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With the fast development of communication techniques, over-the-air testing has developed into the main testing method for
current communication systems due to its advantages including no cable connection, high measurement efficiency, and
independence from environment. OTA testing has become almost the only solution for 5G system testing especially after the
popularity of 5G massive multiple-input-multiple-output. In this paper, we summarize the three main methods of OTA testing
including the reverberation chamber-based method, the radiation two-step method, and the multiprobe anechoic chamber-
(MPAC-) based method, among which we focus on the MPAC method systematically. In the MPAC method, there are two
main channel synthesis techniques that have been heavily studied, namely, prefaded signal synthesis and plane wave synthesis.
We summarize the current main research based on these two techniques including probe configurations, probe selection
algorithms, and probe design based on the PFS technique and the design of plane wave generators based on PWS technique.
The main comparisons are made for the performance of different probe selection algorithms and the performance of different
plane wave generators as well as the latest advances.

1. Introduction

As the name implies, over-the-air (OTA) testing is a devel-
oping and interesting testing method which transmits signal
employing radiation between antennas instead of cable con-
nection. During early days, OTA testing is primarily applied
to 2G and 3G communication systems for the measurements
of single-input-single-output (SISO) including total radia-
tion power and total isotropic sensitivity. However, with
the continuous development of communication technolo-
gies, critical techniques including orthogonal frequency divi-
sion multiplexing and multi-input-multi-output (MIMO)
are introduced into 4G systems making SISO no longer
functional due to its dissatisfaction on high throughput.

There exist three kinds of OTA testing approaches for
4G systems including reverberation chamber- (RC-) based
method, radiated two-stage (RTS) method, and multiprobe

anechoic chamber- (MPAC-) based method, the latter two
of which are on the basis of anechoic chambers. These three
methods are authorized by 3GPP for measuring radiation
performance of UEs’ multiantennas and MIMO receivers
in High Speed Packet Access and Long-Term Evolution
devices [1].

For the sake of improving capacity and spectrum utiliza-
tion, 5G systems further develop MIMO techniques by
manufacturing antennas into miniaturized integrated
devices with massive units. If traditional testing methods
are still adopted to 5G systems, a great number of cables
are demanded which greatly increases the error rate, com-
plexity, and cost of test equipment [2]. On the contrary,
OTA testing possesses superiorities of repeatability, reliabil-
ity, and high measurement efficiency [3] making it leading
method of 5G and emerging systems. There are mainly
two kinds of testing patterns in 5G OTA testing including

Hindawi
International Journal of RF and Microwave Computer-Aided Engineering
Volume 2024, Article ID 6660144, 20 pages
https://doi.org/10.1155/2024/6660144

https://orcid.org/0009-0007-3189-638X
https://orcid.org/0000-0003-3110-3259
https://orcid.org/0009-0005-3588-0671
https://orcid.org/0000-0002-3269-7143
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2024/6660144


performance testing and radio frequency testing. The princi-
pal assignment of performance testing is to precisely reestab-
lish the objective wireless channels under measurement area.

MPAC is supposed to be the most promising method of
reconstructing channel features through flexibly changing
channel scenarios by software including controllable angle
of arrival (AOA) and angle spread (AS) [4]. 2-D MPAC with
16 probes and RTS are employing to test at FR1 which are
also the testing methods of LTE adopting different number
of probes. 3-D MPAC is adopted to test at FR2 due to the
requirements of wavelength and area of test zone.

In this paper, a detailed and systematic summary on the
above three OTA testing methods will be conducted among
which MPAC is highlighted. Current research on MPAC
testing method is mainly focused on probe weight allocation
algorithms suitable for MPAC. A certain number of probes
are attached to output ports of the channel emulator to
restore real channel environment in MPAC which is the
main cost source of testing. How to select a certain number
probes from massive candidates to conduct testing without
harming testing accuracy is the current research hotspot. A
large number of probe selection algorithms have been pro-
posed, and this paper conducts a summary on probe selec-
tion algorithms in recent years.

One of the most important configuration parameters for
OTA testing is the design of test probes. Horns and Vivaldi
antennas are usually employed as the test probes in current
OTA testing. However, multireflection between these probes
will affect the ripple level of quiet zone (QZ) resulting in
performance deterioration of testing systems including the
ability of small signals’ detection, RF parameter measure-
ments, and MIMO throughput [5, 6]. A significant method
to reduce ripple level of QZ is to enhance the absorption
capacity of the anechoic chamber among which the design
of testing probes is an important aspect. This paper summa-
rizes main design schemes of testing probes for OTA testing
in recent years, predicts the mainstream development direc-
tion on future design of OTA testing probes, and clarifies the
main challenges currently faced with.

Besides, far field range is adopted to directly test the
radiation pattern of antenna under test (AUT) which means
AUT is placed at the far field of testing probes. The testing
distance of direct far field becomes extremely large owing
to large size and high working frequency of 5G antennas.
There mainly exist two approaches under research to reduce
testing distance including compact antenna test range
(CATR) and PWGs, and this paper will report on these
two methods, respectively.

The authors in [7] briefly reviewed the standardization
progress and corresponding testing methods of 5G MIMO
OTA performance testing. This article focused on discussing
the comparison between 4G and 5G testing methods speci-
fied in the standards. However, the progress of the reverber-
ation chamber-based method and radiated two-stage
method is not discussed, and the introduction of the MPAC
method was not detailed enough. Kong et al. [8] presented
new midfield developments including the gray box approach
and a midfield prototype system covering both frequency
ranges one and two to address challenges in 5G massive

MIMO base station OTA RF test. However, a comparison
between OTA testing methods is missed.

The authors in [9] discussed the testing schemes of 5G
millimeter wave devices and analyzed their applicability
and limitations in OTA performance evaluation of 5G milli-
meter wave user devices. However, this article did not com-
pare the advantages and disadvantages of testing schemes at
different testing distances. Researchers in [10] not only
reviewed the MIMO OTA testing methods and the latest
standardization progress in 3GPP but also discussed the
work plan of 3GPP and the potential challenges of 5G
MIMO OTA testing. This article provided a detailed com-
parison of the testing parameters for the three frequency
bands but did not delve into the testing methods for the
5G frequency band.

Jing et al. [11] discussed the latest progress in radiated
two-stage MIMO OTA testing methods. As an auxiliary
method for 5G MIMO OTA testing, this article did not dis-
cuss the advantages and disadvantages of this method.
Table 1 shows the specific comparison between the above
papers and this paper.

The structure of this paper is organized as follows.
Section 2 introduces related progress of reverberation
chamber-based method of OTA testing. Section 3 introduces
related progress of radiated two-stage method of OTA test-
ing. Section 4 introduces related progress of anechoic
chamber-based method of OTA testing. The comparison
between the three methods and the challenges and the future
development are summarized in Section 5. Finally, the con-
tributions and conclusions are drawn in Sections 6 and 7,
respectively.

2. Reverberation Chamber-Based Method

As shown in Figure 1, RC is consisted of a mode stirrer and
several antennas. RC-based method was mainly applied for
EMC measurements to obtain strong radiation fields with
small input power and has a development history over 20
years before being applied to communication performance
testing [13]. From 2000, RCs have been developed into a
powerful tool for communication performance measure-
ment to conduct measurements on radiation performance
of compact antennas and other active mobile terminals due
to its advantages including low cost and no need for moving
the device under test (DUT).

2.1. Antenna Efficiency Measurement. RC-based method is
usually adopted in testing nondirectional indicators of wire-
less equipment such as antenna efficiency which is calculated
in

η = RR
RR + RL

, 1

where RR and RL are the radiation impedance and the
antenna loss impedance, respectively.

In early days, several RC-based methods for testing
antenna efficiency were proposed [14–19]. However, these
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methods suffer from a common drawback that one of the
following requirements must be met:

(1) An antenna with known efficiency is adopted as
reference

(2) The two antennas used in the measurements have
the same radiation characteristics

This poses significant limitations to the widespread
application of RC-based method. To overcome these limita-
tions, many other methods have also been proposed. An
extensively applicate method for measuring antenna effi-
ciency without the requirement of reference antennas was
proposed by Wheeler [20]. However, this method depended
on a continuous conductive surface named “Wheeler Cap”
and requires a new conducting sphere when testing a new
frequency. Therefore, this method is limited for antenna effi-
ciency measurements of electric small-sized antennas.

