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Abstract Multiple-input-multiple-output (MIMO) over-the-air (OTA) testing plays a key role in the re-
search and development of wireless devices. MIMO OTA testing is necessary for fifth generation wireless
products, in which conventional radio frequency ports are inaccessible. The performance of the test device
can be evaluated in a repeatable and reliable way in laboratory conditions in OTA test, which might not be
achievable in conducted test. Many efforts have been devoted to OTA test research and some achievements
have been made. This paper mainly summarizes the channel emulation algorithms for two-dimensional user
equipment and three-dimensional base station OTA testing in the anechoic chamber setup. In addition, the
requirements of the test system design are also analyzed in this paper, including the selection of the number
of OTA probes, the size of the test zone, the physical dimension of the setup, and the flexible probe selection
algorithm of the three-dimensional base station OTA setup. In addition, some novel test methods for 5G
radio devices are also discussed.
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1 Introduction

Multiple-input-mutiple-output (MIMO) technology increases the channel capacity of the system without
adding additional spectrum resources and antenna transmit power by installing multiple transmit and
receiving antennas at the transmitter and receiver sides, respectively. New wireless technologies such
as long-term evolution (LTE), LTE advanced, 802.11 and 5G have already adopted MIMO technology.
Massive MIMO technology is widely used in 5G millimeter wave (mmWave) communication systems,
which is due to the mmWave bands have a lot of available spectrum resources. However, high frequency
propagation will cause the path loss to increase dramatically in the mmWave system. In order to com-
pensate for the inherent loss of high frequency and achieve high signal power, mmWave systems need to
install high-gain antennas. Fortunately, the increase of frequency means that the size of the antenna is
reduced, so that the same space can accommodate more antennas, which facilitates the implementation
of massive MIMO. To bring the massive MIMO technology from theory to practice, both academia and
industry have invested tremendous efforts.

It is important for network operators to know the radio performance of MIMO devices before massive
rollout in the network. Because over-the-air (OTA) testing [1,2] was used to evaluate single-input-single-
output performance, it is a suitable choice to assess the performance of MIMO systems. MIMO OTA
testing is capable of reproducing radio propagation environment and thus can compare the different
antenna configurations in the same environment [3].
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Figure 1 Illustration of the two-dimensional user equipment multiple-input-multiple-output over-the-air setup.

Many OTA test methods have been proposed. These methods differ in how to emulate the propa-
gation channel, system size, and cost [4-7]. There are three categories of test methods: reverberation
chamber-based methods [8,9], radiated two-stage (RTS) methods [10,11], and anechoic chamber-based
methods [12-14]. The RTS method evolves from the conductive two-stage method [5] in which the cable
connection between the channel emulator ports and the device under test (DUT) antenna ports is ap-
proached over-the-air. The multi-probe anechoic chamber (MPAC) setup is capable of reproducing any
realistic and accurate radio propagation channel, and all critical parts are evaluated at once [15], making
MPAC the most promising setup for MIMO OTA testing [16].

The main idea of channel emulation is to ensure the correct control of the signal is emitted from the
probe antennas so that the emulated channel experienced by DUT approximates the target channel.
The two common channel emulation methods are pre-fading signal synthesis (PFS) [6] and plane wave
synthesis (PWS). PFS technology assigns appropriate power weights to probes to reproduce the spatial
characteristics of the target channel at the receiver side [6,17-19], whereas PWS technology assigns a
suitable complex amplitude weight to each probe to reproduce the plane wave field of the target channel
over the test zone. Additionally, a third method called equivalent induced voltage (EIV) is also proposed
in this paper, which is implemented based on the similarity of the received voltage. In fact, the EIV
method is also related to the field synthesis technique, because the received voltage is a response of
antenna to the electric field in the test zone.

There are two popular MIMO channel models, geometric-based random channel models and correlation
matrix based models. TGn model [20] is a typical correlation matrix based model. Geometric-based
random channel models are usually selected to be the target channel model such as spatial channel
model (SCM) and its extension (SCME), [21], WINNER [22] and 3GPP TR 38.901 [23]. Geometry-based
modeling separates the antenna from the propagation, and the geometry and field pattern of the antenna
can be defined independently of the propagation parameters.

The concept of clusters is widely used when simulating the multipath environment. A cluster has
specific parameters including power angular spectrum (PAS) shape, angle of arrival (AoA), angle of
departure (AoD), angle spread (AS), delay and power. Different clusters have different delays, making the
channel wideband and PAS shape depends on the distribution of scattering components. User phantom
has also been considered to achieve more reliable MIMO device performance evaluation [24,25].

For standardized two-dimensional (2D) user equipment (UE) MIMO OTA testing, the DUT is in the
center of the test zone, and probes are evenly distributed on a circular ring around the DUT (Figure 1).
The DUT is placed on a polystyrene pedestal, which supports rotation and linear motion [26]. The base
station (BS) simulator is used to create the original test signals. The channel simulator is used to connect
to probes to create different spatial channels [27] and can create multipath environments including path
delays, Doppler spread and fast fading. The power amplifiers adjust the signal to the desired power
level [16]. The DUT is generally assumed in the far field of the OTA antennas.

Conventional BS antennas are tested by conducted methods, i.e., by connecting coaxial cables to
the BS antenna ports. But for massive MIMO arrays, conducted test will require hundreds of cable
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Figure 2 Illustration of the three-dimensional massive multiple-input-multiple-output base station over-the-air setup.

connections and corresponding hardware resources, which is very complicated and cost-prohibitive. A
3D cost-effective test setup called three-dimensional (3D) sectored MPAC setup is proposed for massive
MIMO BS antennas OTA testing (Figure 2). This setup includes an anechoic chamber, a large number
of OTA probes covering the angle area of interest, a controller used to select the active OTA antennas
from the available OTA antennas, a switching circuit used to connect the active OTA antennas to the
radio frequency (RF) interface ports of the channel emulator (CE), a CE, a DUT and a UE simulator (or
multiple UEs) to mimic UE behavior [28]. The detailed reason for choosing this test setup will be given
in Section IV.

