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Data-Driven Bayesian Optimization Framework for
Rapidly Developing Novel Wideband, Low-Profile
Dipole Antenna with 3D Printed Technology

Ying Sun, Jin Zhang, Alessandro Tibo, Peyman Aghabeyki, Zhaohui Wei, Shengyuan Luo, and Shuai Zhang,
Senior Member, IEEE

Abstract—This paper presents an innovative framework for
fast-developing broadband, low-profile, dual-polarized cross-
dipole antennas. This approach integrates a broadband, petal-
shaped cross dipole with a 3D-printed structure comprising
multi-layers of high permittivity material with varying heights
and radii. In the absence of a theoretical model and a satisfactory
initial design, the design process employs the enhanced Tree-
structured Parzen Estimator Bayesian Optimization (TPE-BO)
algorithm, a significant advancement over traditional Bayesian
methods, for effective hyper-parameter tuning to streamline the
design. The proposed method only adjusts the high dielectric
constant loading (HDL) structure without changing the original
dimensions of the dipole. Compared to conventional optimization
algorithms integrated within CST, this method efficiently achieves
the desired broadband and low profile performance. Meanwhile,
the mechanism of the HDL structure in increasing the band-
width (BW) while enabling the dipole’s low profile performance
is explained. The proposed approach has been validated by
fabricating and measuring a hybrid antenna prototype. The
measured results show that the antenna achieves an overlap
BW between the impedance matching BW and the 3 dB gain
BW of 79.3% (from 1.62 to 3.75 GHz) with a voltage standing
wave ratio (VSWR) of less than 1.6. Additionally, the isolation
between the two ports exceeds 20.5 dB. Significantly, this HDL
technique notably enhances the BW and reduces the antenna’s
profile from 0.2\; to 0.1)\; compared to a single petal-shaped
cross dipole. Thus, this study provides a simple, effective, and
repeatable design strategy for realizing broadband and low
profile performance in dipole antennas.

Index Terms—Acquisition function, bayesian optimization,
dipole antenna, design exploration, low profile, tree-structured
parzen estimator, wideband antenna.

I. INTRODUCTION

APID advances in modern wireless communications and
radar technologies have greatly increased interest in
broadband and low-profile antenna research. Meanwhile, the
role of dual-polarized antennas in increasing channel capacity
is becoming increasingly important as spectrum resources
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become more limited [1]. At the same time, the trend towards
more compact and integrated systems is making broadband
antennas with minimal profiles more attractive to designers.
Valued for their adaptability, low-profile antennas have a
wide range of applications in wireless communications [2],
conformal arrays [3], wearable technology [4] and antenna-
in-package solutions [5]. Consequently, to meet the growing
need for higher data rates in the face of limited spectrum
availability and the demand for smaller, integrated systems,
the development of broadband, low-profile, dual-polarized
antennas is crucial for the continued advancement of wireless
communication technology.

Various dipole antennas with excellent impedance match-
ing have been investigated to meet the demands for wide
bandwidth (BW) capabilities [6]-[12]. A common approach
involves incorporating parasitic elements into the dipole [10],
[11]. For instance, adding four parasitic resonator patches at
the top and a broadband hybrid ring coupler at the bottom
resulted in a 42.4% impedance BW with a voltage standing
wave ratio (VSWR) of less than 1.6 [11]. Similarly, integrating
a parasitic patch and a convex-shaped reflector achieved a
64.7% BW with a VSWR of < 1.5 [10]. However, these
designs introduce new scattering sources due to the parasitic
elements around or above the radiator. Additionally, the need
for an extra decoupling network results in larger volumes.

Another method of BW enhancement is the magneto-
electric (ME) dipole antenna, which combines electric and
magnetic dipoles to ensure BW, optimal realized gain, and
low cross-polarization [8], [9], [12]. For instance, [9] achieved
a BW of 3-4.5 GHz with a VSWR of < 1.5, but this ap-
proach involves complex manufacturing processes. To further
extend the BW while reducing the profile, artificial magnetic
conductors (AMC) and metasurfaces have been used instead
of traditional perfect electric conductor (PEC) reflectors [8],
[12], achieving profiles of 0.09\; and 0.12\y, with increased
overall dimensions and complexity. While integrating various
structures into a dipole antenna enhances BW and reduces
profile, it inevitably affects the intrinsic performance of the
dipole antenna. Therefore, optimizing performance requires
not only adjusting additional components but also modifying
the dipole antenna’s structure and dimensions to ensure good
impedance matching and BW. This process complicates the
design and extends development time.

This paper proposes a novel approach for extremely broad-
ening the BW and simultaneously reducing the profile of a



cross dipole antenna only by high dielectric constant loading
(HDL) structure without changing the original dipole structure,
simply by adjusting the height and radius of the HDL structure.
However, due to the significant impact of variations in HDL
height and radius on antenna BW (see Sec. II), given the
impracticality of the traditional methods such as trial and
error, parameter sweeping, and local optimization, exploring a
global optimization approach is essential to obtain the optimal
geometric parameters that achieve the desired performance.

Antenna optimization is widely recognized as a nonconvex
black-box problem due to the complex interactions between
the antenna’s physical parameters and performance metrics
[13]-[15]. Consequently, traditional gradient-based optimiza-
tion algorithms often fail to solve these problems because
gradient information is typically unavailable in most antenna
optimizations [14]-[17]. Therefore, this paper employs an
advanced global optimization method for complex multidi-
mensional problems (exceeding 20 design parameters) [18]:
the Tree-structured Parzen Estimator Bayesian Optimization
(TPE-BO) algorithm. TPE-BO, a refinement of traditional
Bayesian Optimization (BO), quickly identifies the optimal ge-
ometric parameters [19], [20]. Unlike traditional optimization
algorithms such as Trust Region Framework (TRF) [13], [21],
Particle Swarm Optimization (PSO) [22], [23], which directly
target the optimization objective function, TPE-BO constructs
a surrogate model based on non-parametric distribution model
[15], [17], [19], [20]. This model guides the search for the
optimal solution by balancing exploration and exploitation of
the high-dimensional hyper-parameter space [17], [19]. This
method is highly effective for addressing expensive black-box
optimization problems, rapidly converging without requiring
a large amount of simulated EM data [17], [24]. Compared
to conventional BO, TPE-BO facilitates multidimensional op-
timization and achieves rapid convergence [19], [20]. To the
best of the authors’ knowledge, this is the first introduction of
TPE-BO algorithms in antenna BW optimization.

