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Abstract: Over-the-air (OTA) testing is an industry standard practice for evaluating transceiver performance in wireless devices.
For the fifth generation (5G) and beyond wireless systems with high integration, OTA testing is probably the only reliable method
to accurately measure the transceiver performance, suitable for certification as well as for providing feedback for design verifi-
cation and optimization. Further, multiple-input multiple-output (MIMO) technology is extensively applied for stable connection,
high throughput rate, and low latency. In this paper, we provide an overview of the three main methods for evaluating the MIMO
OTA performance, namely, the multiprobe anechoic chamber (MPAC) method, the reverberation chamber plus channel emulator
(RC+CE) method, and the radiated two-stage (RTS) method, with the aim of providing a useful guideline for developing effective
wireless performance testing in future 5G-and-beyond wireless systems.
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1 Introduction

To meet the unprecedented increase in the need
for faster wireless devices with more stable perfor-
mance in the upcoming fifth-generation (5G) and
beyond wireless communication systems, various
technologies have been studied and developed, such
as multiple antenna systems, beamforming, and
millimeter-wave applications (Alkhateeb et al., 2014;
Qi et al, 2017). Multiple-input multiple-output
(MIMO) antenna technology—a core technology for
contemporary communication in Long-Term Evolu-
tion (LTE) and 5G terminals—allows for high speed,
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low latency, and high throughput (Sauter, 2013;
Yadav and Dobre, 2018). MIMO technology and its
evolutions are deemed a key component in future
5G-and-beyond wireless devices (Al-Mejibli and
Al-Majeed, 2018), Internet of Things (IoT) devices,
and devices used in connected vehicles, satellites,
ship communication systems, and so on.

Before wireless MIMO devices can be placed on
the market, their wireless performance should be
tested and certified (CTIA, 2017; 3GPP, 2018a, 2018b,
2018c). MIMO over-the-air (OTA) testing becomes
the only reliable method to accurately measure the
wireless performance in 5G-and-beyond wireless
devices in which antennas are tightly integrated with
transceivers. Thus, MIMO OTA testing plays a major
role in the research and development (R&D), certifi-
cation, and mass product line stages for 5G-and-
beyond wireless devices. It helps radio frequency (RF)
and antenna engineers validate and optimize their
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designs in the R&D stage. In the certification stage,
MIMO OTA testing serves as an industry standard. At
the mass product line stage, it can be used to verify
the RF consistency of wireless terminals to exclude
inadequate products.

For IoT MIMO devices, such as smart, wearable
health-care and smart home devices, the better de-
signed the wireless systems with high transceiver
performance and stability, the better the user experi-
ence and the easier the layout of the wireless network
(Rumney et al., 2016; Jing et al., 2018; Shen et al.,
2019b). For large-scale civilian MIMO equipment,
such as intelligently connected vehicles, civil aviation
aircrafts, and ships, the wireless MIMO performance
is related to human safety. For military MIMO
equipment, such as airborne radars, communication
satellites, radar satellites, navigation satellites, mili-
tary vehicles, and tanks, the wireless stability and
transceiver performance are key factors for winning
modern high-tech wars. Therefore, MIMO OTA
testing, as a standard practice to evaluate wireless
performance, needs to be accurate, objective, efficient,
easy to conduct, affordable, and more importantly,
reflects the performance in real-world applications
under typical operations.