The purpose of this review was to summarize the key algorithms and issues of MIMO OTA testing in
the MPAC setup.

2 Testing of two-dimensional user equipment

The channel propagation environment is 3D in realistic physical world. 3D UE OTA testing has been
studied in many literatures, which place multiple probe rings with different elevation angles. The channel
emulation technique for arbitrary 3D channel models has been described [29,30], and the first and last
probe rings should be placed symmetrically to produce better emulation accuracy [31].

The PWS technique has been shown to be more accurate than PFS for most channel settings [32]. A
group of radius of sphere and probe ring angular can achieve test performance for a fixed test zone when
the target channel model is determined [33]. Typically, literature has described the test volume as sphere
shaped, but the ellipsoid-shaped test volume has proven to be larger [34]. Since we have more probes
placed in the azimuth plane than in the elevation plane, the ellipsoid-shaped test zone is selected. The
probe selection method has been proposed for 3D MPAC setup [35] to limit cost, and use of the method
has revealed that the multi-shot algorithm produces the best accuracy.

However, some proposed algorithms [35] do not minimize the number of selected probe sets. To address
this, one study [36] described the decremental selection algorithm (DSA) and the error threshold selection
algorithm based on alternating search (SAAS). These algorithms minimize the number of probes while
ensuring the accuracy of the target channel emulation. Notably, SAAS provides better performance than
DSA. To further improve simulation accuracy and reduce related costs, a flexible multi-probe setup for
3D emulation has been proposed in which the probe is mounted on a movable semi-arc track for flexible
probe placement at both elevation and azimuth angles. Two probe selection algorithms, the genetic and
multi-shot algorithms, have been proposed to verify the feasibility and accuracy of this setup [37].

A 3D flexible MPAC setup has been shown [38] to perform better compared with a fixed setup in terms
of spatial correlation emulation. Another original channel emulation method, called the reference method
for 3D channel [39], focused on using a simple technique to allocate subpaths (i.e. the combination of
uniform angle and power sampling). This method is more accurate than the spatial fading emulator
method under the same conditions and addresses the shortcomings of the PFS method.

But in fact, most of the standardized radio channel models such as WINNER and CSM channel model,
are 2D in the sense that they use only geometrical xy-coordinates (azimuth plane). Elevation dimension
has been left out due to considerably smaller angular spread in elevation dimension than in azimuth [6].

This section mainly summarizes channel emulation methods for 2D UE MIMO OTA testing. Metrics
to evaluate the accuracy of channel emulation are also discussed. In addition, requirments for 2D MPAC
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setup design are also contained in this section. Typical channel emulation methods include PFS and
PWS, but another technique called EIV (which focuses on reproducing target received voltage) is also
described in this section. This paper does not cover the direct sampling technique because it is less
accurate compared with the methods using optimized weights for the PF'S technique [40-42].

Several studies [43,44] have concluded that three factors result in measurement inaccuracies: pedestal
instability after sledge movement, field variation over rotation at test area center and reflections. The
sources of inaccuracies are DUT placement error, cable effect and reflections inside the chamber. For
example, cable effect will distort the radiation pattern of the DUT and hence affect the measurements [43].

Before the OTA testing, the channel model needs to be verified at the DUT location [45] to ensure
that the DUT can be tested in the desired channel environment. The verification process involves some
important parameters, including power delay distribution, temporal correlation, spatial correlation and
cross-polarization power ratio. The specific verification process has been described [46].

It is important to calibrate the OTA system before taking measurements. The main purpose of the
calibration is to eliminate non-idealities of the system such as the impact of probe placement errors on the
measurement [47]. In one study [47], performance deterioration introduced by system non-idealities was
investigated in terms of spatial characteristics, whereas another [48]investigated performance deterioration
introduced by system non-idealities in terms of field synthesis.

2.1 Channel emulation algorithm

2.1.1  Pre-fading signal synthesis method

The idea of the PFS method is to transmit power-weighted Rayleigh or any other fading signals from
multiple independent probes to reproduce the spatial characteristics of the target channel measured at the
receiver side. Spatial correlation has been selected as the metric to characterize the spatial characteristics
at the Rx side. To reconstruct the PAS of the target channel, suitable probe power weights are generated
for each cluster. The antenna correlation in the target channel can be written as

. 7 Ga1 (8) Gz (8) P(9) dob
VT2 P(9) |Gt (9)2de /[, P(9) Gz (6)do

(1)

where Gg1 (@) and Gy (¢) are complex radiation patterns of antenna pair (g1, gz2); ¢ represents the AoA
of the incoming wave; P (¢) represents the continuous power angle spectrum of the target channel.

Since the antenna pattern of the DUT is included already in the measurement system, it is assumed
that the DUT is omnidirectional. The spatial correlation of the target channel can be written as

™
plavae) = [ e (i2m/A Gy~ Fiz) - ) P (0) do, @)
—Tr
where )\ is wavelength; py1 and pjo are position vectors of the antenna pair (g1, g2).
Assuming that the wave received by the DUT in the test area is an ideal plane wave, the spatial
correlation of the emulated channel can be written as

K

Pideal = ngexp (727 / X (D1 — Pa2) - k) (3)
k=1

where g, represents the power weight of the kth probe; K is the number of the probes; ¢;, is the unit
position vector of the kth probe.

Let p and pP;geq; represent the target channel spatial correlation vector and the emulated channel
spatial correlation vector under the ideal plane wave assumption, respectively. The objective function is
based on the above two sets of spatial correlation.

min || pigear (9) — P |13 - (4)

The spatial correlation is selected as the objective function without constraints on the PAS shape [6,
18,19,49]. However, owing to the limited number of the test samples, different shapes of PASs may result
in similar spatial correlation. Therefore, a limitation on the shape (average AoA and AS) of the PAS
is introduced; that is, the PAS of the target channel is accurately simulated by limiting the deviation
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between the simulated average AoA and AS and the target average AoA and AS [50]. The above quadratic
programming problem with linear constraints can be easily solved by convex optimization [51]. Note that
if a small anechoic chamber is used to reduce cost, the emulated spatial correlation will introduce the
spherical wave effect, and the emulated spatial correlation can be written as

SR gk FrouFrowexp (527 (djw — di ) /A)
Vo B S FE

, (5)

ﬁsmall =

where Fy, ,, and Fy,, are path loss terms from the kth probe to uth and vth DUT elements, respectively;
di., and dj, are distances from the kth probe to uth and vth DUT elements, respectively. In this case,
the field within the test area includes both the desired signals from the probes and the undesired signals
caused by reflections and coupling among the probes. Therefore, the chamber compensation technique
can be used to reduce undesired paths [52,53].

