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Abstract

A pixel-based synthesis method driven by a genetic
algorithm is applied to a rectangular monopole-patch
antenna on FR-4. A 7x13 grid with 5 mm x 5 mm pixels is
optimized with a single |S;;| objective to realize two
contrasting designs: a miniaturized antenna that shifts
resonance from 3.5 GHz to 1 GHz while reducing the linear
size by 65%, and a wideband antenna that maintains
|S;1] < —10 dB across 1.9-6 GHz. Full-wave CST
simulations validate both cases without altering substrate or
feed. The miniaturized version is bandwidth-limited,
whereas the wideband version exhibits radiation-pattern
variation—shortcomings that stem from the deliberately
simple cost function. Results confirm the versatility of pixel
antennas and indicate that multi-objective or
machine-learning-assisted  optimization can  further
enhance performance.

Keywords: Pixel antenna, Antenna optimization, Genetic
algorithm, Miniaturization, Wideband monopole

1 Introduction

The continuous advance of wireless communication
systems demands antenna solutions that are both compact
and capable of operating over wide or multiple frequency
bands [1], [2]. Seamless integration into devices such as
mobile terminals and 10T sensors, wearable electronics face
the challenge of miniaturization [3], [4]. At the same time,
support for diverse standards such as 5G, WLAN and
Bluetooth requires antennas with broad or reconfigurable
frequency coverage [2], [5]. Although planar monopole
antennas are inherently low profile and can offer appreciable
bandwidth  [6], achieving simultaneous wideband
performance and pronounced size reduction remains difficult
(11, [4].

Conventional miniaturization techniques, for example
loading the radiator with high-permittivity substrates or
introducing meanders, slots and defected-ground structures
(DGS) [2], [6], [71, seek to lengthen the electrical path within
a restricted physical volume. Classical wideband strategies,
in turn, reshape the antenna element and ground plane or
employ specialized feeding arrangements [1]. While
successful, these approaches often involve design trade-offs

Oz

Bu ¢aligmada, FR-4 iizerinde dikdortgen monopole-yama
antene genetik algoritma destekli piksel tabanli bir tasarim
yontemi uygulanmigtir. 5 mm x 5 mm boyutlu pikseller ile
7x13 olarak piksellestirilmis yap1, yalnizca |S;4|’e bagl
optimize edilerek iki farkli tasarim elde edilmistir:
rezonansi 3.5 GHz’ten 1 GHz’e kaydirarak boyutu dogrusal
olarak %65 azaltan minyatiir anten ve 1.9-6 GHz araliginda
|S11] < —10 dB saglayan genis bant anten. Her iki tasarim
da besleme veya substrat degistirmeden tam dalga CST
benzetimleriyle dogrulanmustir. Basit maliyet
fonksiyonuna bagli olarak mini anten dar bant genisligi,
genis bant anten ise desen degiskenligi gostermektedir.
Sonuglar piksel anten yaklagiminin esnekligini gosterirken,
coklu hedefli veya makine ogrenmesi destekli
optimizasyonlarla performansin daha da iyilestirilebilecegi
goriilebilir.

Anahtar kelimeler: Piksel anten, Anten optimizasyonu,
Genetik algoritma, Minyatiirizasyon, Genis bant monopol

and may lack the flexibility needed to satisfy multifunctional
requirements.

Pixel antennas offer a highly adaptable alternative. In this
concept the radiating surface is discretized into an array of
“pixels”, each of which may be metallic or non-metallic (or
switch-controlled) [8-10]. By selecting the pixel states, the
effective geometry and current distribution can be reshaped
in order to tailor resonant frequency, bandwidth, radiation
pattern or polarization [8], [11-14].

