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ABSTRACT In this paper, we hybridize the Least Square Method (LSM) and Genetic Algorithm (GA)
to efficiently synthesize the linear and planar array Plane Wave Generator (PWG) to create a 3-D Quiet
Zone (QZ) with high performance for the antenna pattern measurement in a chamber with limited space.
Based on the PWG with an 8-element linear array, the amplitude and phase deviations of 0.89 dB and
14.50◦ are obtained in a circular QZ with a diameter of 7λ, and that with an 8 × 8-element plane array
achieves 1.09 dB and 14.89◦ deviations in a 3-D sphere QZ. The synthesized results using other existing
algorithms based on different configurations of PWG are compared and the synthesis errors are discussed.
Simulation results show the robustness and high efficiency of the proposed algorithm on 2-D and 3-D
PWG synthesis.

INDEX TERMS Plane-wave generator, least squares, genetic algorithm, hybridization, 3D quiet zone,
antenna measurement.

I. INTRODUCTION

AT PRESENT, the research on 5G communication
technology and the production of relevant prototypes

have set off a wave of innovation in the industry all over the
world [1]. As one of the key technologies of 5G communi-
cation, the large-scale antenna array has attracted extensive
attention in the industry [2], which generally has hundreds
or even thousands of antenna elements with very large aper-
tures [3]. This characteristic brings difficulty both from the
antenna design and measurement sides. Radiation pattern
measurement is one key process in the qualification of any
antenna and the measurement method is mainly classified
into some different methods: far-field (FF), near-field (NF),
and compact antenna test range (CATR).
The FF method requires the antenna under test (AUT) to

be illuminated by a uniform plane wave. To achieve this
uniform planar wave irradiation, the simplest method is to

place the AUT in the far-field region of a source [4], which
is also named as Fraunhofer zone and can be defined as the
distance where is bigger than r calculated as [5]

r ≥ 2D2

λ
(1)

where D is the diameter of the smallest sphere that contains
the AUT, and λ is the wavelength of the AUT.

The FF method has the advantage of recording the magni-
tude and phase of the electric field of AUT directly based on
very simple mechanical positioners. However, this method
may need a hundred meters to achieve the far-field con-
dition calculated as equation (1) if the AUT has a large
aperture at a high-frequency band. This situation brings the
high cost of an anechoic chamber for indoor measurement of
significant uncertainties for outdoor measurement. The NF
method is to scan the AUT in both magnitude and phase on
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a two-dimensional surface and then mathematically trans-
form these results into the far-field pattern [6], [7], [8]. A
compact low-cost anechoic chamber could be used to set
up the corresponding equipment to offer mechanical surface
scanning of planar, cylindrical, and spherical [9]. However,
this method requires many discrete magnitude and phase
data with high accuracy acquired by the mechanical scanner
or positioner, which significantly reduces the measurement
efficiency due to time consumption. The CATR method uses
a source antenna and one or more reflectors to shine on
an AUT in the Quiet Zone (QZ) in which the amplitude
and phase deviations are restricted and the field behaves
like a plane wave. The CATR method begins to be widely
used as the distance between the QZ and reflectors is much
smaller than that of the traditional FF method [10]. However,
to achieve the desired performance over a wide frequency
range, the CATR method has a very high-cost reflector whose
measurement of upper frequency and accuracy links to the
reflector’s shape, surface roughness, and errors.
Another effective method is to use a plane wave gen-