If the DUT antenna pattern is considered, the emulated antenna correlation in the OTA case can be
written as

25:1 Gq1 (9r) G2 (Dr) gk .
VK G (6012 T (G2 (60) 2

The number of probe antennas that can achieve sufficient correlation accuracy for ideal DUTs may not
achieve sufficient accuracy for realistic DUTs when the antenna pattern varies fast [54]. Therefore, DUT
patterns should be considered to determine the number of probes. But for realistic DUT at sub 6GHz, the
DUT antenna pattern is quasi-omnidirectional. Therefore, we often do not consider the antenna pattern
when we need to determine the number of required probes.

Once the power weights of the probes are determined, the channel coefficients simulated by the PFS
method are also determined. Note that the channel coefficients ignore the patterns of the probe antennas
and the path loss of free space. There are U receiving antennas and S transmitting antennas, and for
simplicity only vertical polarization is considered.

}ALPF,'S (t f) _ & f: i FTx( )FR,X ( OTA)
u,s,m \2 M s Pn,m u k (7)

k=1m=1
"Ik - €xp (127 0n mt + P m k) - €xp (=527 fTn) ,

(6)

pA:

where P, is the power of the nth cluster; M is the number of subpaths in each cluster; Fi* and FR*
are the field pattern of sth Tx antenna and uth Rx antenna, respectively. Note that the field pattern
is defined with a common phase center. v, ., is the Doppler frequency of the mth subpath of the nth
cluster; 7, is delay of the nth cluster; ®,, , » s the random initial phase generated for each subpath of
each cluster. Note that for each probe, the random initial phase is independently generated.

2.1.2  Plane wave synthesis method

The target field is approximated by superposing the fields from probes for the PWS method. Note
that the probe weights are generated for each subpath instead of for each cluster. The generation of
plane waves relies on assigning appropriate complex weights to different probes. The PWS technique can
be implemented based on plane waves [6,55] or by using a spherical wave theory to synthesize desired
electromagnetic field environment [12,56]. Although the PWS method is traditionally based on the plane
waves, the spherical wave theory is preferred because it includes near-field effects during the synthesis of
electromagnetic environments [14].

Only the vertical polarization is considered for simplicity. For a single plane wave, according to the
least squares technique [57], the optimization problem can be solved with the following equation

FW =T, (8)

where T is the target field; F is the coefficient transfer matrix from the probes to the sampling points over
the test area; W is the weight vector to be solved. Assuming that the M-point sampling is performed in
the test area and M is greater than K (the number of probes), then the optimization problem becomes
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an over-determined problem, and the weight vector can be obtained by solving the following problem of
minimizing the 2-norm
min || FW —T || . (9)
w

From this, we can get
-1
W= (FHF) THT. (10)

For vertical polarization, both the target field and the emulated field are perpendicular to the xy plane.
For horizontal polarization, the target field is on the xy plane and perpendicular to the AoA, whereas the
emulated field is on the xy plane and perpendicular to the AoA where the probe is located. To accurately
emulate the horizontal polarization field, the optimization must be decomposed to two orthogonal axes

x and y as
2
T,

T

. x
min
w

. (1)

Yy Yy

2

and it can be easily solved by convex optimization. The correlation accuracy is the same for large R [54].
Using spherical wave extension, the electric field of a time-harmonic plane wave from the free space
can be expressed as

2 o n
E(r,0,0) = ZZ Z QU ESd (,6,9), (12)
where k is the wave number; 7 is the admittance of the medium; s,m,n represents the mode index
of the spherical wave; Qgi,zm is a spherical wave coefficient for a spherical standing wave; F. s(rlrzn is the
corresponding spherical vector wave function in the standard spherical coordinates. Due to the cut-
off property of the spherical wave function [58], especially that of the spherical Bessel function and its
derivative function, (12) can be written as

2 N n
Frnoo)= =35 3 QW) FU), (r,0,6), (13)

where N is the truncation number, N = [krg+nq]. ro is the radius of the test area; ny is a small integer
used to control the accuracy of the emulation. [-] denotes round up operation. Similarly, the radiated
field of a probe can be written as

r,0 Wi, k 1)7“9
By (r,0,¢) = fZ Py (r,6,9), (14)

where wy, s the voltage of the kth probe; J is the number of spherical wave modes; Pf is a spherical wave
coefficient of probe radiation patterns. To reproduce the target field in (13), we can obtain an equation

P{ PP PEY Q1
P1P2-'-PK wao Qg
R I e (15)
P}P;P}( Wi QJ

This equation can be written as a matrix form like PQ = W. Then the probe voltage vector can be
obtained by the Moore-Penrose pesudo-inverse as

W =PrQ = (PHPY1 PHQ. (16)

If the Doppler shift is introduced to the system to consider a time-varying channel, the time-varying
weight is obtained by multiplying the complex weight by the rotation phasor.

wy, (t) = wrexp (—jtwg) , (17)
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where wy is the Doppler shift, which can be determined by the wave vector 5 and the moving speed v of
the DUT.
Wq = —ﬁ U (18)

Another method to consider the time-varying channel is that each snapshot is considered static [12].
It outperforms because arbitrary multipath environments can be reduced.

Once the complex amplitude weights of the probes are determined, the channel coefficients emulated
by the PWS method are also determined. Note that the channel coefficients also ignore the patterns of
the probe antennas and the path loss of free space. Again, only vertical polarization is considered for
simplicity.

M K

A P

REWS (4 F) =\ == F (fnm) F (8777)

=3 L 2 19)
“Wpm k- €XP (2700 mt + §Prm) - exp (=527 fT0) ,

where wy, p, 1, is the complex weight of the kth probe of the mth subpath of the nth cluster.