Azremi et al. [21] validated through experimental mea-
surements for the first time that RCs could be applied in
testing multipath performance of antennas especially radia-
tion efficiency, and the results showed high comparability
with traditional Wheeler Cap-based method. Different from
Wheeler Cap, a RC-based method for electric big-sized
antennas without the requirement of reference antennas
was proposed by Lee et al. [22] to measure antenna efficiency
which overcame the limitations of Wheeler Cap and could
be applied in wide frequency band. Further, Holloway et al.
[23] proposed three methods to test total efficiency of
unknown antennas including single-antenna-, double-
antenna-, and triple-antenna-based methods which over-
came the drawbacks of above methods. However, these three

methods share a common prerequisite that the loss of AUT
should be much smaller compared with the loss of RC
resulting the inability in efficiency measurements of anten-
nas with low efficiency. Besides, an improved two-antenna-
based method was proposed by Xu et al. to obtain antenna
efficiency in RCs which combined the traditional reference
antenna-based method and the single-antenna-based method
[24]. This method broke restrictions generated by methods
with necessary requirements of reference antennas through
introducing a virtual antenna and could be applied in measur-
ing antennas with arbitrary loss providing possibility of mea-
suring antennas with low efficiency in RCs.

2.2. Radiation Pattern Measurement. However, testing radi-
ation patterns of antennas through RCs is of great difficulty
due to the existence of multipath interference which can be
hardly achieved by data processing through complicate algo-
rithms. There are three methods to test radiation patterns of
antennas in RCs including K-factor-based method, Doppler
frequency-based method, and correlation coefficient-based
method.

2.2.1. K-Factor-Based Method. Fiumara et al. [25] recon-
structed radiation pattern of antennas in free space through
field measurements in RCs for the first time. Further, a sig-
nificant conclusion was confirmed by Lemoine et al. [26]
that measurements of antennas’ directivity in RCs could be
accurately realized through precise estimation of K-factor
on which a new method based on the Rician factor was pro-
posed to reconstruct radiation pattern of radiation device in
RCs. On the basis of [20], Fiumara et al. further explored the
performance of method proposed in [27] in actual environ-
ment and indicated that the performance in actual

Table 1: A comparison between other review papers and this paper.

Methods
Classification

criteria
Including three

methods
Including

comparisons
Discussing probe
configurations

Summarizing probe
selection algorithms

[7] Frequency No No Yes, two kinds No

[8] Testing distance No No No No

[9] Testing distance No No No No

[10] Frequency No Yes Yes, three kinds No

[11] / Only RTS Yes No No

This
paper

Probe configuration Yes Yes Yes, in detail Yes, in detail

Channel
emulator

NodeB
emulator

Return path
Tune Table

Stirrer

DUT

Wall
antennas

Figure 1: Configuration reverberation chamber for 2 × 2 MIMO OTA testing in [1].
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environment was degraded compared with that in ideal
environment, namely, full reverb.

2.2.2. Doppler Frequency-Based Method. García-Fernández
et al. [28] proposed a method to test radiation pattern of
antennas based on plane wave decomposition through
which antennas’ directivity was measured in RCs for the first
time. However, this method has a disadvantage that N trans-
mitting antennas located on AUT’s line of sight are required
and connected to the fixed AUT which contributed greatly
in cost increasing. For the purpose of saving measurement
time and improve efficiency, García-Fernández et al. [29]
carried out only one measurement for each angle under
research to test radiation pattern of antennas which obtained
the same accuracy through much less time.

2.2.3. Correlation Coefficient-Based Method. Xu et al. [30]
proposed a testing method of antennas’ radiation pattern
in RCs based on spherical wave decomposition which repre-
sented the advantages of practicality, economy, and high
efficiency. However, this correlation coefficient-based
method was unable to be applied in RCs with load. To
address this problem, Zheng et al. [31] achieved improve-
ment on traditional technique and adopted a compensation
method through reference antenna to realize the reconfigu-
ration of radiation pattern of AUT in RCs with load. How-
ever, the stirring effect of antennas cannot be ignored in
the implementation of the above method which results in
error occurrence when applied in small RCs. Corresponding
solution is to utilize the method in large RCs which shows
superiority compared with traditional method.

Different from the method adopted in [28, 30], Puls et al.
[32] simplified the objective problem through averaging
scattering parameter data of uncorrelated propeller position
which showed the same testing results with that obtained in
anechoic chamber by antenna manufacturers. The results in
[32] represent the advantages of RC-based method of sim-
plicity and economy when applied in measurements of
antennas’ directivity.

3. Radiated Two-Stage Method

Fundamental configuration of RTS method is shown in
Figure 2. The basic procedures of RTS method are to measure
MIMO radiation pattern of DUT first, and after that, the con-
volution between the radiation pattern of DUT and the selected
MIMO OTA channel model is conducted. OTA testing
methods based on RCs achieve reducing cost which could only
simulate limited characteristics of channel models. However,
accurate modeling of 3-D multipath can be achieved through
RTS method with only one SISO anechoic chamber which
improves testing flexibility together with much lower cost.

Traditional two-stage method represents an obvious dis-
advantage that self-interference of the DUT is neglected in
throughput testing due to the cable connection with DUT.
To address this problem, Yu et al. [34] proposed RTS
method which tests throughput through OTA radiation
overcoming drawbacks of traditional two-stage method
together with retaining its advantages whose channel models

represent high flexibility and accuracy. An analysis was con-
ducted by Jing et al. [35] to discriminate the applicability of
RTS in 4Rx MIMO OTA testing and 5G NR FR1 radiation
performance testing on which a significant conclusion was
obtained that RTS method showed scalability from 2Rx to
4Rx on UE MIMO OTA testing at sub-6GHz. Besides,
RTS method can be also applied in radiation performance
testing in multichannel. With the development of communi-
cation techniques, RTS method is the unified method for
conducting OTA testing at FR1 according to applicable stan-
dards and two dual-polarized probes located at different
positions are required to perform 4 × 4 MIMO OTA testing
as shown in Figure 2.

However, current report on uncertainty analysis is
extremely limited which shows great importance on evaluat-
ing the accuracy of testing results and developing error elim-
ination methods. To solve this problem, a mathematical
model was established by Shen et al. [36] regarding the
reporting error in testing system which introduced error fac-
tors. An uncertainty analysis was conducted on the basis of
the above model on MIMO throughput measurements
obtained through RTS method. Report error in radiation
pattern measurements of UEs was evaporated from testing
throughput signals’ generation and downlink power compu-
tation which enhanced accuracy and consistency of RTS and
contributes to further research on 5G OTA testing.

4. Multiprobe Anechoic Chamber-
Based Method

OTA testing becomes preferred alternative of 5G MIMO
testing and future emerging systems due to its ability of
reproducing real channel scenarios in limited environment
of the laboratory avoiding the need of modification and con-
nection on DUT. Key issue of MIMO OTA performance
testing lies in reconstructing spatial characteristics of real
channel models on which MPAC configuration is proposed.
The main challenges of MPAC-based method lie in the high
complexity of the measurement configuration and the high
cost of the testing system which is mainly produced by the
high cost of multiport channel emulators. MPAC-based
method is adopted as the reference method of FR OTA testing
in which 2-D MPAC system employing 16 dual-polarized
probes equally spaced is applied in OTA testing at FR1 as
shown in Figure 3. On the contrast, 3-DMPAC-basedmethod
with 6 dual-polarized probes is adopted as the standard
method for OTA testing at FR2 as shown in Figure 4 [1].

