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Abstract — Gaussian Process Regression (GPR) algo-
rithm and Genetic Algorithms (GA) are used to design a
scheme suitable for antenna optimization in this paper.
GPR algorithms are used to build so-called surrogate
models, or machine learning models, to replace full-
wave simulation calculations to save time. GA is used to
find the optimal solution that satisfies the optimization
objective. The optimal solution obtained by GA is re-
calculated with full-wave electromagnetic simulation.
The surrogate model can be updated with new data when
the full-wave simulation results don’t meet the target.
An ultra-wideband (UWB) antenna is designed by using
this optimization scheme. Six structural parameters of
the UWB antenna are used to optimize the design, and
a total of 10 groups are used to train the surrogate
model. Finally, the optimization is completed through
7 iterations. Finally, the UWB antenna is analyzed,
fabricated and tested, which shows an operating fre-
quency band of 2.95-11.43 GHz, and a physical size of
30x27x1.6 mm?.

Index Terms — Gaussian Process Regression (GPR),
Genetic Algorithms (GA), ultra-wideband (UWB)
antenna.

I. INTRODUCTION

Ultra-wideband (UWB) technology is a practi-
cal and effective wireless communication technology,
widely used in local area network, intelligent transporta-
tion, radio frequency identification and other fields, and
has strong anti-interference performance, low transmis-
sion power spectrum density, high positioning accuracy
and many other advantages. As a device for transmitting
and receiving wireless signals, antennas have different
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types according to different application scenarios. The
antenna coving 3.1-10.6 GHz can be suitable for UWB
application according to the regulations of the United
States Federal Communications Commission (FCC).
The common methods to realize UWB antenna
include loading parasitic patch, impedance loading tech-
nology and slot technology. Among them, the parasitic
patch and slot technology are used to form multiple
resonant frequencies, and make the resonant frequencies
close together, to achieve the purpose of broadening the
bandwidth. However, there is no theoretical formula to
describe the relationship between the size of the parasitic
patch and the operating bandwidth of antennas. Design-
ers usually calculate its performance parameters, such
as the scattering parameters, through electromagnetic
simulation software. Machine learning (ML) algorithms
[1-4] can make up for this shortcoming and build a
so-called surrogate model between the two to describe
this nonlinear relationship. This surrogate model of the
antenna is known as the ML model. At present, ML
algorithms used for antenna optimization include sup-
port vector machine (SVM) [5-7], deep neural network
(DNN) [8, 9] and K-nearest neighbor (KNN) [10]. The
Gaussian process is a new supervised learning algorithm
that learns the input-output relationship of functions
based on empirical data. In the 1990s, Poggio and
Girosi first combined Gaussian processes with neural
networks for research. The Gaussian Process Regression
(GPR) algorithm is also widely used in antenna design
[11-13]. Furthermore, these methods can obtain scatter-
ing parameters from specific physical models. However,
physical dimensions cannot be obtained from the scatter-
ing parameters. First proposed by Professor J. Holland in
1975, Genetic Algorithm (GA) is a randomized search
method that draws on the evolutionary laws of the
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biological world. The GA can quickly obtain the optimal
solution of an equation or system of equations. In the
antenna design, GA can obtain a specific antenna model
that meets certain conditions [14—-17]. UWB and dual-
band antennas are designed with GPR and GA in [18].
However, the surrogate model cannot be updated with
new data, and the size of antenna is relatively large.
With the concept of performance-driven modelling, the
technologies of Kriging, radial basis functions, or poly-
nomial chaos expansion are also recently proposed and
developed for antenna design [19-22].

In this paper, an optimization scheme is designed
based on GPR and GA, and a UWB antenna is designed
based on this optimization scheme. There is also a dual-
band antenna as an additional example. Although the
antenna optimization design can be completed by full-
wave electromagnetic software such as HFSS and CST,
the optimization efficiency is relatively low. Full-wave
calculations are invoked when using GA for optimiza-
tion in simulation software, which is the most time-
consuming step. For the UWB structure proposed in this
paper, a full-wave simulation takes 31.4 seconds at a
time, while the surrogate model trained with GPR takes
only 118 milliseconds. When iterations are ongoing,
the time savings are considerable. Another advantage
of using algorithms to complete optimization algorithms
is that there is no need for the designer to think
about the relationship between physical size parameters
and antenna performance parameters. The GPR can
establish a nonlinear relationship. The designed UWB
antenna is obtained by 7 iterations. Its operating fre-
quency band is 2.95-11.43 GHz and its physical size is
30x27x1.6 mm?.

