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ABSTRACT

In this paper we evaluate the measured Multi-user MIMO ef-
fect with fair resource allocation by using a MU-MIMO test-
bed, which can evaluate 8×8 MIMO channel in an indoor
multipath environment. MU-MIMO systems have attracted
attention as a technology for increasing the total system ca-
pacity. However, unlike single user MIMO (SU-MIMO) sys-
tems, multiple receivers cannot cooperate with each other.
Thus, the transmit beamforming method at the access point
should be designed to cope with interference among multiple
spatial channels. Although several approaches to beamform-
ing have been proposed for MU-MIMO systems depending
on the degree of awareness of fairness among multiple mo-
bile stations, we focus on a fair resource allocation approach
that evenly assigns transmission time to each terminal in or-
der to support terminal diversity better. Although most papers
discuss the MU-MIMO effect based on computer simulations
or theoretical analysis, only a few measured results have been
presented. In this paper, the numbers of users and antennas at
the mobile station suitable for MU-MIMO with fair resource
allocation are discussed.

keywords:Multi-user MIMO, Single-user MIMO, trans-
mit beamforming, Fair resource allocation, indoor multipath
environment

1. INTRODUCTION

The growing popularity of mobile phone systems and wire-
less LANs has driven the demand to achieve broadband wire-
less transmission within a limited frequency band. Multiple
input multiple output (MIMO) systems have attracted much
attention because they promise to increase the channel capac-
ity compared to that for the single input single output (SISO)
systems [1]- [4].
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Masaaki Ida of NTT Advanced Technology Corporation for their assistance.
This work is supported by the Ministry of Internal Affairs and Communi-
cations, Japan, under the grant, “Research and development of fundamental
technologies for advanced radio frequency spectrum sharing in mobile com-
munication systems.”

In important applications such as wireless LAN and cel-
lular systems, MIMO systems likely operate in environments
for which a single base station simultaneously communicate
with many users. Space Division Multiple Access (SDMA) is
a well known technique for improving the channel capacity by
creating different antenna patterns for multiple users [5]. Sim-
ilarly, Multiple MIMO channels can be generated for mul-
tiple users by utilizing MIMO and SDMA technologies [6].
Such Multi-User (MU) MIMO systems require development
of new techniques through which the total system capacity
can be further improved [6]– [8].

In downlink MU-MIMO systems, multiple mobile sta-
tions are considered as a virtual large reception array antenna
so that a large MIMO effect is expected even when using sim-
ple MSs. However, unlike Single User MIMO (SU-MIMO)
systems, multiple receivers cannot cooperate with each other.
Thus, the transmit beamforming method at the Access Point
(AP) should be designed to cope with interference among
multiple spatial channels.

There are three approaches to beamforming in MU-MIMO
systems depending on the degree of awareness of fairness
among multiple MSs: maximizing the total channel capac-
ity approach, guaranteeing the quality of services (QoS) ap-
proach, and the fair resource allocation approach [8]. This
paper focuses on the third approach, i.e. the fair resource al-
location approach, to support terminal diversity better. Al-
though most papers discuss the MU-MIMO effect based on
computer simulations or theoretical analysis [9] [10], only a
few measured results have been presented [11]. In this paper,
we show the measured MU-MIMO effect with fair resource
allocation in an indoor multipath environment. The measured
results clarify that the MU-MIMO increases not only the total
throughput, but also the throughput of each MS.

The rest of this paper is organized as follows. Section 2
outlines the 8×8 MU-MIMO testbed and communication flow
using Orthogonal Frequency Division Multiplexing (OFDM)
signals. Section 3 presents experimental results for the achiev-
able transmission rate of MU-MIMO with fair resource allo-
cation. Particularity in Section 3, we focus on a comparison
between MU-MIMO with fair resource allocation and SU-



MIMO using eigenmode transmission when the numbers of
MSs and transmit beams are changed.

