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Abstract—Spatially beamformed communication, which is
achieved by antenna array and multiple-input and multiple-
output (MIMO) technologies, has become the most critical
technology to drastically increase spectrum utilization rate of
5G. To guarantee the successful deployment of 5G, different
aspects of device design, particularly those related to radio-
frequency front end and antenna array for enabling beamformed
communication, have to be accurately verified. It is more cost
effective to identify design imperfections through lab testing
rather than using field testing-based trial and error approaches,
especially for the explosive growth of 5G-enabled Internet of
Things devices. In this article, a directly connected over-the-
air (OTA) test solution for 5G MIMO OTA evaluations with the
focus on dynamic beamforming devices is proposed. The proposed
solution can mathematically achieve constructions among the S
ports of base station (BS) and U ports of the receiving antenna
array, which makes it possible for measuring the through-
put of terminal with an adaptive beamforming array in an
OTA way. All system parameters are emulated, including S
elements BS antenna gain, U elements of receiving terminal
performance, and 3-D S×U propagation channel characteristics.
To further validate the theoretical analysis and test procedure,
a newly developed 4 × 4 5G MIMO device is measured in
terms of its throughput. The results exactly reflect the true
performance of the proposed solution under realistic operational
conditions.

Index Terms—5G IoT, adaptive beamforming, directly con-
nected over the air (OTA).

I. INTRODUCTION

S INCE the international standards organization Cellular
Telecommunication and Internet Association (CTIA)

Manuscript received 17 February 2021; revised 11 October 2021; accepted
2 February 2022. Date of publication 9 February 2022; date of current version
8 August 2022. This work was supported by the China Postdoctoral Science
Foundation under Grant 2021M691679. (Corresponding author: Yihong Qi.)

Penghui Shen and Yihong Qi are with the Department of Mathematics
and Theory, Peng Cheng Laboratory, Shenzhen 418000, China (e-mail:
shenph@pcl.ac.cn; yihong.qi@generaltest.com).

Wei Yu is with the Department of Research and Department, General Test
Systems Inc., Shenzhen 418000, China (e-mail: fred.yu@generaltest.com).

Fuhai Li is with the Department of Electrical and Information Engineering,
Hunan University, Changsha 410082, China (e-mail: fuhai-li@vip.sina.com).

Xianbin Wang is with the Department of Electrical and Computer
Engineering, Western University, London, ON N6A 5B9, Canada (e-mail:
xianbin.wang@uwo.ca).

Xuemin Shen is with the Department of Electrical and Computer
Engineering, University of Waterloo, Waterloo, ON N2L 3G1, Canada (e-mail:
sshen@uwaterloo.ca).

Digital Object Identifier 10.1109/JIOT.2022.3150038

published the first over-the-air (OTA) measurement standard in
2001 [1], OTA tests have successfully helped the developments
of wireless communication from 2G to 5G. In 2020, there
are more than 5.2 billion cellular phone users globally [2].
All their performances are required to be measured for pass-
ing the OTA network access certifications [3], [4], which also
proves that the OTA test has protected the network stabil-
ity while holding billions of users simultaneously accessed.
However, current standard solutions cannot meet the test
requirement of 5G multiinput multioutput (MIMO) termi-
nals in the beamforming mode, which is a hindrance for
pushing the 5G OTA test standardizations. For solving
the issue, an effective solution is proposed in the arti-
cle and a 4-receiver 5G terminal is used for experimental
verifications under a standard 3-dimensional (3-D) channel
model.

OTA is a measurement technique for evaluating the wireless
performance while maintaining the device under its inte-
grated and normal working mode [5], [6]. The OTA test
results can accurately reflect the wireless device’s integrated
physical link performance of the device under test (DUT).
MIMO allows both the transmitting and receiving sides
equipped with large numbers of antennas to generate signifi-
cantly improved throughput through beamformed transmission
in a multipath environment [7]–[9]. Similar to 4G MIMO
measurements, OTA tests in 5G are also requested to be
performed in user equipment (UE) with the multipath chan-
nels considered [4], [10], [11]. The key challenge for MIMO
performance estimation is how to build a reliable multipath
propagation environment in labs, which can emulate the true
working scenario of UE in practice [4], [12]–[16].

