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Abstract— A cost-effective and accurate method for predict-
ing over-the-air (OTA) data throughput of multiple-input and
multiple-output (MIMO) wireless devices in the antenna design
stage is proposed. The method incorporates passive characteris-
tics of MIMO antennas, realistic channel model, and conductive
measurement results in a computer simulation framework. With
extracted relation between received power and signal-to-noise
ratio (SNR) of a wireless device at antenna ports by a conductive
test and measured passive characteristics of MIMO antennas,
OTA throughput versus received power in a realistic channel
model is obtained by the Monte Carlo simulation of Shannon’s
law. The unique features of this method include: no channel
emulator equipment is required; a wide variety of precoding
schemes can be applied; passive characteristics of antennas
are fully incorporated; and frequency-selective fading channel
can be adopted. The method has been intensively validated by
comparing the calculated OTA throughputs with those measured
by a multiprobe anechoic chamber method under spatial chan-
nel model extension (SCME) in three aspects: spatial correla-
tion, radiation efficiency, and mutual coupling, showing as low
as 0.2–0.3 dB discrepancy in power level in most cases. The
method can be used to evaluate a MIMO array antenna design
of a wireless device with respect to OTA performance.

Index Terms— Device antennas, long-term evolution (LTE),
multiple-input and multiple-output (MIMO), over the air (OTA)
test, performance prediction, throughput.

I. INTRODUCTION

IN A modern wireless device or user equipment (UE) such
as a smartphone, the array antenna for accessing multiple-

input and multiple-output (MIMO) scheme has become a com-
pulsory module that decisively determines the data throughput
in a multipath environment [1]. To assess the ultimate perfor-
mance of a MIMO array antenna, the evaluation of over-the-air
(OTA) data throughput of the wireless device equipped with
the array antenna in a realistic channel environment, by either
an experiment or simulation approach, is the necessary means
for the developer. Therefore, various direct and indirect MIMO
OTA measurement methods for evaluating the overall OTA
performance of a MIMO wireless device with an array antenna
have been proposed by the industry and academia.
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With years of effort, three MIMO OTA testing methodolo-
gies have been intensively investigated.

1) The reverberation chamber (RC) method [2], which was
proposed for OTA test with an ideal rich isotropic mul-
tipath (RIMP) environment [3]. The RC method creates
a Rayleigh-like fading channel for OTA measurement
of a MIMO device with an omnidirectional distribution
of angle of arrival (AOA). The RC method allows
limited controlling of certain channel parameters such
as coherence bandwidth by physically loading the RC
with absorbing objects [4]. A comprehensive review of
RC method is available in [5] and the solution of RC
combined with channel emulator is also available in [6].

2) The multiprobe anechoic chamber (MPAC) method [7]
that employs a multichannel spatial fading emulator
(SFE), a communication tester (CT) for emulating a
MIMO base station (BS), and multiple dual-polarized
probes uniformly distributed on a circle ring for a
two-dimensional (2-D) case and multiple circle rings
for a three-dimensional (3-D) case inside an anechoic
chamber. An MPAC OTA measurement system can
reproduce a realistic channel environment according to
the specified statistic channel model, such as the spatial
channel model extension (SCME), which incorporates
essential radio propagation parameters in both spatial
and temporal domains [8]. The MPAC method is also a
candidate method for 5G OTA measurement setup for
frequency range one (FR1) and frequency range two
(FR2) [9].

3) The two-stage method [7], [10], [11], with which the
device under test (DUT) is either directly connected to
the outputs of an SFE [10] or wirelessly connected to
the outputs of an SFE [11], with which the signals are
multiplied by the antenna radiation patterns through a
sophisticated equipment setup. The radiated two-stage
method proposed in [11] is further formulated and the-
oretically enhanced by the wireless cable method [12].
Similar to the MPAC method, the two-stage method also
needs SFE equipment to multiply the signal from a CT
with channel characteristics in real time.

It can be found that the existing MIMO OTA test meth-
ods require either expensive equipment for reproducing a
realistic channel environment (methods 2 and 3) or an
approximate hardware means to emulate a realistic channel
model (method 1). To accommodate the increased demands
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for MIMO OTA test of the DUT mounted on vehicle,
for which a physically emulated multipath channel environ-
ment is very difficult to reproduce, it is highly desirable to
use computer-simulated realistic channel model. The relative
strengths and weaknesses of five commonly used MIMO OTA
test methods are compared in [13] recently. Another advantage
of using simulated channel model is that it allows to use not
only the measured but also electromagnetic (EM) simulated
antenna gain patterns and port S-parameters. This feature
permits antenna designers to evaluate the OTA performance
while working on EM-based antenna models. In addition, since
the channel model is fully computerized, upgrading the model
and accommodating more sophisticated MIMO transmission
modes (TMs) become very easy.