According to field range of spatial sampling area, OTA
testing systems for antenna performance testing in anechoic
chambers can be classified into three types including reactive
near field, radiated near field, and far field. Among them,
near-field method adopts measurements in radiation near-
field range of DUT and then obtains the radiation pattern
by adopting near-field to far-field transform algorithms
which requires the smallest range of measurement area.
However, sampling of amplitude and phase on the surface
surrounding the DUT is demanded among which phase
sampling is of great difficulty in practical operation. In addi-
tion, coupling between probes and DUT is almost unable to
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compensate because the sampling distance is far too close.
Based on the above problem, Kyösti et al. [4] proposed two
kinds of channel simulation technologies including prefaded
signal synthesis (PFS) and plane wave synthesis (PWS)
among which PFS is widely applied in OTA testing. PWS
and PFS are both able to simulate arbitrary target channel
model, and the main distinction between them lies in that
probes in PFS are real-weighted yet probes in PWS are
complex-weighted. Therefore, PWS is relatively more com-
plex due to its requirements of both power calibration and
phase calibration. On the contrary, PFS requires only phase
calibration.

Each probe in anechoic chamber is directly connected to
output ports of the channel emulator to imitate real commu-
nication channels, and the expensive channel emulators are
the main cost sources of MIMO OTA testing. Adopting an
increase in the number of sampling probes can enhance

the testing accuracy, yet the testing cost is greatly improved
simultaneously. Compromise between testing accuracy and
testing cost is the main problem that industry and academic
circle are concerned about currently. The simulation accu-
racy of spatial correlation depends on the distribution of
probes [37]. In early days, contribution on channel simula-
tion technologies is mainly focused on fixed probe configu-
ration and the goal is to seek out the optimal weight of
each probe. However, both the weight and the location are
required to be optimized in practical test. Therefore, the
main research direction and challenge are to reconstruct real
channels at high accuracy with fewer probes. Currently,
there are three categories of probe selection algorithms
including iterative algorithms, spatial angle mapping algo-
rithms, and heuristic algorithms. A systematic exposition
on probe selection algorithms will be conducted according
to different MPAC configurations in this section.

Channel
emulator

Base station
emulator

Anechoic chamber

Dual-polarized
probe antenna

Communication
antenna

Downlink

Uplink

DUT

Figure 2: Fundamental configuration of RTS system [33] for MIMO OTA testing at FR1.

Channel model
emulator

Base station
simulator

Test zone with
20 cm diameter 

Amplifers

Figure 3: Fundamental configuration of MPAC system [33] for MIMO OTA testing at FR1.

Channel
model

emulator

Base station
simulator

Test zone with 20 cm
diameter 

Sector with 6 probes at fxed min. radius
from centre of test zone of 0.75 m

To probes Z

Radio head

Radio head

Figure 4: MPAC system configuration [33] for MIMO OTA testing at FR2.
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4.1. Spatial Correlation. Channel spatial correlation is
adopted as the indicator to estimate the accuracy of the sim-
ulated channel model in PFS. A position pair composed of
two isotropic probes m and n is employed to describe fea-
tures of the two sampling points where the probes are placed
[36]. The space correlation of the objective channel model is
calculated in

ρ = exp jk r m − r n ⋅Ω P Ω dΩ, 2

where k is the wave number, r m and r n are position vectors

of sampling probes m and n, Ω is the unit vector of the solid
angle Ω, and P Ω is the spherical power spectrum which
satisfies the equation P Ω dΩ = 1. The space correlation
of the simulated model is calculated in

ρ = 〠
L

l=1
wl exp jk r i − r j ⋅Φl 3

Minimum sum reconstruction error is taken as the
objective function in most of the current research which is
calculated in

min
w

ρ w − ρ 2
2, 4

where w = w1,⋯,wL is the power vector composed of
power weights of all probes which satisfies the equation 0
≤wl ≤ 1. Therefore, the root mean square error (RMSE) of
the simulated channel accuracy is calculated in

RMSE = 1
N0

〠
N0

n

ρ m − ρ m 2, 5

where N0 is the number of sampling location pairs and ρ m
and ρ m are target space correlation and simulated space
correlation of the mth position pair, respectively. Besides,
maximum error is adopted by researchers to evaluate the
simulated accuracy.

Channel models and probe configurations mentioned in
this paper are shown in Tables 2 and 3, respectively.

4.2. Probe Selection Algorithms

4.2.1. 2-D MPAC Configuration. The setup of MPAC OTA
testing was first described by Kyösti et al. including a fading
emulator, an anechoic chamber, and a set number of sam-
pling probes [38] as shown in Figure 5. Probes are uniformly
distributed on a horizontal plane around the DUT in 2-D
MPAC configuration. Testing signals are generated by a BS
simulator and then fed to a multichannel fading emulator.
A multipath environment is created by the channel emulator
including path delay, Doppler propagation, and fast fading.

In 2-D MPAC configuration, clarifying the number of
probes has great significance due to the fact that the testing
cost is proportional to the number of probes. The distance

between probes was analyzed by Imai et al. according to spa-
tial correlation of received signals obtaining a certain num-
ber of probes [39]. A MIMO OTA system with 4, 8, and
16 probes around the measurement area was studied by Lai-
tinen et al. [40] on the basis of which a conclusion was
obtained that the number of probes in a MPAC testing could
be calculated in equation (2).

K = 2 πD
λ

+ 1, 6

where the square bracket indicates rounding the number in
the bracket to its nearest integer and D is the diameter of
the measurement area in Figure 5.

Two algorithms were proposed to determine the weight
and angle position of each probe under flexible configura-
tion including genetic algorithm (GA) and multishot algo-
rithm [41]. Channel models adopted in [41] included
single-cluster channel model (C1), SCME Umi TDL channel
model (C18), and SCME Uma TDL channel model (C19) [1]
as shown in Table 2. Three probes were selected to realize a
measurement area of 1λ for C1 with the maximum spatial
correlation error of 0.14 and 0.3 through GA and multishot,
respectively. Eight probes were selected to realize a measure-
ment area of 1.5λ for C18 with the maximum spatial corre-
lation error of 0.12 by multishot which showed better
performance than GA. On the contrary, 8 probes were
selected to realize a measurement area of 1.5λ for C19 with
the maximum spatial correlation error of 0.25 by GA which
showed better performance than multishot.

Selective distribution probe algorithm (SDPA) was pro-
posed by Fan et al. and validated through a MPAC system
in Academy of Broadcasting Planning [42]. Four probes
were selected to realize a measurement area of 0.7λ by SDPA
which showed the same accuracy compared with 8-probe
configuration indicating that half resource of probes was
saved.

A flexible probe configuration based on particle swarm
optimization was proposed by Wang et al. to decrease the
number of probes which accurately reconstructed the spatial
correlation of the base station [43]. Four probes were
selected to reconstruct the space correlation with the maxi-
mum spatial correlation error of 0.029 when the DUT is
an antenna array of 8 × 8. Besides, 8 probes were selected
to reconstruct the space correlation with the maximum spa-
tial correlation error of 0.03 when the DUT is an antenna
array of 16 × 16.

Two probe selection algorithms were proposed by Fan
et al. based on 2-D sectorized MPAC configuration for base
station testing including discrete particle swarm optimiza-
tion (DPSO) and multiple iteration algorithm [42]. 2-D sec-
torized configuration P1 and channel model C18 were
selected to evaluate the effect of the above two algorithms.
The channel model was the same with that in [41], and a
comparison between them is conducted in Table 4.

Previous sectorized MPAC configuration was mostly
combined with spatial channel model extensions to carry
out probe selection which was not suitable for 5G OTA
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testing. A 2-D MPAC sectorized configuration with 16
probes uniformly distributed was proposed by Yu et al. for
the first time to validate the practicality of sectorized config-
uration in sub-6GHz OTA testing [12]. Besides, an intelli-
gent cuckoo search algorithm was introduced to optimize
the probe selection process which selected 4, 6, and 3 probes
for channel models CDL-A, CDL-C, and CDL-D from total
number 14, 14, and 19 probes, respectively, under the condi-
tion that the maximum RMS < 0 1.

