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Introduction: This paper proposes a novel all-dielectric design of lens antenna
and its performance is optimized using genetic algorithm (GA). The optimization
objective are 1-dB and steady gain that are directly optimized. The GA also
optimizes the topological design of the lens.

Methods: The method consists of two main components: the design of the
objective function and the initial population selection. The first lens structure
fed into the algorithm and the initial population match. The lens has a diameter
of 150 mm and a thickness of 30 mm at its thickest point with working frequency
of 6–18 GHz. The 3D printing technology is used for the antenna fabrication that
reduces the implantation cost.

Results: The experimental results show that the gain and peak aperture
efficiency of the proposed antenna are 23.8 dBi and 51.9%, respectively, better
than those of the existing designs.

Discussion: It advantages are low-cost, easy to fabricate, simple design, high
gain, narrow beams, low side lobes. It can be used in future ultra-wideband
(UWB) applications.

KEYWORDS

lens antenna, dielectric material, genetic algorithm, beamforming, 3D printing,
miniaturization, 5G antenna, UWB antenna

1 Introduction

In recent years, with the rapid development of modern wireless communication systems,
the demand for high-gain, ultra-wideband antennas have been increasing (Kumar et al.,
2022). Commonly used high-gain antennas include array antennas (Ullah et al., 2019),
transmission array antennas (Liu et al., 2018), parabolic antennas, reflectarray antennas
(Ge et al., 2018) and lens antennas (Hao et al., 2019; Fan et al., 2018; Soliman et al., 2022;
Farooq et al., 2021; Kumar et al., 2021; Yang et al., 2020; Beguad et al., 2018). Antenna
devices are very important for any wireless communication systems. There are various
methods to enhance the performance parameters of the antennas such as metamaterials
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FIGURE 1
Proposed algorithm flowchart.

(Alibakhshikenari et al., 2019; Alibakhshikenari et al., 2016a;
Alibakhshikenari et al., 2016b; Alibakhshikenari et al.,
2021) and metasurfaces (Alibakhshikenari et al., 2016c;
Sadeghzadeh et al., 2016; Alibakhshikenari et al., 2020).

Array antennas mainly increase antenna gain by a large number
of array elements and reduce side lobes by adjusting the excitation
amplitude and phase. They require a complex feeding network
and high production costs (Karami et al., 2022). Transmission array
antennas have the advantages of high gain, low profile, and easy
processing, but they require specific design of the units and use
the units to form an array. The design and formation of the units
are usually complicated. Reflection array/surface antennas have the
problem of feed source shielding (Srivastava et al., 2020; Li et al.,
2023). Lens antennas have the advantages of low side lobes, narrow
beams, high gain, and simple manufacturing, but the materials
used have dispersion effects, and the lens needs to be designed
according to a fixed frequency point for phase design, which limits
the bandwidth of the lens antenna. In order to solve this problem,
researchers at home and abroad have made great efforts in recent
years (Ikram et al., 2024; Liu et al., 2021; Lee and Yoon, 2017).

Lens antennas usually include convex lens antennas
(Cicchetti et al., 2020; Lee et al., 2021), Luneburg lens antennas
(Feng et al., 2019), Fresnel lens antennas (Jeong and Ghalichechian,
2020; Wang et al., 2024a), gradient refractive index lens antennas
(Jeong and Ghalichechian, 2020), etc. Due to their large size,

convex lenses and Luneburg lenses are limited in their application
in many wireless communication systems. Reference (Jeong and
Ghalichechian, 2020) proposed a Fresnel lens antenna with a 3-
dB gain bandwidth of 6.7%, aperture efficiency of only 10%, and
maximum measured gain of 22.46 dBi. Reference (Wang et al.,
2024a) proposed a method to improve the aperture efficiency
of lens antennas by performing phase smoothing compensation
on the spherical waves reaching the lens surface to achieve
high gain and high aperture efficiency of the lens antenna. The
measured maximum gain was 38.9 dBi, the maximum aperture
efficiency was 59%, and the 2-dB gain bandwidth was 32.5%.
Reference (Poyanco et al., 2022) proposed a gradient refractive
index lens antenna, which achieved the change of the equivalent
dielectric constant by changing the filling ratio of the material, and
processed the lens using 3D printing technology. The measured
results show that The maximum measured gain is 24 dBi, and
the maximum aperture efficiency is 41%. Although the above
research has achieved good results, the antenna indicators are
not comprehensively considered in the process of designing the
lens antenna, and multiple performance indicators cannot be taken
into account.