II. ANTENNA STRUCTURE AND
OPTIMIZATION SCHEME

The circuits of the designed UWB antenna are
printed on the FR4 substrate with a dielectric constant
of 4.4 and a loss tangent of 0.02, as shown in Fig. 1. The
front patch (in red) is an irregular polygon. The back
patch (in blue) is a polygon of a large rectangle dug out
of a small rectangle. The aim of the algorithm proposed
is to design an UWB antenna within a specified size
range. The objective of the design is measured by the
|S11] value less than —10 dB in the 3.1-10.6 GHz band
range.

Figure 1 shows the structure after optimization. The
specific size parameters are shown in Table 1. Since
there is no theoretical formula to guide the optimal
design for the physical size of the front and back patches
and the scattering parameters of this antenna, the GPR
algorithm is used to establish the surrogate model to
describe this nonlinear relationship between the two.
This surrogate model is also the GPR model. Further,
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(b)

Fig. 1. Geometry of proposed UWB antenna: (a) top
view and (b) bottom view.

Table 1: Parameters of antenna (units: mm)

Parameter L Wy L, W, | Ls
Value 20.49 | 1.62 29 135 | 9
Parameter | Wj3 Ly Wy Ls | Ws
Value 11.4 25.01 9 32
Parameter Lg Ws L W /
Value 4.18 35 30 27 /

the GA is used to find the physical size values that satisfy
the optimization conditions. The overall flow chart of the
designed optimization scheme is shown in Fig. 2, which
can be divided into five steps.

| Select the parameters to be optimized |

| Identify the optimization goals |
[
I

| Train the GPR model |

| GA calculation |

]

I Verification result I

Updata

Fig. 2. Flowchart of the optimization scheme.

Step 1: Analyze the characteristics of the antenna model
and set the performance index. Through full-wave elec-
tromagnetic simulation software (such as HFSS and
CST) scanning analysis of parameters, the physical size
of the UWB antenna parameters Ly, W;, L4, W4, Lg,
Ws and frequency to a total of seven parameters as
the input variables of the surrogate model, |Si;| as the
performance index (that is, the output variables of the
surrogate model). The optimal solution obtained by the
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GA is the six structural parameters of this antenna.
The reason for choosing these six parameters is that
they have the greatest effect on the S-parameter of this
antenna. As the target of the design is the UWB antenna,
the |Sy11| value is required to be less than -10 dB in
the frequency range of 3.1-10.6 GHz. Thus, that’s the
optimization condition that needs to be met.

Step 2: Collect the initial dataset (sample set). First, the
variable range of the input variable is determined. L;:
20-26 mm, W;: 0.5-3.5 mm, L4: 20-26 mm, Wy: 23.5—
26.5 mm, Lg: 2-6 mm, Wg: 3—-6 mm. In the frequency
range (2-12 GHz), 101 frequencies are selected at equal
intervals (equidistant sampling), that is, the step value
of frequency is 0.1 GHz. The initial dataset is the |Si|
values of 10 groups of UWB antennas in this frequency
range. Each set of data (101 frequencies) requires an
HFSS simulation to collect. There are a total of 1010
data here. One HFSS simulation took 31.4 seconds, for a
total of 314 seconds. The physical dimension parameter
is evaluated by the Latin Hypercube Sampling (LHS),
which is required to sample 10 times. The LHS is
divided into three steps: stratification, sampling and out-
of-order. The samples extracted by LHS are relatively
uniform, which can avoid the phenomenon of data
aggregation to some extent.

Step 3: Parameter selection of the GPR model (surrogate
model). This step trains the GPR model in the dataset
collected in the previous step. This model uses the
coefficient of determination (R?) as the evaluation index.
When its value is greater than 0.9, the GPR model can
be used; otherwise, it needs to be retrained. The GPR
model is also the surrogate model of the UWB antenna.
The calculation formula of R? is:

L —3)?
Y i—9)?*
where y; is the real observed values, y is the average
value of real observed values, and y is the predicted

value [23]. The larger R2, the more accurate the GPR
model. The value of R? is between 0 and 1.