Similarly, Yang et al. came up with a probe selection
algorithm based on standard beam filtering characteristics
[44] and validated it through 5G channel models as [12]

took. Under the same condition of RMSE < 0 1, the algo-
rithm adopted in [44] selected 14 probes from total 16
probes which decreased the total cost by 1/8. A comparison
between the methods adopted in [12, 44] is shown in Table 5
since they chose the same channel models to evaluate the
performance. The difference lies in that the researcher in
[44] took two different scenarios to evaluate the perfor-
mance of the algorithm.

4.2.2. 3-D MPAC Configuration. The main advantage of
massive MIMO is the antenna array with controllable beam
which demands accurate 3-D characterization of channel

Table 2: Channel models adopted in referenced articles.

Channel model PAS PES Comment Paper no.

C1
AoA = 22 5°
AS = 35° / Single Laplacian-shaped spatial cluster 40

C2
AoA = 0°
ASA = 35°

EoA = 0°
ESA = 10° Single Laplacian-shaped spatial cluster 48, 50, 53, 60

C3
AoA = 15°
ASA = 35°

EoA = 15°
ESA = 10° Single Gaussian-shaped spatial cluster 48, 50, 53

C4 Uniform
EoA = 0°
ESA = 10° Uniform-shaped PAS and Laplacian-shaped PES 48, 52

C5
AoA = 2 7°
ASA = 3°

ZoA = 106 9°
ZSA = 3°

Single Gaussian-shaped spatial cluster 51

C6
AoA = 22 4°
ASA = 10°

ZoA = 112 9°
ZSA = 8°

C7
AoA = 3 2°
ASA = 15°

ZoA = 105 2°
ZSA = 7°

C8
AoA = −5 5°
ASA = 20°

ZoA = 78 33°
ZSA = 8°

C9
AoA = 22 0°
ASA = 24°

ZoA = 84 6°
ZSA = 10°

C10
AoA = 26 5°
ASA = 30°

ZoA = 107 4°
ZSA = 15°

C11
AoA = 15°
ASA = 35°

EoA = 0°
ESA = 10° Single Laplacian-shaped spatial cluster 52

C12
AoA = −3 2°
ASA = 2°

ZoA = 96 2°
ZSA = 3°

Single Gaussian-shaped spatial cluster 59

C13
AoA = −30°
ASA = 11°

ZoA = 73 4°
ZSA = 7°

C14
AoA = 26 4°
ASA = 15°

ZoA = 109 1°
ZSA = 8°

C15
AoA = 37 8°
ASA = 20°

ZoA = 115 4°
ZSA = 10°

C16
AoA = 9 7°
ASA = 25°

ZoA = 93 4°
ZSA = 15°

C17
AoA = −10 7°
ASA = 30°

ZoA = 87 5°
ZSA = 15°

C18 SCME Umi TDL

C19 SCME Uma TDL

C20 Multicluster channel model proposed in [12] 48

C21 Multicluster channel model proposed in [4] 52
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model especially the power azimuth spectrum (PAS) for the
beamforming [62]. High testing accuracy is obtained
through increasing the number of the probes in MPAC
OTA testing which will greatly improve the testing cost in
3-D MPAC configuration as shown in Figure 6. Therefore,
how to pick out a certain number of probes from massive
available probes to perform testing with high accuracy at
low cost is the most concerning problem currently.

There are two indicators to perform evaluation of probe
configuration [46] including related precision measurement
and comprehensive error which represent the same results

of the diameter of the measurement area and can be applied
to evaluate the effect of probe configuration under arbitrary
channel model and measurement area diameter.

Fan et al. proposed three algorithms under arbitrary
probe configuration for PFS and PWS including brute force
algorithm (BFA), multishot algorithm, and successive probe
cancellation (SPC) algorithm [47] which relied on the con-
vex optimization framework proposed in [48]. Two probe
configurations including P4 and P5 and a channel emulator
with 16 output ports were adopted to estimate the perfor-
mance of the above three algorithms which realized a mea-
surement area of 1λ. The channel emulator with 16 output
ports meant that 16 probes would be selected from total 48
probes to reconstruct the channel model. The computation
will become enormous when BFA is adopted to select probes
from a large number of probes since BFA traverses all possi-
ble probe combinations to find the optimal one which makes
the error of space correlation smallest. Several probes with
smallest contribution will be deleted in each shot when mul-
tishot algorithm is adopted to select probes which reduces
overall computation compared with BFA. On the contrast,
probes with the greatest contribution will be selected by suc-
cessive interference cancellation technique which is widely
applied in wireless communication when SPC is adopted to
select probes. A comparison between methods adopted in
[41, 47, 49] is conducted in Table 6 since these methods
adopted either same channel models or same probe configu-
rations to evaluate the performance.

A flexible 3-D probe configuration method based on
genetic algorithm (GA) was proposed by Gao et al. in which
the location of each probe was flexible [49]. Two channel
models including C2 and C3 were adopted to validate the
performance of the method which selected 7 probes from
total 16 probes to reconstruct the space correlation of the
channel model. The results showed better performance com-
pared with 3-D fixed probe configurations in [50–52].

Two probe selection algorithms were proposed by Yang
et al. including decremental selection algorithm (DSA) and
selection algorithm based on alternating search (SAAS)
which chose 10 and 9 probes for the chosen channel models,
respectively. Besides, the performance of SAAS was better
than that of DSA for the three chosen channel models.

In response to the problems of traditional algorithms in
[47] including time-consuming and insufficient accuracy, a
memetic algorithm- (MA-) based probe selection approach
was proposed by Wang et al. which selected fewer probes
with higher accuracy [53]. Two channel models including
C2 and C3 and four probe configurations including P2, P3,
P5, and P7 were adopted to validate the performance of
the above MA-based method. A performance comparison
between the methods in [53, 54] is made in Table 7. How-
ever, the method should be further applied into 5G channel
models and future channel models possessing more complex
characteristics which will greatly improve the application of
MPAC-based OTA testing method.

A new MPAC testing system based on switch matrix and
a fast selection algorithm for 3-D probe configuration was
constructed by Guo et al. [55] which implemented multi-
plexing of different MIMO OTA testing systems including

Table 3: Probe configurations of the referenced articles.

Case Probe configuration Paper no.

P1
Boresight direction = 0°, azimuth angle ∈

−60°, 60°
N = 24 probes uniformly distributed

42

P2
θ = −90° 90°, φ = 0

θ = −45° 45°, φ = 23 74° 125° 177° 228° 280° 331°
θ = 0°, φ = 0° 45° 90° 135° 180° 225° 270° 315°

46

P3
θ1 = −30°, ϕ1i = −90° + i ⋅ 90°, i ∈ 1, 4
θ2 = 0°, ϕ2i = −45° + i ⋅ 45°, i ∈ 1, 8

θ1 = 30°, ϕ3i = −67 5° + i ⋅ 90°, i ∈ 1, 4

P4

θ1 = 30°, ϕ1j = −180° + i ⋅ 30°, i ∈ 1, 12
θ2 = −30°, ϕ2j = −180° + i ⋅ 15°, i ∈ 1, 24
θ3 = −30°, ϕ3j = −180° + i ⋅ 30°, i ∈ 1, 12

48

P5

θ1 = 45°, ϕ1j = −180° + i ⋅ 45°, i ∈ 1, 8
θ2 = 10°, ϕ1j = −180° + i ⋅ 22 5°, i ∈ 1, 16
θ3 = −10°, ϕ1j = −180° + i ⋅ 22 5°, i ∈ 1, 16
θ1 = −45°, ϕ1j = −180° + i ⋅ 45°, i ∈ 1, 8

48, 53

P6

θ1 = 18°, ϕ1j = −180° + i ⋅ 30°, i ∈ 1, 12
θ2 = −30°, ϕ2j = −180° + i ⋅ 15°, i ∈ 1, 24
θ3 = −18°, ϕ3j = −180° + i ⋅ 30°, i ∈ 1, 12

52

P7

θ1 = 30°, ϕ1j = −180° + i ⋅ 45°, i ∈ 1, 8
θ2 = 0°, ϕ1j = −180° + i ⋅ 11 25°, i ∈ 1, 32
θ3 = −30°, ϕ3j = −180° + i ⋅ 45°, i ∈ 1, 8