There is abundant literature dealing with performance eval-
uation of a MIMO system in a wireless channel based on the
statistical analysis. Many papers work on evaluating the system
performance of a terminal device by calculating the channel
capacity with respect to the following:

1) different sorts of channel models, including realistic
(i.e., SCME model [14] and WINNER II model [15]), and
idealistic channel models (i.e., Rayleigh fading model [16]
and Rician fading model [17]);

2) different types of TMs, such as diversity mode [18] and
multiplexing mode [19];

3) the properties of the antenna characteristics, such as
mutual coupling and radiation patterns [20].

A noticeable work to assess data throughput of a DUT
in an isotropic-scattering idealistic Rayleigh fading channel
model with statistic Monte Carlo simulation is reported in [21],
in which the data throughput is obtained based on the outage
theorems [22] in terms of statistic properties of the received
power level. In the simulation model, only the envelope cor-
relation coefficient (ECC) [23] of the terminal MIMO antenna
is used to characterize the antennas. Although a multipath
Kronecker channel model is considered for calculating the data
throughput in [24], since the features of antennas are incor-
porated through ECC, the model is not sufficiently accurate
as far as the passive characteristics of MIMO antennas are
concerned.

In this article, a comprehensive and cost-effective method
for predicting the OTA data throughput of a MIMO wire-
less device is proposed. The method is based on a simu-
lated realistic channel model, the measured received power
versus signal-to-noise ratio (SNR) relation of the onboard
communication system of the DUT, and the measured or
EM simulated antenna passive characteristics, including port
S-parameters and 3-D radiated gain patterns of the wireless
device, which are usually available at the hand in the antenna
design stage. The method is analogous to the MPAC method
but without requiring expensive hardware channel emulators
and the anechoic chamber for hosting the multiple probes.
The method is applicable to OTA throughput prediction in
both 2-D and 3-D realistic channel models without requiring
more resources. Since the simulated channel model is used
and the data throughput is calculated based on Shannon’s
law, the channel profile, coding method, and MIMO TMs
can be easily updated only in the simulation framework.

Although the proposed framework does not incorporate the
desense effect [25], the effect can be considered if the radiated
two-stage method or wireless cable method [11], [12] is
adopted. The proposed method is suitable for MIMO antenna
designers to evaluate the impact of the designed MIMO
antennas on system data throughput when the 3-D antenna
gain patterns of MIMO antennas and the conduct test of the
onboard system are already available.

Although intensive experimental validation through MPAC
OTA tests is conducted using a 2 × 2 MIMO LTE module,
it can be understood that the method is also applicable to other
MIMO communication schemes. The side product is that the
experimental tests provide a comprehensive design guideline
about how antenna attributes affect the system data throughput
from antenna designer point of view. The attributes include
antenna spacing, mutual coupling, antenna radiation patterns,
and radiation efficiency. The 2-D SCME channel model is
chosen in simulation and experimental validation though there
is no restriction to apply more advanced channel model such
as the recently proposed 5G channel models [9].

This article starts with a brief review of MIMO antennas
from the information theory perspective. Then, a general
realistic SCME channel model with inclusion of antenna port
characteristics is introduced and is followed by the procedure
that maps the SNR to the received power level of the onboard
system. The method is validated intensively in various aspects,
including spatial correlation, antenna total efficiency, and the
mutual coupling between two MIMO antennas. All the passive
characteristics of sample antennas for validation are obtained
experimentally. In most cases, the accuracy between the cal-
culated and the measured power level is about 0.2–0.3 dB for
typical throughput value, which is within the uncertainty of
antenna gain measurement.

II. EVALUATION METHOD

To facilitate the understanding of the method, the basic
concepts of the statistic channel matrices that reflect the
MIMO antenna port characteristics will be briefly reviewed
before presenting the detailed OTA evaluation process.