The CTIA and the 3rd Generation Partnership Project
(3GPP) have provided detailed measurement specifications for
MIMO [4], [16], where two possible methods for emulating
the MIMO multipath propagation environment are specified:
1) the radiated two-stage (RTS) method and 2) the multiple
probe anechoic chamber (MPAC) method. The RTS test is
achieved based on a first step measurement of the UE antenna
pattern actively, which is then combined with the desired
multipath channel model in a channel emulator for real-time
simulations of the signal propagation environment. The sec-
ond step of RTS is delivering the simulated signals into the UE
receivers for throughput testing [16], [17]. On the other hand,
the MPAC method creates the multipath propagations using
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a physical/hardware-enabled approach. Multiple antennas are
used to surround the UE for creating the scenario that multiple
signals arrive at the UE side simultaneously and in different
UE orientations. All measurement antennas are connected to a
multichannel channel emulator, where each channel is used for
emulating the phase, amplitude, time delay, and Doppler shift
varying of the corresponding propagation path in a defined
channel model [16], [18], [19].

Both RTS and MPAC methods have been widely used in 4G
MIMO testing to improve the overall network performance.
However, directly adopting these two standard methods into
the 5G UE test may face new challenges. In beamforming
working mode, a 5G UE could change its beam dynamically
according to the feedback of received parameters [4]. As a
consequence, it is almost impossible to obtain the antenna
patterns for the traditional RTS approach [4]. The MPAC
approach is theoretically feasible. The major challenge, how-
ever, comes from the fact that creating a 3-D propagation
environment for 5G requires a large number of measurement
antennas to surround the DUT, especially for the 5G chan-
nel model with more than dozens of clusters coming from
different UE directions [4]. In recent years, some significant
multiprobe-based schemes have been proposed in order to cope
with the OTA test requirements of 5G MIMO terminals and
5G millimeter-wave base stations (BSs), which have brought
certain positive contributions to the development of 5G MIMO
OTA test standards [22]–[25]. As of now, the standardizations
for 5G terminal testing in beamforming mode are still under
discussion in 3GPP [26], [27].

To address these issues, a directly connected OTA test solu-
tion for 5G MIMO OTA evaluations focusing on dynamic
beamforming devices is proposed in this article. The proposed
approach first measures the pattern of each DUT antenna unit
by a digital signal process (DSP)-enabled algorithm with the
DUT transmit/receiver (T/R) module fixed, then simulates the
throughput test signal via multiplying the integrated matrix
of BS antenna gain, the 3-D channel model, and the mea-
sured DUT antenna patterns, and third, delivers the simulated
signal to a U port channel emulator side for real-time sim-
ulations. Finally, the MIMO throughput test is conducted by
building a directly connected OTA link by eliminating cross-
couplings among the U ports on the emulator and U ports on
the UE antenna units as if the emulator and UE are directly
connected.

Compared with the standard RTS method in [17], the
proposed directly connected OTA approach is dedicated for
S × U(S,U >= 2) MIMO test based on the following four
major improvements. First, a total OTA test solution for 5G
MIMO UE in beamforming working mode is proposed in the
article, including the constructions of dynamic antenna pat-
terns and the S × U channel model in computing. Second, for
a second-order square matrix in the traditional RTS, it is easy
to solve the inverse as long as it is nonsingular. However, for a
higher order square matrix, it is better to evaluate its condition
order before designing the OTA direct connect process. The
higher the condition order, the higher uncertainty contributed
by solving the inverse would be brought, and the less stabil-
ity the throughput measurement would be. Third, 5G MIMO

Fig. 1. Schematic illustration for showing the 5G MIMO terminal’s real
working scenario under dynamic beam-forming mode.

works at a wider bandwidth than 4G, and the propagation
matrix in the chamber is frequency selective. So during the
OTA direct connect implementations, the channel gain flatness
at different frequencies in one band of the RF links (including
the measurement antenna gains, the UE antenna gains, and
the power loss in chamber) has to be carefully addressed in
higher order OTA direct connect establishments. Finally, the
3GPP defined true 3-D channel model has been constructed
effectively in chamber for the 5G MIMO OTA test. Prior to
this study, 2-D channel models have been used for many years
for MIMO performance validations since of some technical
limitations. The construction of the 3-D channel model is a
key step to promote the standardization of the 5G MIMO
OTA test.