In MIMO OTA testing, the ultimate parameter is
the measured throughput, which is based on the
channel model defined by the Third-Generation
Partnership Protocol (3GPP) and Cellular Telecom-
munications and Internet Association (CTIA). A
channel model is a mathematical model that creates a
repeatable measurement environment, which de-
scribes the multipath environment in a typical usage
model of the device under test (DUT). Therefore, the
channel model is the key to ensuring that the OTA
testing can well reflect the DUT performance in its
typical usage model and thus needs to be accurately
implemented in OTA testing methods. Three MIMO
OTA testing methods have been proposed herein and
studied: the multiprobe anechoic chamber (MPAC)
method, the radiated two-stage (RTS) method, and the
reverberation chamber plus channel emulator (RC+
CE) method (Chen et al., 2011; Valenzuela-Valdés
et al., 2013; Chen, 2014). The MPAC method im-
plements the channel model by distributing multiple
antennas in the physical space in an anechoic chamber
in a semiphysical, semimathematical fashion; the
RC+CE method uses mechanical stirrers to emulate a
statistically isotropic multipath environment; the RTS
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method implements the channel model entirely
mathematically and delivers the desired signals di-
rectly to the receiver of the DUT (ports to ports) over
the air. Among these MIMO testing methods, the
MPAC and RTS methods (Yu et al., 2014; Shen et al.,
2019a) have been accepted as the international
standards for evaluating MIMO OTA performance by
both the 3GPP and the CTIA.

The 5G MIMO technologies can be applied to
various devices, from handheld IoT devices with
small size to large-scale industrial and military
equipment. In this paper, we introduce the basic
principle of the channel model, provide an overview
of MIMO OTA testing methods, and compare the
MPAC and RTS methods in detail. The aim of this
paper is to provide guidelines to help engineers select
a proper and suitable method for MIMO measure-
ments for their specific device.

2 Channel model for MIMO testing

The channel model (Cho et al., 2010; Li JZ et al.,
2017) represents the total propagation environment
from the transmitting side (the base station side) to the
receiving side (the DUT side). As discussed earlier, it
is crucial to create an accurate, stable, repeatable, and
representative channel model in the testing chamber
before performing MIMO OTA testing. Several
standard channel models have been introduced to
simulate the typical scenarios in MIMO devices. The
basic parameters of the simulated channel models
include the numbers of clusters and subpaths in each
cluster, transmission delay, power distribution, angles
of arrival (AoAs), angles of departure (AoDs), and
Doppler effects.

Fig. 1 presents an intuitive and clear description
of the channel model, which represents an MxN
MIMO system with M antennas in the base station
and N antennas in the DUT. The properties of the
subpaths include the antenna patterns of both the base
station and the DUT, the signal delay, the Doppler
effects produced by the objects with relative move-
ment, the AoAs from the DUT, and the AoDs of the
base station. The mathematical formula of the prop-
agation environment in terms of the signals trans-
mitted from the m™ transmitting port of the base sta-
tion to the n™ receiving port of the DUT with L sub-
paths between the base station and the DUT can be
expressed as follows (Shen et al., 2018, 2020):
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Fig. 1 Overview of MIMO channels
MIMO: multiple-input multiple-output; BS: base station;
MS: mobile station; UE: user equipment; RX: receiver; AoD:
angle of departure; AoA: angle of arrival; LoS: line of sight
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where f'is the frequency of interest, ¢ is the time, and
v, @, and 7; are the prime phase, Doppler frequency
component, and time delay of the M subpath respec-

tively, G, ,,; and G, ¢ represent the antenna gains

of the n™ antenna at the DUT side and the m™ antenna
at the base station side respectively, with the super-
script x (x=V or H) representing the polarization of

the antennas, @, ,.,,» B ap> and g~ are the AoA,

AoD, and complex path loss from antenna polariza-
tion y to x (x, y=V or H) in the /™ subpath respectively.
The total propagation environment can be described
using M*N equations of Eq. (1); therefore, the total
transmitting matrix from the base station with M an-
tennas to the DUT with N antennas can be defined in a
matrix form as follows:

by (0) by (0 By (2)
hy (1)  hy,(t hy (¢
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H is the channel coefficient matrix in a MIMO
channel model, and it represents the total propagation
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environment from the base station’s antenna feeds to
the receiver ports of the DUT. Hence, the signals
received by the DUT can be expressed as follows:

y(0) = H(1)x(2), €)

where the received signals y=[yi, y», ..., yv]" are
functions of the transmitting signals x=[x;, x, ...,
x]". Before performing MIMO OTA testing, H has to
be constructed or implemented in the chamber, and
then the correct signals with the channel model in-
cluded can be delivered to the DUT for MIMO OTA
testing.