The remainder of this paper is organized as follows: Section
II introduces the proposed petal-shaped cross-dipole structure
and analyzes the principle of the HDL structure for profile
reduction while improving wideband performance. Section III
details the TPE-BO algorithm and the optimization process.
Section IV presents the performance of the optimized broad-
band antenna (measured results), and Section V concludes the

paper.

II. ANTENNA CONFIGURATION AND WORKING
MECHANISM

The proposed low profile broadband antenna integrates a
3D-printed HDL structure, depicted in Fig. 1. It comprises a
radiating patch printed on the bottom of the substratel, an
HDL structure, two coaxial cables, a metal reflector, and four
plastic posts above the reflector. Detailed views of the HDL
structure and the radiating patch layer are presented separately
in Fig. 2.

As shown in Fig. 2(a), the radiating patch layer consists
of two pairs of identical vertical irregular petal-shaped cross
dipoles printed on the bottom layer of a Rogers RO4350B

loading structure
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Fig. 1. Configuration of the proposed 3-D printed antenna with HDL structure:
(a) 3-D view, and (b) side view. Specifications: H = 18.27 mm, H_subl =
0.762 mm, H_sub2 = 0.762 mm, Wy = 195 mm.
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Fig. 2. The detailed geometry of the proposed antenna. (a) Top view of the
radiating layer, (b) cross-sectional view of the HDL structure, and (c) top view
of the HDL structure. Specifications: L1 = 108.8, g = 0.33, W51 = 1.6,
b=4.3,s1 =9, s2 = 15, all in millimeters. Size of HDL is shown in Table
L

substrate with ¢, = 3.66, a loss tangent of 0.0037, and a
thickness H_subl = 0.762 mm to achieve +45° polarization.
The coaxial cable directly feeds two pairs of crossed dipoles.
Port 1 for +45" polarization and Port 2 for -45" polarization.
Additionally, the outer conductors of the two coaxial cables
are soldered separately to one arm of each pair of irregular
petal-shaped dipoles. Two microstrip stubs 1 and 2 connected
to coaxial cables are introduced for impedance matching. One
side of stub 1, printed on the top of substratel, is connected
to the inner conductor of the coaxial cables, and the other side
of stub 1 is connected to the half dipole via a metallic hole in
substrate1. Notably, the middle portion of stub 2 is printed on
the bottom of substatel to prevent physical overlap of the two
stubs, and the two ends of stub 2 are connected to the dipole
via the two metallic holes in substratel.

Beneath the substratel, a 3D-printed HDL structure, com-
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Fig. 3. The performance of HDL medium.

posed of 10 layers of dielectric rings with different radii and
heights, as illustrated in Fig. 2(b) and (c). This HDL, made
of a special ABS-based compound, offers a stable dielectric
constant (g, = 15, loss tangent = 0.018) over a wide range
of frequencies and temperatures with relatively low loss. It is
suitable for both extrusion and injection molding, making it
ideal for the complex and broadband structure of the antenna
[25]. To align the simulation results with practical testing,
the structure was measured using the DAK-TL2, a tool that
quickly and accurately characterizes the dielectric constant
of materials with limited thickness (0.1 — 10 mm) that are
available in sheet form [26]. As depicted in Fig. 3, the
dielectric constant ranges from 14.2 + 0.2 over 1-6 GHz, with
a tangent loss of almost 0.018. The dielectric constant of the
simulation was adjusted from the nominal 15 to the actual
14.2 to ensure congruence between the simulated and actual
conditions.

The antenna’s reflector, made of copper soldered onto FR-4
with an ¢, of 4.4, a loss tangent of 0.02, and a thickness of
0.762 mm. The size of the reflector is 195 mm x 195 mm. Due
to the symmetrical structure design, the antenna’s performance
is nearly identical at both ports. Therefore, the following
studies and simulations in this paper, conducted using the
commercial electromagnetic field simulation software, CST
STUDIO SUITE (CST), will only focus on port 1.

A. Dual-band Antenna Operation Mechanism

First, a wideband dipole antenna, Model A, with a petal
shape is introduced, as shown in Fig. 4. Model A exhibits
two effective resonances at 2.4 and 3.6 GHz. As illustrated in
Fig. 5, at 2.4 GHz, the current is concentrated along the entire
edge of the dipole, with the resonance frequency controlled by
the L2 and L3. At 3.6 GHz, the current is mainly distributed
in the slot between the dipole elements, with resonance point
mainly controlled by L2.

Verification by parameter studies, as shown in Fig. 6, shows
that the 2.4 GHz resonance is correlated with variations
in L2 and L3, indicating an electrical dipole resonance. In
contrast, variations in L3 have minimal impact on the 3.6
GHz resonance, which is therefore primarily determined by the
slot dimensions L2 between the dipole elements. In addition,
this antenna BW is correlated with L2, L3, and height H.
Increasing the values of L2 and L3 results in wider BW, and
increasing H improves both impedance matching and BW.

For this study, we mainly propose a framework that ef-
fectively and quickly improves BW and impedance matching
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Fig. 4. S-parameters of the single petal-shaped antenna without HDL.