53

P8

θ1 = 30°, ϕ1j = −180° + i ⋅ 90°, i ∈ 0, 3
θ2 = 0°, ϕ2j = −180° + i ⋅ 11 25°, i ∈ 0, 31
θ3 = −30°, ϕ3j = −180° + i ⋅ 90°, i ∈ 0, 3 60

P9
θ1 = 45°, ϕ1j = −180° + i ⋅ 45°, i ∈ 0, 7
θ2 = 0°, ϕ2j = −180° + i ⋅ 22 5°, i ∈ 0, 15

P10
Coverage of vertical direction: 60°

Coverage of horizontal direction: 120°

Interval between adjacent probes: 10°
51, 59

P11
Coverage of vertical direction: 60°

Coverage of horizontal direction: 120°

Spacing between adjacent probes: 5°

P12

Coverage of vertical direction: −21°, 21°
Coverage of horizontal direction: −60°, 60°

Interval between adjacent rows: 3°

Interval between adjacent columns: 6°
57

P13
Coverage of vertical direction: −30°, 30°

Coverage of horizontal direction: −90°, 90°
Interval between adjacent probes: 5°

60
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2-D, 3-D, 3-D simplified, and 2-unit MPAC systems. This
composite system satisfies requirements of multifunctional
MIMO OTA testing which save at most 3/4 port resource
with high accuracy.

4.2.3. 3-D Sectorized MPAC Configuration. Lengths of 5G
BSs are about 1m resulting in the distance of far field
exceeding 30m which cannot be directly tested in anechoic
chamber. At the same time, massive MIMO techniques are
adopted in BSs of 5G systems to enhance spectral efficiency
and coverage resulting in the requirement of enormous
channel emulators in OTA testing which poses huge chal-
lenges to the performance testing of BSs due to its high cost.
To address the above problem, Kyösti et al. proposed a 3-D
sectorized MPAC system as shown in Figure 7 [58] in which
the distances between each probe and the center of the mea-
surement area are the same. The space of the anechoic is
fully utilized which contributes a lot to reduce the cost of
OTA testing.

A disadvantage of multishot algorithm is that recalcula-
tion of power weights is repeatedly conducted through con-
vex optimization after the probe set candidate is renewed
resulting in abundant of useless calculations. For the pur-
pose of improving the efficiency of calculation, a method

based on neural network was proposed by Li et al. to obtain
the angle location and weight of probes which adopted reg-
ularization technique realizing optimization through only
one training process [59]. Two probe configurations includ-
ing P10 and P11 and three kinds of channel models were
employed to estimate the performance of the method as
shown in Table 8. It is worth mentioning that neural net-
work was introduced to OTA testing for the first time in this
paper which greatly improved the calculating efficiency and
overcame the drawback of multishot algorithm in [47]. Sim-
ilarly, artificial bee colony algorithm (ABCA) was intro-
duced into MPAC OTA testing for probe selection by
Zhang et al. [60] which performed better performance com-
pared with multishot algorithm in [47]. Different from other
algorithms, this paper conducted link level simulation to
evaluate the downlink throughput of two CDL channel
models.

A probe selection algorithm named forward allocation
based on orthogonal matching pursuit (OMP) was proposed
by Wang et al. to conduct OTA testing for 5G massive
MIMO BSs [61]. It is worth mentioning that an equipment
rotation scheme was proposed to coordinate with the algo-
rithm which represented better performance compared with
other algorithms for BSs. Similarly, OMP was also adopted
by Sun et al. to obtain the location and the power weight
of probes on the basis of compressed sensing theory [45].
Six single-cluster channel models and three multicluster
channel models with two probe configurations were
employed to evaluate the performance of the algorithm as
shown in Table 6 which showed better performance com-
pared with multishot algorithm.

In response to the problems including sensitivity to ini-
tialization and instability of results of traditional heuristic

Channel
model

emulator

Base station
simulator Amplifers DUT

Figure 5: 2-D MPAC test setup of OTA testing in [38].

Table 4: Comparisons between algorithms in [41, 42].

No. Channel model Algorithm Probe setup ρ − ρ
Cluster number

1 2 3 4 5 6

40 C18

GA

8 probes flexible

MAX 0.17 0.20 0.65 0.24 0.21 0.18

RMS 0.05 0.06 0.35 0.07 0.06 0.05

Multishot
MAX 0.16 0.09 0.44 0.09 0.10 0.15

RMS 0.07 0.05 0.25 0.05 0.05 0.07

42 C18

DPSO

8 probes P1

MAX 0.22 0.30 0.07 0.20 0.22 0.10

RMS 0.18 0.25 0.05 0.17 0.17 0.07

Multi-iteration
MAX 0.23 0.12 0.32 0.20 0.22 0.08

RMS 0.19 0.09 0.26 0.16 0.19 0.07

Table 5: A comparison between algorithms evaluated with 5G
channel models.

No. Scenario
Number of probes under different channel

models
CLD-A CLD-B CLD-C CLD-D CLD-E

43 / 4 / 6 3 /

44
UMa 12 14 12 8 8

UMi 8 10 8 6 6
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algorithms including GA [41], PSO [43], ABC [60], and MA
[53], a probe selection algorithm based on differential evolu-
tion (DE) was proposed by Wang et al. [56] to reconstruct
the characteristics of channel models with high accuracy.
Three probe configurations including P8, P9, and P13 and
two channel models were adopted to estimate the perfor-
mance of the proposed algorithm. A comparison between
the method in [45] and other methods is made in Table 6
since they all adopted RMSE as the indicator to evaluate
the effectiveness of the methods.

However, 3-D configuration is not recommended as the
testing scheme at the beginning of MPAC OTA testing due
to its high complexity [62]. Therefore, 3-D configuration
MPAC OTA testing is a significant direction of research
and possessing great prospects. In this section, common
probe configurations including 2-D, 3-D, and 3-D sectorized
with corresponding probe selection algorithms under vari-
ous channel models are summarized. Next, probe design
for MPAC OTA testing in recent years will be introduced.

4.2.4. Characterization of Probes in Chambers. The number
and configuration of probes are important testing parame-
ters in the anechoic chamber-based OTA testing method
which create a significant impact on measurement accuracy
and efficiency. In addition, massive MIMO antenna arrays
have been widely adopted in OTA testing including PWGs
and reflectarrays which both contain a number of antenna
elements. Each array element in the above probes contains
specific information which will produce a corresponding
and nonnegligible impact on the final performance. There-
fore, it is of great significance to accurately characterize each
array element and evaluate the information contained in
each element to identify malfunctioned elements in ensuring
the accuracy of the total information to be conveyed. In
recent years, multisine signal waveforms have been widely
used for this nonlinear characterization, and the multisine
method has been proposed in [63].

The waveform signal of multisine is defined as equation
(7) in this method as follows [64]. One option is to provide
different sine waves for each antenna array unit, and the
entire integrated waveform will present as a complete

Channel emulatorK

BS simulator

Unselected probe
Selected probe

Probe
selection
algorithm

Anechoic chamber

DUT

Figure 6: 3-D MPAC OTA testing setup in [45].

Table 6: Comparisons between algorithms in [39, 47, 49].

No.
Channel
model

Algorithm Probe setup ρ − ρ

40 C1
GA

3 probes flexible MAX
0.15

Multishot 0.3

50

C2

GA 7 probes flexible

MAX 0.0377

RMS 0.0165

C3
MAX 0.0335

RMS 0.0127

48

C2

One shot
P4

MAX

0.031

P5 0.06

Multishot
P4 0.03

P5 0.057

SPC
P4 0.031

P5 0.06

C3

One shot
P4 0.281

P5 0.16

Multishot
P4 0.28

P5 0.16

SPC
P4 0.281

P5 0.16

C4

One shot
P4 0.029

P5 0.061

Multishot
P4 0.029

P5 0.036

SPC
P4 0.029

P5 0.061

C20

One shot
P4 0.024

P5 0.023

Multishot
P4 0.023

P5 0.02

SPC
P4 0.024

P5 0.023
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multisine. However, an obvious drawback arises in this case.
The beamforming network will in turn excite each antenna
unit with different signal waveforms resulting in affecting
the beamforming ability of the array.

x t =〠
i

Ai cos ωit + θi 7

To overcome this limitation, an alternative is to adopt a
multisine signal with a common frequency for each array
unit and then apply a tick tone with different frequencies
to each element on the basis of common frequency. The
equation of this method is shown in the following equation
[63]:

x t =〠
i

Ai cos ω0 + Δωi t + θi , 8

where ω0 is the common frequency also known as main tone
and Δωi is tickle tone. The authors in [63] demonstrated the
specific implementation of the scheme of feeding multisine
signals to each antenna array element to detect malfunc-
tioned ones. Furthermore, Jordão et al. [65] validated the
characterization of traditional array antennas adopting the
multisine method, demonstrating its effectiveness in charac-
terizing antenna arrays.

