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Wideband Inverse Matrix for Radiated Two-
Stage MIMO Measurements

Jun Li, Student Member, IEEE, Bin Lin, Senior Member, IEEE, Yihong Qi, Senior Member, IEEE,
James L. Drewniak, Fellow, IEEE, Jiang Zhu, Fellow, IEEE, Daryl G. Beetner, Senior Member, IEEE

Abstract—Multiple-input and multiple-output (MIMO)
technology is one of the significant components in the growing
fifth-generation (5G) communication systems. The 5G system has
expanded its frequency range and widened the bandwidth to
achieve higher throughput rates and more stable wireless qualities,
which brings new challenges to the over-the-air (OTA) MIMO
evaluations. The wide bandwidth introduces systematic
uncertainties into the MIMO measurement because of the
increased amplitude and phase variation issues under different
frequencies in the wideband signals, and it could lead to invalid
MIMO throughput measurement results when severe. The effect
on antenna isolation resulting from amplitude and phase variation
in wideband MIMO measurements are analyzed based on the RTS
MIMO measurement method. A wideband inverse matrix
algorithm is introduced to solve this issue and improve the
wideband MIMO antenna isolation. The proposed method can be
used in both MPAC and RTS chambers, which paves the way for
decreasing the OTA measurement uncertainties on both 5G sub-
6GHz wideband MIMO and millimeter-wave MIMO evaluations.

Index Terms—Multiple input and multiple output (MIMO),
over the air (OTA), Radiated two stage (RTS), wideband inverse
matrix.

. INTRODUCTION

HE fifth-generation (5G) communication technology
brings a new internet of things (1oT) revolution, enabling
more advanced communication quality with higher throughput
rates and lower latency, and reducing communication costs for
wireless terminals. According to GSMA's forecast, the number
of global 10T devices will reach approximately 24.6 billion in
2025, and the applications of 10T devices will continue to
achieve explosive growth under the gradual maturation of 5G
technologies [1]. In addition, multiple-input and multiple-
output (MIMO) technology, with higher and more stable
throughput rates, becomes one of the significant features in 5G
systems to improve the user experience, which also brings new
challenges for MIMO system evaluation in research and
development (R&D), certification, and production line testing
before they can be marketed.
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As the 3rd-Generation Partnership Project (3GPP) and
Cellular Telecommunication and Internet Association (CTIA)
defined, there are strict requirements for the accuracy, stability,
and consistency of the overall wireless performance of over-
the-air (OTA) testing for wireless performance evaluation [2],
[3], and the measurement methods should also be applicable for
5G and beyond communication system measurements. There
are two standard MIMO OTA methods specified: Radiated Two
Stage (RTS) method and the Multiple Probe Anechoic Chamber
(MPAC) method [4],[5] and the primary evaluation metric is
the throughput rate. These two methods provide a reliable
method for MIMO performance evaluation and means of
uncertainty verification and design optimization, which have
been widely applied to the 4G long-term-evolution (LTE)
MIMO OTA evaluation. The methods simulate a specified
electromagnetic propagation environment in an anechoic
chamber, and test throughput rates under the defined channel
models.

However, with the increased frequency bandwidth and more
complex radio-frequency (RF) components in 5G system
design, the amplitude and phase variation issue under different
frequencies in communication links introduces significant
challenges and result in uncertainty in MIMO OTA evaluations.
When conducting 4G MIMO measurements, the testing signals
are narrowband (< 20MHz), so the amplitude and phase
variation issues are neglected because the amplitude and phase
in the frequency band are almost identical to the center
frequency. However, in 5G wideband MIMO measurements,
the variation of amplitude and phase in the frequency band,
especially the phase variations, must be considered in MIMO
measurement methods, otherwise, measurement uncertainties
can be introduced in 5G MIMO evaluations in both MPAC and
RTS methods.

