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In this manuscript, we reconsider the amplitude and phase combination of the plane-wave
generator (PWG) from an electromagnetic field inverse radiation perspective and further
propose a newmethod based on the Gauss-Newton inversion (GNI) to perform the inverse
design of PWG. Furthermore, the wideband antenna pattern is applied in the transfer
function and makes the inversion results closer to the engineering implementation.
Compared with the traditional least-squares method (LSM) and singular value
decomposition (SVD) method, the proposed method owns the merits of less amplitude
range of the input source and stronger robustness.
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1 INTRODUCTION

With the comprehensive promotion of 5G communication, multiple-input multiple-output (MIMO)
active antenna arrays are widely used as 5G base station antennas. The increased antenna scale places
higher demands on antenna measurement techniques, and various measurement methods are
developed continuously. Traditional antenna test solutions include far-field ranges, near-field ranges,
and compact ranges [1].

The compact ranges have been widely used for a long time as an effective means to achieve
antenna performance in close range. However, the application of this method is limited by the high
precision machining necessary, the cost of manufacturing, and construction time. In this manuscript,
the solution using a PWG was proposed. The amplitude and phase distribution of the antenna array
is determined by amplitude and phase controller, and the superposition effect of the antenna array
fields is used to achieve the plane wave with the same amplitude and phase at close range. Moreover,
the construction cost of the anechoic chamber can be significantly reduced compared to the compact
field ranges because only the amplitude and phase of the antenna array need to be adjusted [2, 3].

The key technique in the design of the PWG is to determine the amplitude and phase of each
element in the antenna array. The planar waves with the same amplitude and phase can only be
generated in the near-field ranges by calculating the correct amplitude and phase configurations.
Currently, there are the determinations of the amplitude and phase such as the least-squares method
(LSM) [4] and singular value decomposition (SVD) method [5], which are the most direct regression
solution. There are also configuration parameter optimization methods such as the genetic
optimization (GO) algorithm [6, 7] and particle swarm optimization (PSO) algorithm [8].
Currently, GO algorithm and PSO algorithm are just applied to linear array or small parameter
optimization in PWG design. At present, these direct optimization algorithms cannot be applied to
direct optimization of large-scale PWG. Furthermore, the array element position and amplitude-
phase configuration can also be determined by the orthogonal matching pursuit (OMP) algorithm
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[9]. However, the energy radiation in the outer zone around the
quiet zone using the OMP algorithm is different to engineer. All
of the above literature does not consider the influence of the
directionality of the wideband array element, which makes the
difference between the theoretical inversion results and the actual
antenna array. And the adjustment process to construct
amplitude and phase configurations of PWG elements is
complicated.

GNI method is usually applied to solve a nonlinear and ill-
posed inverse scattering problem [10]. Considering that electric
fields illuminated by PWG elements meet the superposition, we
choose the GNI method to deal with this linear inverse radiation
problem to get a more appropriate solution.

In this manuscript, we present an inverse design approach of
the PWG based on the GNI method. GNI method is used to
reconstruct the antenna array based on the expected plane waves
and the space transfer function. The amplitude and phase
distribution of the radiation array elements satisfying the
expected plane waves are obtained by calculating the
difference between the synthesized field and the expected field.
It is worth noting that the engineering realizability is enhanced by
adding a wideband antenna pattern to the transfer function. The
numerical simulation results show that this method can
reconstruct the amplitude and phase information of the array
elements with high accuracy to obtain high-quality plane waves
with robustness and reliability.

2 MODEL AND METHOD

The PWG system based on an antenna array, including a
rectangular PWG composed of uniformly spaced antenna
arrays and a rectangular quiet zone space where the plane
wave should be achieved, is shown in Figure 1. The method
provided in this letter is equally applicable to the inversion of
cylindrical and spherical quiet zone spaces. In our model, the
array elements are evenly spaced atΔx and Δy for the simplicity of
the installation. The apertures of the antenna array along the X
and Y axes are Dx and Dy, and the lengths of the quiet zone space
along the X and Y axes Qx and Qy. The number of array elements
is set toM and the number of sampling points in the quiet zone is
N. In addition, the cross-sectional centers of the PWG and the
quiet zone should be kept parallel and separated by distance L.

The linear model of the PWG can be formulated as

T ·X � Y (1)
X describes the amplitude-phase information of the M PWG
excitation signals and the position coordinates of themth (m = 1,
2, 3, . . . ,M). PWG excitation signal can be expressed as (xm, ym,
zm). Y describes the amplitude-phase information obtained from
the N quiet zone sampling points and the position coordinates of
the nth (n = 1, 2, 3, . . . , N) quiet zone sampling point can be
expressed as (xn, yn, zn). T is a forward transmission function
which can be expressed as

T �
F11G11 . . . F1mG1m

..

.
1 ..

.

Fn1Gn1 . . . FnmGnm

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (2)

Unlike previous models, we add the antenna pattern amplitude
information Fnm of the ultra-wideband array elements in the
transmission function, where Fnm represents the pattern
amplitude information from the mth PWG array element to
the nth quiet zone sampling point. If Fnm are all equal to 1, the
transmission matrix is the same as the classical free-space Green’s
function model. And Gnm represents the free-space Green’s
function, expressed as

FIGURE 1 | PWG system model.