In order to solve the above problems, this paper proposes an
all-dielectric lens antenna fed by a ridge horn antenna. Aiming at
the requirements of wide bandwidth, high gain and wide 1-dB gain
bandwidth, it is optimized by multi-objective genetic algorithm.
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FIGURE 2
Lens design. (A) Structure; (B) corresponding curve.

TABLE 1 Parameters configuration for optimization.

Parameter Value

Number of variables 5

Population size 10

Optimized Frequency 6–8 GHz

Target 1-dB gain bandwidth B (%) 100

Termination condition F(best) remains unchanged after 15
iterations

Target gain Gi(x) (18, 19, 20, 21, 21, 22, 23, 23, 24, 24, 24, 25,
25)

TABLE 2 Design parameters of the proposed antenna.

Parameter Value (mm)

y1 0

y2 46.6

y3 49.1

y4 54.8

y5 64.1

y6 67.4

y7 75.0

y8 0

FIGURE 3
Prototype of the proposed antenna structure. (A) Lens; (B)
Horn antenna.

The lens is processed by 3D printing technology and measured in
a microwave darkroom. The results show that the gain of the feed
antenna is increased by 6.4–10 dBi after loading the lens in the range
of 6–18 GHz, and the maximum gain is 23.8 dBi at 17 GHz. The 1-
dB gain bandwidth is 12–18 GHz (relative bandwidth 40%), and the
maximum aperture efficiency reaches 51.9%, which can meet the
application requirements of broadband high-gain wireless systems.

The remainder of this paper is organized as follows. In Section 2,
the proposed design is discussed in terms of graphical diagrams
and mathematical formulations. In Section 3, the experimental
results and analysis is performed. In Section 4, the conclusions are
described.

2 Antenna design

2.1 Structural design and algorithm
optimization

In order to shorten the design cycle and improve the design
efficiency, this paper adopts genetic algorithm to assist the design
of lens antenna. To automate the search for the optimized antenna
shape in an efficient way, genetic algorithm is a good candidate of
optimization methods in the simulation-based. The algorithm flow
is shown in Figure 1. There are two key parts in the algorithm, one
is the selection of initial population, and the other is the design of
objective function. The initial population corresponds to the initial
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FIGURE 4
Performance evaluation of phase center change and VSWR of the
proposed antenna. (A) Phase center change; (B) VSWR (measured);
(C) S11.

lens structure imported into the algorithm. If the initial structure
of the lens is not designed reasonably, the optimization time will be
too long and the objective function will not converge (Rahman et al.,
2024). The objective function corresponds to the expected effect

FIGURE 5
Actual measurement setup.

of the lens antenna. If the objective function is set too harshly, it
will lead to the objective function not converging (Dai et al., 2024;
Dai et al., 2022; Sun et al., 2022).

In order to improve the degree of freedom of design and reduce
the optimization time, a rotating body similar to a convex lens is
selected as the initial optimization structure. The focal diameter
ratio of the lens is about 1. The initial structure is fixed at 117 mm
away from the feed horn surface (Sun et al., 2021; Wen et al., 2022;
Li et al., 2024). The initial structure is formed by rotating an irregular
plane surrounded by a closed curve around the x-axis, as shown in
Figure 2A. The initial structure is a dielectric rotating body with a
diameter of 150 mm and a height of 30 mm (Figure 2B). For ease
of processing, the material of the lens is set to 3D printing material
polylactic acid (PLA) during the simulation process. The dielectric
constant of PLA is 2.72 (Khan et al., 2024) within 6–18 GHz, and the
loss tangent is 0.008 (Xiao et al., 2023; Wang et al., 2022; Xiao et al.,
2017). The corresponding curve is determined by 8 points with
different positions, among which points 1, 7 and 8 are fixed and used
to determine the thickness and aperture of the lens, while ensuring
that the bottom surface of the lens is a flat structure to facilitate
fixation with the feed antenna. The positions of the remaining
five points are used as optimization variables to optimize the lens
structure.