RP=1- (1)

Step 4: Objective function setting and parameter selec-
tion of the GA. In this step, according to the design
rules of the objective function of GA, the optimization
objective of the antenna needs to be abstracted into
the maximum or minimum value of a function (the
so-called objective function). This optimization can be
considered successful when the values of f € [3.1,10.6]
and |Sy| is less than —10 dB. Let the objective function
U(Ly,Wi,L4,Wy,Leg,Ws) be the number of frequencies
when |Sy1] is greater than —10 dB. When the minimum
value of U is 0, the optimization is successful. It can be
expressed by the formula:

Min{U(Ly,W,L4,Wa,Ls,Ws)} = 0. 2
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There are three important operations in GA, namely
selection, crossover and mutation. The GA used in this
paper is the differential evolution template. The coding
method is real integer (RI) mixed coding, the population
size is 50, the maximum number of generations is 50,
and the crossover probability is 0.7.

Step 5: Validation and iterative optimization. After set-
ting GA in the previous step, the iterative calculation can
be carried out, and the obtained result is the physical size
value of the UWB antenna (the optimal solution of the
objective function).

It is worth mentioning that GA calculates the |Sy;]
value through the GPR model trained in the third step
instead of the full-wave electromagnetic calculation.
This step not only obtains the optimal solution but also
saves a lot of time. A surrogate model trained with
GPR algorithm takes only 118 milliseconds. The optimal
solution obtained by GA is re-calculated with full-wave
electromagnetic simulation for verification. If the simu-
lation value still completes the target, it indicates that the
optimization is completed. If the simulation value does
not reach the target, it needs to be re-optimized, that is,
enter the iteration. Each iteration will add a new value to
the initial dataset. This is the update to the dataset. Each
iteration includes GPR model training, GA calculation
and full-wave simulation verification. The time for one
iteration is 41 seconds.

III. TEST RESULTS AND ANALYSIS

After only 7 iterations, the UWB antenna is
obtained as shown in Fig. 1. The time for iterations is
287 seconds, which does not include the initial data sam-
pling time. This is the optimized structure. The reference
structure before optimization is shown in Fig. 4. The
result after the completion of the first iteration is shown
in Fig. 3. After the completion of each iteration, there
are similar results and tips. Each iteration for proposed
algorithm includes steps of GA calculation and electro-
magnetic (EM) simulation verification, shown in Fig. 2.
EM simulation verification alone takes approximately
31.4 s. GA is a stochastic optimization algorithm. When
the optimal solution of the objective function is obtained,
the simulation speed of GA will be accelerated.

Line 1 represents the initial dataset structure, with
1010 samples. There are 10 full-wave simulation results.
Each simulated result is sampled 101 data from 2 GHz
to 12 GHz with a step of 0.1 GHz.

Line 2 indicates that the R> of the trained GPR
model is 0.9863, indicating that the accuracy meets the
requirements.

Line 3 shows the results given by the GA.

Line 4 indicates that when the GPR model is used
for calculation, the value of the objective function is 0,
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Fig. 3. Result of the first iteration.

which indicates that the GA has calculated the optimal
solution.

Line 5 indicates that the objective function value
obtained by the full-wave simulation software (HFSS)
is 20, which does not meet the requirements. The
number 20 indicates that 20 frequencies do not meet
the requirement. The optimal solution is obtained by
iterative calculation.

Line 6 indicates that the root-mean-square error
(RMSE) between the full-wave simulation value and
the GPR model calculation value is 1.92 under the
dimension parameter value in Line 3.

Update in Line 7 indicates that the initial dataset has
been updated. When the value of goal_HFSS in Line 5 is
0, it indicates that the optimization goal is completed and
the iteration can be quit. If there is a second iteration, the
sample number is updated to 1111.

The optimized antenna dimensions are L; =
20.49 mm, W; = 1.62 mm, Ly = 25.51 mm, Wy =
25.01 mm, Lg = 4.18 mm, Wg = 3.50 mm. This is also
the optimal solution obtained by the GA. The patch
structure of the original antenna is a parallelogram, that
is, Ly = Ly = 19 mm, W; = 3.5 mm, Wy = 23.5 mm,
as shown in Fig. 4. Of course, as the optimization
goal changes, the number of iterations and the optimal
solution will also change. The final optimization results
show that the optimization method using the algo-
rithm can break through the traditional regular polygon
structure.