FIGURE 2 | (A) E-plane (B) H-plane Vivaldi antenna radiation pattern (red line is 1.7 GHz, green line is 3.3 GHz, and purple line is 4.9 GHz).
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Gnm � e−j
2π
λ rnm

4πrnm
(3)

where rnm denotes the distance from the mth plane wave
generator array element to the nth quiet zone sampling
point.

In the traditional model, the transmission matrix usually
described as the classical free-space Green’s function
model and the directivity of the antenna is ignored. The
antenna has a certain directionality in practical applications;
therefore, we added Fnm to correct the transfer matrix.

The amplitude and phase distribution obtained by using the
traditional LS algorithm can be expressed as [5].

X � THT( )−1THY (4)
For the traditional SVD algorithm [5], we first perform a singular
value decomposition of T as

T � USVH (5)
so, the amplitude and phase distribution can be expressed as

X � VS−1UHY (6)
The procedures to derive the amplitude and phase distribution of
PWG elements by using the GNI algorithm are given as follows in
Algorithm 1.

Algorithm 1. The GNI algorithm in PWG systems.

where J represents Jacobian matrix, σ represents
regularization parameter [12], I represents unit matrix, ‖ ·‖2

FIGURE 3 | Test field at 1.7 GHz (A) Amplitude error (B) Phase error.

TABLE 1 | Comparison of simulation of different algorithms in 1.7 GHz.

GNI LSM SVD

Source excitation amplitude (dB) [−8 13] [−18,21] [-19,21]
Source excitation phase (°) [−100,133] [−177,173] [−177,173]
Maximum amplitude error (dB) 1.02 0.23 0.22
Maximum phase error (°) 3.12 3.81 3.82

FIGURE 4 | Cross-sectional (A) Amplitude error (B) Phase error.
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denotes l2-norms, and (·)H represents conjugate transpose
operator.

To accurately obtain the PWG amplitude and phase
distribution from the given expected field requirements
and transmission function, we use the GNI method to
solve this inverse design problem. The amplitude and
phase distribution XM×1

i obtained by the GNI
method should be brought back into (1) and verified in the
test field.

3 SIMULATION AND RESULTS

We adopt the Vivaldi antennas to constitute the antenna array of
the PWG and set the operating frequency from 1.7 to 4.9 GHz.
The Vivaldi antenna is chosen because it has a wideband
operating frequency and strong directionality compared with
the waveguide and microstrip antenna, and these advantages
are critical for PWG applications. The pattern of the selected
wideband Vivaldi antenna is shown in Figure 2, where the red
line represents 1.7 GHz, the green line represents 3.3 GHz, and
the purple line represents 4.9 GHz.

The complete transmission function can be obtained by
adding the antenna pattern information into the transmission
function. Since the wideband Vivaldi antenna is selected, the
inversion results at 1.7, 3.3, and 4.9 GHz are tested separately to
verify that the corresponding amplitude and phase configurations
can be found for each frequency using the GNI method.

In the inverse design, the size of PWG is 20λ × 20λ (Dx = Dy =
16λ), the size of quiet zone is 16λ × 16λ (Qx = Qy = 16λ). The size

FIGURE 5 | Test field at 3.3 GHz (A) Amplitude error (B) Phase error.

TABLE 2 | Comparison of simulation of different algorithms in 3.3 GHz.

GNI LSM SVD

Source excitation amplitude (dB) [−15 5] [−33,14] [−27,14]
Source excitation phase (°) [−48,123] [−177,171] [−177,173]
Maximum amplitude error (dB) 1.04 0.21 0.21
Maximum phase error (°) 3.94 3.37 3.39

FIGURE 6 | Cross-sectional (A) Amplitude error (B) Phase error.
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of the test field is kept as 20λ × 20λ. The distance L between the
PWG and the quiet zone is set to 24λ.The spacing between the
antenna array elements and the sampling points of the quiet
zone is 1λ (Δx = Δy = 1λ). The number of array elements M =
441, the number of sampling points in the quiet zoneN = 256. In
order to observe the performance of the synthetic plane wave in
the quiet zone, the sampling point interval of the test field is set
to λ/8 to ensures the test accuracy. In the simulation, the
algorithm is programmed and run in the environment of
MATLAB2020a version, and the antenna pattern amplitude

data Fnm is generated in the ANSYS Electronics Desktop
software.

3.1 Ideal Condition Test
In the simulation experiment, LSM, SVD, and GNI algorithms are
selected to conduct ideal simulation tests at the operating
frequencies of 1.7, 3.3, and 4.9 GHz, respectively.

