equivalent circuit. Figure 1a represents a circuit consisting of
n coupled resonators. The circuit consists of several fundamental components,
including inductance (Li), capacitance (Ci), and conductance (Gi), which are in-
terconnected together to form electrical networks. In a coupled resonator circuit,
we can consider each resonator to be an element containing inductance, capaci-
tance, and resistance. If we consideri to be the current in the loop and v to be the
voltage source, by applying Kirchhoff’s voltage law, we can derive an equation for
any closed loop within the circuit, given by [5]:
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Using these equations, we can study the natural frequencies of the system, the
different couplings, and the interaction between the resonators in the circuit, which
helps in developing better designs for resonant circuits [6]. These mathematical
analyses provide a framework for understanding how different factors such as
inductance, capacitance, and resistance affect the behaviour of a coupled resonant
system, and how to control these effects to achieve the best system performance.
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Coefficients S11 and S22 can be used to measure reflections at various inputs,
while coefficients S12 and S21 are used to measure signal transmittance through
the system. These coefficients are used at microwave frequencies and provide
valuable information about the system’s efficiency in transmitting or reflecting
electromagnetic energy. By using the formulas described in [7], the filter coupling
matrix and the external quality factors can be calculated. These calculations help
to ensure that the filter operates efficiently while minimizing losses and achieving
the desired performance in practical applications.

Qes =
g0g1
FBW

, QeL =
gngn+1

FBW
(4)

Mi,i+1 =
FBW
√
gigi+1

, i = 1 to (n− 1)(5)

mi,i+1 =
Mi,i+1

FBW
, i = 1 to (n− 1).(6)
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Fig. 1. a) Typical series-resonator bandpass network; b) 3D Structure of four-pole filter;
c) Lumped elements of 4th order; d) Ideal response

The filter specifications presented represent, order n = 4, centre frequency
(f0 = 1.2 GHz), bandwidth at −3 dB (BW = 150 MHz), and return loss RL = 25
dB, (Fig. 1b). This matrix contains elements representing the coupling effects
between different resonators [8]. Here we will show a general form of this matrix.

[m] =

 0 0.8559 0 −0.2196
0.8559 0 0.9571 0
−0.2196 0 0.8559 0

(7)

ω0 = 2πf0 = 7.5398 with FBW =
BW

f0
= 0.1284 = 12.84%(8)

Qe =
g0g1
FBW

=
1 ∗ 0.9314
0.128416

= 7.2538.(9)

As shown in Fig. 1c, the capacitance C1, inductance L1 and the series
impedances Z12, Z23, Z34 are also calculated using the following equations [9]:

C1 =
QeS

ω0 × Z
= 0.0423 pF(10)

L1 =
Z

ω0 ×QeS
= 176.24 nH(11)

Zi,i+1 =
Z

Mi,i+1 ×Qe
.(12)
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Analysis of Fig. 1d, using AWR reveals that the designed bandpass filter has
a centre frequency of 1.20 GHz and a bandwidth of 150 MHz. Within this range,
the reflection loss is –25 dB, demonstrating that the filter operates efficiently at
passing the signal while significantly reducing reflection [10].

Design and analysis of a micro strip filter into different parts using
electromagnetic simulation. Cross-coupled filter design may include multiple
components, it is best to break it down into smaller, individual parts so that each
part is simulated independently [11]. After dividing the design into separate parts,
an HFSS electromagnetic simulator is used to analyze each part individually. After
simulating each part individually, parameters related to each part are extracted,
such as losses, frequencies passed or blocked, reflections, and wavelength. These
parameters determine the final performance of the strip filter. Various structures
can be combined to obtain a final, integrated design that achieves the desired
performance [12]. The proposed structure is designed using Rogers RO4003C, a
material with a dielectric constant of 3.38, which is ideal for microwave applica-
tions due to its superior electrical properties in the high-frequency range. The
top and bottom layers of the structure are made of perfect electrical conductors
(copper). Dielectric constant (εr = 3.38), thickness of height (h = 0.813 mm)
and loss tangent of 0.0027. Based on the dimensions and design developed using
Rogers RO4003C material, the coupling coefficient between the resonators (k) is
calculated based on the two characteristic resonator frequencies (f1 and f2) using
the following equation [13]:

(13) K =
f22 − f21
f22 + f21

.

When f1 and f2 are close together, the coupling coefficient k will be larger, mean-
ing the resonators interact more strongly with each other. If the differences be-
tween the frequencies are large (i.e., f1 and f2 are far apart), k will be small,
meaning that the coupling between the resonators is weak.