S -

Fig. 4. Geometry of the reference antenna.
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Take this antenna as the reference and compare
it with the optimized antenna’s |Sj;| curve, as shown
in Fig. 5. It can be seen that the optimized scheme
has achieved good results. Within the frequency band
3.1-10 GHz, the optimized |S;;| values are less than
—10 dB. For the reference antenna, only part of the
frequency band meets the requirements.

0

-5

|S}, (dB)

=@ =Initial
=@~-After optimization
T T

12

4 6 8 10
Frequency (GHz)

Fig. 5. |S11| curve before and after optimization.

The optimized structural parameters of UWB
antenna are shown in Table 1. The overall geometry is
fabricated with Printed Circuit Board (PCB) technology,
and is shown in Fig. 6.

(2) (b)

Fig. 6. Photograph of the fabricated antenna: (a) top view
and (b) bottom view.

The scattering parameters of the antenna were
measured using a vector network analyzer. Figure 7
compares the simulated and measured |S;;| results.
Overall, the measured data show good agreement with
the simulations, and the operating frequency bands are
consistent. Slight discrepancies are observed at 6 GHz
and 8 GHz, which can be attributed to differences
between the actual and modeled substrate properties,
such as the relative dielectric constant and loss tangent of
FRA4, as well as the effect of the longer coaxial feeding
cable used during measurements. These factors do not
affect the overall validation of the antenna performance.

The radiation pattern and gain curve of the UWB
antenna are tested in a microwave anechoic chamber.
When this antenna works in the frequency range of 3 to
10 GHz, the gain curve obtained from the test is shown
in Fig. 8, and the test value is roughly consistent with
the simulation value. There are some fluctuations for the
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Fig. 7. |S11| curve of the UWB antenna.
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Fig. 8. Gain curves of the UWB antenna.

measured gain. We measured the gain of each frequency
separately with the standard horn antenna and the far-
field test system. A gain error of 0.5 dB for test system
and testing environment, these will have an impact on
the measured gain results. At 5.0 GHz, the normalized
XOZ- and YOZ-plane radiation directions of the UWB
antenna are shown in Figs. 9 (a) and 9 (b). Similarly, the
normalized XOZ- and YOZ-plane radiation directions of
the UWB antenna at 7 GHz are shown in Figs. 9 (c)
and 9 (d), respectively. There are some differences
between simulation and measurement, especially in the
XOZ plane. This is mainly caused by the addition
of SMA connectors at the antenna feed and the test
cable being located on the back of the antenna during
testing. In general, the test results and simulation results
maintain similar radiation patterns and have the same
cross polarization level values. The measured results are
in good agreement with the simulation results. Since the
focus of this paper is to optimize the S-parameters of the
antenna, only the radiation pattern of one frequency is
given here.

In conclusion, compared with the different UWB
antennas that have been publicly reported, this design
has significant advantages, such as small size and wide
bandwidth, simplified design without complex feed net-
work, and low manufacturing cost, which are shown in
Table 2. Compared with the UWB antenna [24, 26],
the proposed design has a broader working frequency
band. Although the slot type antennas [25, 27] can
have some advantages in operation frequency band, their
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Fig. 9. 2D radiation patterns of the fabricated antenna:
(a) XOZ-plane @5 GHz, (b) YOZ-plane @ 5 GHz, (c)
XOZ-plane @ 7 GHz, (d) YOZ-plane @ 7 GHz.

large size brings many limitations to practical. The peak
gain of proposed design is moderate, mainly due to
the reduction in equivalent radiation area brought about
by its miniaturized structure. In addition, the structure
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Table 2: Comparison of the performance of UWB antennas (fj is the center frequency)

Ref. Operation Frequency Band (GHz) Type fo (GHz) Size ()\¢) | Peak Gain (dBi)
[24] 3.4-9 Monopole 6.2 /
0.83x0.83x0.03
[25] 1.55-17.6 Slot 9.575 10.2
6.38x6.38x0.03
[26] 2.95-10.8 MIMO 6.875 4.0
1x1x0.04
[27] 2.1-11.5 Slot 6.8 5.8
1.15x1.15x0.03
This Work 2.95-11.43 Monopole 7.19 4.0
0.72x0.65x0.04
in this paper is simpler, the cost is easy to control,
and there is no need for a feed network. This work
can be a potential candidate for applications in UWB
communication, positioning, and IoT systems.
=]
IV. ANOTHER EXAMPLE )

To verify the effectiveness of the algorithm, a dual-
band antenna is selected as the optimization objective.
This antenna is of the same type as the UWB antenna
mentioned earlier and both belong to patch antennas.
Patch antennas [28, 29] have a wide range of appli-
cations and a relatively simple manufacturing process.
It is meaningful to extend the optimization method
combining GPR and GA to patch antennas.