Fig. 5. Top view of the current distribution of Model A. (a) 2.4 GHz, and
(b) 3.6 GHz.
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Fig. 6. Simulated S11 of Model A by (a) changing the value of L2 and (b)
changing the value of L3.

without altering the size or structure of the original dipole
antenna. This is achieved by combining an HDL structure and
a global optimization algorithm (described in the following
sections). Therefore, here we would like to use a relatively ba-
sic dipole example with a compact structure, providing a dual-
resonance mode, to verify the effectiveness and universality of
the proposed framework. The dipole used in this framework
can also be replaced by other compact dual-resonance mode



dipole antennas. The S-parameter of this petal-shaped antenna,
which has a return loss greater than 10 dB between 2.4 GHz
and 4.1 GHz with a total profile height of 0.154 A; (where
Az is the wavelength at the lowest frequency of Model A), is
shown in Fig. 4.

B. Development of a Low-Profile Antenna Incorporating HDL
Technology

Common knowledge in antenna design dictates that the pro-
file of a dipole antenna is typically limited to 0.25 wavelength
to achieve in-phase radiation. This limitation compensates for
the 180° reflection phase difference caused by the ground
plane. Therefore, to reduce the profile height of the dipole
antenna, the integration of an HDL structure at its bottom is
proposed, which compensates for the phase while maintaining
optimal performance. As detailed in (1), the total height H of
the dipole antenna needs to satisfy the following condition to
achieve a zero phase difference between the direct radiation
electric field and the electric field reflected from the ground.

P
/\lx2H=2k7r(k;=o,i1,i2,...), (1)
g

27

7
where )\, is the dielectric wavelength of electromagnetic waves
in a medium, and H is the distance between the dipole antenna
and the ground. According to the theories of electromagnetic
wave propagation referred to [27], the relationship between
the phase constant 8 and the permittivity of the medium e is
as follows:

e (33 (@)} e o

where w is the angular frequency, p the permeability of a
medium, and o is the conductivity of the medium. Substituting
(2) and (3) into (1) gives a direct relationship between profile
height and permittivity that can be used directly to guide the
design of a low-profile dipole framework.

2Hw\/pig = 2km (k = 0,41,£2,...). @)

Ay )

Analysis of (4) reveals an inverse relationship between the
height H of the dipole antenna and the permittivity €. As
the permittivity of the material increases, the profile height of
the antenna decreases. However, it is worth noting that the
permittivity cannot be increased indefinitely. Although using
high-permittivity materials can effectively reduce the overall
size of the antenna, increasing the permittivity significantly
decreases high-frequency radiation efficiency. This decrease
indicates that the antenna’s ability to convert input power into
radiated electromagnetic waves is reduced, confining more en-
ergy within the high permittivity structure [28]. Consequently,
higher Q-factors reduce the impedance BW of the dipole
antenna, making it challenging to achieve low-profile and
broadband performance. To achieve wideband while maintain-
ing a compact structure, it is necessary to introduce additional
resonance points.

C. Enhancing BW Performance with HDL Structure Integra-
tion

As references [29]-[33] indicated, the incorporation of
dielectric material can achieve a compact structure while
simultaneously functioning as a dielectric resonator antenna
(DRA) when appropriately designed. Model B is formed by
loading an HDL structure with a height of 5 mm and a radius
of 70 mm directly underneath Model A, as illustrated in Fig.
7. This modification reduces the lowest operating frequency
of the antenna from 2.4 GHz to 2.1 GHz, demonstrating the
effective profile reduction achieved by the HDL structure.
Moreover, incorporating the HDL introduces additional res-
onances (forming by DRA mode). Consequently, the initial
two resonant modes of the dipole are expanded to four, thus
enabling broadband performance.

21 24
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=== Model B
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Reflection coefficients (dB)

Fig. 7. S-parameters of the single petal-shaped antenna and petal-shaped
antenna with single layer HDL structure.

The DRA can excite multiple radiation modes [29] [30]
[32]. The radiation mode and operating frequency of the
cylindrical DRA antenna are mainly influenced by its radius,
equivalent dielectric constant, and the ratio of radius to height
(r/h). These effects are nonlinear [29] [33]. As illustrated in
Fig. 8, the excitation of the dielectric resonance (DR) mode
necessitates a specific condition. When the height of the HDL
in Model B is 3mm, even with a substantial variation in the
radius, the DR mode will not be excited, and the hybrid
antenna still maintains the original two modes of the dipole.
However, when the DR radiation mode is excited, changes
in radius and height affect both the number of DR modes
and their corresponding frequencies, as well as the equivalent
permittivity of the loaded HDL. This, in turn, impacts the
operating frequency band and matching of the original dipole
mode, as illustrated in Fig. 9.

To effectively excite the DR mode, common methods in-
clude stacking multiple DRAs or combining materials with
different permittivities [29] [32]. This variation in permittivity
induces controlled relaxation of field confinement, allowing
electromagnetic waves to propagate more freely from the
dielectric resonator to the surrounding air. Additionally, dif-
ferent permittivities alter the working modes of the dielectric
resonator, changing the field distribution inside the dielectric
material, which makes it easier to excite the more DR modes
[32]. However, these methods are complex to manufacture.

Therefore, this paper proposes a multi-layer circular ring
stack structure of varying heights, as illustrated in Fig. 1,
introducing air gaps to create this permittivity variation. This



structure is simple to manufacture (only by 3D printing
technology), effectively excites the multiple DR modes, and
provides flexibility and freedom for impedance matching ad-
justments. By reasonably controlling the height and radius of
the circular rings to adjust the position and size of the air gaps,
achieving dynamic adjustment of the equivalent permittivity,
working mode and corresponding working frequency band of
the hybrid antenna, the resonant frequencies of the dipole’s two
modes and the DR’s multiple modes can be merged, forming
a multi-resonant characteristic and compact structure, thereby
achieving a good broadband design.
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Fig. 8. Reflection coefficients of Model B with different radii when H_HDL
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Fig. 9. Reflection coefficients of Model B with varying heights and radii of
HDL when DR modes are excited. (a) H_HDL = 9 mm, and (b) R_HDL =
70 mm.

