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Experimental Investigation and Modeling of the
Throughput of a 2 2 Closed-Loop MIMO System in a
Reverberation Chamber
Xiaoming Chen

Abstract—Throughputs of 2
2 long term evolution (LTE) multiple-input multiple-output (MIMO) systems in both open- and closed-loop
configurations have been studied previously. However, in the previous
work, the study of the closed-loop MIMO system is limited to receive
semi-correlation (i.e., correlations exist only at the receive side only),
resulting in inaccurate modeling of the closed-loop throughput with
large transmit antenna correlations and incomplete conclusion about the
effectiveness of codebook based precoding based on 2-bit feedback. In this
work, the effect of the transmit antenna correlation on the closed-loop
throughput is examined. Unlike in the previous work, an inversely
weighted mean square error (MSE) matrix is proposed as the precoding
selection criterion, resulting in good agreements between the simulations
and the RC measurements of a closed-loop LTE system with various
correlations. It is found that the closed-loop MIMO system is superior
to its open-loop counterpart in the presence of large transmit antenna
correlation in the low and medium signal-to-noise (SNR) regimes.
Index Terms—Long term evolution (LTE), multiple-input multiple-output (MIMO), reverberation chamber (RC), throughput.

I. INTRODUCTION
Reverberation chambers (RCs) have been used for various
over-the-air (OTA) tests [1]–[6]. For instance, the RC has been used
to measure the bit error rate (BER) of a communication system [1],
[2] as well as the total radiated power (TRP) and the total isotropic
sensitivity (TIS) of mobile terminals [3]; very recently, it has been used
for measuring the throughputs (and the Electromagnetic immunity)
of wireless local area network (WLAN) systems [4] and long term
evolution (LTE) systems [5], [6]. Currently, there is a great interest in
measuring the throughput of the LTE multiple-input multiple-output
(MIMO) system. To complement the RC measurement, MIMO
throughput models have been developed in [6]. Nevertheless, the
study of the closed-loop MIMO system in [6] is confined to receive
semi-correlation, resulting in inaccurate throughput modeling for
closed-loop MIMO systems in the presence of correlations at the
transmit side.
In this work, we focus on the closed-loop MIMO system and investigate correlations at both MIMO ends. To take the practical setting in the spatial multiplexing LTE system into account, an inversely
weighted matrix (cf. Section II) is used in selecting the precoding matrix, instead of the unweighted precoding selection criterion in [6]. Although the throughput model is valid for any MIMO size, current OTA
2 MIMO systems due to
tests of MIMO systems are limited to 2
the fact that the current communication tester and LTE mobile phones
have only two antenna ports. As a result, we choose the two-antenna
codebook based on 2-bit feedback [7]. For the throughput measurement in the RC, we use the CITA good and bad reference antennas [8]
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to introduce predefined antenna correlations at both MIMO ends. There
are good agreements between the measured and modeled throughputs.
Using the throughput model and RC measurements, we are able to
study the effect of the channel correlation on the throughput performance of the closed-loop LTE MIMO system. In order to investigate
the effectiveness of the codebook-based precoding in the closed-loop
MIMO system, we conduct simulations and measurements of openloop MIMO system and compare the throughputs of the open- and
closed-loop MIMO systems. Results show that the codebook-based
precoding is insensitive to receive antenna correlations but effective
to the large transmit antenna correlation. The former observation results in the incomplete conclusion that codebook-based precoding has
little effects on the throughput in [6]. In this work, in order to study
the effectiveness of the codebook-based precoding, the throughput of
the closed-loop MIMO system is compared with that of the open-loop
MIMO system. It is shown that the closed-loop MIMO system is superior to its open-loop counterpart (in terms of throughput) in the presence of large correlation at the transmit side in the low and medium
signal-to-noise (SNR) regimes. Explanations of these observations are
given in Section III.
denote
Notations: Throughout this communication, , , and
complex conjugate, transpose, and Hermitian operators, respectively.
, lowercase bold letter
, and uppercase bold
Lowercase letter
represent scalar, column vector, and matrix, respectively.
letter
denotes the 2-norm of .
and
denote the th element and
column of and , respectively. denotes the expectation and represents the identity matrix.
II. THROUGHPUT MODELING
Due to the heavy computational complexity of implementing the
Turbo code in LTE systems [7], system simulations are usually limited
to uncoded bit error rate (BER), e.g., [9], [10]. A simple way to include the Turbo code in a LTE system (or any other powerful channel
code) is to use the threshold receiver model [11]: the block error rate
(BLER) of a single-input single-output (SISO) system with a powerful
channel code in an additive white Gaussian noise (AWGN) channel can
be model as
(1)
is the threshold value. The average
where is the received SNR and
BLER of the threshold receiver (1) in a fading channel is
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ences a flat fading channel. The MIMO channel for the th OFDM
subcarrier can be modeled as
(4)
where
is the
MIMO channel,
and
are the
transmit and
receive signal vectors, respectively, and is the
i.i.d. Gaussian noise vector, all at the th subcarrier. The number of independent subcarriers can be estimated as the ratio of the system bandwidth to the coherence bandwidth; and the throughput in a selective
fading channel can be obtained by coherently combining the independent subcarriers. For notational convenience, we drop the subscript
hereafter.
It has been shown that the Kronecker model [12] is as accurate as the
full-correlation model [12] in an RC due to its rich scattering property
[13]. Therefore, the Kronecker model is used in this work:
(5)
where
denotes the spatially white
MIMO channel with
and
are
and
i.i.d. complex Gaussian elements,
correlation matrices at transmit and receive sides, respectively.
In a frequency division duplex (FDD) system as in most of the current LTE systems, the transmitter uses codebook-based precoding [7],
, where is the transmit signal vector before precoding and
is the precoding matrix. MMSE equalizers are implemented in LTE
that
transceivers [7]. The MMSE equalizer finds a filtering matrix
. can be easily derived using the orthogonality
minimizes
principle [12],
(6)
where
.
Note that the MIMO throughput modeling so far is not limited to
any MIMO size. However, current OTA tests of MIMO systems are
limited to 2 2 MIMO systems due to the fact that the current communication tester (i.e., the base station emulator) has only two antenna
ports and that the LTE phone is equipped with two antenna ports for
MIMO communications. As a result, we choose the two-antenna codebook based on 2-bit feedback [7] for modeling the closed-loop 2 2
MIMO throughput: the receiver feedbacks two bits to the transmitter;
based on the two bits, the transmitter chooses a precoding matrix
from the following codebook [7]:

(2)
where represents the average , and denote the probability density function (PDF) and the cumulative distribution function (CDF)
of for a given , respectively. Equation (2) implies, with powerful
channel coding, the average BLER in a fading channel can be well approximated by the outage probability of the fading channel. As a result,
we use CDF and BLER interchangeably in this communication.
The spatial multiplexing throughput of MIMO system with fixed
modulation and coding scheme (MCS) can be simply modeled as [6]
(3)
denotes the maximum throughput,
and
where
is the number of transmit antennas. Note that for sake of easy exhibition, we use relative throughput, defined as the throughput normalized
, hereafter.
by its maximum value,
The orthogonal frequency-division multiplexing (OFDM) system effectively partitions the system bandwidth into subcarriers each experi-

(7)
The selection criterion of
error (MSE) matrix [9],

is the trace of the weighed mean square
(8)

where
is the weighting matrix on the error vector
and the
expectation is taken over the random and . Note that is implicitly
included in in (8).
(where is a
For a fixed MCS and multiplexing gain,
diagonal matrix consisting the eigenvalues of
) should be used
to ensure equal BLERs among all the streams [9]. Intuitively, the
puts more weight on the larger error and less
weighting matrix
weight on the smaller one in selecting to ensure equal errors among
into (8), one obtains
the streams. Substituting (6) and
(9)
the derivation of which is shown in the Appendix.
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Note that the well-known (unweighted) MSE
minimizes
the sum of the BLERs of all the streams, yet it does not guarantee the
is optimal for the
BLER of each individual stream; the weight
mutual information in a MIMO system that support arbitrary bit loading
among the spatial streams [9]. In LTE spatial multiplexing systems,
is not
however, the bits are equally loaded in all streams. Thus,
a good criterion for the precoding in LTE systems. The performances
of different MSE criteria are compared in Section III.
Left multiplying (6) to both sides of (4), the MMSE SNR can be
readily derived as
(10)
Note that in this communication we do not distinguish the SNR and
the signal to interference and noise ratio (SINR) in that the inter-stream
interference is considered as noise.
In an open-loop MIMO system, the throughput model is the same by
. In Section IV, we compare the measured open- and
choosing
closed-loop MIMO throughputs of the same LTE mobile phone.
III. SIMULATIONS
In order to test the mobile phone alone in the downlink mode, most
OTA tests are conducted in the receive semi-correlation setup, i.e., the
mobile phone under test (with correlated antennas) are measured as the
receiver; the antennas at the base station (transmitter) are uncorrelated.
However, as shown in the sequel of this communication, correlations
at the transmit side has a great impact on the throughput performance
of the LTE phone, especially for the closed-loop MIMO system.
For simplicity, we assume flat fading channel in this section. We first
generate 10 000 channel snapshots. Based on the channel snapshots, instantaneous SNR samples are gathered in open- and closed-loop configurations, respectively; and the corresponding empirical CDF is obtained using the 10 000 SNR samples. Once the average BLER is obtained, the MIMO throughput can be calculated easily using (3).
We consider a 2 2 MIMO system in both open- and closed-loop
configurations. Fig. 1 shows the throughputs of the open- and closedloop MIMO systems for both receive and transmit semi-correlation
case. In addition to the weighted MSE criterion (9) with the weighting
, the other two MSE criteria with weighting matrices
matrix
and
(cf. Section II) are also applied in the simulations.
tends to seAs expected, since the unweighted MSE criterion
lect a precoding matrix that minimizes the sum of the BLERs of two
streams, the BLER of the worst stream is not guaranteed; since the other
tends to select a precoding matrix
weighted MSE criterion
that minimizes the BLER of best stream, the resulting throughput
performance is limited by the worst stream, making it inferior to the
other two criterion. As can be seen, when the correlation exists only at
the transmit side (Tx), precoding with the weighted MSE criterion (11)
improves the throughput at low SNR. At high SNR with large correlation (e.g., 0.9) at the transmit side, precoding (closed-loop) based on
the 2-bit feedback even yields slightly worse throughput performance
than the open-loop case. This seemingly surprising observation makes
sense because, unlike the low SNR case, at high SNR the channel estimation error from the 2-bit feedback starts to affect the throughput
performance adversely and the number of feedback bits should be proportional to the SNR for the precoding to be useful [10]. When the
correlation exists only at the receive side (Rx), precoding has little effect on the throughput. For the general case where correlations exist at
both MIMO ends, the precoding is effective as long as the correlation
at the transmit side is significant (cf. Section IV).
IV. MEASUREMENTS
To validate the throughput model, the throughputs of an LTE mobile phone in both open- and closed configurations are measured in an