The remainder of this article is arranged as follows. The
mathematical model of signal propagation in MIMO commu-
nication is presented in Section II, followed by the theoretical
fundamentals of the proposed directly connected OTA test in
Section III. The feasibility of the solution is validated based on
a 5G-enabled 4 × 4 MIMO system in Section IV, and finally,
the conclusions are drawn in Section V.

II. MATHEMATICAL MODEL OF SIGNAL PROPAGATION IN

MIMO COMMUNICATIONS

A. Working Scenario of 5G UE With Adaptive Beamforming

Fig. 1 illustrates how a moving wireless terminal works in
a typical working scenario. Since this study is focused on the
measurement of 5G UEs, the variation of the terminal beam
is highlighted in Fig. 1. In this example, the antenna array of
the terminal is steered through signal processing techniques to
vary its beam automatically and track the highest signal noise
rate (SNR) direction of the BS at all the time.

The practical working scenario can be further depicted as
the schematic diagram in Fig. 2. In fact, the electromagnetic
signal transmissions for any beamformed communication can
be summarized as follows. For the downlink streams, the sig-
nals are radiated by the BS antennas, then delivered through
the complex propagations channel, and finally, coupled by
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Fig. 2. Schematic diagram of the transmissions between the 5G BS and the
mobile wireless terminal.

the mobile terminal antennas, and vice versa for the uplink.
Thereby, the communication system can be considered as com-
posed of three parts: 1) the BS; 2) the wireless propagation
environment; and 3) the mobile UE. Both the BS and UE
may consist of a multichannel transceiver and a phased array
antenna, which is further composed by a T/R module plus an
antenna array.

Generally, the beamforming process uses the T/R module
to control the direction of a wave front via appropriately
precoding the phase and magnitude of the individual signal
in the antenna array. Signals are strengthened at the desired
direction by multiple antennas and precoding vectors in order
to achieve spatial selectivity. The precoding is processed in
baseband based on the estimated channel information from
the received signal at the UE side. Hence, the wireless channel
(including the characteristics of reflections, refraction, scatter-
ings, Doppler, etc.) plays a dominant role in the beamforming
process. In general, the multipath channel can be exploited for
capacity augmentation using the MIMO technique. However,
the superposition of direct and multiple reflected signal paths
could create deep fading. Due to the pros and cons of
the multipath effect, evaluating the 5G MIMO DUT’s RF
performance should take the characteristics of the channel into
considerations.

B. Mathematical Model of the Methioned 5G UE Working
Scenario

An accurate channel model, which can be validated by
experimental results, is critical to quantify practical wireless
propagation mathematically. All the influences caused by the
surroundings, movements, etc., to signal propagation could
be characterized by an ideal channel model, which typically
consists of different factors, such as fading statistics, power
delay profile, delay spread, cross-polarization rate, Angle of
Departure (AoD), Angle of Arrival (AoA), etc. The 3GPP has
proposed many standard multipath channel models for wire-
less DUT performance evaluations [21], [22], where all the
transmission paths can be traced mathematically. Fig. 3 shows
a typical channel model with N paths, where (x1, x2, . . . , xS)

are the S transmitted signals at the BS transceivers (marked

Fig. 3. nth path in channel for MIMO wireless communications.

as the BS transmitted signals in the rest), and (y1, y2, . . . , yU)

are the U received signals at the receiver inputs after the UE
transceiver components (marked as the UE received signals
in the rest). It is clear that after crossing through the N path
channel, the received signals become the multiplication of the
radiations pattern of BS, the channel model, and the radiation
pattern of UE.

Based on the channel model, the UE received signals are
associated with the BS transmitted signals as

[
y1, y2, . . . , yU

]T = H(t) ∗ [x1, x2, . . . , xS]T (1)

where

H(t) =
N∑

n=1

⎡

⎢⎢
⎢⎢
⎣

h1,1,n(t) h1,2,n(t) · · · h1,S,n(t)

h2,1,n(t) h2,2,n(t) · · · h2,S,n(t)
...