erator (PWG) consisting of some source elements with
specified locations and their weights of amplitude and
phase [11], [12], and has been adopted in the latest 3GPP
standards as a test method for 5G mm-Wave antenna
measurement [13]. The advantages of the PWG method
are competitive size, appropriate cost, and the ability to
directly measure the antennas by using the FF method effi-
ciently [14], which attracts much interest in academia and
industry. However, unlike the FF method, those weights of
amplitude and phase of source elements need to be synthe-
sized and pre-determined efficiently to achieve the desired
plane wave in the QZ. In the 1970s, Bucci et al. carried
out plane wave synthesis for real-time imaging by using a
radar array through an iterative algorithm [14], and Hill syn-
thesized the plane wave with a combination of line source
and ring, based on the Fourier series method and the least
square method (LSM) in 1985 [15]. In 2019, Sun et al. used a
genetic algorithm (GA) to synthesize the PWG for OTA test-
ing in a small chamber, the distance between the PWG and
the QZ was 20λ (1.71 m) at 3.5 GHz in which the deviation
of amplitude and phase were 1dB and 10 degrees, respec-
tively [16]. In 2020, Catteau et al. used a simple linear taper
method and a truncated raised cosine taper method for ampli-
tude control to the edges of the source array, which helped
to realize the deviation of amplitude and phase of ±0.75 dB
and ±7.5 degree in QZ, respectively, at the frequency of
28 GHz [4]; Peng et al. compared three algorithms of LSM,
singular value decomposition (SVD), and sparse optimization
algorithms in the synthesis processes, with less difference,
was found among these different algorithms as the amplitude
and phase deviations are approximate ±1 dB and ±2 degree,
respectively [17]. In 2021, Krasov et al. implemented the lin-
early constrained minimum variance (LCMV) beamforming
algorithm to generate a plane wave shining on the QZ from
the desired direction, and the deviation of amplitude and
phase were 0.87 dB and 7.55 degrees [18], respectively.

Synthesis of complex coefficient excitation using differ-
ent algorithms has made some ideal progress; however, each
existing method has its limitations. The traditional regression
method like the LSM algorithm suffers from the problem of
an ill-conditioned transfer matrix which causes large errors
from small disturbances. This problem may be solved by
reducing data relevance through many sampling data; how-
ever, this method impacts the efficiency of the synthesis
process and may not solve the issue fundamentally. The
global optimization algorithm such as GA can be used to
determine the amplitude and phase weights of source ele-
ments efficiently; however, the adoption of the brute force
approach typically leads to heavy computational overhead
as well. Thus, a hybrid approach to the PWG synthesis has
been applied which hybridizes GA for the search for the
optimal feed position and quadratic programming to achieve
the optimal excitations [19]. This approach is also adopted
in [20], which has a relative error below -30 dB of the plane
wave in the AUT rectangular area.
Moreover, most syntheses of PWG only focus on

the amplitude and phase deviations on the line or 2D
plane paralleling the PWG at the center position of
QZ. Some researchers have considered the 3D cylindrical
QZ [21], [22], [23] and even evaluated the 3D cuboidal
region with an extension of 30 cm in the QZ facing the
PWG [4]. However, to the authors’ knowledge, only the
work in [23] inspects the QZ field at a different position
along the propagation direction, and all the existing arts
have not performed the synthesis based on those discrete
points from the entire 3D region, which is very important
during the measurement on those 5G devices [2].
In this paper, we propose a hybrid algorithm based on

LSM and GA to obtain a spherical QZ with uniform electric
field amplitudes in the full 3D region and a consistent phase
in each phase plane facing the PWG. The initial solution is
obtained with LSM by solving the transmission matrix in
space between the AUT and the PWG, and the final optimal
solution is achieved using GA by changing the correlation
coefficient. This hybrid method obtains the optimal solution
efficiently, based on its globality to avoid getting into local
optimization before getting a solution that meets the expected
criteria. The paper is organized as follows: Section II briefly
describes the system measurement model and the synthesis
model and Section III presents the basic concepts of LSM
and GA and the proposed concept of hybridizing LSM and
GA for PWG synthesis. The numerical approach, process,
and key factors for the PWG synthesis based on the ideal
antenna array are demonstrated in Section IV, and the results
with different types of sources and targets are presented in
Section V. The performance comparisons to existing arts
and the synthesis errors are discussed in Section VI and the
conclusions are summarized in Section VII.

II. MEASUREMENT SYSTEM AND SYNTHESIS
Figure 1 shows the whole model of the measurement system
based on the PWG which consists of PWG, 2D positioner,
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FIGURE 1. Model of the measurement system based on the PWG.

and AUT. The PWG in practice can be divided into three
main blocks: the feeding network with power dividers or
combiners, beam-forming networks with phase shifters and
attenuators, and the various antennas or probes as the source
elements. The 2D positioner is commonly used in the great
circle test method [24], which fixes the AUT and rotates
in both the azimuth and the roll direction to achieve a 3D
antenna pattern. The AUT should be within the 3D region
of QZ of which performances are determined by the char-
acteristic of the PWG and distance d between the AUT and
PWG. The amplitude and phase deviations in QZ determine
the measured accuracy of AUT, which have been defined as
1 dB and 22.5◦ as the common criterion for the measure-
ment of most antenna types [25]; however, they are expected
to be as small as possible.
The actual synthesis process of PWG is to optimize the

complex amplitude weights of discrete source elements to
create approximate plane waves with certain limited devia-
tions in QZ under the condition of given d shown in Figure 1
much smaller than the r calculated from equation (1).