In the RTS MIMO measurement method, an “Inverse Matrix”
is introduced for canceling the spatial transmission matrix,
realizing a “Direct Connection” between the base station
emulator (BSE) and receivers of the device under test (DUT).
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In a real-world environment, the spatially cross-transmitted
signals cannot be eliminated by the inverse matrix, so antenna
isolation is defined to describe the magnitude relationship
between the crossed signals and the desired signals [6] [7].
Antenna isolation is a measurement uncertainty-related
parameter for OTA MIMO evaluations. Antenna isolation
greater than 20 dB is achievable for LTE MIMO measurements
for a 20 MHz bandwidth. However, with the increased
bandwidth in 5G systems (FR1 with 100MHz, FR2 with
400MHz), the calculated inverse matrix cannot be fully adapted
to all the wide frequency bands because of the dramatic
variation of amplitude and phase. Thus the “Direct Connection”
in the test environment is challenging to achieve, and the
antenna isolation is significantly reduced, resulting in high
measurement uncertainties in RTS MIMO measurements, and
even failing to evaluate the actual wireless performance of the
DUT.

This paper analyzes and verifies the effects of amplitude and
phase variations in wideband signals on MIMO antenna
isolation. Also, engineering issues to be considered in the
MIMO chamber design are proposed, and a wideband inverse
matrix algorithm is analyzed and realized to solve the wideband
MIMO antenna isolation. Finally, experiments are performed to
verify the effectiveness of the wideband inverse matrix
algorithm on antenna isolation in RTS MIMO evaluations. The
article is organized into five main parts. At first, the theory of
MIMO measurement based on the standard RTS method is
introduced in Section Il. The wideband effects on RTS MIMO
evaluation are analyzed in Section Ill, and the principle of
solutions and realizations are explained in Section V. Finally,
the verifications and experiment results are shown in Section V
and followed by the conclusions.

Il. RTS METHOD INTRODUCTION

The channel models in OTA MIMO measurement are
introduced in this section, and the principle of the RTS
MIMO evaluation is briefly described. The importance of

antenna isolation in MIMO measurement is elaborated herein.

A. MIMO Channel modeling

MIMO OTA testing is the simulation of the channel model
defined in 3GPP to represent the complex electromagnetic
propagation environment. As shown in Fig. 1, the base station
has M transmitting antennas, and the DUT has N receiving
antennas. The basic parameters for each transmission link in
this channel model include the number of clusters, the antenna
patterns of the wireless terminals and the base station, the
doppler effects, the time delay, and the power distribution, as
well as the angle of departure (AoD) and the angle of arrival
(A0A) [8]. The channel model between the m™ transmitting
antenna in the base station and the n™" receiving antenna in

DUT is described as [8]:
L

v T
By () = Z o U2 t+ 9 +(~j2mf 1) [Gn.DUT(“l.AOA)]
nm
GrI;I,DUT(al,AOA)
vV V.H H
’ ’ G
% L)((LV ?HH] % [ m,BS(ﬁl,AOD)] [1]
1

l GYI;II,BS (.BZ,AOD)

=1

T
Power (dBm) AoD (°) AoA (°) Doppler

Cluster#  Delay (ns)

Fig. 1 Overview of a MIMO channel model.
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~
Base Station Channel DUT
Emulator (BSE) Emulator S
S \

Import into

Antenna Parterns

Fig. 2 Conducted 2 x 2 MIMO measurement.

where, | is one of the L sub-paths, t and f are the time and
tested center frequency, respectively; yi, @; and 7; are the
prime phase, doppler effect, and the time delay of the I sub-
path; G pyr and Gy, ps (X representing the polarization) are
the antenna gains of the n™ receiving antenna and the m™
transmitting antenna, and, a; 404, Bia0p and ¥, are the
AO0A, the AoD, and the path loss from antenna polarization y
to X in the | sub-path.

In traditional 2 x 2 MIMO measurements, as shown in Fig.
2, the testing signals (the channel models and antenna patterns
are integrated) are transmitted from the channel emulator to
receiver ports of the DUT using cables. However, de-sensitivity
issues and high cable isolation results in measurement
inconsistencies with real usage applications, which can lead to
MIMO evaluation failure [9] -[11].