...
. . .

...

hU,1,n(t) hU,2,n(t) · · · hU,S,n(t)

⎤

⎥⎥
⎥⎥
⎦

(2)

is the defined channel matrix in MIMO communications, and t
denotes time variable. Generally, recovery of the BS transmit-
ted signals can be achieved by on multiplying the UE received
signals with the inverse matrix of estimated H(t) at the UE
side. The (u, s, n) component of the matrix H(t) is further
expressed as [15]

hu,s,n(t) = eψn ·iu(t)ejτu(t)

[
gv

u,UE

(
ϕn,AoA

)

gh
u,UE

(
ϕn,AoA

)

]T

∗
[
χv,v

n χv,h
n

χh,v
n χh,h

n

]

∗
[

gv
s,BS

(
ϕn,AoD

)

gh
s,BS

(
ϕn,AoD

)

]

ps(t)e
jυs(t) (3)

where ψn is the phase factor including the information about
the Doppler effect, phase, and delay of the nth path; ϕn,AoA,
ϕn,AoD, and χx,y

n represent AoA, AoD, and complex amplitude
phase change from y to x polarization in the nth path, respec-
tively; gx

u,UE(ϕn,AoA) and gx
s,BS(ϕn,AoD) are the gain of UE uth

antenna plus its corresponding T/R component and the gain
of BS sth antenna plus its corresponding T/R component in
x polarization separately; ps(t) and υs(t) are the time-varying
amplitude and phase gains of the uth T/R element in BS side
separately; iu(t) and τu(t) are the time-varying amplitude and
phase gains of the uth T/R component in UE side separately;
and []T denotes matrix transpose.
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Fig. 4. Diagram of a UE in a 3-D multiple path channel model.

While in the adaptive beamforming working mode, the
amplitude and phase offsets of the UE T/R module are con-
trolled by the baseband processing, which are dynamic and
unknown to the test system while considering the DUT as
a black box. Consequently, the received signals at the UE
receivers could not be determined mathematically and emu-
lated in the testing instrument. That is, a major obstacle for
the traditional MIMO test standard applying in 5G.

III. THEORETICAL FOUNDATION OF DIRECTLY

CONNECTED OTA TEST SOLUTION

As discussed earlier, the received signals at UE receivers
in practice are (y1, y2, . . . , yU), as defined in (1)–(3). In this
article, we focus on producing the signals into UE receivers
to emulate the UE’s true working condition and evaluate its
RF performance. Directly simulating the UE received signals
and transferring them to the UE corresponding receivers may
be inaccessible, as mentioned before. However, as shown in
Fig. 4, for a beamformed MIMO UE in a multipath channel,
the signal reaching any UE antenna feeding (before coupling
into the UE T/R component) is determined by the BS anten-
nas, multipath channel, and UE antenna unit. The BS antenna
patterns and the multipath channel information are known for
MIMO test (as specified in [21], [22], and [28]), and the sig-
nal reaching any UE antenna feeding is available with the UE
antenna unit pattern measured.

So this study will fulfil this objective in two steps:
1) computing the signals (f1, f2, . . . , fU) at the UE antenna
array feedings (marked as the UE antenna feeding sig-
nals in the rest), as shown in Fig. 3 and 2) delivering

them into the UE antenna unit feedings via directly con-
nected OTA. During testing, ensure the UE in its nor-
mal beamforming statements, so that the received sig-
nals are equal to (y1, y2, . . . , yU), which is elaborated
as follows.

Here, (b1, b2, . . . , bS) are the S transmitted signals at the BS
antenna element feedings (after passing through the BS T/R
components, marked as the BS antenna feeding signals), and
(f1, f2, . . . , fU) are the U received signals at the UE antenna
element feedings (before passing the UE T/R components).
Then, the UE antenna feeding signals are associated with the
UE received signals as
⎡

⎢
⎢⎢⎢
⎣

y1

y2
...

yU

⎤

⎥
⎥⎥⎥
⎦

=

⎡

⎢
⎢⎢⎢
⎣

i1(t)ejτ1(t) 0 · · · 0
0 i2(t)ejτ2(t) · · · 0
...