A. System Model of MIMO Wireless Communications

Assume that the BS is in a transmitting (Tx) mode and the
device is in the receiving (Rx) mode. Several data streams
are formed between the MIMO antenna arrays of Tx and Rx
through the wireless channel. In terms of different precoding
and decoding methods, the mathematical representation of the
outage channel capacity according to Shannon’s law can be
written as

C = B × log2 det

(
I + U†HVQV†H†U

σ 2

)
(1)

where B denotes the signal bandwidth, V is the precoding
matrix, U is the decoding matrix, I is the identity matrix with
the dimension of Nr ×Nr , Q is the signal power distribution on
the transmitter side, σ 2 is the noise power, H is the complex-
valued wireless channel matrix with the dimension of Nr ×Nt ,
det (·) denotes the determinant operation, and (·)† denotes the
Hermitian transpose.
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There are various precoding and decoding methods, such
as SVD beamforming method [26], zero-forcing beamforming
method [27], and minimum mean square error (MMSE) beam-
forming method [28]. In practice, there are several different
TMs in the 3GPP standard [30]—TM-1–TM-10, where TM-2
(transmission diversity) and TM-3 (open-loop spatial multi-
plexing) are commonly used in the LTE signal transmission
since, in most cases, the receiver has perfect knowledge
of the channel, whereas the transmitter does not. For 5G
communication system, the channel coding will be low-density
parity check (LDPC) [31]. In the validation examples to be
discussed in Section III, TM-3 MIMO TM, which uses zero-
forcing precoding, is chosen in the CT.

B. Channel Matrices and Wireless Channel Model

A number of standardized channel models are available for
evaluating a wireless communication system, e.g., the spatial
channel model (SCM) [8], SCME [14], and the WINNER II
model [15]. These models are originated from the SCM
described in [32]. According to the measured results in various
multipath environments, the extended tap-delay-line model is
found to be most suitable for the general SCM [33], in which
different taps present different signal transmission paths in
terms of signal delays, directions of incoming and outgoing
waves, and the complex channel coefficient. Mathematically,
the transfer function between the i th transmitting antenna and
the j th receiving antenna in the channel matrix HN (τ, t) can
be expressed as [8]

HN,i j(τ ; t; �) =
∑

n

∑
m

amn,i j(t)δ
(
τ − τmn,i j

)
δ
(
� − �mn,i j

)
(2)

in which

amn,i j
(
θAO D,mn, θAO A,mn, t

)

=
⎡
⎣

√
Gvi

(
θAO A,mn

)
e jϕv(θAO A,mn)√

Ghi
(
θAO A,mn

)
e jϕh(θAO A,mn)

⎤
⎦

T

×
[

hvv

(
θAO D,mn , θAO A,mn

)
hvh

(
θAO D,mn, θAO A,mn

)
hhv

(
θAO D,mn, θAO A,mn

)
hvv

(
θAO D,mn, θAO A,mn

) ]

×
⎡
⎣

√
Gv j

(
θAO D,mn

)
e jϕv(θAO D,mn)√

Ghj
(
θAO D,mn

)
e jϕh(θAO D,mn)

⎤
⎦

× exp
(

jkv cos
(
θm,n,AO A − θv

)
t
)

(3)

where m is the index of the mth subpath within the nth cluster,
θAO A is the angle of arrival, θAO D is the angle of depar-
ture, and τ is the delay. In (3), hvv , hvh , hhv , and hhh

are the vertical-to-vertical, vertical-to-horizontal, horizontal-
to-vertical, and horizontal-to-horizontal transmission coeffi-
cients, respectively; Gv and Gh are the scalar antenna gains
of vertical and horizontal components, respectively; ϕv and ϕh

are the phases of the vertical and horizontal components of the
field, respectively; v is the velocity of the wireless devices;
and θv is the moving direction of the wireless device. All
the variables described here are random variables and their
distributions are carefully described in [8]. It should be noted

TABLE I

SPECIFICATIONS OF UMI SCENARIO IN THE SCME CHANNEL MODEL

that the phase difference between two received signals due to
the displacement of antennas is explicitly expressed. In partic-
ular, the phase information of antenna radiation pattern as well
as the phase difference due to the displacement are reflected
in ϕv and ϕh of each of MIMO antennas, provided that the
coordinate system for measuring the radiation pattern of each
antenna is the same as that for the OTA test. It needs to be
noted that the channel matrix HN (τ, t) is established under
the assumption that the mutual coupling is negligible. The
open-source code for implementing (2) and (3) can be found
in [34] except for the phase terms ϕv and ϕh.

To obtain the channel capacity at a statistic sample in time t
of the channel matrix using (1), the frequency-dependent
quasi-static wideband channel model [35] is assumed and the
channel matrix HN (τ, t) described in (2) can be inversed to the
frequency domain HN ( f, t) using the Fourier transformation
in the delay domain [36].

Although the proposed method is general for a 3-D realistic
channel model, without any loss of generality, the 2-D ray-
based SCME channel model is used to validate the method for
two reasons: it is one of the recommended models by cellu-
lar telecommunications industry association (CTIA) for OTA
test and it can be experimentally validated in the SATIMO
MIMO-H 16-probe channel emulator. In the stage of Monte
Carlo simulation, different channel matrices can be generated
according to the SCME channel model described in [7].