3 Overview of MIMO testing methods

The traditional method for MIMO testing uses
cables to connect the instrument ports to the receiver
ports of the DUT, and then the desired signals are
delivered to the receiving ports to conduct the MIMO
throughput measurement. In addition to the incon-
venience of connecting the cables between the in-
strument and the receiving ports of the DUT, this
manual operation could lead to mismatches and in-
consistencies in the RF circuit connections. For
the 5G-and-beyond wireless systems, especially
millimeter-wave devices with integrated antennas,
there may be limited or even no room for RF con-
nectors, owing to the requirements of low cost and
small size for wireless terminals. Then, OTA becomes
the only possible solution for MIMO testing.

In addition, for MIMO measurement using ca-
bles, the potential problem of sensitivity degradation
due to device self-interference is not properly con-
sidered. As shown on the left panel of Fig. 2, in real
applications, the noise radiating from the DUT
hardware (mainly from the digital circuits and the
switching power converters) could be coupled to the
antennas, increasing the noise level and decreasing
the signal-to-noise ratio of the receivers, especially
with poor electromagnetic compatibility (EMC) de-
signs. When the antenna ports are connected with
cables, self-interference is not included in the testing,
resulting in large uncertainty in the measurement
results compared with the real application scenario.
Therefore, OTA is more accurate in reflecting
the real-world RF performance of the DUT. The
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sensitivity degradation effect may be more significant
in the MIMO testing of 5G-and-beyond wireless de-
vices due to the higher complexity of the system,
possibility of more sources of noise, higher density,
and tighter integration with antennas.

Therefore, MIMO OTA testing has become
standard practice. The principles of the three pro-
posed MIMO OTA methods are introduced in the
following.

Noise path

> ,
. A—
RF cables e
caples /
; 3 == =

Fig. 2 Noise interference in connection and OTA modes
OTA: over-the-air; RF: radio frequency

Noise path

3.1 RC+CE method for MIMO testing

The RC+CE testing method involves a metallic
cavity that emulates an isotropic multipath environ-
ment, which represents a reference propagation en-
vironment for MIMO OTA measurement. As shown
in Fig. 3, the RC+CE method includes fixed wall-
mounted antennas, mechanical metallic stirrers, and a
turntable to hold the DUT. In addition, the chamber
may include one or more cavities coupled through
waveguides or slotted plates. For MIMO OTA meas-
urement, instead of creating line-of-sight signals, the
RC+CE method can use mechanical stirrers to emu-
late statistically isotropic channel models based on
the reflections in the chamber, which could be useful
for evaluating MIMO OTA performance.

antennas/\

Base station —— GChannel B Stirrer
emulator | — emulator | : |L= g DUT

I =]

Turntable

Uplink signals

Fig. 3 Schematic of the reverberation chamber plus
channel emulator (RC+CE) method
DUT: device under test

However, the details of the RC+CE method are
not discussed in this paper for two reasons. First,

some standard mathematical channel models, such as
the spatial channel models and the spatial channel
model extension, are not available and thus are not
realized in the RC+CE method. In addition, the RC+
CE method is not found in 3GPP and CTIA standards,
and thus it is not a standard methodology for MIMO
OTA testing yet (3GPP, 2017; CATR, 2017).

3.2 MPAC method for MIMO testing

The MPAC method has already been recognized
by the CTIA and 3GPP as a standard MIMO OTA
testing method for throughput measurement to eval-
uate the receiver performance of a DUT (Xiao and
Foegelle, 2016; Fan et al., 2017; Hekkala et al., 2017).