...
. . .

...

0 0 · · · iU(t)ejτU(t)

⎤

⎥
⎥⎥⎥
⎦

∗

⎡

⎢
⎢⎢⎢
⎣

f1
f2
...

fU

⎤

⎥
⎥⎥⎥
⎦
.

(4)

Similar to the above derivations of (4), the BS antenna feed-
ing signals are associated with the BS transmitted signals as
⎡

⎢
⎢⎢
⎢
⎣

b1

b
.
.
.

bS

⎤

⎥
⎥⎥
⎥
⎦

=

⎡

⎢
⎢⎢
⎢
⎣

p1(t)ejυ1(t) 0 · · · 0
0 p2(t)ejυ2(t) · · · 0
.
.
.

.

.

.
. . .

.

.

.

0 0 · · · pS(t)ejυS(t)

⎤

⎥
⎥⎥
⎥
⎦

∗

⎡

⎢
⎢⎢
⎢
⎣

x1

x2
.
.
.

xS

⎤

⎥
⎥⎥
⎥
⎦
.

(5)

Through (1), (4), and (5), the relationship between the UE
antenna feeding signals and the BS antenna feeding signals is

[
f1, f2, . . . , fU

]T = H̃(t) ∗ [b1, b2, . . . , bS]T (6)

where H̃(t) is expressed as (7), shown at the bottom of the
page. Substituting (3) into (7), the (u, s, n) element in matrix
H̃(t) can be obtained as

hu,s,n(t)

iu(t)ejτu(t)ps(t)ejυs(t)
= eψn

[
gv

u,UE

(
ϕn,AoA

)

gh
u,UE

(
ϕn,AoA

)
]T

∗
[
χv,v

n χv,h
n

χh,v
n χh,h

n

]

∗
[

gv
s,BS

(
ϕn,AoD

)

gh
s,BS

(
ϕn,AoD

)
]
. (8)

Equation (8) denotes that the matrix H̃(t) is independent
of the T/R units. From (6)–(8), the factors as the BS output
streams, beamforming situations, the antenna array pattern at
both UE and BS, and the channel model are all consisted in
the UE antenna feeding signals, which are further required
to be simulated and sent into the UE antenna array feedings
without cross-coupling. It is also the next step implemented in
this study. Through (6)–(8), the proposed solution mathemat-
ically achieves constructions among the S ports of BS and U

H̃(t) =
N∑

n=1

⎡

⎢⎢⎢⎢⎢
⎢
⎣

h1,1,n(t)
i1(t)ejτ1(t)p1(t)ejv1(t)

h1,2,n(t)
i1(t)eτ1(t)p2(t)ejυ2(t)

h2,1,n(t)
i2(t)ejτ2(t)p1(t)ejυ1(t)

h2,2,n(t)
i2(t)ejτ2(t)p2(t)ejυ2(t)

· · · h1,S,n(t)
i1(t)ejτ1(t)pS(t)ejυ1(t)

· · · h2,S,n(t)
i2(t)ejτ2(t)pS(t)ejυS(t)

...
...

hU,1,n(t)
iU(t)ejτU (t)p1(t)ejυ1(t)

hU,2,n(t)
iU(t)ejτU (t)p2(t)ejυ2(t)

. . .
...

· · · hU,S,n(t)
iU(t)ejτU (t)pS(t)ejυS(t)

⎤

⎥⎥⎥⎥⎥
⎥
⎦

(7)
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Fig. 5. Implementations of the proposed solution.

ports of UE receivers, which makes it possible for measuring
throughput of terminal with adaptive beamforming array in an
OTA way, as discussed as follows.