This versatility is particularly advantageous for
miniaturization: optimization algorithms can identify pixel
configurations that lower the fundamental resonance without
enlarging the footprint. Using a 10x10 pixel grid, Lamsalli et
al. [10] achieved an 82% size reduction, shifting the
resonance from 4.9 GHz to 2.16 GHz. The same principle
can be exploited to obtain wideband behavior, as optimized
pixel arrangements are able to excite multiple resonant
modes and create complex current paths [14], [15]. For
instance, in [14], a low-profile pixel antenna with more than
40% bandwidth in the L-band is reported, while stacked
pixelated layers have been proposed for dual-band loT
applications [5].
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Because the number of possible pixel combinations
grows exponentially with grid size, computational
optimization is indispensable [15], [16]. Evolutionary
algorithms (EAs) are widely adopted [17]: genetic
algorithms (GAs) have been used for frequency
reconfiguration, pattern steering and miniaturization [10],
[11], [18], and binary particle-swarm optimization (BPSO)
has been adapted to the discrete pixel topology [5]. More
advanced techniques include successive Boolean
optimization (SEBO) [11], N-port characteristic-mode-
analysis-driven searches [15], adjoint-method optimizers
such as the Method of Moving Asymptotes (MMA) [9], and
machine-learning-assisted schemes based on convolutional
or reinforcement-learning models [13], [19]-[21].

This paper demonstrates the application and versatility of
the pixel antenna approach using a systematic design
methodology to enhance monopole antenna performance.
The work aims for two distinct design objectives using the
same initial rectangular monopole patch geometry and
fundamental |S;,|-based cost function: the first being
substantial miniaturization for operation near 1 GHz and the
second being wideband operation covering 2-6 GHz. The
pixel configurations are optimized using a GA, selected for
its demonstrated effectiveness in miniaturization tasks [10].
Full-wave electromagnetic simulations are employed to
evaluate the resulting antenna geometries. The results
presented illustrate that this consistent methodology can
successfully yield designs addressing both miniaturization
and wideband impedance matching requirements, albeit with
performance limitations (such as bandwidth restriction in the
miniaturized case and pattern instability in the wideband
case) directly attributable to the simplicity of the chosen cost
function. This underscores the flexibility of the pixel
approach and highlights the critical role of the objective
function in achieving fully optimized, application-specific
performance.

2 A systematic methodology for pixel-based antenna
design and optimization

In this section, two examples will be shown for
miniaturization application and wideband application by
utilizing pixel antenna approach. But before these examples,
the design procedure should be explained.

2.1 Initial monopole geometry and dimensional analysis

A rectangular monopole patch antenna was selected to
implement the pixel antenna approach for simplicity. The
0.7-6 GHz frequency range was chosen because it covers
many widely used wireless applications, including GSM 1,
GSM 2, 3G, LTE, 5G, Wi-Fi, Wi-Max and Bluetooth. The
rectangular monopole patch antenna was designed on loss
free FR4 (e, = 4.3, thickness 1.6 mm) due to its low cost.
For the simulations, the FR4 was initially modeled as
lossless to focus on the geometric optimization effects.

In the first step, 3.5 GHz was chosen as the center
frequency for the rectangular patch antenna, as it
approximately represents the arithmetic mean of the target
frequency range. The equations needed to determine the
dimensions of the rectangular patch antenna are available in
the literature [22], [23]. The calculated width and length

were 26 mm x 20 mm, respectively, for the specified center
frequency.

In the following step, the rectangular patch antenna was
transformed into a monopole structure to achieve a wide
frequency range. For this purpose, the ground plane was
designed to be 3 mm shorter than the feed line. Therefore,
the dimensions for the reference antenna are provided in
Table 1, and the antenna geometry along with its simulation
results are presented in Figure 1 and Figure 2, respectively.
The substrate dimensions were chosen to be 70 mm x 70 mm
(WSUB x LSUB). The initial antenna was simulated using
CST MWS.

Tablo 1. Dimensions of the initial rectangular monopole
patch antenna (in mm)
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Figure 1. Geometry of initial rectangular monopole patch
antenna

At this stage, the procedure requires finalizing the
antenna dimensions for both miniaturization process and
wideband performance which should be achieved separately,
as previously discussed. As illustrated in Figure 2(a), the
initial design already supports wide frequency operation;
however, achieving lower frequencies in the target range
becomes challenging under realistic miniaturization
constraints. For example, designing a patch antenna at 1 GHz
would necessitate dimensions of approximately 90 mm x 90
mm. Therefore, more moderate dimensions should be
selected to simplify the optimization process and cover the
0.7-1 GHz band. Consequently, the width of 65 mm and the
length of 35 mm were chosen for the final antenna, while the
other parameters specified in Table 1 remain unchanged as
depicted in Figure 3.