During the optimization process, an initial population is first
created. The initial population is an n × N matrix, where n represents
the number of optimization parameters and N represents the size
of the initial population (Wang et al., 2024b; Wang et al., 2024c;
Li et al., 2021). The optimization parameters in this paper are the
coordinate values of points 2 to 6 [y2,y3,y4,y5,y6]. Considering
the optimization effect and optimization time, N is set to 10. The
algorithm calls CST to model and simulate the initial structure, and
the simulation results are used to calculate the objective function
F(x). In each iteration, the fitness value of each individual in the
population is calculated, and the individuals are screened using the
roulette method. Individuals with high fitness (small F(x)) will be
retained, and then crossover and mutation will be performed. In
order to prevent the loss of the optimal solution and accelerate the
convergence of the algorithm, the elite strategy is introduced with
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FIGURE 6
Comparison of simulated and measured radiation patterns of the antenna at different frequencies. (A) E-plane at 6 GHz (B) H-plane at 6 GHz (C)
E-plane at 10 GHz (D) H-plane at 10 GHz (E) E-plane at 14 GHz (F) H-plane at 14 GHz (G) E-plane at 18 GHz (H) H-plane at 18 GHz.

reference to the non-dominated sorting genetic algorithm (NSGA-
II) (Hao et al., 2022; Liu et al., 2023; Wang et al., 2023), which
retains the excellent individuals in the parent generation and directly

passes them to the offspring. After crossover and mutation, the best
individual of the parent generation replaces the worst individual in
the new population. In order to keep the population size unchanged,

Frontiers in Materials 05 frontiersin.org

https://doi.org/10.3389/fmats.2024.1479398
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Zhang et al. 10.3389/fmats.2024.1479398

FIGURE 7
Comparison of simulated and measured gain of the antenna.

FIGURE 8
Comparison of simulated and measured aperture efficiency.

the algorithm will generate new individuals by random generation
when eliminating unqualified individuals (Zhang et al., 2023). The
objective function value F(best) corresponding to the best individual
in each generation of the population will be recorded. If F(best) still
does not change after 15 iterations, the iteration ends and the lens
structure corresponding to the best individual is derived. Otherwise,
the iteration continues.

2.2 Objective function

The objective function F(x) is expressed as in Equation 1:

F(x) = ω1 f1(x) + ω2 f2(x)

x = [x1,x2,…,xN] (1)

Where, ω1 and ω2 are the weights of the two optimization
objectives respectively; x represents the optimization population,
and when x = xN, it indicates that the objective function of the N th
individual (lens) in the population is currently being calculated, and
the size of N is equal to the number of individuals in the population
(Yang et al., 2023a; Chen et al., 2024; Zha et al., 2024); The gain
optimization f1(x) = ∑max f

i= min fQi(x), min f and max f are 6GHz and

18 GHz respectively, Qi(x) =
{
{
{

Gi(x) − Ri(x),Gi(x) ≥ Ri(x)

0,else

}
}
}

, Gi(x)

and Ri(x) represents the target gain and actual gain respectively.
When the actual gain is greater than the expected value, Qi(x) = 0,
otherwise Qi(x) is equal to the difference between the target gain and
the actual gain (Wang et al., 2024d).

Bandwidth optimization f2(x) = B − Band(x)/K, K is a real
number greater than 1, by adjusting the size of f2(x) to make f1(x)
and f2(x) at the same level, in this paper K is set to 5, B represents
the target 1-dB gain bandwidth, Band(x) represents the current
individual 1-dB gain bandwidth (Wen et al., 2024a; Wen et al.,
2024b), Band = fmax − fmin/( fmax + fmin/2) × 100%, fmax and
fmin are the maximum frequency and minimum frequencies
corresponding to the maximum gain drop of 1-dB.

During the optimization process, each individual x will
correspond to an F(x). When F(x) approaches 0, the individual
approaches the ideal individual. During the iteration process, the
individual with smaller F(x) has a greater probability of being
selected (Zhou et al., 2024a; Yang et al., 2023b). The individual will
pass on its genes to the next-generation through crossover and
mutation. Therefore, as the iteration proceeds, the individuals in
the population will become closer to the ideal situation. After
reaching the termination condition, the algorithm will output the
individual with the smallest F(x) and import it into CST for
simulation verification. Table 1 shows the settings of important
parameters in the optimization process. Each number in the target
gain corresponds to the expected gain value of the frequency point
in the optimization frequency band.