The traditional multisine method is usually adopted to
characterize array antennas to identify malfunctioned ele-
ments in the array which is seen as “forward identification.”
Inspired by this, Jordão et al. [66] adopted the multisine
method to perform beamforming calibration of array anten-
nas. The main tone of all elements operates at the common
frequency while the tick tone of each element operates at dif-
ferent frequencies to obtain phase information. Five different
MIMO antennas were adopted to verify the effectiveness of
the multi-sine-based calibration method.

4.3. Traditional Probe Design for OTA Testing. Probes play a
key role in MPAC OTA testing for the reason that its ripple
in quiet zone will cause testing error which can be solved
through improving probes’ absorption. Designs and configu-
rations are the most concerning problems in MPAC OTA
testing. Since probe configuration was discussed in detail in
the last section, we will focus on the design of probes in this
section. Horns and Vivaldi antennas are the most commonly
used probes for OTA testing.

Quadruple-ridged horn (QRH) antennas are the tradi-
tional schemes for OTA testing due to its excellent perfor-
mance including wide frequency band and dual polarization.
An inverted QRH was proposed for OTA testing with high
isolation and low reflection coefficient [67]. It is worth
mentioning that it realized one-decade bandwidth with bal-
anced feeding for the first time in recent years. A phased
array which adopted horns as elements was proposed by
Zhang et al. which showed good performance including
high efficiency [62].

Two major parameters of MPAC configuration are the
number of sampling probes and the distance between the
probes and DUT since they determine the measurement cost
of OTA testing [7]. Probes with small sizes are necessary
requirements in 5G OTA near-field testing for the purpose
of improving sampling resolution and reducing coupling
between probes [68]. However, dual-polarized QRHs are
no more suitable to be applied in 5G OTA testing owing to
its disadvantages including large volumes, high cost, and
high reflections. On the contrast, tapered slot antennas
(TSAs) are causing widespread attention in 5G OTA testing
recently due to its outstanding advantages including ultrawi-
deband, symmetrical radiation pattern, moderate gain, low
cross-polarization, high plasticity, and easy manufacturing.

A full-wave analysis was conducted on the distribution
of electromagnetic fields of antennas with various slots con-
cluding that double-side TSAs represented the best perfor-
mance including the widest frequency bandwidth and the
lowest cross-polarization among the total 6 traditional TSAs
[69]. On this basis, a dual-polarized double-side TSA was
proposed by the researcher in [70] to be applied in EMC

Table 7: A comparison of results in [45, 53, 54, 56].

No. Algorithm
Channel
model

Probe
setup

Number of
probes

RMSE

52

DSA

C4

P6

10

0.05

C11

C21

SAAS

C4

9C11

C21

53 MA

C2

P5 9 0.0189

P7 7 0.0352

P3 16 0.0434

P2 24 0.0408

C3

P5 7 0.1296

P7 8 0.0848

P3 16 0.1817

P2 24 0.1094

59 OMP

C12

P10 8

0.0023

C13 0.0642

C14 0.0864

C15 0.1091

C16 0.1279

C17 0.1431

CDL-A in
[57]

P11 16

0.0009

CDL-B in
[57]

0.0189

CDL-C in
[57]

0.0069

60 DE

C2

P8

16

0.0225

P9 0.0483

P13 0.0214

CLD-B in
[57]

P8 0.2159

P9 0.2300

P13 0.2254
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testing which greatly improved the performance of tradi-
tional Vivaldi antennas on working bandwidth and the main
beam making it become the excellent candidate of OTA test-
ing probes.

However, the realization of excellent performance of
Vivaldi antennas at low frequency demands big sizes of
antennas [71, 72] which limits its application in 5G OTA
testing. Therefore, simultaneously reducing the antenna size
and improving the performance at low frequency is the most
challenging problem at present.

A wideband dual-polarized Vivaldi antenna was pro-
posed by Sonkki et al. for the purpose of satisfying various
wireless standards in MIMO OTA testing systems [73].
However, the results of cross-polarization discrimination
were not good enough to a certain extent which could be
improved in the future.

A dual-polarized TSA with absorber integrated was pro-
posed by Wu et al. for the application of anechoic chamber
OTA testing [74]. The reduction in radar cross section
(RCS) was realized through combining the antenna with
the absorber which achieved a 10.9 dB reduction on mono-
stable RCS. It is worth mentioning that this is the first design
which applied RCS reduction to OTA testing probes provid-
ing guidance for the future research work.

Similarly, a dual-polarized probe consisting of two
crossed-placed Vivaldi antennas was proposed by Qiao
et al. for OTA testing [75]. There are two highlights in the
design of this antenna. Firstly, a rotational symmetry
radome in 3-D printing was adopted to address the problem

of difficult processing due to the low elastic modulus of the
dielectric materials. Besides, microwave-absorbing materials
with optimized locations were adopted to further reduce the
RCS and the size of the antenna.

The designs in [69, 75] are the most representative
antennas for OTA testing in recent years. It is found that
the compact size and the performance at low frequency are
difficult to be balanced combining the performance of these
two antennas. Therefore, designing of antennas with com-
pact size, wide bandwidth, low RCS, and excellent perfor-
mance at low frequency is the challenge OTA testing is
facing and the most promising direction of research.

OTA testing plays a significant role in estimating the
radiation performance and the link performance of wireless
communication systems especially 5G communication sys-
tems. However, multiple reflections between probes are the
main factors which restrict the enhancement of performance
in quiet zone. Probes with low RCS become the most con-
cerning designs to improve the testing performance through
suppressing multiple reflections between probes. Traditional
methods for reducing RCS can be divided into two types
including scattering and absorbing [76], the former includes
shaping and metasurfaces, and the latter includes radar
absorbing materials and absorptive metasurfaces. However,
the performance of probes will be harmed if the above
methods are adopted directly to the designing process.
Therefore, designing of compact probes with excellent radi-
ation performance and low RCS is the most concerning
direction in the future research.

4.4. Emerging Probe Design for OTA Testing. Current
research on PFS is mainly focused on the design of plane
wave generators (PWGs). As the name implies, far-field
range means that the DUT is placed in the far field of the
probes where radiation patterns of DUTs can be directly
measured. The testing distance becomes very large of direct
far field due to the characteristics of 5G antennas including
big size and high working frequency. Therefore, two
schemes are under research to reduce the testing distance
including compact antenna test range (CATR) and plane
wave generators. For the first scheme, a reflectarray antenna
is located in the CATR system [77–79] to provide a far-field
environment in its near field. However, reflectarray antennas
become extremely expensive due to the big size of DUT
including BSs. For the second scheme, a PWG is a special

UE
emulators

Fading
emulator

Anechoic chamber

Distance R

OTA probes

DUT

Switch

Figure 7: 3-D sectorized configuration [49] for MPAC OTA testing.

Table 8: A comparison of results in [46].

No. Channel model Probe setup Number of probes RMSD

51

C5

P10 8

0.0227

C6 0.0795

C7 0.0642

C8 0.0455

C9 0.0810

C10 0.1084

CDL-A in [57]

P11 16

0.0347

CDL-B in [57] 0.0669

CDL-C in [57] 0.0251
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kind of antenna array which generates uniform plane wave
within its near field. A far-field environment can be gener-
ated through allocating proper complex weight to each
element of the array. However, current designing of PWGs
is mainly theoretical research which has not applied into
practical OTA testing. Research progress of the above two
schemes will be conducted next.