It is well known that the field strength P of arbitrary point
E radiated by a point source in any finite radial distance can
be simplified as

P = Â
e−j 2π

λ
r

r
(2)

where Â is the monopole amplitude, λ is the wavelength, and
r is the distance between the source and field points, respec-
tively [26]. According to the measurement system shown in
Figure 1, if we consider the PWG consists of an array with
K(M×N) ideal source elements and each generated wave by
the element has the same polarization as that of the AUT,
then any field strength of discrete point away from PWG is
the superposition of the radiation of each element which is
simplified as [17]:

Pl =
M×N∑

k=1

wk
e−j 2π

λ
rkl

rkl
(3)

where w represents the complex weight value of the source
element and rkl is the distance from the k-th source element
to the l-th sampled point. The goal of the PWG synthesis in
this work is to determine the optimal excitation wk of each

source element to generate desired field distributions based
on combinations of each field strength on a specified 2D
plane or in a full 3D region.

III. SYNTHESIS METHOD
A. LSM SOLUTION
Based on the definition of QZ, the deviations of amplitude
in the full 3D region and those of phase on a specified 2D
plane facing PWG are required to be as small as possible.
If we assume that the count of the 2D/3D sampling point in
QZ is L, then we have

P = HW (4)

where P= [P1, P2, . . . , PL] T , W= [w1, w2, . . . , wK]T , and
H is an L×K matrix given by

H =

⎡

⎢⎢⎣

e−jkR11

R11
· · · e−jkR1K

R1K
...

. . .
...

e−jkRL1

RL1
· · · e−jkRLK

RLK

⎤

⎥⎥⎦ (5)

If the derivations of field distribution in the specified region,
the element position, and the number of elements have been
given, then based on equations (4)–(5) and the principle of
LSM [27], we can obtain the complex weight W as

W =
[
HT · H

]−1
HTP (6)

LSM has the advantage of finding an approximate field
synthesis solution to determine the excitation of source
elements efficiently; however, the disadvantage is that the
coupling matrix and the right-hand side vector are dis-
turbed by unavoidable numerical errors, which may cause
significant errors during the numerical process [17].

B. GA SOLUTION
GA is a global optimization algorithm that provides robust
searches in a complex space to find the optimal solution
quickly [28]. The basic process of GA is to generate the
random population, encode the initial population, evaluate
the fitness for the selection of a new population, and the
mutation to obtain a new generation of sample groups, as
shown in Table 1.

With the initial random population, GA can speculate
on new searches with an expected improved performance
efficiently by exploiting historical information contained in
the gene pool based on many points and random transition
rules. This is the reason that GA attracts much interest in
research and industrial communities, and is widely used to
solve complex problems in different fields. However, when
GA is directly used to optimize the excitation coefficient of
PWG in this work, long iteration time and failure of finding
the optimal solution may occur due to the weak mountain
climbing ability and falling into local optimization [29].
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TABLE 1. Basic flow of genetic algorithm.

C. HYBRID ALGORITHM
Now we know that a relatively good solution may be
obtained directly by LSM if the array matrix is not ill-
conditioned with a potential risk to calculation stability, and
the algorithm iteration can be accelerated with an optimal
solution if an appropriate initial value is given by using GA.
According to this consideration and the fact that GA can
be easily compatible with other algorithms, the appropriate
optimal results are possible to be obtained efficiently by
hybridizing LSM and GA. In this work, the LSM is used
to obtain the initial solution of the complex weight matrix
of W in (6) at first, and the GA is used to obtain the final
optimal solution at last without the limitation of restrictive
assumptions on the search space. The basic implementa-
tion progress of the proposed hybrid algorithm is shown in
Figure 2.

Figure 2 also shows the detailed process of GA in which
the coding of initial amplitude and phase is the key process at
the start of GA that determines the efficiency of genetic evo-
lution, as it directly affects the operation of genetic operators
such as crossover and mutation. For example, the rates of
crossover and mutation operation can be improved from the
reduction of computational complexity when using specific
coding such as real-coding, which is convenient for genetic
search in a large space, and the mixed-use of optimization
methods, as the length of real-coding, is equal to the number
of decision variables.