As shown in Fig. 4, to produce the two-
dimensional (2D) channel model, the DUT is placed
on a turntable at the center of the chamber, and at least
eight probe antennas with dual polarizations form a
ring surrounding the DUT. The ring is covered by
absorbers to decrease reflections during the MIMO
testing. The transmitting signals x;, x5, ..., X3, from
the base station emulator are delivered to the DUT
through the channel emulator and the propagation
environment between the output ports of the channel
emulator and the input receiving ports of the DUT. In
other words, the desired propagation environment is
implemented in a semiphysical and semimathematical
fashion in the MPAC method. For the mathematical
part, the antenna patterns of the DUT are measured
and imported into the channel emulator, to calculate
the desired transmitting signals according to the pa-
rameters of the channel model, such as time delay and
the Doppler effect. For the physical part, the AoA and
AoD are realized by synthesis of the multiple signal
clusters transmitted from the multiple probe antennas.
__ MPAC chamber )

Base station —— Channel
emulator | — emulator [T <
= Uplink )
signals

Fig. 4 Schematic of the multiprobe anechoic chamber
(MPAC) method

To perform MIMO throughput measurement
using the MPAC method, the amplitude and phase of
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the propagation environment from each channel em-
ulator port to the DUT must first be calibrated, and
then the desired signals are calculated and delivered
to the receiver of the DUT. During MIMO throughput
measurement, the DUT should be rotated to different
angles on the turntable to measure the MIMO per-
formance in different angles.

MPAC is an intuitive testing method that creates
a standard channel model defined by the 3GPP in a
semiphysical and semimathematical realization. The
MPAC method has been widely used in LTE MIMO
measurement for MIMO devices in 2D environments.
With the growing need for more comprehensive
and accurate performance evaluations, the three-
dimensional (3D) MIMO OTA testing is needed. It is
difficult to upgrade a preexisting MPAC chamber for
the 3D MIMO test. Building a new MPAC chamber
for the 3D MIMO test is also challenging because the
realization of the channel models in 3D would require
more antennas at different elevation planes, resulting
in additional measurement time, smaller quiet zone,
and more complicated calibration steps. As specified
by the 3GPP, the MIMO measurement uncertainty for
the MPAC method is £2.65 dB; however, it has been
reported to reach 7.3 dB (Huawei, 2017) in some
MPAC tests. The large uncertainty is probably related
to the issues in the calibration. In addition, the size of
a standard MPAC chamber for 4G MIMO measure-
ment usually exceeds 7.2 m. With the higher re-
quirements of 5G-and-beyond wireless systems, the
MPAC method for MIMO testing should be further
improved to meet the future requirements of MIMO
OTA measurement.

3.3 RTS method for MIMO testing

The RTS method allows for a direct connection
from a transmitting port to a receiving port over the
air. Thus, it mimics the real application. The
self-interference at the antennas of the DUT is in-
cluded in the test, eliminating the measurement un-
certainty. The implementation of the propagation
environment in the RTS method is purely mathemat-
ical. Theoretically, any arbitrary MIMO configuration
can be implemented, without the need for additional
probe antennas and complicated calibration. The po-
tential measurement uncertainties related to the re-
flections and the imperfect calibrations are thus
eliminated. Thus, the RTS method is expected to play

Li et al. / Front Inform Technol Electron Eng 2021 22(8):1046-1058

a major role in the MIMO OTA measurement for
evaluation of 5G-and-beyond wireless systems.

The RTS method can be described in two main
stages. However, dividing the measurement into two
stages is unnecessary in practice because the same
setup can be used for each stage:

Stage 1: Test the patterns of the receiving an-
tenna of the DUT in a conventional anechoic chamber.
During the first stage, the phase differences among
the multiple transmitting signals corresponding to
each receiving antenna of the DUT are tested and
recorded for stage 2. In addition, the DUT needs to
report the measured received signal strength indica-
tion (RSSI) to the base station emulator for obtaining
a propagation matrix H' using the rotation vector
method.

Stage 2: Calculate the inverse matrix of the
propagation matrix and apply it to the instrument.
Then, combine the antenna patterns and the channel
models in the channel emulator to calculate the de-
sired output signals that are fed into the transmitting
antennas. Subsequently, perform the MIMO OTA
throughput test and evaluate the results.