The commonly used three scenarios in the SCME channel
model are: urban micro (Umi) model, urban macro (Uma)
model, and suburban micro model. In this work, Umi scenario,
whose specification is listed in Table I, is selected as the
channel model to validate the proposed method.

To reflect the attributes of the array antenna on the DUT
accurately in evaluating the OTA data throughput, antenna
mutual coupling among MIMO antennas must be incorporated
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into the mathematic model. Assume that the MIMO antennas
on the Tx side are well matched and mutual coupling is
negligible, and it can be found that the channel matrix without
considering the mutual coupling HN ( f, t) and the actual
channel matrix H( f, t) that involves mutual coupling on an
MIMO wireless device are related to the characteristic matrix
KR by [20]

H( f, t) = (I + KR)HN ( f, t), with KR = CR,12
(
CR,11

)−1
(4)

where CR,11 is a diagonal matrix that is associated with
input impedance of MIMO antennas versus frequency, whereas
CR,12 incorporates the mutual coupling of the MIMO antennas
and is complementary to CR,11 by extracting all the off-
diagonal matrix elements such that

Z0(Z0 + Z)−1 = CR,11 + CR,12 (5)

where Z is the impedance matrix of the MIMO antenna
elements and Z0 is a diagonal matrix representing the reference
port impedance of the antennas, which is set to 50 � in
this study. Note that the impedance matching condition of
the MIMO antennas on the terminal side has been reflected
in HN ( f, t) through the measured gain patterns and that the
mutual coupling effect of the MIMO antenna of the wireless
device is incorporated in the characteristic matrix KR.

Since the SCME model is a wideband channel model, the
signal bandwidth B can be divided into N f subcarrier bands,
and the total channel capacity can be rewritten as

C(t) =
N f∑

n f =1

Bsub × log2 det

[
I + γ

Nt
U†H

(
fn f , t

)
H†( fn f , t

)
U

]

(6)

where Bsub is the bandwidth of subcarrier band and H( fn f , t)
is the channel matrix at the n f th subcarrier frequency of
sampling time t .

C. Received Power Versus SNR

It is known that the channel capacity sets the upper bound
of the data rate of a given channel subject to a specific
signal-to-noise ratio (SNR or γ ) of a communication system.
In practice, however, γ is determined by many factors, such
as the modulation scheme, the encoding/decoding scheme, the
losses in the radio frequency (RF) circuit chain, and the signal
power level reaching at the antenna port among many others.
All these factors are related to the onboard communication
system and are difficult to simulate or estimate. Obviously,
the absolute data throughput versus power level at the antenna
ports can be measured when the channel between Tx and Rx
is set to all-pass mode. This measurement is called conductive
test, by which the onboard communication system is directly
connected to a CT by RF cables without intervention of a
channel emulator or fading simulator. Fig. 1 shows the setup
for a conductive test of 2 × 2 MIMO wireless onboard system.

Since the proposed method is general for any number of
antennas, for demonstration purpose, without lose of general-
ity, a 2 × 2 MIMO system is considered in the discussion.
In measuring the highest data throughput versus power level

Fig. 1. Setup for conductive test of a 2 × 2 MIMO wireless device.

TABLE II

MAXIMUM DATA RATE OF DIFFERENT MCS
INDEXES FOR 16 QAM 2 × 2 MIMO

by conductive test, the maximum data rate of the Tx mode on
the CT, which emulates the MIMO BS, is varied according
to the modulation and coding scheme (MCS) index under the
same modulation scheme. For 16 QAM (quadrature amplitude
modulation), its MCS index ranges from 10 to 15. Table II lists
the maximum data rate of different MCSs under 16 QAM.

To illustrate the conductive test procedure, a commercial
2 × 2 MIMO module Huawei ME909 is used to mimic a
MIMO wireless device. The module is connected to a Rohde
& Schwarz CMW 500 CT through a pair of high-quality
RF cables. No channel emulator is needed in the conductive
test. As shown in Fig. 1, the communication module is
disconnected from the MIMO antennas on the wireless device
and is directly connected to the CT. The cable loss needs to
be calibrated before the test and the additional phases of the
two cables are set equal.

To find the relation between the received power level at the
antenna port and the corresponding SNR (γ ) of an onboard
system, the following steps are performed.

Step 1: Choose an MCS index and set the Tx power, which
equals the received power in the conductive test since the
channel property in the conductive test is ideally all-pass by
nature, high enough so that the data rate of the received signal
reaches the maximum data rate of the chosen MCS.

