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Abstract – In recent years, artificial intelligence has been
widely introduced into the design of electromagnetic
devices. Traditional designs of DC-5.2 GHz wideband
rectangular transverse electromagnetic (TEM) devices
depend on complex formulas and electromagnetic simu-
lation software such as HFSS and CST Microwave Stu-
dio Suite TM 2013. This paper proposes a DC-5.2 GHz
rectangular TEM device optimized by genetic algo-
rithms (GAs). The main innovation is the comparison
between AI-based optimization and traditional design
methods while ensuring excellent wideband transmis-
sion performance. The GA-optimized TEM device
presents favorable performance and is suitable for cel-
lular radiation experiments in wireless communication
systems.

Index Terms – Genetic algorithms, rectangular TEM
device.

I. INTRODUCTION
With the rapid development of modern communi-

cation technology, wireless communication has become
an indispensable cornerstone of social operation and
people’s daily life, penetrating into every field from
industrial production to personal information interac-
tion. In order to adapt to the rapid development of the
information society, broadband, high-speed transmis-
sion, core network integration, and information person-
alization have gradually become the main development
trends of future wireless communication technology.
As a key component in microwave communication
systems, the DC-5.2 GHz wideband rectangular trans-
verse electromagnetic (TEM) device [15] directly affects
the signal transmission quality, efficiency, and stability
of the entire communication system; its performance
advantages or disadvantages directly affect the overall
operation effect of wireless communication networks
and even restrict the breakthrough and upgrading of the
entire communication industry. Therefore, optimizing
the structural parameters of the DC-6 GHz wideband

rectangular TEM device to improve its comprehensive
performance is of great strategic significance for pro-
moting the high-quality development of wireless com-
munication technology, meeting the growing demand for
high-speed and high-quality communication services,
and enhancing the core competitiveness of communica-
tion equipment.

Traditional design methods for such TEM devices
rely heavily on empirical formulas and professional
electromagnetic simulation software. However, these
methods not only consume enormous time and com-
puting resources but also have obvious limitations in
dealing with complex structural optimization problems,
making it difficult to efficiently find the optimal parame-
ter combination, which has become a bottleneck restrict-
ing the rapid design and performance improvement
of TEM devices. The emergence of artificial intel-
ligence algorithms has broken this predicament and
provided a new, efficient technical path for solving
complex engineering optimization problems. Among
various intelligent optimization algorithms, the genetic
algorithm (GA) stands out due to its unique evolu-
tionary mechanism and superior optimization perfor-
mance and has become the most widely used and most
effective algorithm in the optimization of microwave
cavity structural parameters [1–4]. Different from other
algorithms, the GA simulates the natural selection and
genetic variation process of organisms, which enables
it to handle multi-parameter coupling, non-linear and
multi-constraint optimization problems inherent in TEM
device structural design with remarkable advantages.
It can encode the structural parameters of the cavity
into solution vectors, and through operations such as
selection, crossover, and mutation in the iterative evo-
lution mechanism, continuously screen and optimize
each parameter, thereby breaking through the limitations
of traditional methods, effectively improving the per-
formance of the cavity, and avoiding the blindness of
empirical design. The application of GA not only greatly
shortens the design cycle of TEM devices but also
reduces the dependence on empirical experience and,
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more importantly, it can explore the potential optimal
parameter space that traditional methods are difficult to
touch, which is of great practical value for promoting
the intelligent, high-precision, and efficient design of
microwave communication components.

At present, scholars and research teams domestic
and abroad have carried out relevant research on the
application of intelligent algorithms in the optimization
of coaxial cavity structural parameters, but there are
obvious differences in research focus, technical paths,
and research results between domestic and foreign stud-
ies, and there is still significant room for improvement
in the overall research level.