4.4.1. Reflectarray Antennas for CATR. Complex-feeding
networks to apply excitation to array elements are require-
ments which must be satisfied during the designing process
of PWGs. To address this problem, reflectarray antennas
are proposed to generate uniform plane wave. The far-field
radiation pattern can be tested directly through adopting
several reflectarray antennas in a closed environment to imi-
tate the open range.

A quick method of plane wave synthesis was proposed
byWu et al. avoiding tedious calculations through embedding
fast Fourier transform and fast inverse Fourier transform into
Intersection Approach [77]. A model of reflectarray for calcu-
lating near field was proposed by Prado et al. to improve the
performance of QZ [78]. Theories of CATR based on reflectar-
ray were proposed by Granet et al. which was validated
through a design of square reflectarray realizing a QZ bigger
than 45% of the reflectarray size [79].

All the above research are theoretical. A practical exper-
imental archetype was represented in [80] for the first time.
The design in [78] realized a QZ with acceptable perfor-
mance. However, the phase deviation obtained along the
surface of the reflectarray was far too high to be applied. A
compact reflectarray based on units composed of three par-
allel dipoles was proposed by Vaquero et al. for 5G devices in
which a radiation near-field comprehensive technique
employing amplitude and phase constraints was imple-
mented [80]. A QZ of 100 × 100 × 150mm3 at 28GHz was
realized which satisfied the theoretical specifications.

However, the design in [80] is only suitable for single lin-
ear polarization. To address this problem, a single layer dual
polarization reflectarray antenna was proposed by Vaquero
et al. for OTA testing of 5G new radio devices in CATR sys-
tem [81]. The plane wave generated by this reflectarray per-
formed similar performance in the whole frequency band
which could be applied as the low-cost testing probe in
CATR system. A performance comparison of the probes
above is shown in Table 9.

4.4.2. Complex-Feeding PWG. Similar to CATR, PWG also
possesses the ability to directly test the far-field performance
of DUT in scenes with limited space and the testing config-
uration is shown in Figure 8. However, the size of much
smaller and the distance to the DUT are much shorter of
PWG compared to CATR with equivalent testing capability
especially at low frequencies. Besides, electronic phase steer-
ing realized through large PWGs costs less time compared to
the mechanical steering of DUT.

Systematic research on PWG was conducted by Bucci
et al. which provided references for PWG designing param-
eters including size, shape, and number of radiation units
[82]. In addition, unified indicators for evaluating perfor-

mance of PWG were also provided. A method of plane wave
synthesis through antenna array was proposed by Sun et al.
for OTA testing of 5G BSs which adopted genetic algorithm
to optimize the amplitude and the phase of each element
generating plane wave in near field [83].

Designs of PWG in early days mainly focused on nar-
rowband and single polarization. However, concepts of
dual-polarized PWGs with excellent performance at 5G
NR FR1 were proposed. A dual-polarized PWG with broad
band (0.6-6GHz) was designed by Scattone et al. for the first
time [84] which represented excellent performance. Besides,
feasibility of testing antennas with low gain through PWG
was validated by Scattone et al. [85], and the results were
compared to the referenced values obtained in spherical
near-field system taking the first step in obtaining the mea-
surement accuracy of PWG systems.

Further, a 16 × 16 PWG was designed by Zhang et al. for
OTA testing of 5G sub-6GHz BSs which performed great
performance including high robustness, simplicity, and low
cost [86]. Several measures were employed in this design to
solve the problems traditional PWG designing was facing.
Firstly, a novel conical amplitude-only excitation was
adopted realizing deduction in complexity of feeding network
which allocated same phase excitation to each element.
Besides, quaternion subarrays were employed realizing deduc-
tion in number of channel models in amplitude-phase control
network which decreased the complexity of feeding network
further. The measures taken above addressed the problems
traditional PWG designing was facing for a long time and pro-
vided guidance for after research.

The research results above are mainly focused on sub-
6GHz, and the PWGs applied in higher frequency, namely,
millimeter wave, are under common research. A PWG work-
ing at 28GHz was designed by Xie et al. which was composed
by 21 × 21 half-wave dipoles. Catteau et al. proposed a PWG
working at FR2 frequency band for 5G NR devices which
focused on analyzing the realizability of QZ. The differences
between the above two PWGs are the research in [87] focused
on the determination of excitation vector and the research in
[88] focused on the realizability of QZ which took limitations
of array elements into consideration. A comparison between
the above two designs is shown in Table 10.

However, several reflectarrays or PWGs should be put
around the DUT to imitate various channel models [89]
which increases the testing cost conversely which contraries
to the original intention. Mechanically moving the PWG
around the DUT can address the above problem [90] resulting
in significant increasing of time simultaneously. To overcome
the above problems, the concept of a mixed chamber was pro-
posed [91]. However, the proposals above ignored the prob-
lems occurring in practical implementation including mutual

Table 9: A comparison between the proposed probes in [80, 81].

No.
Aperture size

(mm)
Number of

layers
Amplitude
ripple (dB)

Phase
ripple (°)

79 188 76 × 188 76 single 1 10

80 190 8 × 190 8 single ±0 5 ±5
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coupling effect between antennas, and only performance at
single frequency was validated, and the robustness of the opti-
mal solution of excitation was ignored. Regarding the above
issues, Iupikov et al. proposed a designing method of element
in PWG and a prototype of the mixed chamber was achieved
and some testing results were shown [57]. This kind of novel
fixed chambers represent excellent performance.

4.5. Alternative of Traditional Probes-Robotic Arms. The
measurement efficiency of the traditional anechoic
chamber-based antenna measurement is highly improved
due to the introduction of multiple probes, while the
employment of high-precision turntables greatly increases
testing costs. The combination of artificial intelligence and
antenna testing has performed outstanding advantages in
recent years. Replacing the probes with a robotic arm will
reduce the impact of interprobe interference on the mea-
surement results, providing flexibility and high positioning
accuracy. Robotic arm-based measurement achieves the
multifunction integration of planar near-field, spherical
near-field, and cylindrical near-field performing advantages
including compact testing range, low cost, high accuracy,
and high flexibility which effectively alleviates the shortage
of testing resources and shows reference significance for
technological improvement in the field of antenna
measurement.

Novotny et al. [92] evaluated the performance of a robot
controlled near-field measurement system [93] for measur-
ing antennas and components from 50GHz to 500GHz
developed by The Antenna Metrology Laboratory at the
National Institute of Standards and Technology. This system
is consisted of a precision industrial six-axis robot, six-axis
parallel kinematic hexapod, and high-precision rotation
stage. However, this system is only suitable for near-field
measurements and does not support the operation of RF
probes to contact integrated antennas. Boehm et al. [94] pro-
posed a 60-330GHz antenna measurement system consist-
ing of a detection station, a vector network analyzer, and a
six-axis industrial robotic arm which provides support not
only for measurement of waveguide fed antennas but also
measurement of integrated antennas.

Lebrón et al. [95] described a system called an RF scan-
ner based on a 6-axis robotic arm for characterizing active
phased array antennas which can fully automate the charac-
terization of active phased array antennas operating at 1-
18GHz. The upper limit of the antenna frequency that can
be characterized will be increased to 60GHz if the network
vector analyzer in the system can be upgraded. van Rensburg
et al. [96] proposed a near-field antenna measurement sys-
tem based on a robot, which consists of a 6-axis robotic
arm and a 7-axis rotary locator enabling collection on a non-
standard measurement plane.
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Figure 8: Measurement layout [83] of PWG for BS OTA testing.

Table 10: A comparison between the PWGs proposed in [86, 87].