To deliver the signals calculated in stage 2 to the
receiver of the DUT over the air, the channel coeffi-
cient matrix H must be calibrated, because multiple
virtual paths exist from the transmitting ports of the
instrument to the receiving ports of the DUT. In
MIMO OTA testing, P antennas can be assumed to be
present at both the transmitter and the receiver sides.
Then, we have

N X

X.
)fz g™ ’ 4)
Yp Xp

where x=[x, xp, ..., xp]T represents the desired
transmitted signals calculated in the channel emulator,
which combines the channel models and the antenna
gain patterns, y=[y1, y», ..., yp]" is the received signal
vector at the receiving ports, which is not the same as
x due to multiple virtual paths among the transmitting
and receiving antennas, and H' is the real-space
propagation matrix from the transmitting antennas to
the receiving ones. To remove the effects of H' and
make the received signals the same as those desired at
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the transmitting ports, the inverse matrix of H', de-
fined as M, needs to be determined and applied before
the desired signals are delivered to the transmitting
antennas. The received signals are related to the
transmitted signals as follows:

Ya|_ hyy  hy, hp
Vp by hp, hy p
(5)
m, m, mp |l X
m,, m,, m,p || X,
Mpy Mp, Mpp || Xp

To make y the same as x, the following relationship is
necessary:

hl,] h1,2 hl,P m, m, m, p
hz,l hz,z o hZ,P m,, m,, m, p -7
hP,l hP,Z o hP,P Mp, Mp, Mp p

(6)

After the position of the DUT is selected, the
inverse matrix M can be calculated and applied to the
MIMO OTA testing hardware with an amplitude-and-
phase adjuster, and the MIMO throughput can then be
measured using the desired signals to evaluate the
receiver performance of the DUT in a conventional
single-input single-output (SISO) chamber.

4 Outlook of MIMO OTA measurements in
5G-and-beyond wireless systems

With the continuous evolution of wireless tech-
nologies, there are two emerging trends in 5G-and-
beyond wireless systems that could affect how MIMO
OTA can be tested in a standard laboratory setting.
First, more antennas are being used, and the 4x4,
arbitrary M =N, and massive MIMO (Ali et al., 2017;
Gao et al., 2019) configurations with large M and N
numbers are currently under study for future systems.
Second, wireless terminals are becoming more ver-

satile. In addition to small devices such as cell phones,
large-scale equipment, such as connected vehicles,
satellites, and ships, are becoming wireless terminals.
These new trends present new challenges in MIMO
OTA testing.

4.1 MIMO measurement in large-scale equipment

Large-scale DUT can create some unique chal-
lenges in MIMO OTA testing. Let us take a vehicle as
an example in the discussion in this subsection. When
using the RC+CE method, the vehicle is placed in a
reverberation chamber that does not have absorbers.
Due to the large size of the vehicle, multiple reflec-
tions occur between the vehicle and the chamber
walls. Thus, it is unrealistic to create a correct channel
model because of the high-level reflection. In this
regard, the RC+CE method is not suitable for
large-scale DUT in the current form.

When using the MPAC method to evaluate the
MIMO OTA performance of the vehicle, several
issues need to be considered. First, since the propa-
gation environment in the MPAC method is imple-
mented in a semiphysical and semimathematical way,
the quiet zone of the chamber is limited by the num-
ber of probe antennas used in the chamber. The more
the probe antennas placed in the chamber, the smaller
the quiet zone. This greatly limits the size of the DUT
since the channel models are not correct outside the
quiet zone. To address this issue, the MPAC chamber
needs to be sufficiently large. Second, due to the
mechanical limitations of the turntable and the vehi-
cle, it is mechanically challenging to turn a large
vehicle sideway in the standard MPAC test, which
generally achieves the 3D measurement by multiple
2D tests. Third, the receiving antennas often are lo-
cated off the center of rotation in the chamber. This
antenna offset can introduce large errors in the
measurement results. Innovations and improvements
in the MPAC method are required to address the
challenges of MIMO OTA testing for large-scale
DUTs.