The amplitude-phase error of the test field at the working
frequency of the PWG array at 1.7 GHz is shown in Figure 3,
where the quiet zone is in the red line range. The test data is
shown in Table 1. It can be seen from Table 1 that the amplitude
error of the quiet zone obtained by the GNI algorithm is 1.02 dB
and the phase error is 3.12°. In order to facilitate the observation
of fluctuations, we selected a cross section indicated by the black
dashed curve in Figure 3. And the cross-sectional amplitude error
and phase error is shown in Figure 4.

The amplitude-phase error of the test field at the working
frequency of the PWG array at 3.3 GHz is shown in Figure 5,
where the quiet zone is in the red line range. The test data is

FIGURE 7 | Test field at 4.9 GHz (A) Amplitude error (B) Phase error.

TABLE 3 | Comparison of simulation of different algorithms in 4.9 GHz.

GNI LSM SVD

Source excitation amplitude (dB) [−17 3] [−21,11] [−22,11]
Source excitation phase (°) [−61,125] [−171,170] [−171,171]
Maximum amplitude error (dB) 0.88 0.21 0.21
Maximum phase error (°) 3.86 3.16 3.17

FIGURE 8 | Cross-sectional (A) Amplitude error (B) Phase error.
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shown in Table 2. It can be seen from Table 2 that the amplitude
error of the quiet zone obtained by the GNI algorithm is 1.04 dB
and the phase error is 3.94°. In order to facilitate the observation
of fluctuations, we selected a cross section indicated by the black
dashed curve in Figure 5. And the cross-sectional amplitude error
and phase error is shown in Figure 6.

The amplitude-phase error of the test field at the working
frequency of the PWG array at 4.9 GHz is shown in Figure 7,
where the quiet zone is in the red line range. The test data is
shown in Table 3. It can be seen from Table 3 that the amplitude
error of the quiet zone obtained by the GNI algorithm is 0.88 dB
and the phase error is 3.86°. In order to facilitate the observation
of fluctuations, we selected a cross section indicated by the black
dashed curve in Figure 7. And the cross-sectional amplitude error
and phase error is shown in Figure 8.

Based on Table 1, Table 2, and Table 3, the amplitude and
phase distribution of PWG excitation inverted by the GNI
algorithm satisfies the near-field condition at 1.2 times the
aperture of the antenna array, and the plane wave synthesized
in the quiet zone satisfies the design requirements of PWG. The
amplitude and phase range of excitation is smaller than
traditional LSM and SVD methods.

3.2 Robustness Test
It is worth noting that the numerical simulation establishes
completely ideal conditions. In practice, due to the
uncertainty error of the amplitude-phase modulator
controlling the PWG unit excitation [13], we add Gaussian
noise signals of ±0.25 dB amplitude and ±2.5°phase into the
amplitude-phase distribution obtained by inversion to
simulate this uncertainty, and further verify the robustness
of the results.

Gaussian noise signals is Xe = aeejψe , and the amplitude and
phase distribution obtained from inversion is Xi = aiejψi .
Therefore, in the robustness test, the input is modified as
Xi � (ai + ae)ej(ψi+ψe). The test frequency is selected 4.9 GHz,
We repeat this test a hundred times and the robustness test
results of the three algorithms are shown in the figure below.
Figure 9 shows the distribution diagram of the peak-to-peak
error of the three algorithms. We select 95% of amplitude peak-
to-peak error as the upper limit of the confidence interval of
the amplitude error. Figure 10 shows the accumulative
distribution of phase peak-to-peak errors of the three
algorithms. Ninety-five percent of phase peak-to-peak errors
are selected as the upper limit of the phase error confidence
interval. The maximum amplitude and phase errors in the
quiet zone obtained by GNI method are smaller than those of
LSM and SVD methods.

Table 4 records the upper limit of amplitude-phase peak-
to-peak error of the three algorithms. From Table 4, we can
see that the amplitude peak-to-peak error obtained by the
GNI algorithm is 1.76dB, and the phase peak-to-peak error is
9.76°. They are smaller than 1.95 dB and 13.12°of the
traditional LSM and 2.01 dB and 13.37° of SVD algorithm,
which proves that GNI method is superior to traditional LSM
and SVD algorithm in robustness test. And this test can
statistically prove that our method can approach a more
robust result.

4 CONCLUSION

In this manuscript, we propose a solution for the inverse design
problem of the amplitude and phase configuration in the PWG
using the GNI method. The wideband antenna pattern is
introduced into the transmission function to approach the
actual test environment. Numerical simulation results show
that this method can accurately reconstruct the amplitude and
phase distribution of PWG excitation, and synthesize high-
quality plane waves in the test field. The introduction of
random noise error proves that the method has stronger
robustness than the other traditional regression algorithms.

FIGURE 9 | Amplitude peak-to-peak error distribution in robustness test
of different algorithms.

FIGURE 10 | Phase peak-to-peak error distribution in robustness test of
different algorithms.

TABLE 4 | Comparison of simulation of different algorithms in 4.9 GHz.

GNI LSM SVD

Amplitude peak-to-peak error (95%) 1.76 dB 1.95 dB 2.01 dB
Phase peak-to-peak error (95%) 9.76° 13.12° 13.37°
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Based on this, the approach in this manuscript is more practical
and feasible.
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