L
Ls2

S3

LS3 zI y

Fig. 10. Geometry of the dual-band antenna.

The geometry of dual-band antenna is given in
Fig. 10. The front of the antenna is a T-shaped patch,
and the back is etched with IT Type gap. The substrate
is FR4 with a relative dielectric constant of 4.4 and a
loss tangent of 0.02. The antenna has an overall size
of 80x70x 1.6 mm?>. The optimization goal is to design
the antenna as a dual band antenna, with two resonance
frequencies of f; = 2.44 GHz and f, = 3.62 GHz,
respectively. The proposed algorithm in above section is
used to construct surrogate model and searching target,
while the parameters of LS,, LS3, S», and S3 are used
as the optimization variables. The initial values are:

Initial
204 After optimization

2.0 2.5 3.0 35 4.0
Frequency(GHz)

Fig. 11. Performance of the dual-band antenna (S param-
eters).

LSy = LS3 = 20 mm, S = S3 = 10 mm. Obviously,
the optimization goal can be other antenna performance.
Similarly, 10 full-wave simulation data is collected as
the initial dataset. The simulation frequency band is
2-4 GHz, step by 0.01 GHz, and each simulation has
a total of 201 frequency points. A total of 10 simulations
are 2010 data points. The comparison diagram of Sy;
curves before and after final optimization is shown in
Fig. 11. The optimized dual band antenna operates in the
frequency bands of 2.44-2.46 GHz and 3.50-3.74 GHz
and can be applied to WiFi and 5G. The corresponding
parameters are LS, = 11 mm, LS; = 19 mm, S =
8 mm, S3 =9 mm. The normalized radiation patterns at
2.45 GHz and 3.6 GHz are also given in the Fig. 12. The
cross-polarization curves are also added for evaluating
the performance in Figs. 12 (a) and 12 (b), which shows
cross polarization levels of more than 10 dB at two
different frequencies. The proposed dual-band antenna
exhibits stable broadside radiation, and two radiation
nulls at YOZ plane. The algorithm is repeated 5 times
on the same initial dataset, and the average optimization
time is 277.47 seconds. This indicates that the optimiza-
tion scheme combining GA and GPR can facilitate and
quickly design antenna structures.
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Fig. 12. 2D radiation patterns of the simulated antenna:
(a) 2.45 GHz and (b) 3.6 GHz.

V. CONCLUSION

In this paper, a complete optimization scheme is
designed by using the GPR and GA. After only 7
iterations, the optimization design of a UWB antenna
with irregular patches is completed. In this optimiza-
tion design, the average time to complete one itera-
tion is 41 seconds. The optimization took a total of
601 seconds, including the time of initial 10 full-wave
electromagnetic simulations (314 seconds) to collect the
initial sample set and the time of 7 iterations. Then the
optimization algorithm is carried, and the design target
can be achieved with 7 iterations. Among each iteration,
the time of full-wave electromagnetic simulation is 31.4
seconds, the time of the training GPR model is118 mil-
liseconds, the trained GPR model has 6 input variables,
and each generation of GA with a population size of 50
needs about 185 milliseconds.

The optimized UWB antenna has an operating band
of 2.95-11.43 GHz, a relative bandwidth of 117.94%,
and a physical size of only 30x27x1.6 mm? (length
x width x height). The patch of the antenna exhibits
an irregular polygonal structure, highlighting how algo-
rithm optimization not only enhances design efficiency
but also facilitates the creation of innovative structures.
Finally, the designed antenna is fabricated and tested.
The measured frequency band and radiation direction
are in good agreement with the simulated values. The
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effectiveness of the ML algorithm in UWB antenna
design is proved.
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