No. Operating frequency Size (mm×mm) AR (dB) PR (°) Size of QZ (mm3
)

85 FR1 1700 × 1700 1.25 1.5 900 × 900 × 2100
86 FR2 214 29 × 214 29 1 10 214 29 × 214 29 × 75
AR refers to amplitude ripple, and PR refers to phase ripple.
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The Beijing Institute of Radio Metrology and Measure-
ment built a planar near-field measurement system employing
robots [97], and the robotic arm moves along a planar near-
field scanning trajectory with a scanning plane range of 1 6
m × 1 6m and a repeat positioning accuracy of 0.05mm. This
system can be adopted in performance measurement of anten-
nas operating at 26.5-40GHz. Meng et al. [98] proposed a
robotic measurement system employing a robotic arm with a
repeatability of 0.01m to improve the imperfect measurement
function of traditional antenna measurement systems which
can be adopted to characterize antennas operating at 6-
110GHz. Parini and Gregson [99] described the simulation
of a novel robotic arm-based near/far field antenna measure-
ment system which can reconstruct the phase of measured
AUT without the need of a phase reference cable and can be
adopted to characterize antennas in the 100GHz range.

4.6. Anechoic Chamber-Based Antenna Measurement in
Time Domain. Antenna measurement is traditionally carried
out in frequency domain (FD), and the above content is all
about antenna measurement in FD. But measurement accu-
racy is highly depended on the physical size of the environ-
ment. As the frequency decreases, multipath reflections of
waves from walls, ceilings, floors, and walkways can interfere
with direct signals, seriously reducing measurement accu-
racy. The time-gating method (TGM) was first proposed in
1973 for measurement of antenna radiation pattern [100].
TGM is performed in time domain (TD) and can effectively
eliminate multipath interference. The core idea of this
method is to separate direct signals from reflected signals
through using time-domain representation.

Due to the limited performance improvement of TGM
for low-frequency narrowband antenna testing, Tian et al.
[101] proposed a bandwidth expansion method for FD mea-
surement systems, which achieved TGM with fast frequency
sweep function and measurement of low-frequency anten-

nas. Blech et al. [102] proposed a TD spherical near-field
antenna measurement system with an operating frequency
range of 1.5-8GHz which can gate error signal components
generated by multipath propagation in nonideal anechoic
chambers. The system adopts switch continuous wave HW
gating technology [103] which applies relatively narrowband
TD gating to near-field measurements.

Piasecki and Strycharz [104] proposed a method of
adopting TD technology to measure omnidirectional antenna
radiation patterns without the use of anechoic chambers con-
firming the possibility of testing antenna radiation patterns
without using anechoic chambers. González-Blanco and
Sierra-Castañer [105] compared two time filtering methods
for eliminating antenna measurement echoes including FFT
and matrix pencil in a planar near field. However, this method
presents a significant drawback of requiring multiple fre-
quency measurements. Dadić et al. [106] proposed the real
discrete Fourier transform as a time-gated method for remov-
ing reflections in antenna measurement which avoided all
complex operations.

Tatomirescu [107] analyzed a low-cost measurement
device for the radiation pattern of UHF band antennas but
lacked experimental verification of different types of anten-
nas with different levels of clutter illumination. Maruyama
et al. [108] proposed a 28GHz far-field estimation system
which does not require reference signal input to the tested
antenna and measured the near field of the antenna system
in the time domain.

5. Comparison and Challenges

5.1. A Comparison between Three Methods. We have dis-
cussed the latest progress of the three testing methods above.
A comparison of advantages and disadvantages and so on
between these three methods is given in Table 11.

Table 11: A comparison between the three OTA testing methods discussed in this paper.

Methods Advantages Disadvantages Challenges Applicability

RCM
(1) Simplicity
(2) Low cost
(3) High space utilization

(1) Large restriction
(2) Many specific

scenarios cannot
be tested

(3) Lack of
controllable angle
characteristics

Measurement on
parameters related to
angles

(1) Suitable for angle independent parameter
testing of large devices

(2) Not an international standard method
for MIMO OTA testing

RTS
(1) Low cost
(2) High testing efficiency

(1) Intuitive testing
results

(2) Not supporting
beamforming
antenna system

(3) Limited scalability

Enhance the scalability
Adopted as standard method by 3GPP for in
5G FR1 frequency band, but with a second
priority

MPAC

(1) High testing efficiency
(2) Clear communication

channel model
(3) Clear and controllable

channel angle and power
characteristics

(1) High construction
cost

(2) Complex system
calibration and
operation

(1) Balancing testing
costs and
measurement
efficiency

(2) OTA testing of
ultramassive antenna
systems

Adopted by 3GPP as the preferred testing
method for MIMO OTA

15International Journal of RF and Microwave Computer-Aided Engineering



5.2. Challenges and Future Direction. OTA testing has
become a mandatory requirement for terminal performance
evaluation for the first time due to the new characteristics of
5G millimeter wave communication with the freezing of the
3GPP R17 standard and the gradual commercialization of
millimeter wave frequencies. Each aforementioned single
OTA testing method will be the ultimate solution for com-
prehensively and accurately characterizing 5G millimeter
wave devices due to the desire for performance evaluation
throughout the entire product development process and
the varying testing requirements at each stage.

The optimal choice of OTA testing method is based on a
balance between different performance indicators under
evaluated, measurement accuracy, cost-effectiveness, com-
plexity of testing environment, and ease of repeatability in
controlled environment. Simultaneously, further require-
ments have been put forward for the ability of OTA testing
methods due to the introduction of new testing require-
ments including ultramassive terminals and small testing
chambers. Millimeter wave OTA testing methods are also
evolving, improving, and perfecting to meet the growing
needs of the industry.

In addition to being fully utilized in 5G, millimeter wave
technology will also play an important role in 6G. Therefore,
the testing methods of 5G millimeter wave equipment will
also affect future 6G equipment. Developing testing methods
which possess higher efficiency, lower cost, and lower com-
plexity testing systems will have significant implications for
6G.

6. Contributions

In this article, we summarize the latest progress in OTA
testing methods including reverberation chamber-based
method, radiated two-stage method, and MPAC method in
recent years based on the latest technological development
requirements of OTA testing. A detailed summary of testing
parameters including the application scenarios, advantages,
and disadvantages of the three methods is provided in this
paper which is more detailed and comprehensive compared
to other review articles. This paper focuses on mastering and
elaborating on the latest progress of MPAC methods among
the three OTA testing methods. The specific contributions of
this paper are summarized as the following aspects.

(1) We summarize the newest progress of the reverbera-
tion chamber-based method. In this section, this
paper summarizes the latest progress of reverberation
chamber testing methods and provides a detailed clas-
sification overview of this testing method based on
different testing parameters

(2) As an OTA testing method specified by the 3GPP
standard, this article summarizes the latest develop-
ment of the radiated two-step method

(3) This paper elaborates on the latest progress of
MPAC methods and provides corresponding future
development directions. In this section, the latest
progress in MPAC testing methods is summarized

based on different configurations including 2-D
MPAC, 3-D MPAC, and 3-D sectored MPAC. In
each subsection, detailed comparisons are made for
the specific parameters, application scenarios, probe
configurations, and other parameters between differ-
ent methods. Besides, detailed explanations are pro-
vided on the configuration and selection of probes
to reduce testing costs. Finally, the future develop-
ment direction of MPAC method is pointed out

In summary, this paper provides a detailed overview of
the latest developments on three OTA testing methods and
introduces the latest developments in the 3GPP standard.
In addition, the potential challenges and future development
directions of 5G MIMO OTA testing are elaborated.

7. Conclusion

In this paper, we discuss the three main methods of OTA
testing including RC-based method, RTS method, and
MPAC-based method with MPAC-based method high-
lighted. Several aspects of the MPAC-based method are dis-
cussed including probe configurations, probe design, and
probe selection algorithms, and recent literature work is
summarized. The PFS technique has been extensively vali-
dated in MPAC systems while the design of PWGs still faces
significant challenges in the future. A detailed comparison
between the above three OTA testing methods is made.
Probe design is also an important development direction
for OTA testing in the future. For the purpose of further
reducing the measurement cost and required space of OTA
testing, the development of compact anechoic chambers will
be further promoted in the future taking an anechoic cham-
ber with a volume of 1m × 1m × 1m as an example.
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