B. RTS method for MIMO OTA measurements

The RTS MIMO measurement method is one of the standard
OTA MIMO evaluation methods [4] [5], which is implemented
through both mathematical and physical realization. The RTS
method is divided into two distinct stages. The first stage is to
obtain the receiving antenna patterns of each antenna, and
transmitting matrix H between the transmitting ports of the base
station and receiving ports of the DUT. The second stage is to
calculate and apply the inverse matrix M to the channel
emulator to perform the throughput measurement process. The
second stage can be realized in an instrument based on the
mathematical theory and RF components, such as an amplifier,
attenuator, and phase shifter.

As shown in Fig. 2 above, the testing signals with channel
models are delivered to receivers over the air, and the
communication links exist in each transmitting antenna and
each receiver [12]. For a N x N system, the relationships
between transmitting antennas and receivers are written as

y(©) = H(t) »x(t), [2]
where the received signals (y4, y,, ..., ¥y) are a function of the
transmitting signals (x;, x5, ..., xy)» and the total transmitting
matrix H is defined as

receiver port 2
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hl,l(t) hl,N (t)
H(t) = : : . [3]
hy,1(t) hyn ()

Forthe 2 x 2 MIMO OTA measurement shown in Fig. 3, the
desired signals for each receiving port cannot be delivered to
each receiver correctly because of the cross signal transmission
from Tx antenna 1 to Rx antenna 2, and from Tx antenna 2 to
Rx antenna 1. The transmitting matrix H in 2 x 2 MIMO
environment is then

hi () hy(0)

Hoa® =1, 0 oot -

In order to eliminated the cross signal transmission in MIMO

OTA measurements, an inverse matrix M is used to eliminate

the effects of cross-transfer and realize a “Direct Connection”

between the transmitting signals to receivers. The inverse
matrix M inan N X N system is

myn(8)
5 l ; [5]

my1(t)
M) = [
my,(t) my y(t)
after applying the inverse matrix M, the relationship between
transmitting signals to receivers in (2) is modified as

y() = [M(@) X H()] * x(t) : (6]
As shown in Fig.4, the total transmitting matrix T for a 2 x 2
MIMO system is then

T = [tll t1z] = [May2(t) X Hapyz (2)]

t211/n t22m h h

11 12 11 12
—Imyy m22] X [h21 hzz] [7]
In the ideal case, the total transmitting matrix T is an identity
matrix, i.e., t;; = t,, =1 and t;, = t,; = 0. Therefore, the
testing signals from transmitting signals 1 and 2 are delivered
to receiver 1 and 2, respectively. The cross signals are
eliminated after applying the inverse matrix M. However, in
practice, the cross signals are not entirely eliminated due to the
reflection in the chamber and the limited accuracy of the
amplifier, attenuator, and phase shifter. To evaluate the impact
of the cross signals for MIMO measurement, the concept of

antenna isolation is defined as

los; = 20logyolti1/ts2|
los; = 20logyoltaz/ta1]

los; = min (losy,10s;) [8]
where, los, and Ios, represent the ratio (in dB) of the desired
signal to cross signal of receiving antenna 1 and 2, respectively,
and the los; is the system isolation for a 2 x 2 MIMO system.
In RTS MIMO testing, antenna isolation is a significant
factor related to MIMO measurement uncertainty, and is
affected by the position and the receiving antenna patterns of
the DUT, as well as the transmitting antennas. In addition, the
differences in Free Space Path Loss (FSPL) and antenna
directivity/pattern are reflected in the transmission matrix H.
However, once the inverse matrix is calculated and loaded,
these differences are eliminated. As long as the antenna
isolation requirements are met, the FSPL and antenna
directivity/pattern will not have an impact on the test results. To
ensure lower uncertainty for RTS MIMO [13] [15]
measurements, the isolation must be greater than 15 dB before
throughput measurements [16] to achieve a satisfactory “Direct
Connection.” After applying the inverse matrix and achieving
sufficient antenna isolation, the MIMO throughput

TX antenna 1 RX antenna 1

T
*Transmitti ing Matrix H

RX antenna 2

Channel
Emulator

‘1 Import into TX antenna 2

Base Station
Emulator (BSE)
Antenna Parterns

Fig. 3 Communication link ina 2 x 2 OTA MIMO measurement.