A. Calculations of the UE Antenna Feeding Signals

Since the gains of the antenna elements in both UE and
BS are time independent, all the parameters in (6) and (8) are
accessible for the matrix H̃(t) computing, that is the basic
theory foundation of the proposed solution in this article.
Combining (1), (4), (5), and (7), we can have that

[
y1, y2, . . . , yU

]T = Ie ∗ H̃(t) ∗ Pe ∗ [x1, x, . . . , xS]T

[b1, b2, . . . , bS]T = Pe ∗ [x1, x, . . . , xS]T

[
f1, f2, . . . , fU

]T = H̃(t) ∗ Pe ∗ [x1, x, . . . , xS]T (9)

where Ie and Pe are the T/R module excited diagonal matrixes
defined in (4) and (5), respectively. Equation (9) details the sig-
nal transmissions in practical communications, which is further
implemented in the presented test solution in Fig. 5, based on
three facts.

First, it is almost impossible to access the factor Ie from
a general UE while under testing in beamforming mode.
However, for UE tests, a BS emulator (BSE) is required for
imitating all the features of a real BS, including generat-
ing the test signals, changing the beam automatically, etc.
Therefore, the BS antenna feeding signals are known and can
be simulated in the BSE.

Second, the patterns of the antenna elements of the BS
and channel models are specified by the 3GPP standards. The
gains of the antenna elements in UE are accessible through
a DSP enabling algorithm inside the UE. In MIMO com-
munication, after receiving the multistream signals, a UE
will do the channel matrix estimations in real time, and
then recover the original transmitted signals by computing
the estimations and the received signals via a demodulation
algorithm.

Fig. 6 shows a simplified test setting for the UE antenna
element pattern measurements, where the UE is located in a
chamber with a measurement antenna connected to the BSE
output. In the UE antenna element pattern measurement step,
the T/R components of the UE should be kept fixed to a

Fig. 6. Simplified test setting for the UE antenna element pattern
measurements.

constant value. Only one set of the BSE outputs is used
for test signal delivery, so the S × U transmission can be
expressed as

⎡

⎢⎢⎢
⎣

y1
y2
...

yU

⎤

⎥⎥⎥
⎦

= H(t) ∗

⎡

⎢⎢⎢
⎣

x1
0
...

0

⎤

⎥⎥⎥
⎦
. (10)

In this case, the channel matrix H(t) is a static value. The
estimation value He(t) of H(t) is also static and accessible
through the UE reporting, which is defined antenna test func-
tion in 3GPP test specification 36.978 [29]. The output power
x1 is known and adjustable, which is set as a constant Q for
convenience. Then, the antenna element gains of the UE are

⎡

⎢⎢⎢
⎣

y1/Q
y2/Q
...

yU/Q

⎤

⎥⎥⎥
⎦

= He(t) ∗

⎡

⎢⎢⎢
⎣

1
0
...

0

⎤

⎥⎥⎥
⎦

(11)

where yu/Q is the gain of the uth antenna element in UE side
(with chamber path loss calibrated out). By using the above
steps, the gains at all UE orientations of the antenna elements
are measured.

After accessing the antenna element patterns through the
channel matrix estimation technique, the S × U matrix H̃(t)
defined in (6)–(8) is computed via multiplying the measured
antenna gain and the channel model, and then integrated into
a channel emulator’s RF model. This is a step that transfers
the S streams to U test signals (f1, f2, . . . , fU) excited at the
channel emulator’s U outputs, as shown in Fig. 5.

Third, build the U OTA direct connects between the U chan-
nel emulator outputs and the U UE antenna element feedings.
So that the signals delivery through the OTA direct con-
nects forms a one-to-one correspondence direct connection,
without cross-talking, as if the emulator and UE are directly
connected.

B. Implementation of Directly Connected OTA

The implementation of creating the OTA direct connect is
illustrated in Fig. 7, where the UE is placed in an anechoic
chamber within at least U measurement antennas installed
inside. The channel emulator outputs are linked to an RF
box that can produce a U × U static matrix (marked as M
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Fig. 7. Test system of the proposed solution.

Fig. 8. OTA direct connect diagram.

in the rest of the article). While in chamber, the propaga-
tion between the measurement antenna feedings and the UE
receiving antenna elements can be expressed as a mathemat-
ical matrix (marked as P in the article), which is frequency
dependent. In fixed hardware configurations, the factor P is a
static value.