If the modeling of the Ricean channel is involved, the line of sight (LOS) path can be emulated by the
PWS method, whereas the other non-LOS clusters are simulated by the PFS method [58]. At this time,
it should be noted that for the LOS path, power and phase calibration are both required, but only power
calibration is required for other paths.

The space-time correlation analysis has been performed for the above two emulation methods [59],
which revealed that the power AoA-AoD spetrum has a Kronecker structure in the PFS method.

2.1.3 FEquivalent induced voltage technique

The goals of PFS and PWS methods are to reproduce the correlation at the Rx side and to reconstruct
the target field within the test area, respectively. In contrast, the EIV method aims to reproduce the
target received voltage by assigning appropriate complex weight to each probe.

The received voltage is not only determined by the impinging plane waves but by antenna patterns.
The target received voltage can be defined as

V=Ey L(¢), (20)

where FEj is the electric density of incident field and L is the antenna radiation pattern. The emulated
received voltage in the OTA case can be defined as

K K
V=>"Vi=FEo-> g (0) L(dx) = Eo- L(0), (21)
k=1 k=1

where L (¢) is the emulated antenna radiation pattern at plane wave arrival direction ¢. Our goal was
to optimize gj to ensure that V is equal to V. The gi (¢) can be obtained by using trigonometric
interpolation [60] as

| K
gr (¢) = It > cosm (¢ — o) , (22)
k=1

where m = k — [K/2]. Then we can solve for the complex weight assuming that the phase at the test
zone center is 0 as

g (6) = gu (¢) exp (—jBR) , (23)

where (3 is the wave number. The EIV method generates the same complex weights as the PWS method
when R is large [54].

2.2 Channel emulation accuracy

There are some metrics to evaluate how well the emulated channel approximates the target channel,
including spatial correlation error, field synthesis error, capacity error, throughput error and PAS error.
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2.2.1 Spatial correlation error

In order to evaluate the difference between the target spatial correlation and the emulated spatial cor-
relation, the spatial correlation error (i.e. |p — p|) is selected as the figure of merit (FoM). When |p| is
high, spatial correlation error is more critical, which means the performance of MIMO system is sensitive
to spatial correlation. On the contrary, spatial correlation error is less critical when |p| is small [61].

2.2.2  Field synthesis error
In order to evaluate the error between the target field and the emulated field, the field synthesis (i.e.

‘E — E)|) is selected as the FoM, where E and E represent the target and emulated field, respectively [57].

2.2.3 Capacity error

MIMO channel matrix in frequency domain has been obtained in sections 2.1 and 2.2. We assume that
channel state information is not available at the Tx side. Therefore, equal power is assumed among Tx
antennas, and the channel capacity is calculated based on this assumption. The instantaneous channel
capacity of the target channel can be written as [62]

ngle log,det <I + 77?% ‘H(t,ns)-H (t,nf)H>

C(t) = ¥ , (24)

where Ny is the number of subcarriers; o is signal to noise ratio; S is the number of Tx antennas; 7 is
the power normalization factor to ensure the received power is 1. Note that N; has to be large enough
to ensure that each sub-channel experiences flat fading.

Let C' and C represent target and emulated channel capacity, then the capacity error is ’C -C ‘

However, channel capacity only indicates the theoretical upper bound of the data rate, and cannot
directly reflect practical MIMO terminal performance [63].

2.2.4  Throughput error

Throughput error is used to characterize the channel emulation accuracy in order to reflect the end-to-
end performance of the system. Throughput error is the difference between the target and emulated
throughput. The measurement method of system throughput will be described in 2.3.2.

2.2.5 PAS error

PAS is very important for the reconstruction of the channel in the spatial domain. As described in
2.1, different shapes of PASs may result in similar spatial correlation. Therefore, PAS error is a very
important FoM to measure the accuracy of channel emulation. Methods to emulate the multi-cluster
PAS are discussed in [49].

2.3 Rrequirements of the 2D UE test system design

2.3.1  Number of over-the-air probes

The number of required OTA antennas in MPAC setup has been studied in many literatures. Studies
have shown that the number of OTA probes is related to DUT size, channel model, OTA probe locations,
and acceptable error levels for FOMs discussed in 2.2. A rule of thumb of the number of OTA antennas
is shown in [6]. General rules for the required number of probes have been proposed [64-68]. In theory,
an infinite number of OTA antennas are required to synthesize any electromagnetic field over the test
zone, which is unrealistic. From (13), we can solve for the number of spherical wave modes using
J =2N (N +2) = 2([kro +n1])*> +4 ([kro + n1]). To accurately gencrate these J modes, the minimum
number of probes should be equal to J, i.e.

Ky =2([kro +ma1)” + 4 (Tkro + nal). (25)

Equation (25) considers the 3D case, but because the elevation angle range near the UE is typically
narrow, the elevation angle is often assumed to be fixed at 90°. Then the 3D case is simplified to the 2D



Pei HL, et al. Sci China Inf Sci 9

Table 1 n; for different equivalent reflectivity level

Equivalent reflectivity level ni
-10dB 0.37x Vkro
-15dB 0.74% Vkro
-20dB 1.08x Vkro
-25dB 1.45x% Vkrg
-30dB 1.85%x Vkro
ku,s,n (6,T)
hu,s,n (£,T)
> —
BS Channel MS
Emulator >| Emulator -

Figure 3 Synthetic multi-probe anechoic chamber setup.

case, with the mode number J changed to J = K25\ = 2(2N + 1) = 4([kro +n1]) + 2. To obtain a
more accurate number of probes in the 2D case, the value of n; is crucial. The relation between n; and
1o is ny = o (Vkro) [69]. The values of n; are listed in Table 1 for different equivalent reflectivity level &
(the maximum relative error between the emulated field and target field) [70].