FIGURE 2. Basic PWG synthesis using the hybrid algorithm with LSM and GA.

IV. NUMERICAL METHOD AND PROCESS
A. PWG DESIGN
The approach of the proposed hybrid algorithm is to provide
good estimates of the design parameters as guidelines and
to assess the achievable performances before adjusting the
parameters of physical components in practice. Based on the
proposed algorithm, it is possible to obtain the deviations
close to the absolute minimum; however, this identification
of the absolute minimum requires a very large number of
iterations and computation time due to the high non-linearity
of the problem. Thus, any extensive investigation on the
convergence of the algorithm needs to be carried out with
the trade-off between accuracy and time consumption.
In this work, the PWGs with both linear array and planar

array are investigated, the linear array has 8 source elements
and the planar one has 8 × 8 source elements, of which
the element spacing is 2.85λ at the frequency of 3.5 GHz
while the distance d between PWG and AUT in Figure 1
is 2 m. The QZ is a 3D sphere with an expected radius of
0.3 m. The goal is to synthesize the amplitude and phase of
each source element in both linear array and planar array to
achieve the optimal deviations along X-direction (1-D), on
XOY or XOZ plane (2D) or in the full spherical region (3D)
of QZ, respectively. The initial excitation which affects the
optimization efficiency and the robustness of the program is
obtained based on equations (1)–(6) by using LSM at first
and then taken as the initial input parameters of GA for
further optimization.

B. COST FUNCTION AND TARGETS
According to the plane wave synthesis method based on the
hybrid algorithm with LSM and GA shown in Figure 2, the
deviations of amplitude and phase in QZ can be taken as the
optimization goal and the cost function is constructed as:

h = h1/a+ h2/b (7)

where h1 = | max{amplitude} − min{amplitude}| and h2 =
| max{phase}−min{phase}| are the amplitude and phase devi-
ations acquired from the X-axis, XOY or XOZ plane, or whole
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FIGURE 3. Minimum deviation obtainment from the basic process.

FIGURE 4. Process of minimum deviation search in detail.

sphere in the QZ, respectively; a and b are the weights of
amplitude and phase which are related to the performance
requirements of QZ, for example, if we set a = 2 and b = 20,
then the GA process will stop once the general deviations
of amplitude and phase are within 2 dB and 20◦.

C. MINIMUM DEVIATION SEARCH
The amplitude and phase deviations of h1 and h2 are expected
to be as small as possible. Figure 3 shows our proposed
process of the minimum value search of h1 and h2, by
rerunning the optimization process based on downscaled a
and b, and Figure 4 shows the entire process in detail. The
whole process is divided into two steps which are named
Dual Parameter Optimization (DPO) and Single Parameter
Optimization (SPO). DPO is to get smaller deviations of
amplitude and phase deviations by scaling down a (and b)
and keeping c unchanged. For example, the GA process

FIGURE 5. The deviations of (a) amplitude and (b) phase along the X/Y/Z-axis of 1-D
optimization target based on linear array.

FIGURE 6. Optimized amplitude (a) and phase (b) distributions of 1-D optimization
target on XOY plane based on linear array with maximum deviations δ.

may stop with the deviations of 1.5 dB and 18◦ if we set
a = 2 and b=20, then a and b are updated to 1.5 and 15,
as c1 equals 12 which is bigger than c of 10. This helps
to reduce the deviations with the defined ratio at the same
time. SPO is to get smaller deviations by scaling down a
(or b) only when the number of iterations n of the proposed
DPO reaches the maximum value N1 and to stop when it
reaches the maximum value N2. Both N1 and N2 are selected
depending on the computation resources, synthesis efficacy,
and the observation of fitness reduction.

V. NUMERICAL RESULTS
A. LINEAR ARRAY
When an 8-elements linear array is set symmetrically along
the X-axis as shown in Fig. 1. The amplitude and phase
distributions along the X-axis in QZ based on this linear
array are axisymmetric as well, and those along the Y-axis
and Z-axis are equivalent to be generated by a point source.
Figures 5 and 6 show the synthesized deviations of the

amplitude and phase along the X/Y/Z-axis using the 1-D
optimization target based on the 8-element linear array, and
the 2-D sectional view on XOY, respectively. Figure 7 shows
the error bars of those distributions parallel to the X-axis
sampled from the XOY plane shown in Fig. 6(b), from which
we can see that the deviations located at 2 m (QZ center)
are only 0.41 dB and 4.96◦; however, those in whole regions
are approximate 1.36 dB and 17.41◦, respectively.