Base Station Channel |75 727" — | DUT
Emulator (BSE) Emulator |~ . 5
trix M Transmitting Matrix 4

1 Import into RX antenna 2

TX antenna 2

RX antenna 2

Base Station Channel __’,_———'4 - | G
Emulator (BSE) Emulator |-==------ — :
inverse Ma ‘Transmitting Matrix #

Fig. 5 Transmitting Signal 2 to Receiver 1 of the DUT.

measurement can be performed to evaluate the MIMO
performance of the DUT [17] — [19].

I1l. WIDEBAND MIMO MEASUREMENT ANALYSIS BASED ON
THE RTS METHOD

As indicated in (7) and Fig. 4, the matrix T should be nearly
the identity matrix, which means that the transmitting Signals 1
and 2 are directly delivered to Receiver 1 and Receiver 2,
respectively, without cross-transmission. As an example, the
communication link from transmitting Signal 2 to Receiver 1 is
shown in Fig.5. After applying the inverse matrix M ina 2 x 2
MIMO measurement, the two paths from transmitting Signal 2
to Receiver 1 are not expected to exist. By adjusting the
amplitude and phase in the inverse matrix, these two path
signals will have the same amplitude and opposite phase (180°
difference) when arriving at Receiver 1. Then the transmitting
Signal 2 is eliminated in Receiver 1 to ensure sufficient
isolation in (8) for MIMO measurements.

The inverse matrix M is implemented with amplifiers,
attenuators, and phase shifters (or digital signal processing
(DSP) modules and Field Programmable Gate Array (FPGA))
in the channel emulator, which is widely used in 4G LTE
MIMO measurements with signal bandwidth less than 20MHz.
The variation of amplitude and phase is not apparent when the
signal bandwidth is narrow, i.e., in this range, so signal
cancellation is implemented based on the center frequency to
realize high isolation.
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Fig. 6 Schematic diagram for MIMO measurement chamber
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Fig. 7 Two basic cases: linear functional variation and non-linear
functional variation.
However, when it comes to MIMO testing of the 5G Sub-6
GHz band, with a maximum bandwidth of L00MHz in a single
carrier, the inverse matrix M is difficult to realize adequately
over the entire frequency band because of the significant
variation in amplitude and phase in the wideband signals,
which is ignored in narrow-band MIMO testing. As shown in
Fig. 5, these two signal paths are not sufficiently eliminated
when added together at Receiver 1 without considering the
variation of amplitude and phase difference over the wide
frequency band. The causes and effects resulting from the
variation of amplitude and phase in wideband signals are
analyzed in this section, and simulation results are provided.
In the 4x 4 MIMO measurement system shown in Fig. 6, the
MIMO test system comprises a minimum of four essential
components, including a computer, testing instruments, a
system control panel facilitating RF components and turntable
control, and an integrated anechoic chamber. During the
MIMO testing, the transmitting paths of testing signals are
comprised of various active and passive components, such as
the amplifier, filters, RF switches, measurement probes, RF
cables, and propagation paths. All these components have a
different impact on the amplitude and phase shift of the signals
over the frequency band.

A. Amplitude functional variation

As illustrated above, many factors contribute to the amplitude
flatness over the frequency band. Fig.7 represents two primary
cases: the amplitude of signals with linear functional variation
and non-linear functional variation. The first source spectrum
line is the reference signal without amplitude variation, and the
second line is amplitude-modulated after the propagation
environment.

Cancelled power of added two signals
with amplitude variation

-20 }

25}

230+

Bandwidth 20MHz
Bandwidth 40MHz
Bandwidth SOMHz

.35}

Cancelled Power Lever (dB)

401 Bandwidth 60MHz

Bandwidth 80MHz
Bandwidth 90MHz
‘Bandwidth 100M

-50 _ . _ :
0 05 1 15 2 25 3 35

Amplitude Variation (dB)
Fig. 8 Cancelled power level under different bandwidth
and amplitude variation.