2.3.2 Test zone size

One of the key issues to address in the MPAC setup is how large of a test area can be supported. Test zone
characterization [71] has been studied. Many metrics can be used to determine the test zone size, such as
field synthesis error and spatial correlation error. It is difficult to define acceptable error thresholds for
field synthesis error and spatial correlation error, as these error thresholds cannot be directly reflected in
data rate deviation. Because the throughput can reflect the end-to-end performance of the test system,
the throughput error is chosen as the metric to characterize the test zone size. However, in principle, an
infinite number of OTA probes are required in the MPAC setup to reproduce the accurate target channel
model as a reference for determining throughput error, which is not feasible. The synthetic MPAC setup
(Figure 3) has been proposed to address this challenge [63,72].

The channel matrix is embedded in the channel emulator in the synthetic MPAC setup, and then
the throughput measurement is performed in the conductive manner. During the measurement process,
different MPAC configurations and different antenna spacings can be flexibly changed because the MPAC
configuration and antenna spacing can be arbitrarily set in equation (7).

The influence of user phantom on the test zone size has also been considered [72]. Placing a user
phantom in the vicinity of the DUT has two major effects on MIMO performance.

1) detuning of the antennas by bulky dielectrics;

2) blocking and scattering of the incoming waves.

Similarly, the synthetic MPAC setup has also been used [72] for throughput measurement. At the same
time, the emulation accuracy of other figure of metrics was also considered, including received power,
branch power ratio, and antenna correlation. The results showed that the presence of user phantom near
the DUT does not affect the simulation accuracy of metrics, so the impact of user phantom on the test
zone size is negligible.

2.3.3  Physical dimension of the setup

The physical dimension of the setup is determined based on an acceptable error on amplitude distribution
of spatio-temporal fading when the system considers field strength stability [73]. Other criteria such as
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power imbalance and correlation error are more directly related to the spatial characteristics of channel
models for determining physical dimensions.

1) Power imbalance

Considering one probe and free space loss, the Rx power ratio between two locations on the test area

can be written as )
L(dy,\) dy
AP= —-"2 = — 2
- (3) 20)

where d; and dy are the distances from the probe to the locations on the test area; L is free space loss,

which is defined as )
47d
L(d,\) = (7;) . (27)

when the probe is on the same line with Rx antennas and the distance between two Rx antennas is 2rg,
maximum power difference can be achieved as

14+70/R
APpax = 101 Y 28
a 0810 (1—7"0/R> (28)
where R is the physical dimension of the test setup. The average imbalance can be defined as
A-Pavcr = 1010g10<d31,k/d32,k>? (29)

where ¢1, g2 denotes location pairs of the test area; (-) denotes represents the average operation.

2) Correlation error

Correlation error is the deviation between the emulated correlation in ideal conditions and the emulated
correlation in physically constrained setup, i.e.

Ep - ﬁideal - ﬁsmall~ (30)

Note that the correlation error not only considers field strength stability, but also considers phase stability.
If we have selected error thresholds, the physical dimension R can be determined as a function of r5. One
study [74] escribed the relationship between R and ¢ as R = 0.1rg if 0.05 rms of correlation error and
0.5dB of average power imbalance are selected as error thresholds.

To save laboratory space and reduce system costs, a small anechoic chamber may be applied; however,
the waves illuminating the test area will have curved phase fronts. A plane wave compensation technique
has been proposed in small MPAC setups to minimize spherical effects [75]. It can be seen from equation
(5) that path loss and phase error have important effects on emulated spatial correlation in a small
MPAC setup. The core of the proposed compensation technique is that a far-field probe is emulated by
a few near-field probes, and they are connected to different programmable power attenuators and phase
shifters but one output of the channel emulator (Figure 4). The flexible probe setup is used to improve
the compensation accuracy, and the particle swarm optimization (PSO) algorithm is adopted to obtain
far-field angle locations of probes.

Suppose there are K far-field probes, each of which uses K near-field probes to emulate. Then the
channel frequency response (CFR) from sth Tx antenna to kth probe of nth cluster can be written as

?E},}L t, f) = \/ ZZFTX (n,m) G fom * €XP (12700t + JPrm k) - €xXp (—J27 fTn) , (31)

—1m=1

where Ik denotes the complex weight of kth near-field probe of kth far-field probe of nth cluster. It
is demonstrated that this plane compensation technique improves the system performance in terms of
field distribution, spatial correlation and PAS estimation. That is, conventional far-field criteria can be
relieved to implement a small MPAC setup to save costs.

2.3.4  State-of-art works

There is still much work can be done to improve the 2D PMAC setup design, for example, the impact of
different MS designs and channel models on the test zone size in terms of throughput deviation and the
impact of correlation error and power imbalance on DUT performance indicators.
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Figure 4 Multi-probe anechoic chamber setup involving the plane wave compensation technique.

3 Three-dimensional massive base station testing

Use of massive MIMO technology is a promising approach to achieving considerably improved spectral
efficiency in 5G communication. Conducted testing is no longer suitable for 5G antenna systems for
several reasons. First, 5G antennas are highly integrated units and the number of the antennas will
be very large, resulting in unavailable antenna connectors owing to cost, size and design challenges.
Second, 5G antenna systems equipped with possibly hundreds of antennas will need hundreds of RF
cable connections and corresponding hardware resources, which is infeasible and costly. Finally, the
features of 5G antenna systems rely heavily on their spatial discrimination capability, which cannot be
evaluated in the conductive manner [76]. Therefore, MIMO OTA testing is required for 5G antenna
systems.

The applicability of the three UE MIMO OTA test methods (i.e. RC, RTS, and MPAC) for massive
MIMO BSs can be compared. The RC-based method does not provide angular distribution and cross-
polarization discrimination of the channel. Because the millimeter-wave channel is highly sparse and
directive, the RC-based method is not suitable for OTA testing of adaptive millimeter-wave antenna
systems. Because the RTS method requires measurement of the antenna patterns in the first stage, it
is not suitable for dynamic adaptive beamforming systems [77]. Additionally, in the RTS method, the
number of OTA antennas should be equal to the number of DUT antennas, resulting in a large number
of active OTA antennas, which is costly.