To effectively excite multiple DR modes while considering
the feasibility of manufacturing (our design aims to keep
the overall size of the HDL structure within 0.6\, where
A is the wavelength at the lowest operating frequency), we
designed the multi-layer circular ring structure with ten layers
of different heights and radii. This approach aims to explore
a wide range of resonance modes and impedance matching

combinations to improve BW performance and achieve a low
profile. However, a large number of highly relevant design
parameters (20 for this design) are generated. These design
parameters affect not only the resonance position but also
the operating mode (i.e., number of resonances and radiation
pattern) and impedance matching of the antenna. Finding an
optimal parameter combination among these highly correlated
variables, which successfully excites multiple DR modes and
ensures effective coupling between the DR and dipole modes
for good impedance matching, is a highly challenging task.
Traditional methods such as parameter sweeping and trial-and-
error are often insufficient and particularly time-consuming.
Therefore, a data-driven global optimization strategy is neces-
sary to effectively explore the design space and navigate the
complex variable landscape, as discussed in Section III.

III. DATA-DRIVEN ASSISTED DESIGN FRAMEWORK AND
EXPLORATION

This section introduces the TPE-BO method [19], [20],
a popular hyperparameter optimization algorithm, and its
application to automated antenna design, namely tuning the
parameters of the proposed low-profile wideband antenna.

A. Optimization Problem Formulation

An antenna is modeled as a mapping A : X x R* — ),
where X denotes the set of antenna parameters selected by
the designer, R™ denotes the space of adjustable parameters,
and ) denotes the space of observed quantities associated
with the antenna. The optimization problem is to find the best
set of adjustable parameters with respect to a scalar function
f Y — R, called the evaluation function. The optimization
problem is formulated as

min  f(A(-, x))
zER™ (5)
st. x <x < xY,

where f(x) is the evaluation function, #; and x, represent
the lower and upper bounds for the adjustable parameters.

For the antenna optimization (parameter tuning) problem,
the evaluation function f(x) can be return loss, VSWR,
broadside gain, coupling, efficiency, polarization, etc. In this
study, the optimization objective focuses on enhancing the
BW performance within a specified frequency range. Although
the introduction of an HDL structure is to activate various
modes to achieve wideband, the broadside mode is the desired
operational mode in this paper. Consequently, the evaluation
function in this research is designed to minimize the total
deviations of Sy; and So; from their respective thresholds
and keep the antenna radiating in the broadside direction. The
optimization objective function f is the sum of three different



functions, namely, f(z) = fi(z) + f2(x) + f3(x), where
fi(@), fo(x) and fs(x) are defined as
filz) = i max((gs11 (2, w) — Ts11),0),
fa(z) = i max((gs21 (2, w) — Ts21),0), (6)
fa(x) = i max((Tyain — Ggain (2, w)),0),

where fi(x), fo(x), and f5(x) serve as the optimization
functions for Sy, S91, and realized gain, respectively. The
quantities gg11(x,w), gs21(x,w), and ggqm (€, w) denote the
linearized values of Sy1, So1, and realized gain at the fre-
quency w, which are influenced by the geometric parameters .
The predetermined thresholds for S11, So1, and realized gain
are represented by Ts11, Ts21, and Tyq;p, respectively. The
frequencies wy and wo define the boundaries of the considered
frequency band. Consequently, the objective function f(x)
seeks to minimize the aggregate deviations of ggi11(x,w)
and ggo1 (@, w) from their corresponding thresholds T's11 and
Ts21, as well as the deviation of ggqn (@, w) from Tyqp, Over
the BW [w, wa].

Note that the function f(x) is nonconvex to the set of
adjustable parameters x. Specifically, equation (6) consists
of subfunctions fi(x), fa(x), and fs(x). f1(x) is related
to the reflection coefficient gg11(«,w). The relationship be-
tween antenna parameters (structural dimensions and material
properties) and performance metrics (like S11, Sa1, etc.) is
typically complex and non-linear, often lacking explicit ana-
lytical expressions. Thus, gs11(x,w) is generally recognized
as a nonconvex function [14] [15] [16] [17]. Although the
max function is convex, the combination of a non-convex
function ggi11(x,w) with a convex function max is generally
not convex. Similarly, f2(x) and f3(x) are also non-convex
for the same reasons. Consequently, the cost function in
equation (6), which is the combination of three non-convex
subfunctions, is generally recognized as non-convex. Thus,
traditional approaches, which would likely get stuck in local
minima, are not available to solve the proposed problem (5).
Moreover, solving (5) requires massive electromagnetic (EM)
computations of fi(x), fo(x), and fs(x) by a full-wave
antenna simulator (CST or HFSS), which is particularly time-
consuming. Hence, to address this challenge, an effective and
fast global optimization algorithm are implemented to assist
design.