2. HARDWARE CONFIGURATION OF MU-MIMO
TESTBED

2.1. Hardware configuration

The configuration of the experimental testbed for MU-MIMO-
OFDM transmission is shown in Fig. 1. Its main parameters
are given in Table 1. The center frequency of this testbed
is 4.85 GHz. To evaluate the effect of the number of anten-
nas and users in MU-MIMO channels, we set the numbers
of transmitters and receivers to eight. The 8×8 MU-MIMO-
OFDM transmission can be evaluated using the maximum
bandwidth of 100 MHz. Although the MU-MIMO scenario in
Fig. 1 represents the case in which the numbers of receive an-
tennas and users are four and two, respectively, various com-
binations for the numbers of antennas and users can be used.
For example, if the number of receive antennas per user is
set to two, then we can deal with MU-MIMO transmission
for four users. When a single antenna at a MS is assumed, a
maximum of eight users can be considered.

At the transmitters, the transmit signals are generated in
a personal computer (PC), and uploaded to a digital/analog
(D/A) converter as shown in Fig. 1. After the D/A conversion
of these signals, frequency conversion is applied and the RF
signals at 4.85 GHz are transmitted. At the receivers, these
signals are down-converted and A/D conversion is applied.
These signals are finally transferred to a PC. For the purpose
of evaluating the various transmission control schemes and
scheduling algorithms, we perform off-line signal process-
ing in the testbed. Moreover, the Channel State Information
(CSI) is transferred over a wired connection and used to de-
termine the transmission weights when we assume transmit
beamforming using an actual signal.

As shown in Fig. 1, signal generators are used for the local
oscillators to enhance the stability of the frequency converter
among the transmitters or receivers. Figure 1 indicates that
the carrier and timing synchronization between the transmit-
ters and receivers can be performed independently. Each D/A
converter has 128 Mbytes of memory, and signals with var-
ious formats can be evaluated. Each A/D converter has 128
Mbytes of memory, and we can continually handle data ac-
quisition for, e.g., six seconds at a maximum of 20 MHz. In
this paper, the received data with five seconds was obtained
every millisecond.

2.2. Communication flow in MU-MIMO testbed

In this subsection, the communication flow using OFDM sig-
nals and the transmit signal format in this testbed are de-
scribed. Table 2 represents the signal parameters that are used
in the testbed. At the transmitter, OFDM modulation is em-
ployed at each transmit antenna. First, the data sequences are
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Fig. 1. Block diagram of 8×8 MU–MIMO testbed

divided. Then Inverse Fast Fourier transform (IFFT) blocks
transform each signal into a time-domain waveform, and guard
intervals (GIs) are added to mitigate the effect of multipath
fading. Finally, the baseband signals are up-converted to RF
signals after D/A conversion and the signals are transmitted
from the array antenna.

At the receiver, the received RF signals are down-converted
to baseband signals. Next the baseband signals are converted
into digital signals using automatic gain control and an A/D
converter. Symbol timing detection and automatic frequency
control (AFC) are performed from each received short pream-
ble and FFT is applied to the residual signals after the GIs are
removed.

The frame format is shown on Fig. 2. This format is based
on the IEEE 802.11a standard [13]. As shown in Fig. 2, a long
preamble signal is repeatedly transmitted eight times, in order
to estimate channel information for each transmit antenna. A
short preamble in Fig. 2 is utilized to achieve frame and tim-
ing synchronization by calculating the auto correlation of the
signals used in the short preamble. The channel matrix is ob-
tained from the long preambles in Fig. 2.



Table 1. Hardware Parameters in MU-MIMO Testbed
Number of antennas 8 (Tx), 8 (Rx)

Radio frequency 4.85 GHz
Bandwidth 100 MHz (Max)

Range of AD/DA 14 bits
Transmit power 10 W (Max)

Sensitivity -20 to -70 dBm

Table 2. OFDM Signal Parameters
Number of FFT 64

Number of sub-carriers 48 (Information)+4(Pilot)
Short preamble length 0.8µ sec× 10 = 8µ sec
OFDM symbol length 3.2× 2 µ sec + 1.6µ sec(GI)

2.3. Transmit beamforming method

In this paper, we used the Block Diagonalization Algorithm
(BDA) [12] as the transmit beamforming method. In OFDM
systems, the BDA is calculated for each subcarrier. For sim-
plicity, we explain the case in which the numbers of users,
receive antennas, and the transmit beams for each user are all
set to two. First, the CSI is estimated for each user, and the
channel matrixes,H1 andH2, for MSs 1 and 2 are obtained,
respectively. Next, orthogonal matrixesH

′
2 andH

′
1 for Users

1 and 2 are calculated, respectively, so that crosstalk is not
generated between the users. After this calculation, Singular
Value Decomposition (SVD) is applied to matrixesH

′
1 and

H
′
2, respectively. Finally, eigenvectorsV

′
1 andV

′
2 are used

for the transmit weights of Users 1 and 2, respectively. At
the receiver sites (Users 1 and 2), only the Minimum Mean
Square Error (MMSE) [4] is employed, since the orthogonal-
ization between MSs 1 and 2 can be achieved on the transmit-
ter site.