3 Experimental results

After selection, crossover and mutation by genetic algorithm, the
final lens structure parameters are shown in Table 2. The coordinates
of points 1, 7 and 8 are fixed (Figure 2B), and the coordinates of the
other points are obtained by algorithm optimization. The distance
between points 1 and 7 determines the thickness of the lens, and the
distance between points 7 and 8 determines the aperture size of the
lens. The lens has a diameter of 150 mm and a thickness of 30 mm
at its thickest point. It is processed by 3D printing technology, and
the actual structure is shown in Figure 3A. The lens is fed by a ridge
horn antenna operating at 6–18 GHz. The horn antenna structure
is shown in Figure 3B. The horn aperture size is 52 mm × 49 mm,
and the distance from the lens aperture is 117 mm. Usually, the
polarization mode of the horn antenna is linear polarization along
the short side of the aperture surface, so the polarization mode of
the feed antenna in this paper is linear polarization along the x-axis.

The phase center change of the horn antenna is shown in
Figure 4A. It can be seen that the phase center has a certain change.
The measured voltage standing-wave ratio (VSWR) of the horn
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TABLE 3 Performance comparison of the proposed and existing antenna designs.

Reference Aperture
area (λ2

0)
Aperture
efficiency

(%)

1-dB gain
bandwidth

(%)

Maximum
gain (dBi)

Applied
design

method

Bandwidth
(GHz)

Complexity Applications

Liu et al. (2021) 12 × 12 11 29 23 Genetic
algorithm

9–20 Moderate UWB radar

Jeong and
Ghalichechian

(2020)

π × (6.9)2 10 6.7 22.5 Full-wave 29–31 High RF
identification,

imaging systems

Lee and Lee
(2023)

π × (3.38)2 55 7.4 23.9 ANSYS 12 High FSS

Park and Lee
(2021)

6.2 × 6.2 38 5.7 23 Optimized
PCS and PEC

sidewalls

5.8 High MWPT

Yu et al. (2021) π × (1.5)2 92.4 32.30 20.6 FDTD 13–18 Moderate UWB radar

Ramazannia et al.
(2018)

4.7 × 4.7 62 24.27 22.3 Full-wave 10.3 High X-band

Proposed π × (3)2 51.9 40 23.8 Genetic
algorithm

6–18 Low UWB

antenna and the lens antenna is shown in Figure 4B. It can be seen
that the VSWR of the antenna after loading the lens deteriorates
at some frequencies, which is mainly caused by the reflection of
the lens. Figure 4C depicts the reflection coefficient (S11) under
different usage conditions. As can be seen from Figure 4C, the S11
when using the lens without horn has the best S11 whereas, the
performance degrades when the horn is integrated with the lens but
it is still in acceptable levels below −10 dB for most of the operating
frequencies.

A 32-bit multitasking Windows® program, NSI2000 makes
good use of the latest advancements in operating system technology
to offer a wide range of capabilities (Wu and Ismail, 2024). A 3-D
viewer is included with NSI2000 so that near-field and far-field data
may be examined in a 3-D dynamic mode. The NSI2000 system was
used to conduct actual measurements in a microwave darkroom,
as shown in Figure 5. Only half of the directional pattern may be
evaluated due to the test environment’s constraints. Figure 6 displays
the observed and simulated directional patterns of the feed and
lens antennas. It can be seen that the simulated and measured
directional patterns of the lens antenna are in good agreement, and
the directivity of the antenna is significantly improved after the
lens is loaded. In the simulation results, the beam widths of the
antenna directional patterns after the lens is loaded are reduced by
38.1°/42.1°, 21.5°/33.4°, 23.2°/27.4°, and 21.2°/18.4° on the E and H
planes at 6 GHz, 10 GHz, 14 GHz, and 18 GHz, respectively. There
is a small error between the measured directional pattern and the
simulated directional pattern. The main sources of error are: 1) The
modeling error of the simulation model will introduce errors in
the lens antenna, which can be eliminated by replacing the feed
antenna; 2) There are certain deviations in the assembly and fixation
of the horn antenna and the all-dielectric lens structure. In the
actual measurement process, foam is used as a medium to fix the

horn antenna and the lens (Zhou et al., 2024b). The thickness and
dielectric constant of the medium will cause errors. The deformation
of the foam during the fixation process will also cause errors; 3)
The actual processing process has limited 3D printing accuracy,
which will cause the rough surface of the dielectric lens to cause
reflection of electromagnetic waves. PLA itself also has certain
dielectric losses; 4) The NSI test system itself also has certain
test errors.