TABLE |
MAXIMUM AMPLITUDE VARIATION FOR MIMO MEASUREMENT FOR
DIFFERENT BANDWIDTHS

Maximum Variation (dB)

Bandwidth (MHz)
20

4.0
40 2.1
50 1.8
60 1.4
80 11
90 1.0
100 0.8

To implement the simulation and determine the effect of
amplitude variations, two 5G NR signals with different
amplitude variations were added together in anti-phase (180-
degree difference) to analyze the canceled power levels at
different bandwidths, and the results are shown in Fig. 8 and
Table 1. With the bandwidth and amplitude variation increase
shown in Fig. 8, the canceled power level decreases after adding
these two phase-reversed signals together, which would result
in lower isolation for the RTS method and introduce MIMO
measurement uncertainties. To improve the isolation (>15dB)
in different bandwidths, the maximum amplitude variation
should be ensured shown in Table I.

For 5G MIMO measurements with a 100 MHz bandwidth, it
is difficult to guarantee the amplitude variation within 0.8 dB
for individual RF components, let alone for an anechoic
chamber design. Therefore, on the one hand, amplitude-flat
components and low-loss cables for chamber design can be
used to reduce the amplitude variation; on the other hand, the
amplitude variation can also be addressed by the method
introduced in Section IV.

B. Phase variation

Unlike amplitude variation, phase variations with frequency
can be significant in a complex communication link path. For
example, assume that the attenuation of the RF cable can be
ignored, the wavelength and the phase progression are

_ 2T _ 21
B wue
and
I lwue
P =1=" [9]
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Fig. 9 Phase variation in chamber for a communication link.

Comparasion with Linear phase variation
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Fig. 10 Magnitude of power cancelling in different bandwidth and phase-slop.

where the | is the cable length, w is the radian frequency of the
signals, and u,e represent the magnetic permeability and
electrical permittivity, respectively. The variation of the phase

with frequency is
i = We [10]
Aw 2m

The phase variation at 2.45 GHz with a 100 MHz signal
bandwidth is simulated and shown in Fig. 9. As the frequency
increases, the phase varies with the frequency, as well as the
length of the total communication link, and the phase change
from the amplifier, filter, and other RF components. To cancel
the cross-link power shown in Fig.5, the magnitude of the phase
variation under the different frequency of the two signals should
have the same trends and values to ensure all the in-band
frequencies can be adjusted for phase cancellation (180 degree
difference). If not, even though the phase could be adjusted for
cancellation at the center frequency, the phase at off-center
frequencies are not cancelled, resulting in a cross-link signal
that is not eliminated at off-center frequencies.

The phase of the communication link is a very sensitive
parameter, which is sensitive to the cable length, amplifier,
filters, and even the performance of antennas. It is difficult to
ensure that all communication links have the same phase
variation. It is assumed that the two-communication links in
Fig.5 have a different slope of the phase, the cancelled power
level is simulated, and results are simulated and shown in Fig.
10. As the bandwidth and phase slope difference increase, the
ability of power cancellation decreases. When the slope of the
phase difference is too large, the power level can even be

Wideband signals
100 MHz e 100 MHz ~ Several narrowband signals

¥ B OBRBB

Frequency (MHz) Frequency (MHz)

Fig. 11. Dividing the wideband signals.

Rx antenna 1

e
™, Txantenna 1
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a)Schematic of a 2 x 2 MIMO system.
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(b)Measurement setup.
Fig. 12. Measurement schematic and setup to represent a 2x2 MIMO system.
increased. In a large chamber, the cable length can be
significant (>100m), and the RF components can be more
complex, resulting in a more complex change of phase, as well
as low isolation, and high MIMO measurement uncertainty.

IV. SOLUTION

Amplitude and phase variations in the propagation
environment bring challenges in wideband MIMO evaluation
based on the RTS method. The traditional inverse matrix M in
the RTS method is typically linearly adjusted without
considering amplitude and phase variation in wideband signals.
Therefore, the theoretical calculation and realization of the
inverse matrix M must be improved to accommodate wideband
OTA MIMO measurements.