Assume that the signals at the UE antenna element
feedings are (r1, r2, . . . , rU) in Fig. 7 that are associated
with the signals (f1, f2, . . . , fU) at the channel emulator
outputs as

[r1, r2, . . . , rU]T = P ∗ M ∗ [
f1, f2, . . . , fU

]T
. (12)

Setting the matrix M to the inverse of P, we can have that

[r1, r2, . . . , rU]T = [
f1, f2, . . . , fU

]T
. (13)

Equation (13) indicates that the channel emulator output
signals are delivered into the UE antenna element feedings
just like the real cables are used here, which is called the
OTA direct connect technique, as shown in Fig. 8. It is worth
noting that the OTA direct connect is established based on pro-
cessing the cross-matrix P in the chamber, which is a factor
in terms with the measurement antenna gains, the propaga-
tion in chamber, and the UE antenna element gains. That is,
a beamforming-independent value, which makes it possible

Fig. 9. 5G 4 × 4 MIMO DUT.

for measuring throughput of the adaptive beamforming and
antenna-switch UEs in an OTA way.

In short, the test procedure can be divided into three stages:
1) obtain the UE antenna element patterns in the chamber;
2) load the measured UE antenna element patterns and the
desired channel model in the emulator for simulations; and
3) build the OTA direct connects between the channel emulator
outputs and the UE antenna element feedings and deliver the
test signals OTA for throughput testing of UE.

IV. VALIDATION OF PROPOSED SOLUTION

The proposed solution is validated here based on a
4-receiver equipped 5G cellphone, for verifying the feasibility
and accuracy. The validation includes three parts: first, the
validation of the channel model constructed between S BS
antennas and U UE antennas; second, the validation of the iso-
lation of the OTA direct connection; and third, the validation
of the rationality and correctness of the final throughput test
results. In the OTA direct connection approach, all channel
model characteristics are achieved by mathematical calcu-
lations in the instrument, which provides higher accuracy
compared to the MPAC approach. The channel model vali-
dation (including process and results) has been listed in detail
in the 3GPP technical report 37.977 [28], the 3GPP test spec-
ification 37.544 [4], and the 3GPP test report 38.827 [30], and
is not repeated in this article.

As shown in Fig. 8, theoretically, with the inverse matrix
applied, the channel emulator output signals are delivered into
the UE antenna element feedings just like the real cables
are used here. In practice, however, there will always exist
cross-couplings between any two OTA direct connect links,
mainly caused by the calculation error, circuit coupling, and
so on. The ratio of the strength of the transmitted signal to
the cross-coupled signal from other ports is the defined isola-
tion of the OTA direct connect. The isolation is specified to
be greater than 15 dB during the throughput test, so that the
impact of the measurement error due to cross-coupling can be
negligible [4].

To verify the accuracy of the proposed method, a specially
designed 5G DUT with four transceivers is used. As shown in
Fig. 9, the integrated printed circuit board of the DUT (includ-
ing the four transceivers and all other circuit modules) is sealed
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Fig. 10. Noise form the DUT itself cannot be coupled into the receivers via
external antennas.

Fig. 11. Test system for conducting the 4 × 4 MIMO OTA measurements
of 5G UEs.

in a small shielding box, and its transceiver RF ports are con-
nected to four external antennas through the RF connectors
on the shielding box. In this case, the noise radiated by the
DUT modules (including the power supply module, crystal
oscillator module, camera module, etc.) cannot be captured
by the external antenna and then delivered to the receivers, as
shown in Fig. 10. As a consequence, the conducted throughput
measurements of the DUT and the OTA throughput measure-
ments are theoretically quite consistent for the same protocol
configuration. Moreover, the DUT allows four different data
streams to be received at a same frequency-time window. The
received signal phases are adjustable in order to achieve a
simple received beamforming function in UE.