3. EFFECT OF MU-MIMO WITH FAIR RESOURCE
ALLOCATION

3.1. Measurement environment

To evaluate the achievable transmission rate of MU-MIMO
with fair resource allocation, channel responses between the
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Fig. 2. Frame format of transmit signal

Table 3. Combinations of Number of Beams and MSs
Number of MSs (antennas at MS) Number of beams per MS

2 (4) 3
2 (4) 4
4 (2) 1
4 (2) 2
8 (1) 1

transmitters and receivers of the MU-MIMO testbed were mea-
sured throughout a room. The measurement environment is
the 40× 26 × 3 m room shown in Fig. 3. There are 60
measurement locations and channel responses are recoded for
more than three positions at each location. In this experiment,
we use an eight element circular array with the element spac-
ing of 1.0 and a four element linear array with the element
spacing of 0.5 as the transmit and receive antennas, respec-
tively. The transmit antenna array at the AP is established on
a 2.5 m pole in Fig. 3. The receive antenna array represent-
ing the MS is attached to a laptop computer on a desk (0.7
m) and the stars in Fig. 3 indicate the measurement locations.
The partitions in the room are constructed of metal and the
heights of Partitions 1 and 2 are 1.9 m and 1.2 m, respec-
tively. The total transmit power is 6 dBm. The measured av-
erage SNRs are from 8.6 dB to 29.7 dB throughout the room.
We also evaluate the eigenmode transmission [14]- [15] as the
SU-MIMO scenario using 8×1, 8×2, and 8×4 eigenmode
MIMO transmissions [16], respectively. When considering
two users in SU-MIMO transmission, we assume that Time
Division Multiple Access (TDMA) is applied for each user in
the SU-MIMO scheme.

We focus on the comparison between MU-MIMO and
SU-MIMO when the numbers of MSs and transmit beams for
the MS are changed, in order to understand which users and
beams are suitable for MU-MIMO transmission with the fair
resource allocation. Table 3 shows the combinations of the
number of transit beams and MSs. We assume that the total
number of transmit beams is eight. In other words, there is
the following relationship in our evaluation.

(Number of MSs)× (Number of antennas at MS) = 8
(1)

The number of MSs is two, four or eight, and the number of
antennas at the MS is four, two, or one, respectively. The
number of antenna branches at the AP is fixed at eight. The
number of beams is shown in Table3. The MS combinations
are randomly selected.

3.2. Comparison of achievable transmission rate between
MU-MIMO and SU-MIMO

Figures 4 and 5 show the achievable data rate when a two-
user (four-element antennas at each MS) scenario is consid-
ered. The total achievable data rate and the difference in the
number of beams for each MS are compared in Figs. 4(a) and
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Fig. 3. Measurement environment

5(a). Figures 4(a) and 5(a) show that MU-MIMO with fair
resource allocation outperforms SU-MIMO and the degree of
improvement increases in a high data rate region. When we
compare the results between Figs. 4(a) and 5(b), we find that
the improvement by MU-MIMO with three beams is higher
than that with four beams. When four beams per MS are
used in the MU-MIMO scenario, there is a chance to increase
the total channel capacity. However, the minimum eigenvalue
becomes very small because a total of eight beams are used
in the MU-MIMO scenario. In [16], we showed that using
fewer beams than the number of received antennas is effec-
tive from the viewpoint of the diversity effect when transmit
beamforming is considered. When considering three beams
in the MU-MIMO scenario, the total achievable rate can be
improved compared to four beams in MU-MIMO. Similarly,
when SU-MIMO with transmit beamforming is considered,
the diversity effect is accomplished by creating asingle8×3
or 8×4 MIMO channel.