A. Inverse matrix M, for wideband signals

The traditional inverse matrix M is calculated and applied
based on the center frequency of the signals with narrow
bandwidth (e.g. 4G LTE with 20 MHz frequency bandwidth).
However, this narrow band inverse matrix cannot be adapted to
the wideband signals because of the amplitude and phase
variations in the communication link. As shown in Fig. 7 and
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Fig.9, with the amplitude and phase variation over frequency,
the transmitting matrix H at the center frequency can vary over
the total frequency band appreciably, resulting in an unsuitable
inverse matrix. To realize the inverse matrix to cover the entire
signal band, the wideband signal can be divided into several
narrow band signals, and then the inverse matrix calculated and
applied in each narrow band to realize the wideband inverse
matrix. The total wideband inverse matrix My, is a
mathematical transformation algorithm to adjust the amplitude
and phase under different frequencies f to meet the OTA
chambers propagation environment. To realize the wideband
inverse matrix, the Discrete Fourier Transform (DFT) and the
Inverse Discrete Fourier Transform (IDFT) are used in the
signal processing. So, the calculation of wideband inverse
matrix My, can be divided into the following steps:

Step 1: Divide the wideband signals into n narrow band signals
B, B,,...,By(as shown in Fig.11, signals with 100 MHz as an
example). Each B; was used for the transmitting matrix
calculation, and the number of narrow band n is determined by
the DFT length.

Step 2: Obtain the transmitting matrix H,, H,, ..., H, at the
center frequency of By, B,,...,B,, and then calculate the
inverse matrix M;, M,, ..., M,, of each narrow band. The i
transmitting matrix H; and inverse matrix M; for B; is then

H, = [:i,n hi12

21 Mi22
M = [mi,ll mi,lz] (n
L M1 M2 '

where, for narrow band signals, the H; = Hn ( Hn represents
2 2

the transmitting matrix at the center frequency), so the inverse
matrix at the center frequency is adapted to the tested band.
However, as the bandwidth increases, the H; and M; varies with
frequency significantly, and the amplitude and phase variation
would be reflected in H;. So the My, is the function of
frequency which could be written as:
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Fig.13. H matrix with center frequencies of 2.45GHz and 4.95 GHz with 100
MHz bandwidth.

myy (f) my ' (f)

My(H=| @
my1 (f) myn ()

where my,/(f) is composed of my jx, my ji, ..., My i, j and Kk

equalsto 1 or 2 in 2 x 2 MIMO systems.

Step 3: Convert the desired signals in m;,’ communication link

from time domain to frequency domain using a DFT

2TTWN

Xjew) = X320 %, (e "N (13)
where x(n) is the discrete signal of x(t), N is the DFT length
(usually N = 8, 16, 32, 64, 128, 256, 512 or 1024), and X(n) is
the frequency domain value of x(n).
Step 4: Calculate the output signals of the m;,’ communication
link for the wideband matrix My, over different frequencies.
The calculated value in frequency domain is represented as

X W) = X; e (W)my, () (14)

Step 5: Convert the calibrated value from frequency domain to
time domain using an Inverse Discrete Fourier Transform
(IDFT), so the calculated signal in the wideband inverse matrix
is written as

’ N-1 ’ jAE
Xj' (M) = Xw=oXj ' W)e’ v (15)
Step 6: The transmitting signals for Tx antenna j are then
Txj = Yp=) %' (n) ) (16)

Applying the wideband inverse matrix, My, and DFT/IDFT
algorithm to the RTS MIMO measurement, the amplitude and
phase variation can be calibrated and canceled to achieve higher
isolation for wideband signals, as well as improving the
measurement accuracy in 5G MIMO measurements. In
addition, the wideband inverse matrix My, algorithm can only
be applied by digital signal processing or FPGA on baseband
data in instruments instead of RF components because the wide
frequency band is “sliced” into individual narrower bands, and
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(b) M, matrix for 4.95GHz with 100 MHz bandwidth.
Fig.14. My, matrix for 2.45GHz and 4.95 GHz with 100 MHz bandwidth.
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the RF components are difficult to adjusted to adapt to such
wideband signals.
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V. VALIDATION