Step 2: Gradually reduce the Tx power until the data rate of
the received signal reaches 0. Having marked the “knee point”
of the power level at which the data rate starts to decline as P1

and the power level at which the data rate just reaches 0 as P2,
one can find the threshold power Pthr for the MCS by taking
the arithmetic average of P1 and P2.

Step 3: Repeat steps 1 and 2 for all the MCS indices of
interest. The threshold power Pthr for each of the MCS indices
is obtained. The measured conductive data throughput versus
received power for different MCS indices is shown in Fig. 2(a).

Step 4: Calculate the capacity versus SNR (γ ) by (1) with
the channel matrix set to the identity matrix. The dashed line
in Fig. 2(b) presents the capacity versus γ for the 2 × 2 MIMO
module when the signal bandwidth B is set to 10 MHz. This
curve can be reused for any 2 × 2 MIMO system in the same
frequency band.
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Fig. 2. Characteristics of data throughput, received power level, and SNR of
onboard system. (a) Measured conductive throughput versus received power.
(b) Calculated throughput versus SNR with idealistic identity channel matrix.
(c) Extracted power of received signal versus SNR.

Step 5: Denote the threshold SNR (γthr) for a given MCS
by finding the x-coordinate of the intersect of the constant
maximum data rate of the MCS and the dashed line curve
obtained in Step 4. Fig. 2(b) shows the threshold SNR for
different MCS indices. It has been observed that idealistic
step functions observed in Fig. 2(b) resemble the measured
throughput versus power curves of the conductive test shown
in Fig. 2(a).

Step 6: Associate threshold power Pthr and threshold SNR
(γthr) of the same MCS. The relation between SNR and power
level (P) of the received signal can be written as

P[dBm] = f (γ ) + 
 (7)

where f (·) is a function to be curve-fitted and 
 is an error
term that may be caused by the desense effect of the onboard
system caused by the radiation of MIMO antennas.

The desense effect is caused by EM interference among
electronic modules on the board and needs to be carefully
minimized to a low level in a modern wireless device. In most

Fig. 3. Probability density function of channel capacity in a realistic channel
model for different SNRs.

cases, the function f (·) for a given wireless device can be
well fitted by a linear function. In this demonstration example,
the relation can be found as

P[dBm] = 0.7431γ − 83.976 (8)

which is sketched in Fig. 2(c).

D. Statistic Model for OTA Throughput Evaluation

In general, OTA data throughput is the data rate at which a
reliable communication measured specified by a given maxi-
mum bit error rate (BER) is achieved. As shown in Fig. 2(a),
the throughput drops drastically when signal input power is
lower than a threshold value. The rationale behind is that if
the data capacity is lower than the maximum data rate in a
certain extent, communication becomes impossible. In other
words, the OTA data throughput TOT A is proportional to the
probability that the channel capacity C is equal or larger than
the maximum data rate Tmax of the signal with given SNR (γ ).
Mathematically

TOT A = Tmax

∫ ∞

Tmax

pdf(C, γ )dC (9)

where pdf (·) is the probability density function (PDF) of
the channel capacity for a given SNR. Equation (9) is called
threshold receiver model for evaluating throughput of wireless
devices in an RC [37], in which a Rayleigh fading environment
is considered. Fig. 3 shows three typical PDFs versus SNR.
The detailed steps for simulating the OTA data throughput by
a Monte Carlo analysis are summarized as follows.

Step 1: Acquire the passive characteristics of the MIMO
antennas, including vector radiation gain patterns for both
polarizations (in dBi) and impedance matrix Z experimentally
or by EM simulation. For a system with a wide carrier
bandwidth, the passive characteristics need to be measured
at multiple frequencies.

Step 2: Conduct conductive test to obtain the relation in
(7), from which the range of γ for the given power range of
interest can be found.

Step 3: Sample the channel matrix HN (τ, t) in time t
through (2) and (3) to generate the channel matrix in time
and delay domains for which the radiation patterns obtained
in step 1 are applied, and transform the channel matrix from
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the delay domain to the frequency domain HN ( f, t) according
to [36].

Step 4: Sample HN ( f, t) at 18 subcarriers within the signal
frequency band for SCME channel models, ensuring that
each subchannel experiences flat fading, at each of which the
narrowband channel matrix is obtained.

Step 5: Find H( fn f , t) from HN ( fn f , t) using (4).
Step 6: Obtain the matrix U and V from H( fn f , t) for each

subcarrier at sampling time t . For a 2 × 2 MIMO system using
zero-forcing decoding, which is used for validation examples,
the matrix U and V can be found as

U = H†( fn f , t
)[

H
(

fn f , t
)
H

(
fn f , t

)†
]−1

η, V = I

where

η =
[

1/η1 0
0 1/η2

]
,

ηi =
√{[

H
(

fn f , t
)
H

(
fn f , t

)†
]−1

}
ii

i = 1 or 2

and {·}i i represents the entry of the i th column and the i th row
of the matrix.