The MPAC-based method is attractive for massive MIMO BS OTA testing as it is capable of physically
simulating the actually multipath environment in an anechoic chamber. The adaptive antenna technology
can also be reliably emulated in the MPAC setup. A 3D sectored MPAC setup has been proposed for
massive MIMO BS OTA testing [78]. The 3D sectored MPAC setup is more suitable for massive MIMO
BS OTA testing for multiple reasons [79]:

1) The BS is placed higher and away from scatters, so the angular spread at the BS side is relatively
small.

2) The coverage area of the BS antenna array is usually limited to a certain range of angles, such as
60° or 120°.

3) The sectored MPAC device can considerably reduce system cost by reducing the required fading
emulators and corresponding hardware resources. Because the DUT is placed at one end of the anechoic
chamber, the size of the entire chamber is used.

The hardware resources required by the sectored and uniform MPAC setups to achieve the same
correlation error level have been compared [80] (Table 2). The sectored MPAC setup can noticeably
reduce the system cost while ensuring the accuracy of the emulation.

This section mainly summarizes channel emulation methods for 3D BS MIMO OTA testing. In addi-
tion, a few new metrics are explained to evaluate the accuracy of channel emulation and some novel test
methods are also been discussed.

To ensure that the target channel models are accurately emulated, validation of emulated channel
models in the sectored MPAC setup is required. The joint angle-delay power profile is selected as the
metric for the validation for 5G beamforming management performance evaluations. Two estimation
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Table 2 sectored vs uniform multi-probe anechoic chamber hardware required to achieve desired correlation error level

channel model SCME UMa SCME UMi SCME UMa SCME UMi
rms e, 0.1 0.05 0.26 0.09

sectored MPA K=12 116m? K=16 116m? K=12 29m? K=16 29m?

uniform MPAC K=60 400m? K=100 400m? K=60 100m? K=100 100m?

algorithms, the joint angle and delay estimation (JADE) and sequential search algorithm, are considered.
It has been concluded [81] that both algorithms provide good estimation accuracy. Notably, the sequential
search algorithm provides a little more accuracy and offers lower computation complexity because of the
sequential estimation in different domains instead of joint estimation.

Some studies [82,83] have noted that for massive MIMO and high-frequency scenario testing, the field
synthesis method requires more probe antennas to achieve a sufficiently accurate emulation. Moreover,
for the upcoming 5G communication system, phase calibration of the BS OTA testing is difficult owing to
the non-linearity of the radio frequency components such as the switching network and power amplifiers.
Therefore, use of the channel emulation method is limited to the PFS method.

3.1 Channel emulation algorithm

The idea of the PFS method is mainly to reproduce the spatial characteristics of the target channel at
the Rx side by assigning appropriate power weights to the limited active probes in the MPAC setup. The
following two methods optimize probe weights:

1) Similarity of the spatial correlation

First, the DUT needs to be mechanically rotated so that the clusters with higher powers and as many
clusters as possible fall within the sector of interest of the BS. One study [28] proposed a rotation scheme
based on the center gravity of the target PAS. However, this rotation scheme neglects the effects of weaker
clusters, leading to simulation errors. A novel rotation scheme has been proposed [84] to maximize the
total power of the clusters covered by the probe wall.

Next, select the appropriate probes through the switching network. According to the descending order
of cluster powers, each cluster is allocated an active probe that is nearest to the cluster angle until K
probes are allocated. If the number of clusters falling within the sector is less than K, then allocate
as many probes as possible for the cluster with the highest power, and so on, until the K probes are
allocated [28]. Another proposed probe allocation algorithm [84], the forward allocation (FA) algorithm,
has shown better performance. For a pair of spatial locations ¢ = (pql, pqg), the target spatial correlation
is defined as

b= P P@exp (12 (pyr - y2)) 2. (32)

where ) denotes the wave vector to the spatial angle Q; P (Q2) is the continuous power angle spectrum of
the target channel. Because the far-field requirement is usually not met in the massive MIMO BS OTA
testing, the emulated spatial correlation in the OTA case must consider the gain and phase errors caused
by the spherical waves [85]. The spatial correlation in the OTA case is defined as

i gkl (dpr k) L (dpos) exp (G 11 || (dp1k — dpo.r))
o
VK L2 (dyr) g0/ S0 L2 (dy2 k) 0

2
where gj, is the power weight of the kth active OTA probe and || Q ||= TW; L(dp1 ) and L (dpa,k) are

the path loss terms of the positions p; and ps to the kth probe, respectively.

: (33)

47po1,k

F(dplyk) = by

(34)

The power weights of the probes can then be obtained by solving the following objective function

Q
G =arg min Y |pg — g’ (35)

g=1

2) Similarity of the power angular spectrum [86]
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The PAS can be obtained from the Barlett beamforming algorithm, which calculates the angle by
measuring the signal power at each possible AoA and selecting the maximum power direction as the
estimate of the AoA. The target PAS estimate can be written as

p(Q) =a" (Q)Ra (), (36)

where a (€2) is the steering vector of the DUT to the spatial angle 2. R is the target channel spatial
correlation, where the element is p,. For emulated channels in the chamber, the PAS estimate can be
written as

p(Q) = a" (Q)Ra (2), (37)

where R is the emulated channel spatial correlation, where the element is p,. Therefore, the objective
function can be written as

win [p—p 3 st [|Gl=10<g <1 (38)

According to the obtained OTA antenna power weights, the channel matrix of the emulated channel can
be written as [87]

OTA Tx Tx jQ'/Tfs,n,m : Jg&x,s
, \/ E VOn.mk X €xp |
s Jkon f f g k p ( 2\ > (39)

X exp (j?ﬂ’l)mmt +i®n ke — J21fT)

husn (1) ZfOTA (QOFY) £ (Q0FY) bS5 (1) (40)

k=1

where Qz’jn is the solid AoD of the mth subpath of the nth cluster; gp m. i is the power weights of the
kth probe of the mth subpath of the nth cluster; K is the number of the active probes; 7, ,, is the
spherical unit vector corresponding to the angles of departure of the mth subpath of the nth cluster;
J’ms is the location vector of transmit antenna element s; denotes the dot product operator; fOT4 is the
OTA antenna pattern; €2,  is the solid AoA of the kth probe of the nth cluster; oy ,, is the propagation

coefficient from the kth probe antenna to the uth DUT antenna element.
3.2 Channel emulation accuracy

New metrics are needed to evaluate the performance of millimeter-wave terminals and adaptive antenna
systems [28,88]. PAS-based metrics (i.e. PAS estimation and spatial correlation) are adopted to eval-
uate 4G antenna systems. For 5G antenna systems, two additional metrics about beam probability are
considered.