Since the RTS method is realized in a purely
mathematical way, the quiet zone issue is not as se-
rious as in the MPAC method. As shown in Fig. 5, the
RTS method for vehicle MIMO OTA measurement is
even applied in a small chamber with nonconven-
tional chamber design and enhanced absorbers. The
antenna patterns are measured in the radiating
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near-field region in the chamber and then transformed
into the far-field patterns using the near-field to far-
field transformation. Next, the transmitting matrix
between probes 1 and 2 and two receiving antennas 1
and 2 is obtained for the MIMO throughput meas-
urement. During the entire testing process, the vehicle
is needed only to turn in a 2D plane or is fixed in the
chamber without rotation depending on the deploy-
ment of the scanning probe antennas, as the scan can
be completed by the probe arms. In this manner, the
antenna-offset issue in MIMO throughput testing is
also resolved. At this stage, the RTS method appears
to be more flexible and may be a more suitable
method for MIMO OTA testing for large-scale DUTs
with the creative chamber design. The challenge in
the RTS method is always related to the implementa-
tion of the mathematical formulation, especially re-
lated to achieving a reliable inverse matrix M.

Fig. 5 RTS method for vehicle MIMO OTA measurement
RTS: radiated two-stage; OTA: over-the-air; MIMO: multiple-
input multiple-output

4.2 MIMO methods in M*N measurement

Both the MPAC and RTS methods are widely
applied currently for evaluating 4G LTE MIMO per-
formances, while the RC+CE method is not an in-
ternational standard yet due to the issues involving the
handling of certain channel models. When more an-
tennas are used in MIMO devices, the realization of
channel models is increasingly more complex, which
presents further challenges in channel model imple-
mentation in the RC+CE method.

Based on previous reports and publications, the
MPAC method has been successfully applied in the
testing of the 2x2 MIMO configuration in 2D envi-
ronments (CTIA, 2017). For arbitrary M xN MIMO
measurement with M, N>2, more probe antennas are
required in the chamber due to the semiphysical and
semimathematical implementation of the MPAC

method, resulting in higher cost, smaller quiet zone,
and more complex calibration steps. Without further
innovations or improvements, this issue remains the
bottleneck for the intuitive MPAC method in more
complicated applications.

The RTS method has already been successfully
applied to MIMO OTA testing for the 2x2 (Li J et al.,
2021) and 4x4 MIMO configurations. Moving toward
arbitrary M xN and massive MIMO, there is no theo-
retical roadblock because the channel models are
implemented purely mathematically in the RTS
method. The potential advantages of the method in
this regard include the following:

1. The RTS method is based on mathematical
realization, so it is flexible and easily improvable to
handle 3D M xN and massive MIMO measurements.

2. Except for the path loss in the chamber, there
are no complex calibration steps. With enhanced ab-
sorbers, the quiet zone of the chamber is not an issue
and the chamber size can be smaller.

3. The RTS method can work in an existing
chamber with multiple antennas, without the need for
building a new special chamber for M xN and massive
MIMO measurements.

As mentioned earlier, the main challenge in the
RTS method is related to achieving a reliable inverse
matrix M in method implementation. With more an-
tennas, the rank of the matrix increases accordingly.
An automatic algorithm needs to be developed to
smartly tune and choose the measurement locations
and angles to obtain the optimal inverse matrix.

5 RTS MIMO testing details

As an example, the OTA testing for a 2x2 MIMO
configuration using the RTS method is described in
detail in this section.

The antenna patterns of the DUT are measured in
the first stage and imported into the channel emulator
to calculate the desired transmitted signals. In the
ideal case shown in Fig. 6a, the transmitted signals are
directly delivered to the receiver of the DUT to con-
duct the MIMO measurement. Notice that the trans-
mitted signals have already included the effects of the
transmitting antennas, the free-space path loss, and
the receiving antennas. This is ideal if it can be
realized.
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Fig. 6 Detailed steps of the RTS method: (a) the ideal case

for RTS MIMO measurement; (b) the real case for RTS

MIMO measurement; (d) inverse matrix M applied; (d) two signal paths from the transmitting signal 7 to receiver 1;

(e) two signal paths from the transmitting signal 7; to receive
RTS: radiated two-stage; MIMO: multiple-input multiple-output;