Figure 2a shows the input/output resonator used to extract the external qual-
ity factor in the context of microstrip filter design. In Fig 2b, a design curve for
(Qe) versus t is shown [14]. This curve is an important tool in microstrip filter
design, as it shows the relationship between the external quality factor (Qe) and
the thickness of the dielectric material (t) in the system – the (Qe) versus t curve.
This relationship helps to determine how the distance (t) affects the performance
of the microstrip filter, especially with regard to the efficiency in filtering frequen-
cies. As the distance (t) increases, the external quality factor (Qe) increases. To
extract the coupling between resonators 1 and 2 in a microstrip filter, EM simula-
tion is used in the order shown in Fig. 2c. This involves determining the geometric
positions of the resonators, setting up the simulation to analyze the electromag-
netic field interaction between the resonators, and then extracting the coupling
coefficients from the simulation results [15]. The coupling between the resonators
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Fig. 2. The order in which external quality factor and cou-
pling coefficients are derived in the design of cross-coupled filter.
1) Design curve for Qe; 2) Design curve for M12; 3) Design curve

for M23

in a microstrip filter is mainly controlled by the spacing (s1) in Fig. 2d. Offset (d)
may be necessary when additional couplings need to be implemented to improve
the filter performance and ensure adequate filtering of frequencies. Fig. 2e shows
the EM simulation setup to determine the coupling between resonators 2 and 3
in a microstrip filter. EM simulation is a powerful tool for understanding these
interactions and achieving the ideal balance between coupling strength and fre-
quency response of the filter. S-coefficients (such as S23 or S32) that represent the
transmission and reflection between resonators 2 and 3 are calculated. These co-
efficients help in understanding how energy is transferred between the resonators.
Using the same approach described for extracting the coupling between the res-
onators, a design curve for M23 is produced that shows the relationship between
the coupling coefficient and the geometric properties of the filter [16]. This curve
is plotted in Fig. 2f and is an important tool in analyzing the effect of filter design
on the coupling between the resonators. By analyzing the design curves extracted
from EM simulation, the physical dimensions such as t = 2.9 mm, s1 = 0.9 mm,
s2 = 0.5 mm, and s3 = 1.5 mm are determined. These dimensions are consis-
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tent with the design requirements and help in achieving the optimum frequency
response of the filter.

Fabrication of the proposed filter and experimental validation. The
proposed filter was fabricated using a PCB process on a 0.813 mm thick Rogers
RO4003C substrate with precise electrical properties such as a relative transmit-
tance of 3.38 and a low loss tangent (tan(δ)) of 0.0027 [17].

The filter fabrication involved copper plating and drilling holes through the
substrate to form the cross-coupled circuit. Using an Anritsu-MS2037C harmonic
analyzer (Fig. 3a) to measure the S11 and S21 bands of the fabricated filter enabled
experimental validation of the filter’s performance. The fabricated filter has simple
structure, compact size and low insertion loss so that these performances are very
attractive in the practical applications in modern communication systems [18].
These offsets suggest practical effects related to the manufacturing process or the
material properties of the prototype, but overall, the filter’s performance remains
consistent with expectations. Figure 3b (bottom view) and Fig. 3c (top view)
show a photograph of the fabricated filter measuring 25 × 52 mm, while Fig. 3d
shows the simulation and electromagnetic (EM) measurements of the filter. The
insertion loss at the centre frequency was measured and found to be less than 1.13
dB, indicating high signal transmission efficiency through the filter. As shown in
Fig. 3e two transmission zeros were observed at 1.06 and 1.34 GHz [19], indicating
signal blocking at these frequencies, which is required in filter design to pass the
specified frequency range and block other frequencies. Figure 3f illustrates the
electric field distribution in the bandpass filter at 1.2 GHz, as simulated using
HFSS.

T a b l e 1

Comparison of the designed filter to other reported filter designs

Ref. No. f0 [GHz] FBW [%] Insertion
loss [dB]

Return loss
(RL) [dB] Circuit size

[13] 4.26 66.9 1.98 09 40× 50× 1.52

[14] 1.8 2.7 3.35 15 20× 25× 0.8

[15] 1 20 0.6 18 15× 42× 1.27

This work (HFSS) 1.2 15 1.14 25 25× 50× 0.813

(f0 – centre frequency, FBW – fractional bandwidth, IL – insertion loss, RL – return loss)

Table 1 summarizes the comparison with other filters and demonstrates that
the proposed filter offers superior size reduction and excellent frequency perfor-
mance [20].