1) Beam peak distance

Beam peak distance is the angular distance between probability weighted average directions of the
allocated beams. It is defined as

B
D pr () — Upo () (41)

where ), denotes the spatial angle of the bth beam; p, (£2;) and p, () denote the probability of detecting
the maximum power in the bth beam for the target and OTA case, respectively [89].

2) Total variation distance of beam allocation distributions

This variation is defined as

D,=%" pr (§0) ;po (%) (42)

The range of is [0, 1], where 0 represents complete similarity and 1 represents complete dissimilarity. It
has been demonstrated [90] that total variation distance of beam allocation distributions might be more
helpful than the beam peak distance for 5G OTA testing.

3) Total variation distance of power angular spectrum
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This metric reflects both the PAS itself and the size and resolution of the DUT. It is defined as

B ()

1 p© 3
Pr=3 /‘f}% (Q)dY [P, ()dSY - (43)

Then, the similarity between the target and the simulated beamforming power pattern can be defined
as [91]
S =(1-D,) x 100%, (44)

where P, () and P, (Q) are PAS estimates of the reference channel and emulated channel obtained by
the Bartlett beamforming method, respectively.

4) spatial correlation

The weighted root mean square (RMS) spatial correlation error is defined as

Q
1 ~ 12 P
€p = @ Z lpg — Pg|” max (|pg|, |Pgl)s (45)
q=1

where p, and p, represent the spatial correlation of position pair ¢ = (pg1, Pg2) of the target and emulated
channel, respectively. Q represents the number of the total position pairs.

3.3 Emulation of dynamic radio channel

It is important to evaluate massive MIMO devices under dynamic channel conditions because of the
following reasons [92]:

1) Hybrid beamforming is significant in the millimeter band, which will cause the channel to become
highly dynamic.

2) The link distance is short at the millimeter-wave frequency, so even a short distance of the movement
can cause a change in the channel spatial structure.

3) Path gain is very sensitive to obstacles, which results in rapid changes in power levels observed by
different multipath components.

However, because the channel is dynamic (i.e. time varying), the PAS is also time varying, which
requires the selection of the active antenna probes and the weights of the antenna probes to be updated
in real time as the channel changes. Considering that the probe weights optimization method in section
IV-A is computational in the case of dynamic channels, an efficient and simple computational method
has been proposed. This approach is based on minimizing the target PAS and the reconstructed PAS in
the OTA case. First, form a steering vector matrix from the DUT array to the OTA probe directions,
ie. A=[a(Q)..a(Qg)] € CMXK,

Similar to (37), the PAS estimate defined to the K probe directions is defined as

P, = ATRA fK*K (46)
Then the power weight vector can be obtained by

W € R, (47)

diag (f’o)

where diag (-) represents getting the diagonal elements in the matrix and puts them into a column vector.

This simple weights calculation method greatly reduces the computational complexity because no
numerical optimization is involved in the calculation process. Other study findings [92,93] have proven
the feasibility of this approach.

3.4 Rrequirements of the 3D BS test system design

3.4.1 Flexible probe selection algorithm

To save the system cost, a few flexible probe selection algorithms including multishot, artificial bee colony
(ABC) and particle swarm optimization (PSO) have been proposed to reduce the number of probes.
1) Multishot algorithm [31,94]
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Figure 6 Flowchart of the artificial bee colony algorithm.

The purpose of the multishot algorithm is to remove several probes with the least contribution after
each iteration until K probes are retained (Figure 5). Supposing the number of available probes is N.

2) Artificial bee colony algorithm [94]

The ABC algorithm is an optimization method proposed by imitating bee behavior (Figure 6). It
only needs to compare the advantages and disadvantages of the problem without understanding the
special information of the problem, and the global optimal value would emerge by local optimization
behavior of individual artificial bees. The ABC algorithm provides faster convergence speed than the
other algorithms. Additionally, it outperforms compared to the multishot algorithm when the number of
probes is limited [94].

3) Particle swarm optimization algorithm [75,95]

The PSO algorithm mimics the clustering behavior of insects, herds and birds (Figure 7). These groups
look for food in a collaborative way, and each member of the group continually changes its search model
by learning and observing the experience of other members. The core of the PSO algorithm is the speed
and position update principle.

|

Initialize population L] Calculate particle fitness |—» Update partl.cl.e speed
parameters and position

aximum iteration
Researched?

End

Figure 7 Flowchart of the particle swarm optimization algorithm.
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3.4.2  Size of Testing Setup

Studies [96,97] have evaluated the measurement distance of the massive MIMO BS radiated OTA test
setup (i.e. the distance R from the probe to the center of the test area). One study [97] focused on the
frequency of 28 GHz, whereas another [96] aimed to determine whether traditional far-field criteria must
be followed when determining the measurement range. In the link budget analysis, 28 GHz was excluded
because the setup and demand for millimeter-wave cellular systems are not yet clear, and the link budget
analysis for 2.6 GHz and 3.5 GHz was based on current LTE parameters. For the downlink, the power
at the input of the UE emulator can be written in dB as

At Rf, 2
(=)
where Prx ps denotes Tx power of the BS; Grx denotes the BS antenna gain; R is the measurement
range; ¢ is the speed of light; f. is the center frequency; Gp is the probe antenna gain; G. is the OTA
cable loss and G¢ g is the channel emulator gain.

The power at the BS input can be similarly written according to equation (48) for uplink transmission.
Because the transmit power of UE is much smaller than that of the BS, the UE has stricter requirements
on the power link budget. For the uplink, the -90dBm Energy Per Resource Element is used as the target.
Therefore, it is concluded that the maximum R of 2.6GHz is 5m, and the maximum R of 3.5GHz is 3.5m.
Of course, the link budget analysis used here is only an approximation, because only one BS and one
probe are considered in the analysis. Thus, the possible array gain is not considered.