However, as shown in Fig. 6b, the realistic sce-
nario is not the same as the ideal case. In the real case,
the signal radiating from one transmitting antenna can
be received by both receiving antennas. As a result,
the received signals are not the same as the transmit-
ted signals. As described in Section 3, there is a
propagation matrix H' between the transmitting ports
and the receiving ports. In other words, the received
signals are not the desired signals for testing.

r2
DUT: device under test

To deal with this issue, it is difficult for us to
focus only on how to eliminate the cross signals after
the transmitting antennas. However, if we can find the
inverse matrix M before the transmitting antennas of
the propagation matrix H' and implement M in the
instruments, we would cancel the effects of H'
mathematically and equivalently realize the direct
connection scenario shown in the ideal case. As
shown in Fig. 6c, after M is applied, the desired
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transmitted signals are delivered into the receiver
without distortions.

Figs. 6¢—6¢ illustrate the steps used to determine
M. 1t can be seen that there are two ways (L;=m1hy;
and Ly=my h;) through which signal 7; can be
transmitted to receiver 1, and two other paths (L;=
mhoy and Lg=my hy,) from transmitted signal 7 to
receiver 2. To remove the total path from T7; to re-
ceiver 2, the amplitude and phase of m;; and m,; can
be adjusted to satisfy the following requirements:

1. L3 and L4 have the same amplitude and oppo-
site phases (phase difference equals m) on receiver 2.

2. L, and L, are superimposed on receiver 1,
resulting in the signal of receiver 1 equal to the
transmitted signal L.

The two other signal paths from the transmitted
signal 75 to receivers 1 and 2 can go through the same
process to find the amplitude and phase of mj, and
myy. After the values of inverse matrix M are calcu-
lated and its effects are included into the settings of
the channel emulator, the desired signals can be de-
livered to the receiver of the DUT over the air.

To find out M for MIMO OTA measurement, a
prerequisite for the DUT is its ability to report the
RSSI of each receiver back to the base station. By
adjusting the amplitude and phase for each antenna
link path, H' and M can be determined. During the
search process, the first requirement cannot be com-
pletely satisfied in practical MIMO OTA measure-
ment due to the limited accuracy of the amplitude and
phase regulator; therefore, the cross path (from
transmitting port 1 to receiving port 2, and from
transmitting port 2 to receiving port 1) cannot be
completely removed. Thus, the relationship between
M and H' in the 2x2 MIMO testing can be rewritten as

follows:
{hn hlz}[mn m1z}:|:51 C1} %
by hy, | My my, G S

where, in the ideal case, S$1=S,=1 and C;=C,=0,
whereas, in reality, the C; and C, terms are nonzero.
To quantify the amplitude of the cross-path signals,
the isolation is introduced as follows:

, ®)
, )

ISO, =S, /€,
180, =S, /C,
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ISO, = min(ISO,,ISO, ), (10)

where ISOy is a significant parameter of inverse ma-
trix M which is related to the position and orientation
of the DUT, and the selected transmitting antennas in
the anechoic chamber. ISO; can affect the throughput
test in the second stage of the RTS method, and it
must reach a certain large value to ensure that the
effects of the cross path on the MIMO throughput
results are negligible. To maintain a low uncertainty
and high repeatability in the MIMO OTA testing, an
isolation value of at least 18 dB is required before
performing the MIMO OTA evaluation.

6 Measurement setup and results

This section describes the measurement setup
and steps for the MIMO OTA measurement using the
RTS method and thereafter compares the results of the
MPAC method and the RTS method.

6.1 Measurement setup

The RTS method is divided into the following
steps (in concept only, while in practice, the entire
testing is conducted automatically without any in-
tervention from the operator) during the measurement
in the anechoic chamber:

1. Measure the receiving antenna patterns of the
DUT.

2. Select the proper positions of the DUT and the
transmitting antennas in the anechoic chamber to
maintain a high isolation defined in Eq. (10).

3. Obtain the propagation matrix H' and calcu-
late inverse matrix M.

4. Import the antenna patterns into the channel
emulator, and execute the MIMO throughput test with
the inverse matrix applied.