Conclusion. This research paper first presents analytical Chebyshev equa-
tions for calculating various synthesis parameters of a bandpass microstrip cross-
coupled filter. The design incorporates the coupling matrix, quality coefficients,
and the initial geometric dimensions. Second, the ideal frequency response of the
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Fig. 3. Fabrication and response of the cross-coupled filter; (a) Exper-
imental measurement; (b) Bottom view; (c) Top view; d) Compared
with the ideal response; e) Compared with the measurement; f) Elec-

tric field

developed filter is achieved using lumped equivalent circuit elements modelled in
AWR Office. Finally, EM simulations performed with HFSS software provide the
response results of the proposed cross-coupled filter, spanning a frequency range
from 1.13 GHz to 1.28 GHz, with a central frequency of 1.2 GHz. Accordingly, a
strong consistency between HFSS simulation curves and AWR realization results
demonstrates the design of a high-performance filter structure tailored for mobile
communication applications. The filter achieves an insertion loss of 1.1 dB and
a return loss of –25 dB across the entire bandwidth, with a fractional bandwidth
of 15.84%. When the analytical and measurement results are compared, the frac-
tional bandwidth (FBW) is 15%, and the centre frequency is 1.20 GHz. It is
effectively observed that the analytical, simulation, and measurement results are
in a very good agreement.
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Compact Microwave Triple-Mode Bandpass Filter in Planar Technology, Serbian
J. Electr. Eng., 14(2), 217–228, https://doi.org/10.2298/SJEE170117003P.

[15] Gao S. S., J. L. Li, Z. L. Zhu et al. (2020) Dual-mode resonator filter with
improved feed-lines for dual-band applications, J. Electr. Eng., 71(6), 433–435.

706 M. Damou, A. Boudkhil, M. Chetioui et al.

https://doi.org/10.1109/TAP.2016.2606583
https://doi.org/10.23919/GEMIC.2018.8335067
https://doi.org/10.23919/GEMIC.2018.8335067
https://doi.org/10.1088/1402-4896/ad733d
https://doi.org/10.1088/1402-4896/ad733d
https://doi.org/10.5755/j02.eie.31628
https://doi.org/10.2298/SJEE170117003P


[16] Li M., K. Xu, Y. Bai et al. (2016) Planar Microstrip Tri-mode Bandpass Filter
using Centre-stub-loaded Spiral Resonator, IEEE/ACES International Conference
on Wireless Information Technology and Systems and Applied Computational Elec-
tromagnetics, Honolulu, HI, USA, 13–18 March 2016.

[17] Berber R., M. Damou, M. Chetioui et al. (2024) Designing Cross-Coupled
Trisection Substrate Integrated Waveguide Filter with Novel Hexagonal Resonator,
AMA, Agricultural Mechanization in Asia, Africa and Latin America, 55(5), May,
2024.

[18] Khamin-Hamedani F., G. Karimi (2018) Dual-Band Bandpass Filter Based on
Coupled Complementary Hairpin Resonators (C-CHR), Iranian Journal of Electrical
and Electronic Engineering, 14(4), 324–329.

[19] Damou M., M. Chetioui, M. Secmen et al. (2024) Designing Cross-Coupled Mi-
crostrip Bandpass Filter Based Coupling Matrix Optimization Technique, Microwave
Review, 30(2), 144–151, https://doi.org/10.18485/mtts_mr.2024.30.2.17.

[20] Sowjanya A., D. Vakula (2022) Metamaterial-Inspired Compact Single and
Multiband Filters, Advances in Science, Technology and Engineering Systems Jour-
nal, 7(4), 92–97.

1Laboratory of Electronics, Advanced Signal Processing and Microwave,
Department of Telecommunication, University of Saida Dr. Moulay Tahar, Saida, Algeria
e-mails: mehdi.damou@univ-saida.dz, abdelhakim.boudkhil@univ-saida.dz,
mohammed.chetioui@univ-saida.dz, slimane.Gouni@univ-saida.dz

2Department of Electrical and Electronics Engineering, Yasar University Cad, No. 37-39,
Agacli Yol, 35030 Bornova, Izmir, Turkey
e-mail: mustafa.secmen@yasar.edu.tr

C. R. Acad. Bulg. Sci., 78, No 5, 2025 707

https://doi.org/10.18485/mtts_mr.2024.30.2.17
mailto:mehdi.damou@univ-saida.dz
mailto:abdelhakim.boudkhil@univ-saida.dz
mailto:mohammed.chetioui@univ-saida.dz
mailto:slimane.Gouni@univ-saida.dz
mailto:mustafa.secmen@yasar.edu.tr