Field performance analysis (e.g. amplitude error, angular error and phase error) at different frequencies
(e.g. 2.6 GHz, 3.5 GHz and 28 GHz) indicates that the demand for R decreases as the frequency increases.
In the DoA simulation accuracy analysis, the beamforming algorithm, which is insensitive to error, is
used to verify that the DoA can be well estimated even if the far-field distance is not satisfied.

Multi-user MIMO (MU-MIMO) sum rate capacity is another important metric for evaluating OTA
setup measurement distance for high and low frequencies. For the high frequency such as 28 GHz, the
MU-MIMO sum rate capacity is presupposed to be full degrees of freedom in combining elements of
the BS array. Several of the UEs can be randomly selected as a sub-set for each simulation, and the
simulation can be repeated for many (e.g. hundreds) random UE sub-sets. By a sub-optimal linear
pre-coding method (forcing zero), the linear pre-coding vectors can be determined for each UE

Pg = Prx s + Grx — 10logyq +Gp+ G+ Geg, (48)

W (1) =B () (O H" (1) (49)

where H () is the composite channel transmission matrix for one UE sub-set and all BS elements. wy, (¢)
represents the kth row of W (¢) and it is normalized. Then, the sum rate capacity can be calculated as

K
C (1) = togy (1+ 2= lwe () hi (1)) (50)
k=1

where ~ is the signal to noise ratio and hy, (¢) is the kth column vector of H (¢). The simulation results
show that even if the measurement distance R is smaller than the far-field criteria, the error of MU-MIMO
sum rate capacity is not obvious compared to the far field (R=1000m).

Another important metric called fixed beam power loss for the 28 GHz evaluation has been pro-
posed [97]. It is necessary to assume that the communication system has fixed beams, that is, with a
discrete code book of BS antenna weights. The BS array can at least partially use analog beamforming to
compose beams into a pre-defined set of directions. The loss in the kth probe direction can be expressed

as
2

1 M
Qk = |M mz__l COoSs (Bk,m - ak,m) (51)

where aj, ., is the spherical wave phase error from the kth probe to the mth DUT element with respect
to the phase in the origin.

s

atm = 2 (Il ~ Bull ~ R) (52
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where @y, represents the position vector of the kth probe; Em represents the position vector of the mth
DUT element. fj,, is the phase error of the kth probe direction for a planar wavefront and can be

calculated as ~
—aE - 27

R
P = Tl 3 o

Then, the average fixed beam power loss of the K probe locations can be calculated as

1 K
Q(w = ? ; Qk (54)

If the acceptable error threshold is assumed to be 2 dB, then the relationship between the maximum
dimension D and measurement R can be approximated as a linear function R = 14.46D — 1.1. If the BS
is assumed to be a 20 x 20 planar array and the element spacing is 0.5\, then the minimum value of R
can be approximated to be 0.85m [97].

It can be seen from the above analysis that for the massive MIMO BS OTA testing, the measurement
distance R does not necessarily have to meet the far-field criteria, and the far-field requirement can be
appropriately relieved [96].

4 New testing methods for 5G radios

4.1 Fifth generation massive virtual testing

The installation of the practical anechoic chamber, the probe plane and the implementation of the switch-
ing circuit can be complex and costly for the 3D sectored MPAC OTA test setup. Thus, a virtual OTA
testing method has been proposed, and the concept of the flexible virtual probe has been adopted. The
main idea of this method is to replace the anechoic chamber, probe plane and switching circuit with a
phase matrix [98]. The probe selection method is the same as that proposed in section 5.1, and the phase
matrix can be written as

F = {fni = el 2 7m Sy, (55)

where 7, is the unit vector of the mth DUT element and Qk is the unit position vector of solid angle of
the kth probe.

The feasibility of this method has been verified by three metrics, including spatial correlation error,
total variation distance of PAS and beam statistic distance [98].

4.2 New method based on reflective properties of concave surfaces

Obviously, 3D sectored MPAC setup is not suitable for the UE in which full 3D is preferred. The proposed
method can generate highly dynamic 3D environments by making use of reflective properties of concave
surfaces (ellipsoid and elliptical cylinder reflectors) to emulate real-life millimeter-wave frequencies channel
propagation scenarios.

The test setup comprises an ellipsoid of revolution or a set of elliptical cylinder reflectors, a feeder
antenna, a DUT and a BS emulator. The feeder antenna should be an array antenna which can generate
multiple simultaneous independent beams. The DUT and feeder antenna are placed at focal points,
respectively. The ray emanated from one focal point would arrive at another focal point. Initial test
results have been described [99], implemented with an elliptical cylinder reflector.

In addition, the concept of a single-probe measurement system has been proposed [100] for 5G 3D
channel emulation while reducing system costs.

5 Conclusion

This review discussed technical points of MIMO OTA testing in the anechoic chamber setup. The
channel emulation methods, including PFS, PWS, and EIV methods in 2D UE MIMO OTA testing and
PFS method in 3D BS MIMO OTA testing are presented. Some key aspects of MPAC setup are also
studied, such as test zone size, physical dimension of the setup and number of probes and so on. Two
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measurement setups are introduced in this paper: a 2D uniform MPAC and a 3D sectored MPAC. The
3D sectored MPAC setup is proposed to accurately reproduce the desired propagation channels, while
the cost of the setup can be significantly reduced in the massive BS antennas OTA testing. The setup is
cost-effective mainly because the corresponding hardware resources are reduced, for example, the active
probes required are reduced by switching circuits, and the DUT is placed on the one side of the anechoic
chamber to reduce the chamber size, etc. Some novel massive test methods are also included in this paper.
Future research should focus on new techniques and algorithms to save costs related to MPAC setups.
In addition, the active probes selection algorithm with lower computational complexity, the definition of
the mmWave channel emulation metrics error threshold, and the calibration of the mmWave test system
are all required further research. For the novel massive test methods, there are some follow-up research
work such as the practical realization of the programming phase matrix of the virtual OTA test system
and so on.
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