Figures 8 and 9 show the optimized results of the
amplitude and phase along the X/Y/Z-axis using the 2-D
optimization target based on the same 8-element linear array,
and the 3-D full view and 2-D sectional view of the results,
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FIGURE 7. The error bars of (a) amplitude and (b) phase distributions parallel to the
X-axis sampled from the XOY plane of 1-D optimization target on the linear array.

FIGURE 8. The deviations of (a) amplitude and (b) phase along the X/Y/Z-axis of 2-D
optimization target based on the linear array.

FIGURE 9. Optimized amplitude (a) and phase (b) distributions of 2-D optimization
target on XOY plane based on linear array with maximum deviations δ.

FIGURE 10. The error bars of (A) amplitude and (B) phase distributions parallel to
the X-axis sampled from the XOY plane of 2-D optimization target on a linear array.

respectively. Figure 10 shows the error bars of those distri-
butions parallel to the Y-axis sampled from the XOY plane
shown in Fig. 9(d), from which we can see that the devia-
tions located at the QZ center deteriorated from 0.41 dB to
0.69 dB and from 4.96◦ to 8.52◦; however, those in whole

FIGURE 11. The deviations of (a) amplitude and (b) phase along the X/Y/Z-axis of
the 1-D optimization target based on the planar array.

regions are improved to from 1.36 dB to 1.19 dB and from
17.41 to 13.08◦, respectively. According to the optimized
results of the linear array shown in Figure 5-10, we can know
that: 1) the field deviations along the X-axis based on the
1-D optimization target are smaller than those based on the
2-D optimization target; 2) the field deviations based on
the 1-D target on the XOY plane and in QZ are more uneven
than those based on 2-D target; 3) the amplitude and phase
distributions along the Z-axis cannot be optimized due to
the characteristic of the linear array.

B. PLANAR ARRAY
The planar array is more suitable to generate the plane wave
based on the same principle of a linear array. In this work, a
planar array with 8×8 elements is used for the demonstration
of our proposed 3D optimization with the hybrid algorithm.
Different optimization targets based on those amplitude dis-
tributions from the X-axis, XOZ plane, and the whole sphere
are applied, along with the targets based on the normalized
phase distributions by removing the inherent phase shift.
Meanwhile, the number of unknowns to be dealt with in the
global algorithm can be down to a quarter, which simplifies
the field calculation and increases the convergence speed, as
the excitation of the planar array usually is both symmetric
about the X-axis and Z-axis and the field distributions in QZ
exhibit the same property. Figure 11-13 and Figure 14-16
are the optimized results of the 8 × 8-element planar array
based on the optimization target of the field distributions
acquired from the X-axis and the XOZ plane. Figures 17-19
are the results based on the whole sphere optimization target.
Table 2 lists the optimal results based on the planar array

and different optimization targets shown in Figure 11-16,
along with the results based on the linear array shown in
Figure 5-10 for comparison. It is obvious that the amplitude
and phase deviations along the X-axis are only 0.45 dB and
4.52◦ if the 1-D target is selected, as the field distribution
along the X-axis is considered only during the optimization;
however, those on the 2-D plane are 1.21 dB and 19.61◦, and
those in the 3-D sphere are 1.59 dB and 20.00◦; 2) compared
to those results based on 1-D optimization target, the devia-
tions on XOZ plane are improved to 0.62 dB and 7.72◦ when
2-D optimization target is applied, also those deviations in
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FIGURE 12. Optimized amplitude (left) and phase (right) distributions of 1-D
optimization target based on the planar array with maximum deviations δ. (a) 3-D full
view, (b) 2-D XOZ sectional view, (b) 2-D YOZ sectional view. 2-D XOY sectional view is
the same as (b).

FIGURE 13. The error bars of (a) amplitude and (b) phase on the section parallel to
the XOZ plane sampled from the whole sphere of 1-D optimization target based on the
planar array.

the sphere QZ are improved to 1.48 dB and 18.01◦; however,
those along the X-axis predictably deteriorate to 0.62 dB and
6.82◦; 3) the amplitude and phase deviations along the X-axis
and on the plane, e.g., XOY (YOZ) and XOZ, are deteriorated
based on 3-D optimization target; however, those deviations
in the whole sphere are improved significantly to 1.09 dB
and 14.89◦ which are acceptable in practice.