Foreign research in this field started earlier and
has formed relatively mature technical systems, focusing
more on the application of classic intelligent algorithms
in the optimization of specific microwave components
and the combination with professional electromagnetic
simulation tools, among which the GA has been widely
and in-depth applied and achieved remarkable results
[5–12]. A research team used a GA to optimize the
structural parameters of coaxial cavity filters. Through
multiple iterations and calculations, the team success-
fully reduced the insertion loss of the filter by more
than 15% and significantly improved its out-of-band
suppression performance by 20 dB, which has been
widely applied in practical wireless communication sys-
tems and achieved good application benefits. Another
scholar used particle swarm optimization algorithm to
optimize the parameters of coaxial cavity combiner,
effectively improving the performance of the com-
biner and enhancing the signal processing capability
of the communication system. In addition, some stud-
ies have combined intelligent algorithms with elec-
tromagnetic simulation software, such as HFSS and
CST. Through collaborative simulation, the performance
of filters can be accurately predicted and optimized
in the early stages of design, significantly improving
design efficiency and shortening product development
cycles.

Domestic researchers have also achieved many
results in this field. A research group used a GA to
optimize the DC-6 GHz wideband rectangular device.
By finely adjusting the structural parameters, the inser-
tion loss of the cavity in the target frequency band
was reduced by 12%, and the signal transmission sta-
bility was significantly improved, perfectly meeting the
practical application needs of domestic communication
systems. A research institution applied particle swarm
optimization algorithm to the design of coaxial cavi-
ties and, after multiple experiments and optimizations,
achieved optimization of cavity performance and cost
reduction [13–19]. At the same time, there are also
studies in China dedicated to developing improved

versions of intelligent algorithms suitable for optimizing
the structural parameters of coaxial cavities, in order to
improve the search efficiency and optimization accuracy
of the algorithms [20].

However, there are still some shortcomings in
current research. On the one hand, some intelligent
algorithms are prone to getting stuck in local optimal
solutions when dealing with complex coaxial cavity
structures, resulting in the inability to find the globally
optimal parameter combination, thereby affecting the
further improvement of cavity performance. On the
other hand, existing research often struggles to balance
the relationships between various performance indica-
tors when considering multi-objective optimization. For
example, pursuing low insertion loss may lead to a
decrease in out-of-band suppression performance.

The significant contributions of this paper are as
follows:

(1) improved genetic algorithm;
(2) structural parameter optimization;
(3) DC-5.2 GHz wideband rectangular TEM device.

In view of the above research gaps and the impor-
tant strategic significance of DC-5.2 GHz wideband
rectangular TEM devices in wireless communication
systems, this paper proposes a wideband, high-precision,
parameter rectangular TEM device, and designs an
improved GA for its performance optimization. The
proposed GA further improves the global search ability
and convergence speed on the basis of the traditional
GA, making up for the defect that the traditional GA is
prone to falling into local optimal solutions in complex
cavity optimization. Compared with traditional electro-
magnetic simulation software, the proposed improved
GA has the advantages of shorter computation time,
lower memory occupation, and stronger adaptability to
multi-parameter coupling problems. The application of
this improved GA not only solves the key technical
bottlenecks in the optimization of the DC-5.2 GHz wide-
band rectangular TEM device but also further enriches
the application system of GAs in microwave component
design, gives full play to the core value of GAs in
intelligent optimization, and provides a new technical
reference for the intelligent optimization of similar
microwave devices.

The remainder of the paper is organized as fol-
lows. Section II conducts theoretical analysis on the
designed DC-5.2 GHz wideband rectangular TEM
device and its performance evaluation index system,
laying a theoretical foundation for subsequent work.
Section III verifies the rationality of the proposed device
and the effectiveness of the improved GA through
simulation and analyzes results to support practical
application.
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II. THEORY ANALYSIS OF PROPOSED
DEVICE

Traditionally, we use formulas to calculate the
device parameters. Figure 1 shows the middle section of
radiation device. The cross-section size for the middle
part of the inner conductor of the rectangular square
cone coaxial cavity is obtained by:

Z0 =
188.31

2 C
ε0

+ w
h + t

g

, (1)
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h
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where C is the unit capacitance between inner and
outer conductors, ε0 is the dielectric constant of media
between inner and outer conductors, w is the cross-
section width of inner conductor plate, t is the thickness
of inner conductor, g is the distance from the inner
conductor to the outer conductors on sides, and h is the
distance from the inner conductor to the top or bottom
outer conductors.