It is important to note that all subsequent optimizations
utilize 20 design parameters, analyzed through the Time-
Domain Finite Integration Technique (FIT) with an accuracy
of -40 dB. This structure is discretized in CST with a density
of 35 hexahedral grids per wavelength, resulting in 21,373,400
unit grids. On a workstation equipped with a 16-core 3.29 GHz
CPU, 382.6 GB RAM, and a 32 GB Tesla V100-PCIE GPU,
the average completion time for each full-wave simulation is
approximately 13 minutes. The primary optimization objective
is to maximize the BW within the 1.65 to 4.1 GHz spec-
trum, ensuring that the maximum in-band reflection coefficient

TABLE I
SEARCH SPACE UTILIZED BY ALL ALGORITHMS AND OPTIMAL
STRUCTURAL PARAMETERS ACHIEVED VIA THE TPE-BO ALGORITHM

(UNIT: MM)
DESCRIPTION PARAM. SPACE OPTIMUM
HEIGHT: FIRST LAYER h1 [14.4,17.6] 16
HEIGHT: SECOND LAYER ho [1.62,1.98] 1.8
HEIGHT: THIRD LAYER hs3 [13.95,17.05] 15.5
HEIGHT: FORTH LAYER hy [16.2,18.2] 18
HEIGHT: FIFTH LAYER hs [1.35,1.65] 1.5
HEIGHT: SIXTH LAYER he [8.1,9.9] 9
HEIGHT: SEVENTH LAYER hr [16.2,18.2] 18
HEIGHT: EIGHTH LAYER hg [2.43,2.97] 2.7
HEIGHT: NINTH LAYER hg [3.15,3.85] 3.5
HEIGHT: TENTH LAYER hio [13.5,16.5] 16
RADIUS: FIRST LAYER ri [0.45,3.5] 3
RADIUS: SECOND LAYER ro [16,18.2] 17.8
RADIUS: THIRD LAYER r3 [1.62,1.98] 1.8
RADIUS: FORTH LAYER r4 [1.8,4.2] 2
RADIUS: FIFTH LAYER rs [5.5,8.5] 8
RADIUS: SIXTH LAYER re [3.6,4.4] 4
RADIUS: SEVENTH LAYER ry [0.8,2.5] 2
RADIUS: EIGHTH LAYER rs [3,4] 3.5
RADIUS: NINTH LAYER rg [9.45,11.55] 10.5
RADIUS: TENTH LAYER r10 [0.9,3] 2.3

remains at or below -13 dB and the coupling between two
ports does not exceed -20 dB. In addition, the optimization
aims for a realized gain in the broadband direction of at least
1 dBi (ensuring that the excited coupling modes radiate in
the broadside direction, filtering out undesired DR modes,
or reducing the intensity of the undesired modes in the
coupling mode), all within the constraints of the key design
parameters outlined in Table I, where optimization variables
are * = {h1, - ,h10,71, - ,7T10}- All optimizations were
conducted on the specified workstation.
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Fig. 10. The optimal results from TRF-based antenna optimization algorithm.

To reduce the computational cost, nearly 50 EM simulations
were performed according to the empirical design of the
antenna, and one set of parameters within these 50 EM
simulations was selected as the initial design xo for the
algorithm we used in this paper. For a black-box function
problem in this article, it is difficult to derive or estimate
an initial design with reasonably good quality. Without a
satisfactory initial design, the TRF algorithm suitable for local
optimization is unlikely to obtain a parameter combination that
satisfies all requirements in our design. The TRF algorithms
were employed three times in CST, utilizing the same initial
design depicted in Fig. 10 for verification. Despite utilizing



a larger sigma value to mitigate the risk of converging to a
local optimum, the resultant design still converges to a local
optimum, manifesting performance well below expectations.
Table II presents the optimal design obtained from the three
optimization runs, demonstrating that the TRF algorithm is
impractical for this wideband antenna design. This highlights
the need to incorporate advanced hyper-parameter optimiza-
tion techniques for more comprehensive design exploration.
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Fig. 11. The optimal results from PSO-based antenna optimization algorithm.

PSO is a heuristic hyper-parameter optimization algorithm
inspired by swarm intelligence, widely applied in the field of
antenna design exploration [23], [13]. The algorithm’s effec-
tiveness is notably affected by the size of the particle swarm. A
larger swarm size facilitates extensive search space exploration
but incurs higher computational costs. Consequently, there is a
need to balance the convergence speed of the algorithm with
its accuracy. In our research, the swarm size was set to 50
particles, under a computational limit of 1200 electromagnetic
(EM) simulations; all other algorithm settings followed the
default configurations in CST. Given the substantial evalu-
ation time exceeding 15 minutes for each iteration and the
total duration of a complete PSO cycle exceeding 10 days,
the algorithm was executed twice. However, neither attempt
yielded satisfactory designs, as demonstrated in Table II, which
shows the best design obtained in both runs. This highlights
the need to integrate advanced data-driven global optimization
techniques. Consequently, this study employs the TPE-BO
method to explore satisfactory parameter combinations.

B. TPE-BO Algorithm and Optimization Framework

The TPE-BO algorithm, introduced in this article, is one
of the popular and effective algorithms in hyperparameter
optimization [19], [20]. To the best of the authors’ knowledge,
its application in antenna optimization remains uncommon.
Typically, a BO algorithm comprises three essential elements:
1) surrogate models, 2) acquisition functions, and 3) opti-
mization metric function [19], [20]. Surrogate models are
probabilistic approximations of the black-box function f(x),
which are usually achieved by the Gaussian Process (GP)
model or its variants. Meanwhile, acquisition functions are
probability functions used to select (predict) subsequent input
point x for evaluation. Optimization metric functions are the
optimization objectives designed.

1) Surrogate Model: Surrogate models are commonly used
in optimization algorithms [13] [15] [19] [34] and simulation-
based design [35] [36]. In optimization algorithms, surrogate
models assist in solving complex or black-box optimization
problems. In simulation-based design, surrogate models are
typically used to reduce or replace direct simulations (such
as electromagnetic simulations for antenna design) or expen-
sive experiments. Generally, there are mainly four types of
surrogate models: Gaussian process regression [15], radial
basis functions [34], neural networks [35], and polynomial
regression [36]. In this paper, Gaussian process-based surro-
gate models inherent in TPE-BO algorithms are introduced to
approximate the objective function, instead of fitting a digital
model to replace the EM simulation through a large amount
of data, making the optimization process more efficient, espe-
cially for expensive-to-evaluate or black-box functions.