A. Configurations of the Validation System

Fig. 11 shows the system for conducting the 4 × 4 MIMO
OTA test based on the proposed scheme, which is consisted of
a PC, a BSE, a channel emulator, and an anechoic chamber.
The BSE is adopted for producing the four test streams and
the T/R functions in BS side, while the channel emulator is
utilized for combining the BS antenna element patterns, the
multiple path channels, and the DUT antenna element patterns.
Moreover, the channel emulator introduced here contains an
inside RF box that supports a 4 × 4 matrix loaded. The out-
puts of the channel emulator are exactly M ∗ [f1, f2, . . . , fU]T

Fig. 12. Comparisons between the conductive measurement results and the
OTA measurement results of the 5G UE.

TABLE I
MEASUREMENT PARAMETERS

discussed in (12) actually. The chamber contains two dual
polarized horn antennas. Each of them is removable along
a half ring, in order to measure the 3-D antenna patterns
of the DUT and deliver the four test signals to UE antenna
feedings. The flexibility of the measurement antenna locations
also makes it easier to build the OTA direct connect links with
selecting an appreciate condition order related cross coupling
matrix in chamber, as mentioned before.

All measurement configurations are listed in Table I. In this
article, we follow a clustered delay line (CDL) model defined
in 3GPP test report 38.901 [31], for MIMO evaluations, under
a consideration that the CDL channel models are standard and
recognized in 5G to promote the network performance. The
selected CDL channel model is 3-D wave distribution based,
and the features as AoA, AoD, Zenith AoD (ZoD), and Zenith
AoA (ZoA) are listed in Table II.

Authorized licensed use limited to: University of Waterloo. Downloaded on September 01,2022 at 00:00:15 UTC from IEEE Xplore.  Restrictions apply. 



SHEN et al.: DIRECTLY CONNECTED OTA MEASUREMENT FOR PERFORMANCE EVALUATION 15369

TABLE II
FEATURES OF THE SELECTED CDL CHANNEL MODEL

B. Test Results and Analysis

In the validations, the protocol of 5G new radio (NR)
nonstandalone (NSA) mode is adopted, which depends on the
control plane of an existing long-term evolution (LTE) network
for control functions. A total of four sets of throughput test
results is generated. The first group is the conductive LTE
4 × 4 MIMO throughput test results; the second group is
the OTA LTE 4 × 4 MIMO throughput test results; the third
group is the conductive 5G NR 4 × 4 MIMO throughput test
results; and the last group is the OTA 5G NR 4 × 4 MIMO
throughput test results. All configurations about the protocol
are shown in Table I. The corresponding throughput results
are shown in Fig. 12, from which we can get the following
remarks.

1) The experiments show that the differences (both on LTE
and 5G NR) between the conductive test results and the
OTA test results are within 1 dB, which is in good agree-
ment with the theoretical analysis mentioned before. The
experiments show that the repeatability of the results is
within ±0.25 dB.

2) Compared to 4G LTE, 5G NR can achieve a significant
improvement on throughput rate.

3) All the isolations of the OTA direct connect links are
larger than 18 dB, which efficiently meets the require-
ments of the 3GPP test specifications [4]. It is worth
emphasizing that compared with the LTE protocol, 5G
MIMO works at a wider bandwidth and the chamber
propagation matrix is frequency selective. So for guar-
anteeing high isolations of the OTA direct connect links,

the channel gain flatness at different frequencies in one
band of the RF links (mainly determined by the measure-
ment antenna gains, the amplifier gains, and the power
loss in the chamber) has to be carefully handled. In
this test system, the total gain flatness over one band
is within 0.7 dB.

V. CONCLUSION

A new MIMO OTA test solution for 5G UE with adap-
tive beamforming capability has been proposed through the
creation of a directly connected channel between the chan-
nel emulator and the DUT, where the true 3-D propagation
environment is emulated in the test equipment in order to
ensure the DUT working in its normal adaptive beamforming
state. The proposed solution and concept are generic, which
can be applied to the performance test of different MIMO
devices with or without adaptive beamforming. The proposed
solution provides both theoretical foundation and test imple-
mentation details for the S × U MIMO beamforming test. To
further validate the theoretical analysis and test procedure, a
newly developed 4 × 4 5G MIMO device has been mea-
sured in terms of its throughput. For future work, we will
propose to apply this scheme to 3-D channel modeling and
MIMO OTA testing of huge DUTs and 5G millimeter-wave
terminals.
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