VI. DISCUSSION
A. RESULTS COMPARISON
According to the simulated results, the qualities of a
plane wave in the whole QZ generated by the proposed

FIGURE 14. The deviations of (a) amplitude and (b) phase along the X/Y/Z-axis of
the 2-D optimization target based on the planar array.

FIGURE 15. Optimized amplitude (left) and phase (right) distributions of 2-D
optimization target based on the planar array with maximum deviations δ. (a) 3-D full
view, (b) 2-D XOZ sectional view, (c) 2-D YOZ sectional view. 2-D XOY sectional view is
the same as (c).

comprehensive optimization using the hybrid algorithm are
improved significantly based on the 3-D optimization target.
Different optimization results may be obtained by using dif-
ferent cost functions composed of different amplitude and
phase coefficients a and b in (7), which helps to get desired
field distributions with specified deviations of the field.
Table 3 lists the compared results based on dif-

ferent optimization targets using different algorithms
[30], [31], [32], from which we can see that: 1) most exist-
ing arts take the 2-D square planes as the optimization
targets only and the performances in the whole 3-D QZ are
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FIGURE 16. The error bars of (a) amplitude and (b) phase on the section parallel to
the XOZ plane sampled from the whole sphere of 2-D optimization target based on
planar array.

FIGURE 17. The deviations of (a) amplitude and (b) phase along the X/Y/Z-axis of
3-D optimization target based on planar array.

TABLE 2. Comparison of optimization results based on different antenna array
forms and objectives.

ignored, this brings the significant risk of antenna measure-
ment because the performance of QZ in 3-D region may
be not acceptable, for example the amplitude and phase
deviations are up to 43.10 dB and 360◦ in the sphere with
the diameter of 20λ based on 21×21 source array with 20λ
distance and; 2) compared to the optimized results based

FIGURE 18. Optimized amplitude (left) and phase (right) distributions of 3-D
optimization target based on planar array with maximum deviations δ. (a) 3-D full view,
(b) 2-D XOZ sectional view, (c) 2-D YOZ sectional view. 2-D XOY sectional view is same
as (c).

FIGURE 19. The error bars of (a) amplitude and (b) phase on the section parallel to
the XOZ plane sampled from the whole sphere of 3-D optimization target based on
planar array.

on the 2-D square planes, it is high efficiency using the
2-D circular planes at the optimization target, however, it
also faces the same risk; 3) the optimization based on 3-D
sphere region can guarantee the performance on the 1-D axis,
2-D circular planes, and 3-D sphere regions; 4) the hybrid
algorithm of LMS and GA helps to achieve the smaller devi-
ations of amplitude and phase; 5) the optimized diameters
of the QZ in which the amplitude and phase deviations of
1.1 dB and 15◦ are 7λ, 11λ, 14λ,and 26λ based on the give
sizes of source array of 8 × 8, 11 × 11, 21 × 21, 32 × 32
and the distance of 23λ, 20λ, 20λ, and 42λ.

Those optimized and compared results listed in Table 3
prove the advantage of our proposed hybrid algorithm;
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TABLE 3. Comparison of the quiet zone quality obtained by other people’s algorithms.

however, these optimized results are based on the ideal
source elements which may deteriorate when the actual
antenna probes are loaded. This problem could be solved by
using the calculated, simulated, or measured performances
of the actual probes rather than those of the ideal elements,
and the consideration of the mutual couplings converting
into the mutual impedance during the QZ synthesis.
It should be note that there is no limitation on the element

space of PWG as it is not required to scan the beam with the
risk of grating lobe generation in traditional antenna array.
Moreover, the distance between the PWG and QZ is expected
to be as short as possible. We choose different parameters of
PWG related to the performances of QZ, such as the count
of element, the element space, and the distance from the
PWG to QZ to verify our proposed hybrid algorithm and
compare the results with other algorithms.