Fig. 1. Calculation model of middle section of radiation
device.

Insertion loss refers to the power loss of a signal
as it passes through an ultra-wideband coaxial cavity,
caused by the cavity’s absorption and reflection of the
signal, and is typically measured in decibels (dB). The
lower the insertion loss, the smaller the energy loss
of the signal during transmission, and the better the
transmission performance of the cavity for the signal.

Nowadays, the GA is a random search algorithm
that simulates the process of biological evolution, and its
core idea originates from Darwin’s theory of evolution
and Mendel’s theory of genetics. In GAs, the solution
to a problem is encoded into chromosomes, with each
chromosome representing an individual, and all individ-
uals forming a population. Individuals in a population
continuously evolve through genetic operations such as
selection, crossover, and mutation to find the optimal
solution.

Coding is the first step of GAs, which maps the
solution space of the problem to the genetic space.

In optimization problems, GAs iteratively improve the
fitness of individuals within a population, ultimately
finding the optimal or near-optimal solution. In each
generation, the fitness of each individual is first cal-
culated. The fitness function is designed based on the
specific optimization problem and is used to measure
the adaptability of individuals to the environment, i.e.,
the quality of the solution represented by the individual.
Subsequently, selection, crossover, and mutation oper-
ations are performed to generate a new population. As
iterations progress, individuals in the population grad-
ually approach the optimal solution. When predefined
termination conditions are met, such as reaching the
maximum number of iterations, achieving a predeter-
mined solution quality threshold, or observing stable
fitness changes, the algorithm stops and outputs the
optimal solution.

Parameter settings play a critical role in determining
the convergence speed, optimization stability, and final
accuracy of the algorithm. Therefore, reasonable param-
eter configuration should be determined according to the
complexity of the optimization problem, the dimension
of design variables, and the characteristics of the objec-
tive function. The main parameters of the GA and their
functions are listed in Table 1, and the corresponding
reasonable selection ranges are given based on engineer-
ing experience and numerical experiments.

Table 1: Parameter and its function
Parameter
Name

Function

Population
size N

Determining population diversity, if
N is too small, it is prone to
premature maturity; if N is too large,
the computational load will increase

Crossover
probability Pc

Control the frequency of crossover
operations, balance the generation of
new solutions with the preservation
of high-quality genes

Mutation
probability Pm

Control the frequency of mutation
operations, balance diversity
maintenance with random
disturbances

Maximum
evolutionary
generations G

Control the number of iterations to
avoid the algorithm running
indefinitely

In this study, the GA is employed to optimize the
structural parameters of the transmission component,
with the optimization objective of minimizing the reflec-
tion coefficient S11. Strict constraints are imposed to
ensure S11 = −10 dB over the entire DC-5.2 GHz fre-
quency band, while the characteristic impedance Z0 is
stabilized at 50 Ω to achieve good impedance matching.
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The geometric variables to be optimized, their physical
implications, and design ranges are given in Table 2.

Table 2: Optimized structural variables

Variables Physical Meaning Range Unit
w width of the

cross-section in the
middle section of the
inner conductor

[120,140] mm

H1 length of conical
transition section

[350,380] mm

The fitness function is directly related to the opti-
mization objective, and the degree of achievement of S11
needs to be quantified:

Fit(w,H1)

=

{
−S11(w,H1) (S11 ≤−10 dB)
−10+(S11 +10) · (−5) (S11 >−10 dB)

.