Since the final design has already been established, the
next step is to apply the pixel approach by utilizing an
appropriate optimization procedure. The details of this
process will be discussed in the following section.
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Figure 2. Simulation results of initial rectangular monopole patch antenna: (a) Return loss (dB), (b) 3D polar plot
(Gain) at 3.5 GHz, (c) Radiation pattern (E-Plane) at 3.5 GHz., (d) Radiation pattern (H-plane) at 3.5 GHz.

Figure 3. Pixelated geometry of final rectangular
monopole patch antenna with 65mm x 35mm dimension

2.2 Optimization procedure utilizing the pixel approach

In the introduction, we briefly noted that many studies
employ standard optimization methods such as GA, particle
swarm optimization (PSO), and differential evolution (DE in
addition to developing novel, more efficient algorithms.
However, the primary objective of this manuscript is to
investigate the versatility of pixel antennas for a range of
applications. Therefore, one of the most widely used
optimization methods, the GA, was selected for this work.

Although CST was used to verify the designed antennas,
the GA optimization routine with default settings was
executed in MATLAB, a common practice for such
applications. A brief outline of this routine is provided below
with the corresponding flowchart is depicted in Figure 4:

e A pixel value of “1” indicates metal presence, while

“0” indicates the absence of metal.
e The antenna geometry is divided into pixels, forming
a matrix of “1”s and “0”’s.
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e This matrix is used to generate the antenna geometry,
which is then exported to CST.

e CST simulates the antenna geometry and returns the
results to MATLAB.

e A cost value is calculated in MATLAB based on
specified parameters and the target frequency range.

e New generations are created, and these steps are
repeated until the optimization routine terminates.

Start

Generate a random 7 x 13
matrix composed '1's and '0's

Enter genetic algorithm
routine with initials

¥
Calculate dimensions and positions to create antenna
geometry based on the initials and 7 x 13 matrix

Create antenna geometry by using calculated
dimensions and positions for simulation

M
Calculate Sy for target
frequencies

CST
Calculate cost function for target
frequencies
Generate a new 7 % 13 matrix -
e e i No riterias are
composed of '1's and '0's in satisfiod
genetic algorithm
Yes
End
MATLAB

Figure 4. Flowchart of optimization routine involving
MATLAB and CST interaction.

In this study, each pixel measures 5 mm x 5 mm,
corresponding to a 7x13 matrix with a total of 91 pixels. At
the maximum target frequency of 6 GHz, this dimension is
approximately /10, which can be considered a moderate
size. Larger pixel dimensions might reduce the likelihood of
meeting the desired cost criteria or significantly increase
computation time. The suitability of this pixel size will be
discussed in the following section.

Reference [10], proposes the following cost function,

1 N
cost = ‘ﬁ ;Q(fi)‘ 1)

where,

oty = {5l for Sy = —10d5
i +10dB, forS;; <—10dB

Equation (1) is a fundamental equation used to calculate
the cost function. In this equation, f; is denoting the target
frequencies and N is the total number of target frequencies.
The reason for choosing this equation is to demonstrate that
pixel antennas can be adapted to a variety of applications
with minimal effort, as previously mentioned. It is also

evident that a more complex or tailored cost function for a
specific application could facilitate reaching the desired
goals more efficiently.

It should be noted that the effect of a pixelated ground
plane was intentionally excluded from this study. Although
such structures such as defected ground structures [2] are
known to improve size reduction or bandwidth performance,
including them would require more complex analysis. This
could shift the focus of the study toward additional
parameters such as coupling, which are beyond the intended
scope for this manuscript.

This section introduced the fundamental aspects of the
proposed methodology. The pixel-based approach for
defining the antenna geometry, allowing for a diverse range
of configurations, was presented. The GA-based
optimization framework was also described, highlighting the
integration between MATLAB for cost function calculation
and CST Microwave Studio for electromagnetic analysis and
final performance verification. The next section presents
examples of this methodology and discusses their results.

3 Simulation results and discussion

In order to demonstrate the versatility inherent in the
pixel antenna approach, two primary design objectives as
mentioned earlier will be covered: miniaturization and
wideband operation. Both optimization scenarios utilize the
identical baseline antenna geometry, pixel count, and pixel
size (Figure 3), as well as the same cost function (Equation
(2)). The simulation results obtained for each case will be
presented and discussed in the context of these constraints,
evaluating the extent to which the target performance values
were achieved.