Unlike traditional BO, the TPE-BO algorithm uses two
surrogate models to improve the optimization strategy: one
for better-performing observations and the other for worse-
performing observations, which are built by kernel density
estimators (KDEs). These surrogate models are described as

(f< 1),
(f>r),

where D = {(z;, fi)}il is a set of observations (N = |D|),
and DY, D) represent the better group and worse group
in D, «y is the top quantile for splitting observations into the
better group DU and the worse group D). f7 is the top-
~-quantile metric function value in the set of observations D.
The discrete form of surrogate models (7) can be estimated as

p(z| DY)

p(a | DO) D

p(m|f,D)—{

N®
D (:c | D(l)) = wél)po(gj) + Z w;k (:v, x; | b(l)) ,
i=1

N
D (a: | D(g)) = wég)po(m) + Z wik (m,mi | b(g)> ,
i=NO+1 ®

where w; is the weight determined by weighting algorithms
at each iteration, k is a kernel function parameterized by the
BWs b and b9, b(l)7 b9 are the constant vectors in kernel
function (BW of a kernel function), and pg is a noninformative
prior. For a set of weights {w;}Y ,, the weight terms add up
to 1 (w; > 0).

2) Acquisition Function: The acquisition function is for-
mulated as
p(z| DY)

T(w‘ p(:E|'D(9))7

D) = )
where acquisition function r(x | D) is the ratio of the better
and worse observations.
Algorithm 1 summarizes the TPE-BO algorithm described
by the previous equations
The weighting algorithm adopted in TPE-BO algorithm is
designed as [20]
1 C_ l
o {N<z>+1 (i=0,...,NO)
¢ 1
N(9) 41

(i=NO+1,...,N+1). {10



Algorithm 1 : TPE-BO Algorithm
1: Initialize D <« 0;
2: Randomly choose xy € R" constrained to ; < xy <
@, then get f (xo) from CST;
3: D« DU{(mo, f(z0))}s
while i # I,,,00 (Imae is the maximal iterations) do
4: Compute v = f; € (0,1];
5: Split D into DU and D),
6: Compute weights {w;}¥ 1! according to (10);
7: Compute BWs b and b%g) according to (13);
8: Calculate surrogate models p (w | D(l)) D (w
by (8);
9: Sample S = {z,}*, ~p (x| DD);
10: Pick ;1 = «* € argmax s 7(x | D);
11: Run EM calculations in CST with z;;; and obtain
metric function f(x;11);
12: D« DU{(zit1, f(®iv1))}s
end while

D(g))

And the kernel function is formulated as

k (@, @) = W, (1)
where the truncated Gaussian function g (x, ; | b) is designed
as

o (2,2 | b) = 1 exp [_1 (m—sci>2]
V2rb® 2 b (12)

Z(wn—/:g(wvwib).

In (12), Z («;) is a normalization vector. b (a positive vector)
is called BW of kernel function. The BW b, for it" kernel
function is calculated in a heuristic way as

(if ;41 not exist ),
(if @;—1 not exist ),
(otherwise) ,

T — Lj—1
bi=¢ zip1—xs
max ({wiﬂ — X, T; — $i_1})
13)
where observations x; satisfies x; =] <z < --- < xy =
x,. It can be observed in (13), the BW b; depends on the
concentration of observations, which means the BW b; will be
larger if observations in a region are fewer meanwhile the BW
will be narrower if a region has many observations. Hence,
the TPE-BO assisted antenna design framework is shown in
Fig. 12.

As illustrated in Fig. 12, the TPE-BO algorithm is utilized
for the automatic design of antennas until a satisfactory out-
come is achieved. This approach necessitates a co-simulation
between the CST and a Python-based solver. During the
design phase, given geometric parameters and an initial point,
the method predicts feasible geometric parameters iteratively
using the Tree-Structured Parzen Estimator and accumulated
sample data. The sample dataset expands with each iteration
as new data points (x;41, f(@;+1)) are incorporated into the
existing dataset. Consequently, as the dataset grows, TPE-BO
increasingly refines its prediction of the antenna’s geometric
parameters to minimize the objective function.

START

Initialization:
Define geometry boundaries of antenna,
and chose a initial parameter Xo
vy i=1
Run EM and get value
of metric function

=t —

Update and split
sample space

Update variables of
TPE-BO
w;, by, 7

— — — — —

models

'

Obtain new sample

from the better group |
Calculate x;.1 by |
acquisition function |

| Calculate surrogate

Update
sample space

Run EM and get value
of metric function

v

Stopping Criteria
Satisfied?

l Yes

END

No i+1

Fig. 12. The TPE-BO assisted antenna design framework.

TPE-BO has several distinct advantages over the optimiza-
tion methods discussed in this article. 1) High efficiency and
faster convergence: TPE-BO is generally more efficient in bal-
ancing exploration and exploitation because the probabilistic
model helps identify promising regions of the hyperparameter
space more quickly than other non-probabilistic methods,
and converges rapidly without requiring a large amount of
data [17] [24]. 2) Global optimality: TPE-BO’s probabilistic
nature and segmentation strategy for hyperparameter space
significantly reduce the risk of getting stuck in local minima,
thus supporting global optimality [19] [20]. 3) Requiring less
hyperparameter tuning: TPE-BO requires less tuning of its
hyperparameters compared to PSO, which may need careful
tuning of population sizes, maximum iterations, the initial-
ization method for setting initial points, etc [19], [20], [37].
4) Robustness: In addition, TPE-BO has been implemented
in several popular machine-learning libraries and frameworks,
such as Hyperopt and Optuna. Its robustness has been vali-
dated in practice on numerous applications and datasets [38].

Based on these advantages, this paper employs the TPE-BO
design framework to explore the optimal BW of the proposed
hybrid dipole antenna.