Step 7: Sweep γ in the range to calculate the corresponding
channel capacity C with (6) for each time sample t.

Step 8: With the statistic channel capacity data versus γ
obtained in steps above, find the PDF of the channel capacity
versus γ , with which the data throughput TOTA versus γ can
be obtained using (9).

Step 9: Transform γ to the received power P by (8) to obtain
the data throughput versus received power.

The Monte Carlo analysis is conducted by repeating
Steps 3–7 in the time domain by sampling t in (2) and (3).
In the validation example, 5000 time samples with time inter-
val 
t = c/4vf c ( fc is the center frequency of the downlink
signal and c is the velocity of light) are taken according to the
3GPP protocol [38] for each subcarrier.

It can be seen that there are multiple advantages by numer-
ically finding PDF: 1) it allows the adoption of a realistic
channel model that is usually not available in a closed form;
2) it permits flexibly emulating a wide variety of MIMO
precoding and diversity schemes; 3) it can incorporate realistic
port characteristics of the MIMO antennas; and 4) it enables
evaluation of data throughput of a wireless device in a wide-
band or frequency-selective fading channel.

III. EXPERIMENTAL VALIDATION

In this section, three experimental tests are presented in
three aspects: spatial correlation due to antenna placement,
radiation efficiency, and mutual coupling level. The concerned
antenna attributes are obtained by passive measurements. Each
experiment is prepared in such a way that only one attribute
is varied, while others remain unchanged. The numerically
calculated OTA data throughputs are fully verified by corre-
sponding experiments using the MPAC method, for which the
same channel model and parameters as those of the numerical
evaluation are used. The experimental results also serve as
design guidelines for MIMO antennas of wireless devices.

Fig. 4. Connection of two MIMO antennas with a TD-LTE data communi-
cation module for experimental validation.

Fig. 5. OTA measurement setup using multiprobe-based multipath channel
emulator.

A. Experimental Setup

All the sample antennas are fabricated on an FR4 PCB
board that is with a relative permittivity of 4.6, a thickness
of 1 mm, and a loss tangent of 0.015. The commercial
TD-LTE data communication module of ME909 is used to
emulate an onboard 2 × 2 MIMO communication system
of a wireless device. The passive characteristics of sample
antennas are measured and utilized in data throughput calcu-
lation. Each antenna on the PCB board is fed by a coplanar
waveguide transmission line that is connected to the MIMO
module through a short RF cable, as shown in Fig. 4. The
communication module supports the 2 × 2 MIMO scheme in
LTE bands 1, 3, and 7. Nevertheless, the operating frequency
of the three examples is set to LTE band 3 (1805–1880 MHz)
with a signal bandwidth of 10 MHz.

The experimental setup of the in-house SATIMO MIMO-H
system [39] is shown in Fig. 5, in which two streams
of LTE signal are generated from Rohde & Schwarz
CMW 500 CT [40]; the LTE signal passes through two
synchronized sets of eight-channel Anite FS8 channel emu-
lators that modulate the data streams with the chosen realistic
channel information; the modulated signals are then sent to
eight dual-polarized probes that are uniformly distributed on
the horizontal circle ring in an anechoic chamber to emulate a
multipath environment [41]; the transmitted signal is received
by the wireless DUT that is placed at the center of the
circle; and the DUT feedbacks to CT for monitoring the
BER. The statistic characteristic of the channel model realized
by the in-house SATIMO MIMO-H system is fully validated
according to the protocol given in [7]. The largest error in the
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Fig. 6. Dimensions of antenna samples for validating throughput with
different spatial correlations. Capacitors C_1 and C_2 are inlaid in two notches
for controlling mutual coupling. (a) Antenna layout (front). (b) Antenna layout
(back).

power reception of the six clusters is less than 0.3 dB, showing
a very good control of channel statistic properties. Because
both CT and the communication module support two-channel
MIMO tests, the validation is limited to 2 × 2 MIMO cases.
All experiments are measured in the Umi SCME channel
model and the measured data throughput is an average of the
measured throughput values by rotating the DUT for every 45

◦

in the horizontal plane. The calculated data throughput using
the proposed method follows the same rotation arrangement.
The conductive throughput for each MCS index of the com-
munication module is measured as shown in Fig. 2(a), from
which the power versus SNR relation plotted in Fig. 2(c) is
extracted.