3.1 Case I: Miniaturization

The miniaturization objective targeted the 0.7-1 GHz
frequency range. For context, conventional rectangular patch
antennas operating at these frequencies would require
significant physical dimensions (approximately 130 mm x
100 mm at 0.7 GHz and 90 mm x 70 mm at 1 GHz). In
contrast, our approach applied GA-based optimization to the
predefined pixelated structure described previously. Figure 5
presents the simulated return loss characteristics for three of
the best-performing pixel configurations obtained by the GA
optimization. The simulation results show that while
satisfactory operation was achieved near the upper edge of
the band (around 1 GHz), the performance requirement was
not met across the entire target range. Potential factors
contributing to this limitation may include the size of the
pixels or the simplicity of the cost function (Equation (1))
used for this application. It is acknowledged that achieving
broadband impedance matching in electrically small
antennas is inherently challenging due to Chu limit [23];
advanced optimization strategies incorporating machine
learning techniques [13], [18], [19] or more complex,
tailored cost functions are actively researched areas that
could potentially enhance performance for such demanding
requirements.

Figure 6 depicts the geometries resulting from three of
the best-performing configurations obtained from the GA-
based optimization. Inspection of these pixel arrangements
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indicates that the optimization algorithm tends to form
structures that effectively increase the electrical path length
of the surface currents. This strategy is consistent with
achieving resonance at lower target frequencies within the
fixed antenna footprint. In addition, Figure 6 also presents
the simulated radiation patterns for these designs at 1 GHz.

Return Loss (dB)

—Designl
.......... Design’_)
— % — Dcsign3

40 ! . h .
0 1 2 3 4
Frequency (GHz)

w
k=)

Figure 5. Return loss (dB) plot of three of best designs for
Case I.

(@)

(b)

(©)

Due to the overall similarity in the optimized geometries,
the radiation patterns exhibit no differences. The simulated
maximum gain for these configurations is approximately 1.8
dBi. Furthermore, the figure includes the surface current
distributions, visualized using a 0-100 A/m linear scale.
While slight variations in maximum of current magnitude
exist between the designs, the overall distribution
consistently highlights the dominant current paths
established by the pixel optimization.

Regarding the radiation patterns, it is observed that for
these GA-optimized miniaturized designs (Figure 6), the
Phi=90° plane tends to exhibit the most omnidirectional-like
characteristic. For the initial rectangular monopole patch
antenna, its H-plane (Figure 2(d), Phi=90°) displays the
expected broadly omnidirectional behavior, while the E-
plane (Figure 2(c), Phi=0°), especially with a limited display
scale in its original presentation, can appear more
directional, as is typical for monopoles in that principal
plane. The differences in radiation pattern characteristics,
including the apparent orientation of the most
omnidirectional plane for the miniaturized antennas, are a
direct consequence of the pixel-based optimization. The GA
modifies the antenna geometry to achieve miniaturization by
creating complex current paths, which fundamentally alters
the radiation mechanism compared to the simpler initial
structure.
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Figure 6. Antenna geometries and corresponding distribution of surface current plots and radiation patterns (E- and H-
Plane), respectively at 1 GHz obtained by GA-based optimization for Case I: (a) Designl, (b) Design2, (c) Design3
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3.2 Case II: Wideband operation

Addressing the second objective, wideband operation,
the target frequency range was set from 07.-5.8 GHz. To
emphasize the versatility of the pixel approach, the same
initial geometry, constraints, and cost function (Equation (1))
utilized for miniaturization were applied here. Figure 7
depicts the simulated return loss results, comparing the initial
rectangular monopole antenna with three optimized pixel
configurations obtained via GA-based optimization. This
comparison clearly shows the significant bandwidth

with more advanced optimization strategies or refined cost
functions.

Return Loss (dB)
)
o

expansion that was achieved. Especially, Design3 exhibits 257 [T Ciial RMPA

the most promising wideband characteristics, covering the —6—Design1

1.9 GHz to 6 GHz range (and potentially beyond), although 300 | -o- Design2 |
it does not meet the matching requirement below 1.9 GHz a5l Designd ]
within the target range. As with the miniaturization case, this

limitation might be due to the same factors such as pixel size 40 | ) 5 . 5 5

or the specific cost function employed. Nonetheless, the
achieved bandwidth for Design3 indicates considerable
potential, suggesting that further improvements are possible
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Figure 7. Return loss (dB) plots of antennas designed for
Case Il.
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Figure 8. Antenna geometries and corresponding distribution of surface current plots and radiation patterns (E-
and H-Plane), respectively at 3.5 GHz obtained by GA-based optimization for Case Il: (a) Design1, (b) Design2,
(c) Design3.