B. ERRORS
This proposed optimization algorithm on plane wave syn-
thesis assumes that the source elements are with continued
amplitude and phase values; however, most attenuators and
phase shifters have discrete values, thus, the quantization
errors may not be avoided. Table 4 lists the optimized results
based on the 3-D optimization target of the PWG with 8×8
elements by using the attenuators with a maximum range of
30 dB and minimum step of 0.5 dB, and 6-bit phase shifters
with a minimum step of 5.625◦. For comparison, those results
with continued values shown in Table 2 are also listed in the
second column of Table 4, from which we can see that both
amplitude and phase distributions deteriorate when those
excited continued values of source elements are quantized.
The quantization errors may be reduced by two methods, one
is named pre-optimization which uses the quantized discrete

1052 VOLUME 4, 2023



TABLE 4. Optimization deviations based on different methods.

FIGURE 20. The statistical characteristics of the (A) amplitude and (B) phase with
the distributions of uniform and normal errors.

values rather than continued values during the optimization
process, and the other one is named post-optimization,
which is to re-run the quantized optimization based on
the initial values obtained from the first optimization using
continued excitations. The optimized results using pre-
optimization and post-optimization are also listed in Table 4,
we can see that both pre- and post-optimization help to
improve the optimized results from quantization values
with few gaps remaining to the results from continuing
excitations.
Furthermore, random errors from the attenuators and

phase shifters are unavoidable as well, Figure 20 shows the
statistical results by using the Monte Carlo method [33]
based on amplitude and phase errors of ±0.25 dB and
±2.5◦ with uniform and normal distributions. Compared
to the post-optimized results in the 3-D sphere listed in
Table 4, it is obvious that those random errors deteriorate
the field distributions of QZ further. This problem may
be solved by recoding the errors of attenuators and phase
shifters at each frequency point in advance and then run-
ning the optimization process considering these coherent
factors.

C. FURTHER CONSIDERATION
The traditional local optimal solution requires a correct ini-
tial value to synthesize the excitations of the source element;
however, the solution space is potentially to be very huge
when the count of the source element increases and the syn-
thesis process could be taken as a non-convex optimization,
this will cause the problem to find the true solution. In this
work, the LSM obtains the initial possible solution which
is used as the starting point of the GA. This solution may
be ill-conditioned; however, it may be close to the effective
solution and can be used for the GA jumping out of the local

FIGURE 21. The cost function convergence of GA based on the initial value from
LSM.

optimal solution. This is the reason that the hybrid algorithm
has higher efficiency than that of the GA starting from the
initial state.
The optimizations in this work mainly run on a laptop

with a CPU of AMD RyzenTM 5 5500U and 16 G memory,
those key parameters such as the crossover probability, the
mutation probability, and the population number are 0.7,
0.3, and 50. The numbers of optimized field points are
10000 and 25000, and the calculation times are approxi-
mately 30 seconds and 15 minutes based on the 2-D and
3-D optimization of the source array with 8 × 8 elements,
respectively. Figure 21 shows the convergence rate of the
hybrid algorithm in which the cost function converges from
1.65 to 1.4 in the first 30 iterations and then converges to
1.38 in the left 170 iterations based on the 3-D optimization
of the source array with 8 × 8 elements. However, when
the source array has 32 × 32 elements the maximum cal-
culation time is up to 10 minutes and 2.5 hours in 2-D
and 3-D optimization when the maximum iteration is 200,
respectively. Detailed information on the GA cost function
is available in Section IV-B.
Furthermore, we propose a synthesis method in the entire

full 3D-spherical to improve the performances of the QZ
and the hybridizing technology of LSM and GA with high
efficiency based on the ideal model. However, it could be
a criterion of the antenna measurement and guidance of the
PWG design, along with the recommended consideration of
QZ 3D spherical region.
In the real experiment, many things such as the perfor-

mances of the actual probe, the polarization, the environment,
and the mutual couplings cannot be avoided and need to be
involved in the consideration of actual antenna array dur-
ing the synthesis. Meanwhile, a wide band antenna in PWG
will be used and its amplitudes/phases will be synthesized
at each frequency point to ensure the measurement accuracy
for wide spectrum measurements.

VII. CONCLUSION
We propose a hybrid method with LSM and GA to synthesize
the amplitude and phase weights of source elements in the
PWG for the creation of a 3-D sphere QZ. After briefly
describing the measurement system, the synthesis model, and
the basic concepts of LSM and GA, the approach, process,
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and key factors of the proposed concept are demonstrated
in detail. The synthesis of PWGs with an 8-element linear
array and the 8 × 8-element plane array is performed, the
results are compared with several existing arts, and errors
are discussed. It shows that our approach can create a more
robust and better field distribution in a targeted 3D region
than the traditional regression approaches do.
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