As shown in Figs. 7a and 7b, in the first stage,
the DUT is placed on the turntable for antenna pattern
measurement. During the measurement in the second
stage, the position of the DUT should be fixed after
the inverse matrix is obtained. Any changes to the
position would result in uncertainties in MIMO
throughput measurement. In addition, a low-power
amplifier may be used to ensure stable communica-
tion between the DUT and the instrument.
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Fig. 7 Test setup and results: (a) schematic view of the MIMO test setup; (b) front view of the test setup; (c) RTS
MIMO OTA throughput measurement (band 3); (d) comparison of RTS and MPAC methods on LTE MIMO
References to color refer to the online version of this figure. MIMO: multiple-input multiple-output; RTS: radiated two-stage;
OTA: over-the-air; MPAC: multiprobe anechoic chamber; LTE: Long-Term Evolution; EPRE: energy per resource element

In this study, the MIMO OTA testing is per-
formed using a Rayzone 2800 RTS anechoic chamber.
During MIMO measurement, two transmitting ports
are connected with cables from the instrument as
downlink test signals, and an additional communica-
tion antenna is connected to the instrument for
communication between the instrument and the DUT
as the uplink signals. The instrument used is a UXM
wireless test set E7515A, along with a highly inte-
grated signaling tester with a base station, channel
emulator, and the hardware for regulating the inverse
matrix function.

6.2 Measurement results

The 2D LTE MIMO testing results in band 3
using the RTS method are shown in Fig. 7c. The 12

lines in the figure describe the relationship between
the downlink power level and the MIMO throughput
in different angles. When the downlink power level
increases, the signal-to-noise ratio is improved, re-
sulting in higher MIMO throughput. During the
throughput measurement in the second stage, the
DUT is fixed on the turntable, and the MIMO results
for different angles are obtained by rotating the an-
tenna pattern in the UXM and combining the channel
models to create the needed rotation.

As the standard methods for MIMO measure-
ment in 3GPP and CTIA, the RTS and MPAC meth-
ods are compared here for the same DUT. In Fig. 7d,
the downlink power levels are shown using the RTS
and MPAC methods when the DUT reaches 70%,
90%, and 95% of its maximum MIMO throughput.
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The results for different angles show the same
tendencies, and the maximum difference between the
RTS and MPAC methods is no more than 0.5 dB,
which might be introduced by uncertainties of test
instrument, the reflection in the chamber, or the
temperature. Although there are differences between
the RTS and MPAC methods, their purpose is the
same: to achieve the specified channel models for
MIMO throughput measurement to evaluate the re-
ceiver performance of a DUT. The results are in good
agreement and strongly suggest that both methods
provide correct results. In addition, the comparison of
the RTS and MPAC methods is shown in Table 1 for
researchers to select the proper method based on their
own requirement and budget. Furthermore, a com-
parison with related works is shown in Table 2.

7 Conclusions

With the rapid development of 5G-and-beyond
wireless systems, MIMO OTA testing plays a major
role in the wireless performance evaluation for wire-
less devices.

This paper provides an intuitive and clear de-
scription of channel models. In addition, the evolution
of MIMO measurement has been introduced from the
conducted chipset MIMO measurement to MIMO
OTA measurement and its related methods (MPAC
method, RC+CE method, and RTS method) for
the first time. This effort will make engineers more

aware of the fundamentals of and developments in
various MIMO measurement methods. It can help
application engineers select the right method for the
MIMO test. It can also help test development scien-
tists and engineers research test solutions for future
automobile, space, and maritime MIMO applications.

The MPAC and RTS methods are both standard
MIMO OTA testing methods accepted by 3GPP and
CTIA, and they are compared side by side in this
paper. Moreover, an outlook of the MIMO OTA
testing for two emerging applications has been pre-
sented, which provides guidelines for engineers to
choose a suitable testing method according to their
specific needs, requirements, and limitations. Direc-
tions for improvements and further development of
the testing methods are discussed as well. In a stand-
ard 2x2 2D MIMO testing, both the MPAC and RTS
methods are demonstrated to be effective.
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