B. Experiment 1: Throughput Versus Spatial Correlation

It is known that the spatial correlation of MIMO antennas
will significantly affect the data throughput from the com-
munication theory point of view. However, on the antenna
design side, spatial correlation not only depends on the relative
position of MIMO antennas but also on the radiation patterns.
This concept is well revealed by (2) and (3), where the channel
capacity is only affected by the gain and phase patterns of
MIMO antenna.

In this experiment, four sets of sample MIMO antenna
arrays are prepared. The layout of sample antennas is shown
in Fig. 6(a) and (b). In order to observe the influence of
spatial correlation without influence of mutual coupling, the
self-curing decoupling technique [42] is used to maintain
mutual coupling at a sufficiently low level. Four samples are
prepared by fixing dimension “L7” and varying dimension
“L9” along the long edge of the circuit board. The detailed
dimensions of the four samples are given in Table III. The
center-to-center antenna distance is measured in the terms of
free-space wavelength according to the definition in the CTIA
MIMO OTA test plan [7].

The measured reflection coefficients for all antenna samples
in this experiment are less than −15 dB and mutual coupling
levels are less than −25 dB within the operating frequency
band. The magnitudes of radiation patterns of the four samples
are almost in the same shape with less than 0.5 dB variation

TABLE III

ANTENNA DIMENSIONS AND CAPACITORS FOR DIFFERENT
SPATIAL CORRELATION ARRANGEMENTS

in the maximum gain. The PDF for each case of antenna
sample with all rotation arrangements is generated with the
antenna radiation patterns and the port S-parameters measured
at 1855 MHz. The calculated OTA throughput versus the
received power for each sample array antenna of different
MCS indices is shown in Fig. 7(a)–(f). The measured OTA
throughputs obtained with the same channel model and MCS
indices are also superimposed in Fig. 7, showing very good
agreement with the calculated ones. It is demonstrated that
when the antenna spacing is decreased from 0.58 wavelength
to 0.3 wavelength, the OTA throughput will drop by about
0.5 dB in terms of received power level.

C. Experiment 2: Throughput Versus Antenna Total Efficiency

Needless to say, antenna total efficiency decisively deter-
mines the OTA performance. However, to what degree of
efficiency degradation the throughput is acceptable will require
a comprehensive assessment of OTA performance. Such an
assessment can be done easily by the proposed evaluation
method.

To investigate the influence of total efficiency on OTA
throughput, a small piece of lossy material is stuck to the back
of each antenna sample to independently alter the radiation
efficiency without affecting the matching efficiency and radi-
ation patterns noticeably. The commercial absorber material
ECCOSORB SS3 tape [43] with a thickness of 1/8 in is
chosen. In the experiment, the mutual coupling is reduced
to a significantly low level using the self-curing decoupling
technique. The layouts of the antenna samples are presented
in Fig. 8(a) and (b). For comparison purpose, four pieces of
MIMO antenna samples of the same layout but with different
sizes of lossy materials are prepared to realize different radia-
tion efficiencies. The dimensions of antennas and the sizes of
lossy materials are listed in Table IV.

Having acquired the antenna passive characteristics by
experiment and conductive test results, the OTA data through-
puts of the LTE module equipped with four different MIMO
antenna samples can be calculated by the Monte Carlo
simulation with 40 000 samples. The calculated results are
further verified by the measured OTA throughput for different
MCS indices. The total efficiency of each antenna sample is
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Fig. 7. Measured and calculated OTA data throughputs for different antenna element spacing. (a)–(f) MCS 10, 11, 12, 13, 14, and 15, respectively.

TABLE IV

DIMENSIONS FOR ANTENNA SAMPLES OF DIFFERENT TOTAL

EFFICIENCIES (CAPACITOR C = 3.3 PF)

Fig. 8. Two element MIMO antenna array for investigating OTA throughput
versus antenna total efficiency and mutual coupling. (a) Antenna layout (front).
(b) Antenna layout (back).

measured and is shown in Fig. 9 with the frequency band
of interest shaded. The total efficiency in this experiment
ranges from 35% to 80%, which covers most of the practical
cases for wireless device antennas. For all the four samples,
the measured coupling levels are less than −20 dB and

Fig. 9. Measured total efficiency and matching condition of four antenna
samples for experiment 2.

the reflection coefficients are less than −15 dB within the
operating frequency band, which are also superimposed in
Fig. 9. By making use of the measured passive characteristics
of the MIMO antennas, as well as the conductive throughput
versus received power relation shown in Fig. 2(c), PDFs
of the four MIMO antenna samples are calculated by the
Monte Carlo simulation with 40 000 statistic samples. The
calculated OTA data throughputs for the four cases at different
MCS indices are presented in Fig. 10(a)–(f). The measured
OTA throughputs are also superimposed in Fig. 10(a)–(f).
Again, the calculated OTA throughputs are in good agreement
with the measured in all cases. It can be observed that the
required received power level needs to be increased by more
than 2.5 dB if the total efficiency is decreased from 80% to
35%. This observation justifies that antenna efficiency is more
dominating on OTA throughput than antenna spacing.