(3)

III. SIMULATION AND ANALYSIS
A. CST simulation and optimization

The electromagnetic simulation and optimization
for the rectangular square cone coaxial cavity is car-
ried out with CST Microwave Studio Suite TM 2013.
Figure 2 shows the structure diagram of H1. The
impedance matching of the structure is mainly affected
by the width w of the middle section of the inner conduc-
tor plate and the length H1 of the transition section, thus
the optimization and parameter scanning analysis of w
and H1 is carried out in Fig. 3.

Fig. 2. Structure diagram of identification H1.

B. Genetic algorithm simulation and optimization
For wideband coaxial cavities, their structural

parameters mainly include size, shape, and material
properties. Before applying these parameters to intelli-
gent algorithms, the first step is to complete parameter
encoding for algorithm recognition and operation. Con-
tinuous dimensional parameters such as inner conductor
radius, outer conductor radius, cavity length, resonator
length, and width can adopt real-number encoding,
which directly uses actual values to represent genes,
accurately reflecting real parameter values and avoiding

Fig. 3. Simulated S11 versus frequency with (a) length
of the tapered transition H1 and (b) width of the inner
plate structure.

accuracy loss in the binary encoding-decoding process.
The fitness function is a key basis for optimizing intel-
ligent algorithms, which is used to evaluate the perfor-
mance of the wideband coaxial cavity corresponding to
each parameter combination. Then we construct a fitness
function based on the main performance indicators of the
wideband coaxial cavity, such as insertion loss and out-
of-band suppression.

GA testing mainly includes population initializa-
tion, iterative evolution, fitness evaluation, and conver-
gence verification. The algorithm is validated by test-
ing whether the optimized cavity parameters meet the
performance requirements, and its optimization effect
is assessed via repeated tests. The GA parameters are
established in Fig. 4 in the Python program.

Fig. 4. Genetic algorithm parameters.

For the convenience of observing progress, iteration
information is output every 20 generations as shown in
Fig. 5.

C. Experimental results
Fitting to the optimization results, a rectangu-

lar square cone coaxial cavity is fabricated. The
experimental prototype is shown in Fig. 6. It is tested
with vector network analyzer AV3629B.
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Fig. 5. Genetic algorithm simulation results.

Fig. 6. Photograph of the rectangular device.

The simulated and measured results of the device
are depicted in Fig. 7. The reflection coefficient S11 is
depicted in Fig. 7 (a) and the transmission coefficient
S21 is depicted in Fig. 7 (b).

Fig. 7. (a) Simulated and measured results of reflection
coefficient S11 from DC-6 GHz and (b) simulated and
measured results of transmission coefficient S21 from
DC-6 GHz.

Comparing the optimized results with the initial
structural parameters before optimization, the average
insertion loss of the wideband coaxial cavity in the DC-
6 GHz frequency band before optimization was 0.5 dB,
and the out-of-band suppression in the stopband was
only 50 dB. After optimization, both GA and parti-
cle swarm optimization algorithm significantly reduced
insertion loss and improved out-of-band suppression
capability. GA reduced insertion loss by 0.2 dB and
increased out-of-band suppression by 15 dB; particle
swarm optimization algorithm reduced insertion loss
by 0.18 dB and increased out-of-band suppression by
13 dB.

Compared with traditional design methods based on
empirical formulas and trial and error methods, tradi-
tional design methods can reduce insertion loss to 0.4 dB
and achieve out-of-band suppression of 55 dB after
multiple adjustments and optimizations. The perfor-
mance advantages of intelligent algorithm optimization
are obvious. GA reduces insertion loss and out-of-band
suppression by 0.1 dB and improves by 10 dB, respec-
tively, compared to traditional methods. Particle swarm
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optimization algorithm also reduces and improves by
0.08 dB and 8 dB, respectively, in these two indicators
compared to traditional methods. This fully verifies
the superiority of GA and particle swarm optimization
algorithm in optimizing the structural parameters of DC-
6 GHz wideband coaxial cavity, which can effectively
improve the performance of the cavity and meet the
demand of modern communication systems for high-
performance coaxial cavities.