Figures 4(b) and 5(b) show the achievable data rate for
each MS when three and four transmit beams per MS are con-
sidered, respectively. As we described in Section 3.1, we as-
sume that TDMA is applied for each user in the SU-MIMO
scheme. Thus, the achievable bit rate for each user in the
SU-MIMO scheme in Figs. 4(b) or 5(b) becomes half that
in Figs. 4(a) or 5(a). We find that MU-MIMO increases the
achievable data rate of each MS the most when four transmit
beams are considered. Figure 4(b) shows that the achievable
rate of the MU-MIMO scheme always outperforms that of
the SU-MIMO and the improvement increases in a high data
rate region. Thus, we confirm that using fewer beams than
the number of received antennas is effective from the view-
point of the diversity effect when the number of antennas at

��� ������ ���

Fig. 4. Achievable data rate when 2MSs and 3beams for each
MS are considered (a) Total achievable data rate (b) Achiev-
able data rate of each user

��� ������ ���

Fig. 5. Achievable data rate when 2MSs and 4beams for each
MS are considered (a) Total achievable data rate (b) Achiev-
able data rate of each user

a MS is four. Figure 5(b) shows that the achievable data rate
of MU-MIMO varies by more than 10 bit/sec/Hz when that
of SU-MIMO becomes 15 bit/sec/Hz. Thus, we confirm that
using fewer beams than the number of received antennas is
effective when the number of antennas at a MS is four.

Figure 6 and 7 show the achievable data rate when a four
user (two-element antennas at each MS) scenario is consid-
ered. Figures 6(a) and 7(a) show the total achievable rate,
and Figs. 6(b) and 7(b) show the achievable rate of each user.
Since TDMA is assumed for each user in the SU-MIMO scheme,
the achievable bit rate for each user in Figs. 6(b) or 7(b) be-
comes 1/4 of that in Fig. 6(a) or 6(a). These results show that
MU-MIMO with fair resource allocation always increases not
only the total throughput, but also the throughput of each
user. When the scenario with four users is considered, the
total achievable bit rate is greatly improved by increasing the
number of transmit beams. Thus, we found that increasing the
number of transmit beams is effective if the number of beams
is less than the number of receive antennas for each MS.
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Fig. 6. Achievable bit rate when 4MSs and 1beam for each
MS are considered (a) Total achievable data rate (b) Achiev-
able data rate of each user
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Fig. 7. Achievable data rate when 4MSs and 2beams for each
MS are considered (a) Total achievable data rate (b) Achiev-
able data rate of each user

Figure 8 shows the achievable data rate when an eight
user (one-element antennas at each MS) scenario is consid-
ered. Figures 8(a) and 8(b) show the total achievable rate and
the achievable rate of each user, respectively. Since TDMA is
assumed for each user in the SU-MIMO scheme, the achiev-
able bit rate for each user in Fig. 8(b) becomes 1/8 of that in
Fig. 8(a). These results show that MU-MIMO with fair re-
source allocation always increases not only the total through-
put, but also the throughput of each user. Moreover, we con-
firm that the improvement by applying MU-MIMO with fair
resource allocation in Fig. 8 becomes the highest among the
combinations of the numbers of beams and MSs given in Ta-
ble 3.

4. CONCLUSION

In this paper, the MU-MIMO effect with fair resource alloca-
tion was evaluated with measured channel responses in a typ-
ical indoor office room. The measured results clarified that

��� ������ ���

Fig. 8. Achievable data rate when 8MSs and 1beam for each
MS are considered (a) Total achievable data rate (b) Achiev-
able data rate of each user

MU-MIMO with fair resource allocation increases not only
the total throughput, but also the throughput of each user. We
also confirmed that MU-MIMO with fair resource allocation
is the most effective compared to SU-MIMO with eigenvec-
tor beamforming when a large number of users (four to eight)
with a small number of antennas (one to two) are considered
in an indoor environment using an 8x8 MU-MIMO-OFDM
testbed. Even if the number of antennas at the MS is four, we
clarified that not only the total achievable bit rate, but also the
achievable bit rate of each user is always improved compared
to that for SU-MIMO by selecting fewer transmit beams at
the transmitter than the number of receive antennas.
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