The measured and simulated gain results of the horn antenna
and lens antenna are shown in Figure 7. It can be seen that the
simulated gain of the horn antenna in the 6–18 GHz frequency
band is 8.3–15.5 dBi. After loading the dielectric lens (Yang et al.,
2024), the gain of the lens antenna is 15.2–23.5 dBi, which is
10.7 dB higher than that of the horn antenna at 16 GHz. The
measured gain of the lens antenna is 16.4–23.8 dBi, which is
6.4–10 dBi higher than that of the horn antenna. The 1-dB gain
bandwidth is 12–18 GHz (relative bandwidth 40%). There are some
differences between the simulation curve and the measured curve.
The difference of the horn antenna mainly comes from the error
of simulation modeling. The error sources of the lens antenna are
mainly: the difference between the simulation and measurement of
the feed antenna. Using the comparison method to test the gain,
the error caused by the main lobe directions of the two antennas
not being completely aligned when the transmitting and receiving
antennas are fixed. Noise interference in the test environment. But
overall, the gain trends of the simulation and measurement are
consistent.

Aperture efficiency is an important indicator for judging
the performance of aperture antennas, which can be
obtained from Equation 2:

ηap = G
Dmax

,Dmax = 4πA
λ2

0
(2)
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Where, G is the gain; Dmax is the maximum directivity
coefficient; A is the aperture area; λ0 is the wavelength of free
space. The simulation and measured results of the antenna aperture
efficiency are shown in Figure 8. It can be seen that the simulated
aperture efficiency of the lens antenna is greater than 28% in the
working frequency band, and the simulated aperture efficiency
reaches a maximum of 47.3% at 7 GHz. The measured results
show that the aperture efficiency reaches 51.9% at 8 GHz, and the
measured aperture efficiency is greater than 30% in the working
frequency band. It can be seen that the measured aperture efficiency
of the antenna is more seriously jittered. The main reasons for the
jitter of the aperture efficiency curve are: the error of 3D printing
lens processing, the lens and the antenna are fixed with foam, and
the distance between the lens and the antenna has a certain error
compared with the simulation.

Table 3 compares the performance of the antenna in this paper
with high-gain antennas in recent relevant literature. It can be
seen that this paper has widened the 1-dB gain bandwidth while
ensuring high gain by setting the objective function. Compared with
the literature (Liu et al., 2021; Jeong and Ghalichechian, 2020; Lee
and Lee, 2023; Park and Lee, 2021), the proposed antenna has the
smallest aperture area, the highest aperture efficiency, and the widest
1-dB gain bandwidth. Compared with the literature (Lee and Lee,
2023; Park and Lee, 2021; Yu et al., 2021; Ramazannia et al., 2018),
although the proposed antenna has a larger aperture, but has a wider
1-dB gain bandwidth and a higher maximum gain.

4 Conclusion

This paper designs a broadband high-gain lens antenna based
on genetic algorithm. First, an initial lens structure is designed, and
optimized by genetic algorithm. A reasonable objective function is
set to achieve high gain while widening the 1-dB gain bandwidth.
The lens is processed by 3D printing technology, and the lens
antenna is tested in a microwave darkroom. The test results show
that the lens antenna works in the range of 6–18 GHz with a 1-
dB gain bandwidth of 12–18 GHz (relative bandwidth 40%). The
highest gain in the entire frequency band reaches 23.8 dBi at 18 GHz,
which is 10 dBi higher than the feed horn antenna. The aperture
efficiency of the entire frequency band is greater than 30%, and the
maximum aperture efficiency is 51.9% at 8 GHz. Therefore, ultra-
wideband, high gain, cheap cost, light weight, simple design and
manufacture, and future ultra-wideband applications are some of the
benefits of the proposed structure.
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