D. Experiment 3: Throughput Versus Mutual Coupling

It is well known that mutual coupling degrades SNR,
desensitizes the receivers, and lowers the antenna radiation
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Fig. 10. Measured and calculated throughput for different antenna total efficiencies. (a)–(f) MCS 10, 11, 12, 13, 14, and 15, respectively.

TABLE V

ANTENNA DIMENSIONS AND CAPACITORS FOR DIFFERENT COUPLINGS

efficiency [44], [45]. It is shown in (4) and (5) that mutual
coupling between MIMO antennas has been incorporated in
the channel matrix H. To verify the proposed method in
assessing the impact of mutual coupling, four MIMO antenna
samples are prepared on PCB boards. Each antenna pair is
with fixed antenna spacing but different mutual coupling levels
controlled by the decoupling capacitor. The layout of the
sample antennas for investigating the mutual coupling impact
is the same as those for the antenna efficiency, which is shown
in Fig. 8, except that the absorbing material is removed. The
dimensions of the sample antennas and decoupling capacitance
are listed in Table V. The measured S21 in decibels for each
pair of sample MIMO antennas is presented in Fig. 11 with
variation from −23 to −11 dB. In all cases, the measured
reflection coefficients are less than −15 dB within the oper-
ating frequency band. It is worth mentioning that the antenna
total efficiency varies from 69% to 79% with the variation of
mutual coupling level.

With the same procedure, the OTA data throughputs of
the LTE module with the four MIMO antenna array sam-
ples can be calculated by the Monte Carlo simulation with
40 000 samples. The calculated results are further verified by
the measured OTA throughput by the MPAC method. Both

Fig. 11. Measured mutual coupling S21 of four measurement antenna
samples for experiment 3.

calculated and measured OTA throughputs are superimposed
in Fig. 12, showing very good agreement. It can be observed
that the required power level is decreased by more than 1.3 dB
if the antenna coupling is decreased from −11 to −23 dB.
This significant enhancement is partially contributed by the
radiation efficiency improvement with the reduction of mutual
coupling and signal correlation brought by mutual coupling.

Having presented the three validation cases, it can be con-
cluded that the antenna radiation efficiency is more dominating
to the received power than mutual coupling, whereas the
antenna mutual coupling is more sensitive than the antenna
spacing. In most of the cases shown in Fig. 12, the discrepancy
between the calculated and the measured power level is about
0.2–0.3 dB for a typical throughput value, which is within
the uncertainty of antenna gain measurement. The discrepancy
may be partially attributed to the desense effect of the LTE
module and the discrepancy in the channel models used
in the calculation and measurements. It is advised that to
obtain accurate passive characteristics of the antennas either
by measurement or EM simulation, the antenna prototype,
including its surrounding, needs to be prepared as close to
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Fig. 12. Measured and calculated OTA throughput for different antenna mutual couplings. (a)–(f) MCS 10, 11, 12, 13, 14, and 15, respectively.

the actual environment as possible and that the desense effect
in the actual wireless device should be minimized.

IV. CONCLUSION

This article presents a comprehensive, accurate and cost-
effective scheme to predict OTA data throughput directly from
the conductively measured throughput of the onboard system,
complex vector antenna radiation patterns, and S-parameters
among MIMO antenna ports of DUT. Since the proposed
method is based on an off-line computation, antenna attributes
can be acquired either from antenna passive measurements or
EM simulation. The significance of this work is fourfold: pas-
sive characteristics of MIMO antennas are fully incorporated,
no channel emulator equipment is required, it is applicable
to assess the OTA performance in both 2-D and 3-D channel
models, and no expensive equipment is required.

The proposed method is fully validated by the MPAC
method under the Umi SCME channel model in three major
aspects of MIMO antenna properties: antenna element spacing,
antenna radiation efficiency, and mutual coupling. The influ-
ence of matching condition is reflected in the aspect of antenna
total radiation efficiency. The calculated OTA throughputs in
all aspects are in very good agreement with those of OTA
measurements, which not only demonstrates the accuracy and
usefulness of the proposed scheme but also provides fruitful
design guidelines for MIMO antenna designers. This article,
for the first time, thoroughly investigates how MIMO antenna
spacing, mutual coupling, and antenna total efficiency affect
the overall OTA performance of a wireless device from both
the theoretical and the experimental aspects.
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