C. Antenna Exploration Based on TPE-BO Algorithm Opti-
mization Framework

In the optimization process of TPE-BO, the computational
budget was 1200 electromagnetic (EM) simulations. All other
TPE-BO settings follow the default configuration of the
previously discussed optimization algorithm. Through three
complete TPE-BO algorithm runs satisfactory design results
can be obtained with an average of 700 EM simulations. The
best design is shown in Table II. The optimal BW is in the
range of 1.62 to 4.22 GHz. The coupling between the two ports
is less than -21 dB within the operational bands. Compared
to CST’s optimizer, the TPE-BO shows an increase in BW
of 1.55 and 1.42 GHz over CST’s TRF and PSO algorithms,
respectively, demonstrating its excellent global optimization
capability, as shown in Fig. 13.

Meanwhile, according to the reflection coefficients com-
parison between Model A, Model B, and a hybrid antenna
incorporating an optimized HDL structure, as shown in Fig.
1, it is demonstrated that the goal of achieving a low-
profile, wideband dipole antenna can be efficiently and rapidly
achieved by employing an HDL structure alongside the TPE-
BO algorithm, without modifying the original structure and
size of the single petal-shaped antenna. Notably, this method-
ology significantly improves the BW (within the reflection
coefficient below -13 dB ) from 22.5% to 89% while reducing
the antenna’s profile from 0.2 Ap to 0.1 Ar compared to
the single petal-shaped antenna, where Ap represents the
wavelength at the lowest frequency within the operational
BW. This advancement underscores the critical role of the
HDL structure in improving antenna performance and provides
a novel, balanced and effective approach to achieving more
efficient and compact antenna designs.

However, it should be noted that the total efficiency of
the hybrid antenna decreases at high frequencies, as shown
in Fig. 15. The total efficiency decline is primarily due to
the high loss tangent of the selected HDL structural material
(loss tangent = 0.018), rather than the proposed framework.
The total efficiency can be improved by replacing the HDL
structural material with one that has a permittivity of 12 and
a loss tangent of 0.003, produced by the same company.
By optimizing the HDL structure, a reflection coefficient
of less than -12.5 dB from 1.58 GHz to 4.12 GHz and a
total efficiency greater than 88% across the entire operating
frequency band are achieved, as shown in Fig. 15. This proves
the effectiveness of the proposed framework in improving the
dipole antenna performance in this article.

The BW, coupling, and realized gain performance of TPE-
BO meet the optimization objectives of this study, confirming
the practicality of the proposed dipole antenna with HDL
structure for physical realization, including prototyping and
manufacturing.

IV. EXPERIMENTAL IMPLEMENTATION AND VALIDATION

To validate the effectiveness of reducing the antenna profile
and increasing the BW using HDL structures, a petal-shaped
dipole antenna with an optimized HDL structure, as optimized
by the TPE-BO algorithm in Sec. III, was fabricated and
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The optimal results of the TPE-BO based antenna optimization

TABLE I
OPTIMAL RESULTS OF THE DIPOLE ANTENNA WITH A 10-LAYER HDL

RESULTS WEIGHT TPE-BO Pso TRF
MaAX|S11] (dB) 0.5 -12.9 -10.2 -10.1
MAX|S21]| (dB) 0.25 -21.4 -20.3 -18.3

MINIMUM REALIZED GAIN
IN-BAND (dBi) 025 5 3 3
Bw (GHz) |S11| < —13dB / 1.62-4.22 1.66 -2.82 1.65-2.68
AVERAGED TIME (ALGORITHM
+ EM SIMULATION) (MIN) / 13.1 15.2 13.2
AVERAGE NUMBER OF
CONDUCTED EM SIMULATIONS ! 700 1200 1200
@ 0 2.16 3.4
S TN 44.6% BW ,
S - S N
2 10 : 225 BW \f\ "
L= 7~ A R \ Vi s d SN
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Fig. 14. Reflection coefficients of the single petal-shaped antenna (Model
A), single petal-shaped antenna with single layer HDL (Model B), and petal-
shaped antenna with an optimized HDL structure.
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Fig. 15. Comparison of reflection coefficients and total efficiency for different
HDL materials.

characterized. The optimized HDL structure, shown in Fig.
16(b), was 3D printed using a commercial Raise3D Pro2
printer with Fused Filament Fabrication (FFF) technology,
which has a high-resolution printing accuracy of 0.01 mm. In
addition, the printed filaments are baked in a 90°C oven for 4.5



TABLE III
COMPARISON OF THE PROPOSED LOW-PROFILE AND BROADBAND DIPOLE ANTENNA AND OTHERS

REF. PROFILE(\;) AREA(Z)  VSWR FBW EXTRA FEEDING ~ PEAK GAIN ~ BROADBAND LOW PROFILE

(BW/GHZ) NETWORK (dBi) WITHOUT DIPOLE CHANGE
[6] 0.14 0.59 x 0.59 <2 48.3% (1.68-2.75) YES 9.6 No
[7] 0.19 0.74 x 0.74 <2 44.9% (1.33-2.1) No 7.7 No
[8] 0.12 0.51 x 0.51 <2 46.4% (1.69-2.71) No 9.8 No
[9] 0.09 0.46 x 0.46 <2 40% (3-4.5) YES 7.2 No
[10] 0.35 0.71 x 0.71 <15 64.7% (1.4-2.77) YES 9 No
[11] 0.2 0.48 x 0.48 <16 40.5% (3.38-5.1) YES 7.5 No
[12] 0.11 0.88 x 0.88 < 1.46  34.5%(3.6-5.1) No 11.5 No
PRroO. 0.1 0.58 x 0.58 <16 79% (1.62-3.75) No 10.2 YES

Remark: Ay, is the free space wavelength of the lowest frequency of the optional band; and FBW refers to the measured overlap BW between -10 dB S11

BW and 3 dB gain BW.