A. Measurement setup and steps

To verify the wideband inverse matrix algorithm, a
measurement setup is constructed as shown in Fig.12. Two
transmitting antennas and two receiving antennas are placed in
the anechoic chamber to simulate the antenna isolation for
2x2 MIMO systems. In addition, a vector signal
generator/analyzer and the wideband inverse matrix algorithm
are integrated into an instrument to transmit the desired signals,
analyze the receiving signals and verify the algorithm. The
instrument, the ODC200, produced by General Test System Inc.,
has multiple RF ports that can be configured as either
transmitters or receivers. For the verification process, two ports
are assigned to transmitting antennas and the other two ports are
assigned to receiving antennas as shown in Fig. 12 (a). The
wideband inverse algorithm is integrated into a single module
within the ODC200, and the relevant parameters can be readily
imported into this module before transmitting the wideband
signals. Moreover, the measurement procedures are executed as
follows:

(1) Position the transmitting and receiving antennas within
an anechoic chamber to simulate the transmitter of the testing
instrument and the receiver of the DUT.

(2) Choose signals with different bandwidths of the
frequency range of interest, and divide the wideband signal into
several narrowband sub-signals, ranging from 8 to 128 or
greater.

(3) Transmit continuous waves at the center frequency of
each narrowband sub-signal from multiple transmit antennas,
and receive the signals using multiple receiving antennas to

TABLE Il
ANTENNA ISOLATIONS COMPARISON IN 2.45 GHz AND 4.95 GHz
Center Bandwidth | Traditional Method Proposed Method
Freq (MHz) los, | los, | Ios, | los; | Ios, | Ios,
(MHz2)
20 21.1 | 268 | 21.1 | 33.8 33 33
40 157 | 21.7 | 157 | 338 | 34.9 | 338
50 139 [ 203 | 139 | 34 35.2 34
2450 60 125 | 189 | 125 | 33.7 | 358 | 337
80 10.7 | 17.2 | 10.7 | 325 | 36.1 | 325
90 99 | 165 | 99 [318 | 36.3 | 318
100 9.2 | 159 | 9.2 31 36.6 31
20 247 | 242 | 242 | 29.1 | 285 | 285
40 234 | 23 23 | 308 | 29.8 | 29.8
50 218 | 21 21 | 304 | 30.6 | 304
4950 60 204 | 194 | 194 ] 30.8 | 31.1 | 3038
80 175 | 159 | 159 | 30.3 | 31.8 | 30.3
90 16.4 | 146 | 146 | 30.4 | 31.93 | 304
100 154 | 13.8 | 13.8 | 30.5 32 30.5

obtain the spatial complex transmission matrix H for the
transmitter and receiver.

(4) Calculate the inverse matrix of each narrowband sub-
signal and apply these parameters to the wideband inverse
matrix module using the formulae (12) — (16). Generate the
output time-domain signal, and transmit it through the transmit
antennas.

(5) Configure the signal generator with a wideband signal
and activate either Transmitter 1 or Transmitter 2. After
applying the wideband inverse matrix, measure the power
received by Receiver 1 and Receiver 2, and calculate the
antenna isolation for both scenarios.

(6) Apply the inverse matrix of the center frequency point to
the wideband inverse matrix module, calculate the output time-
domain signal, and transmit it through the transmitting antenna.

(7) Repeat step (5) to obtain the antenna isolations.

(8) Compare the spectrum and isolation results obtained
using the wideband inverse matrix from step (5) and the
narrowband inverse matrix at the center frequency from step (7).

(9) Configure various bandwidths and repeat steps (2)
through (8).

B. Measurement results

In this measurement, the frequencies 2.45 GHz and 4.95 GHz
are selected as the center frequency with a maximum bandwidth
of 100MHz to verify the algorithm.

As shown in Fig.13, due to the existence of the cables,
amplifier, filter, and attenuator, the maximum amplitude and
phase variation over the 100 MHz bandwidth is over 4 dB and
70 degrees in 2.45 GHz and more significant over the 4.95 GHz
range. In addition, it should be noted that the observed
discontinuity in phase change, as presented in Fig. 13 and 14, is
attributed to the normalization of the phase results within the
range of -180 degrees to 180 degrees.