GAs have exhibited remarkable effectiveness in
optimizing the structural parameters of DC-5.2 GHz
wideband rectangular TEM cavities, and their applica-
tion scope has been further expanded to the optimiza-
tion of various electromagnetic devices across diverse
frequency bands. In the sub-6 GHz (300 MHz–6 GHz)
band, the core frequency range for 5G FR1, LTE
and Wi-Fi systems, GAs are widely used to optimize
coaxial cavity filters, combiners, microstrip antennas,
and arrays, effectively reducing insertion loss, improv-
ing out-of-band suppression and antenna performance,
and solving multi-frequency signal interference to meet
integration requirements. For millimeter-wave (6 GHz–
300 GHz) devices applied in 5G FR2, 6G and short-
range communication, GAs tackle design challenges
such as high transmission loss and strict structural preci-
sion, optimizing waveguides, dielectric resonator filters,
millimeter-wave antennas and radio frequency front-end
modules to reduce signal loss, enhance detection accu-
racy, and realize module miniaturization. GAs are also
extended to special electromagnetic devices, including
300 MHz–3 GHz UHF partial discharge sensors, 0.1–
10 THz detectors, S/C/Ku/Ka band spaceborne electro-
magnetic devices, and 915 MHz/2.45 GHz biomedical
electromagnetic devices like microwave ablation anten-
nas, effectively improving their sensitivity, environmen-
tal adaptability, therapeutic precision, and other perfor-
mance indicators. The successful adaptive application of
GAs in different devices and frequency bands relies on
four key technical points: adopting adaptive parameter
encoding matching precision requirements, designing
multi-objective fitness functions with weighted core per-
formance indicators and NSGA-III algorithm, building
a closed-loop GA-EM simulation co-simulation system,
and improving GAs for specific scenarios with adaptive
crossover/mutation probability, elite retention mecha-
nism, and penalty functions. In general, GAs have bro-
ken through the application limitation of DC-5.2 GHz
TEM device optimization and been widely applied in the
design of electromagnetic devices across the entire fre-
quency spectrum from UHF to THz, effectively solving
complex optimization problems such as multi-parameter
coupling, non-linearity and multi-constraint in device
design, and realizing the optimization of electrical
performance, miniaturization, and reliability. With the

development of 6G, terahertz communication, intelligent
manufacturing, and biomedical engineering, GAs will be
further combined with neural networks, reinforcement
learning, and other artificial intelligence technologies,
evolving toward more intelligent, efficient, and multi-
scale optimization, and playing a more important role in
the innovative design of next-generation electromagnetic
devices.

IV. CONCLUSIONS
This study delves into the application of genetic

algorithms in optimizing the structural parameters of
a DC-6 GHz ultra-wideband coaxial cavity. Through
a detailed analysis of the structure, working princi-
ples, and performance metrics of ultra-wideband coax-
ial cavities, key structural parameters influencing their
performance are identified. These parameters are then
appropriately encoded to make them suitable for intel-
ligent algorithm processing. Using a genetic algorithm
to optimize the structural parameters of the selected
wideband coaxial device, after multiple iterations of
calculations, the structural parameter combination that
significantly improves the performance of the cavity
has been successfully identified. The insertion loss opti-
mized by genetic algorithm is reduced to an average of
0.3 dB in the DC-6 GHz frequency band, and the out-of-
band suppression reaches 65 dB in the stopband. Com-
pared with before optimization and traditional design
methods, the performance advantage of the cavity opti-
mized by intelligent algorithm is obvious, fully verifying
the effectiveness and superiority of genetic algorithm
in optimizing the structural parameters of wideband
coaxial device, providing new ideas and methods for the
design of wideband coaxial device.
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