Fig. 1. Relative throughputs of 2 2 open- and closed-loop LTE MIMO systems. The upper graphs correspond to the transmit semi-correlation case; the
lower graphs correspond to for the receive semi-correlation case. The normal[6].
ized SNR is defined

RC. A commercial communication tester is used as the LTE base station. The commercial LTE mobile phone with external antenna ports
for OTA tests is measured as the receiver. In order to study the antenna impairment on the throughput, the LTE phone was connected to
the good CTIA reference antenna and the base station was connected
to the bad CTIA reference antenna. The characteristics of the CTIA
reference antennas can be readily determined from passive measurements in the RC: the magnitudes of the complex antenna correlations
of the good, nominal, and bad CTIA reference antennas are about 0.13,
0.57, and 0.90, respectively; the antenna efficiencies of the good, nominal, and bad CTIA reference antennas are about 1.4, 3.1, and 4.0
dB, respectively. Measurements of the LTE phone were performed on
the LTE band 13, i.e., 751 MHz, with 10 MHz system bandwidth in
closed-loop configuration. The fixed MCS index 20 and a resource
block (RB) of 50 were chosen in the communication tester.
During the measurement, the RC was loaded to achieve a RMS delay
spread of 90 ns (corresponding to 3 MHz coherence bandwidth). The
OFDM effectively partition the wideband channel into subcarrier channels each experience a Rayleigh-flat fading in the RC. Intuitively the
number of independent subcarrier channels can be approximated by dividing the system bandwidth (10 MHz) by the coherence bandwidth (3
MHz), resulting a 3-order frequency diversity.
Note that only absolute power values are available from the OTA
testing instruments. Thus, the measured throughputs are shown as
a function of average received power . In simulations, the relative
throughput is presented as a function of normalized SNR. To compare
the modeled relative throughput with the measured one, we need to
correct the x-axis of the simulated curve with the absolute threshold
,
. The threshold value
was obtained from
value
the conductive measurement (i.e., the transmitter and receiver are
connected via RF cables) with the same system settings. The threshold
value is read out from the half of the conductive throughput. For
the sake of conciseness, the conductive measurement results are not
shown in this communication.
Fig. 2 shows the measured and modeled relative throughputs for the
2 open- and closed-loop MIMO systems. Good agreements be2
tween the measure and modeled throughputs are observed. Note that,
due to the high correlation (e.g., 0.9) at the transmit side, the throughput
of the closed-loop MIMO system is much larger than that of the openloop MIMO system in the lower SNR (power) regime and lower than
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The second equality is due to the property of the trace operator that
for an
matrix and an
matrix . The
fourth equality follows the orthogonality principle of the MMSE that
(e.g. [12]). The derivation is also based on the assumption
that the transmit signals (before precoding) are uncorrelated and there
is no correlation between the transmitted signal and the white Gaussian
and
. The last
noise with unity variance:
equality follows the Sherman-Morrison-Woodbury formula [14]:
.
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