(©

Fig. 16. Prototype of the proposed low-profile broadband antenna, (a) the
bottom of the fabricated dipole antenna, (b) the 3D printing process of the
proposed 10-layer HDL structure, (c) the assembled proposed antenna, and
(d) the anechoic chamber measurement.

hours before printing to dehumidify the material and improve
surface quality. Some of the important setup parameters during
printing are as follows: nozzle temperature of 300°C, infill
density of 100%, infill flowrate of 115%, and heated bed
temperature of 100°C. The dimensions of the 3D printed white
HDL structure are 109.8 mm x 109.8 mm x 18 mm. The HDL
structure was attached to the ground plane using a minimal
amount of Loctite Super Glue. The final assembly is shown
in Fig. 16(c).

The radiation performance and S-parameters of the fabri-
cated antenna prototype were fully tested using the SATIMO
SG24L spherical near-field scanner and the KEYSIGHT
N5227A PNA vector network analyzer, respectively. As shown
in Fig. 17, the measured VSWRs for Port 1 and Port 2 are
<1.6 over the frequency range of 1.62 to 4.22 GHz, which
aligns with the simulated results. The VSWR of Port 1 is
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Fig. 17. Measured and simulated (a) VSWRs and (b) isolation of the proposed
antenna.

slightly higher than that of Port 2 due to the use of via
configurations in Port 1 to avoid overlap but still demonstrates
satisfactory performance. The measured minimum isolation
|S21| exceeds 20.5 dB. The measured realized gain, depicted
in Fig. 18, ranges from 5 to 10.2 dBi with peaks at 4 GHz.
Consequently, the final measured overlap BW (FBW) between
the -10 dB S11 BW and the 3 dB gain BW is from 1.62 GHz
to 3.75 GHz (79.3%). The increase in realized gain at high
frequencies is due to the excitation of the higher-order modes
of the DR at high frequencies, which can effectively increase
the realized gain [29] [31]. The measured total efficiency
ranges from 64% to 87.5%. The measured total efficiency
of the antenna drops significantly after 3.4 GHz compared
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Fig. 18. Measured and simulated (a) gain and (b) Total efficiency of the
proposed antenna.

N
o o o

N
o

Normalized Gain (dBi)
o

=
o o

Normalized Gain (dBi)
o e
o

Normalized Gain (dBi)
L b o
o

0
180 (c) 180
V-plane (phi=45°) H-plane (phi=135°)
=== Sim.Co-pol Sim.X-pol
Mea.Co-pol Mea.X-pol

Fig. 19. Simulated and measured radiation patterns of portl in V-plane and
H-plane. (a) 1.8 GHz; (b) 2.4 GHz; (c) 4.2 GHz.

to the simulated results, which is attributed to the actual loss
tangent of the HDL material being higher than the simulated
setting of 0.018 at higher frequencies, as shown in Fig. 3.
The issue of the reduction in total efficiency from 3.4-4.22
GHz observed in both the measured and simulated results can
be addressed by using materials with a lower loss tangent to
construct the HDL structure, as discussed in Section III-C.
Fig. 19 shows measured and simulated co-polarized and cross-
polarized radiation patterns in the V-plane (phi=45 degrees)
and H-plane (phi=135 degrees) at 1.8 GHz, 2.4 GHz and
4.2 GHz, respectively. In addition to the effects caused by
the variation of the HDL’s loss tangent with frequency and
traditional errors such as cable loss, SMA connector issues,
and soldering techniques, discrepancies between simulated and
measured results can also be attributed to the manual sanding
required during the post-processing of the HDL structure
created by 3D printing. The precision of this sanding affects
the height of the HDL structure. In addition, irregularities at
the base of the HDL, even with less Loctite Super Glue, create
significant air gaps between the HDL and the ground plane,
as shown in Fig. 16(c), causing loss and interference during
testing.

To illustrate the superiority of the proposed HDL structure
in enhancing both BW and compactness, Table III compares
the performance of the proposed broadband, low-profile, dual-
polarized dipole antenna with other reported designs. The
proposed method provides ultrawideband performance with
efficient impedance matching (VSWR<1.6) while enabling a
compact design without the need for an additional matching
feed network. Meanwhile, in contrast to methods described in
the literature for achieving both wide BW and compactness,
which often inevitably affect the performance of the original
dipole antenna and complicate fabrication processes, the HDL
structure proposed in this study offers a streamlined solution.
By simply adjusting the height and radius of the HDL struc-
ture, it is possible to improve both BW and profile without
making any changes to the original dipole antenna. In addition,
a fully automated, rapid design framework for low-profile,
broadband dipole antennas is realized through the application
of TPE-BO optimization algorithms. This approach simplifies
antenna design, reduces time and cost, and has great potential
for advanced wireless communications.

V. CONCLUSION

This paper presents a method for quickly and simultane-
ously achieving excellent impedance matching over an exten-
sive BW by simply incorporating the HDL structure beneath
a dipole antenna. The fundamental operating principle of the
method to achieve low profiles and wide BW is also explained.
Prototypes were fabricated and tested to verify the feasibility
of the proposed method and to demonstrate the exceptional
ultrawideband capabilities of the antenna. The prototype has
a compact size of 0.58 A x 0.58Ar x 0.1\ and achieves a
wide overlap BW between the impedance matching BW and
the 3 dB gain BW of 79.3% (from 1.62 to 3.75 GHz) with a
VSWR threshold below 1.6. Moreover, the application of the
TPE-BO algorithm introduces a streamlined, automated design



framework that considerably reduces the complexity, time, and
cost of antenna design.

The novel strategy presented in this work not only simplifies
the antenna design and fabrication process but also provides a
viable solution for realizing compact wideband antennas with
significant potential for wireless systems.
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