970



NOHU Miih. Bilim. Derg. / NOHU J. Eng. Sci. 2025; 14(3), 965-973
C. Aydin

Farfield Gain Abs (Phi=0)

Theta / °© vs. dBi

Farfield Gain Abs (Phi=90)

Farfield Gain Abs (Phi=0)

Theta / © vs. dBi
@

Farfield Gain Abs (Phi=90)

Farfield Gain Abs (Phi=0)

0 0
Phi= 0 30— 30 phi=180 Phi= 0 30— 30 Pphi=180

60 /I 60 60 & TR\ 60
H % / . - N \\\

90 90 90— H oo
B \ (0] ,/

120 - S 120 120\ L5 120
150 T——"150 150 " 150

180

Theta / © vs. dBi

Farfield Gain Abs (Phi=90)

Theta / © vs. dBi

Phi= 90 30/,14 ~—~ih30 Phi=270

Theta / °© vs. dBi

60

180

Theta / © vs. dBi

Figure 9. Radiation patterns of Design3 antenna at 2.5 GHz, 4.5 GHz and 5.5 GHz, respectively: (a) E-Plane, (b) H-Plane.

Figure 8 depicts the geometries for antennas Designl,
Design2, and Design3 with their respective radiation patterns
simulated at 3.5 GHz. These three designs were specifically
chosen from the optimization results meeting the return loss
requirement to demonstrate the geometric variety achievable
with the pixel approach. As can be seen, although satisfying
the primary frequency target, their optimized pixel structures
differ considerably. Consequently, each antenna exhibits a
distinct radiation pattern due to its unique geometry. This
clearly shows the strong relationship between the antenna's
structure and its radiation characteristics. It highlights that
optimizing solely for target return loss does not guarantee a
specific radiation pattern, and incorporating pattern metrics
into the cost function would be necessary for many practical
applications [6]. For the presented wideband designs, the
simulated maximum gain is approximately 5 dBi for each
one. The corresponding surface current distributions are also
visualized in Figure 8, using a consistent linear scale of 0-40
A/m, further illustrating the different current paths
associated with each unique geometry.

An essential characteristic of wideband antennas, beyond
expected return loss, is the stability of their radiation patterns
across the operational frequency range. Figure 8(c) presents
the radiation pattern for Design3 at 3.5 GHz, while Figure 9
illustrates the patterns at additional frequencies such as 2.5
GHz, 4.5 GHz, and 5.5 GHz within its operational band.
Comparison across these frequencies reveals significant
variations in the radiation pattern's shape and directivity.
This indicates that, despite achieving wideband operation (as
shown in Figure 7), Design3 lacks the pattern stability often
required for practical wideband applications. Such an
outcome is directly attributable to the cost function

employed (Equation (1)), which solely targeted the
minimization of the return loss. Achieving consistent
radiation patterns necessitates the inclusion of appropriate
pattern stability metrics within the optimization objective
function.

4 Conclusion

A single pixel-antenna framework, combined with a GA
optimizer, has produced two distinct monopole-patch
designs from an identical 7x13 grid: a 65 mm x 35 mm
antenna resonating at 1 GHz with almost greater than 65%
size reduction, and a wideband variant covering 1.9-6 GHz
(= 80% fractional bandwidth). These outcomes confirm that
pixelation can address divergent specifications such as
miniaturization and broadband matching without modifying
substrate, feed, or manufacturing process.

The exclusive reliance on a |S;; | cost function simplifies
implementation but imposes clear limits: reduced bandwidth
and gain (1.8 dBi) in the compact case and radiation-pattern
instability below 2 GHz in the wideband case. Future studies
will therefore adopt multi-objective criteria that include
radiation efficiency, pattern stability and, for electrically
small antennas, Chu-constrained bandwidth. The effect of a
pixelated ground plane will also be investigated, as it may
offer additional bandwidth enhancement or size reduction
while introducing new design trade-offs.
Machine-learning-accelerated surrogate models will also be
explored to cut optimization time. Finally, physical
prototyping and low-frequency extensions (< 800 MHz) will
be studied to demonstrate further size reduction and to
validate the simulated results experimentally.
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