As shown in Fig.14, the adjusted amplitude and phase vary
with the frequency in the wideband inverse matrix. The
adjusted amplitude/phase reaches nearly the maximum of 5
dB/100 degrees in the 2.45 GHz center frequency case and 8
dB/100 degrees in the 4.95 GHz center frequency case over the
total 100 MHz bandwidth. However, for 4G LTE with a 20
MHz bandwidth in the center frequency, this adjusted

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on June 06,2023 at 15:50:08 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Antennas and Propagation. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TAP.2023.3276443

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION

amplitude/phase is reduced to 1dB/30 degrees in the 2.45 GHz
center frequency case and 3 dB/10 degrees in the 4.95 GHz
center frequency case, which means that the inverse matrix at
the center frequency is not suitable for the wideband signals.

As illustrated in Fig. 15, transmitting Signal 2 to Receiver 1
is taken as an example. After applying the inverse matrix, the
ideal case is that the signals are canceled or significantly
reduced. As shown in Fig. 15, the traditional inverse matrix
considers only the center frequency of the signal band, therefore,
based on the spectral analysis of the results, it was found that
the power cancellation effect of the wideband signal is most
effective at the center frequency due to the utilization of
transmission and inverse matrices at this frequency. However,
this approach is not effective for signals located far from the
center frequency when the bandwidth is expanded, which
ultimately presents a challenge in enhancing the final antenna
isolation. After applying the proposed wideband inverse matrix
algorithm, the power across the entire signal bandwidth is
significantly reduced, leading to improved antenna isolation in
OTA MIMO systems.

As shown in TABLE Il, the antenna isolation decreases as
the bandwidth increases using the traditional method with the
inverse matrix at the center frequency. When it comes to the
100 MHz bandwidth, the antenna isolation is reduced to less
than 15 dB, resulting in high MIMO measurement uncertainty.
However, the antenna isolation is vastly improved to greater
than 25 dB using the proposed method.

VI. CONCLUSIONS

With the rapid developments for 5G wireless systems, the
OTA measurement has become the most efficient method to
evaluate the transceiver performance of a DUT. As one of the
critical aspects of performance evaluation, the MIMO OTA
measurement should reflect the actual usage performance for
MIMO devices with the increased bandwidth in 5G
communications. As the bandwidth of 5G signals increases
(Sub 6 GHz reaches a maximum of 100 MHz in a single
frequency bandwidth; mm-wave reaches a maximum of 400
MHZz), the functional variation of amplitude and phase is
increased, which results in lower antenna isolation in the RTS
OTA MIMO evaluation because the traditional inverse matrix
method can be only adapted to narrowband signals with small
amplitude and phase variation.

A wideband inverse matrix is proposed herein to solve the
RTS MIMO measurement for wideband signals. The frequency
in the wideband signals is divided into several narrowband
slices, and the transmitting matrix H and inverse matrix M are
obtained and calculated in each part. Finally, the signals are
calculated using the total wideband inverse matrix Mw, DFT,
and IDFT method (in (11)-(15)) to obtain the final desired
transmitting signals.

After applying the wideband inverse matrix algorithm to the
MIMO system, the antenna isolations are improved
significantly (> 25 dB in 100 MHz bandwidth) to reduce MIMO
measurement uncertainty. The proposed algorithms can be
applied to both uplink and downlink MIMO measurements
when the transmitting matrix and its wideband inverse matrix is

measured. For MIMO measurements with carrier aggregation
(CA), the frequency carriers can be divided into several single
carriers using filters, and the wideband matrix can be calculated
and applied to each frequency carrier. The output signals can
then be combined for MIMO evaluations to realize RTS MIMO
measurements with CA. In addition, this calculation process
and algorithm can also be used in the MPAC method to handle
the amplitude and phase variation in the chamber. This paper
paves the way for engineers to correctly evaluate the MIMO
performance in wideband signals and reduce the measurement
uncertainty.
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