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SUMMARY Multi-user multiple input multiple output (MU-MIMO)

systems have attracted much attention as a technology that enhances the

total system capacity by generating a virtual MIMO channel between a

base station and multiple terminal stations. Extensive evaluations are still

needed because there are many more system parameters in MU-MIMO than

in single user (SU)-MIMO and the MU-MIMO performance in actual en-

vironments is still not well understood. This paper describes the features

and effectiveness of a 16 × 16 MU-MIMO testbed in an actual indoor en-

vironment. Moreover, we propose a simple adaptive modulation scheme

for MU-MIMO-OFDM transmission that employs a bit interleaver in the

frequency and space domains. We evaluate the frequency efficiency by ob-

taining the bit error rate of this testbed in an actual indoor environment. We

show that 16×4×4-user MU-MIMO transmission using the proposed mod-

ulation scheme achieves the frequency utilization of 870 Mbps and 1 Gbps

(respective SNRs: 31 and 36 dB) with a 20-MHz bandwidth.

key words: multiuser MIMO, adaptive modulation scheme, OFDM, eigen-

value, bit interleaver

1. Introduction

The growing popularity of mobile phone systems and wire-

less LANs has set the demand for achieving broadband wire-

less transmission within a limited frequency band. Multiple

input multiple output-orthogonal frequency division multi-

plexing (MIMO-OFDM) systems have been developed be-

cause they promise to increase the channel capacity com-

pared to single input single output (SISO) systems [1]–[4].

Moreover, multi-user MIMO (MU-MIMO) systems have

recently attracted much attention as a technology that en-

hances the total system capacity by generating a large virtual

MIMO channel between a base station and multiple terminal

stations [5], [6].

Many previous studies concerning MU-MIMO systems

focused on the theoretical derivation of the channel capac-

ity [7] and performance evaluation based on computer sim-

ulations [6]. Several downlink beamforming methods and

scheduling algorithms were proposed for MU-MIMO sys-

tems [8]–[12].

In order to incorporate MU-MIMO technologies into
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commercial systems, many system parameters must be de-

termined. The optimal transmission control methods and

antenna configurations are complex in comparison to those

for single user (SU)-MIMO applications. The scheduling

algorithm, which determines the number of data streams per

user and the allowed number of simultaneously communi-

cating users, largely depends on factors such as the propa-

gation environment, the number of connected users, and the

number of transmitter and receiver antennas. However, the

performance of MU-MIMO technologies considering actual

system parameters is not well understood.

In this paper, we describe a MU-MIMO testbed that

can be used to evaluate a maximum of 16×16 MIMO trans-

missions. This testbed deals with OFDM signals accord-

ing to the IEEE802.11a standard format [13], and it can be

used to evaluate various system parameters such as the num-

ber of antennas, users, transmission control methods, and

scheduling algorithms. In this paper, we first describe the

hardware configuration and communication flow of the de-

veloped testbed.

In order to actualize the downlink beamforming

scheme, an adequate modulation scheme must be imple-

mented according to the transmission quality for each data

stream. The optimal modulation scheme and coding rate

for each subcarrier are ideally determined when the OFDM

transmission with error correction is considered. How-

ever, the calculation complexity level increases when trying

to achieve the ideal adaptive modulation strategy. Hence,

we propose a simple adaptive modulation scheme for MU-

MIMO-OFDM transmission that employs a bit interleaver

in the frequency and space domains. The proposed scheme

enables efficient adaptive modulation by calculating the ef-

fective number of eigenvalues and preparing the relationship

between the average Signal to Noise Ratio (SNR) of the ef-

fective eigenvalues and the pairs comprising the modulation

scheme and coding rate.

Finally, we show the experimental results in an actual

indoor environment in order to evaluate the frequency uti-

lization for a downlink beamforming scheme that is imple-

mented in the MU-MIMO testbed. We clarify that the MU-

MIMO transmission using the simple adaptive modulation

scheme achieves the frequency utilization of 43.5 bits/s/Hz

(870 Mbps) and 50 bits/s/Hz (1 Gbps) when the SNRs are 31

and 36 dB, respectively.

The rest of this paper is organized as follows. Sec-

tion 2 outlines the 16×16 MU-MIMO testbed. The measure-
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ment conditions and proposed adaptive modulation scheme

are described in Sect. 3. Section 3 also presents experimen-

tal results on the frequency utilization using the MU-MIMO

testbed.

2. Configuration of 16 × 16 MU-MIMO Testbed

2.1 Hardware Configuration

The configuration of the experimental testbed for the MU-

MIMO-OFDM transmission is shown in Fig. 1. The main

parameters are given in Table 1. The center frequency of

this testbed is 4.85 GHz. To evaluate the effect of the num-

ber of antennas and users in the MU-MIMO channels, the

total numbers of transmitters and receivers are 16, respec-

tively. The 16× 16 MU-MIMO-OFDM transmission can be

evaluated using a bandwidth of 100 MHz at maximum. Al-

though the MU-MIMO scenario in Fig. 1 represents the case

in which there are four receiver antennas and four users, it

should be noted that various combinations for the number of

antennas and users for both transmitters and receivers can be

evaluated in this testbed. For example, if the number of re-

ceiver antennas per user is set to two, then we can deal with

Fig. 1 Block diagram of 16 × 16 MU-MIMO testbed.

Table 1 RF parameters.

Number of Tx antennas 16

Number of Rx antennas 16

Radio frequency 4.85 GHz

Bandwidth 100 MHz (Max)

Range of AD/DA 12 bits

Transmit power 10 W (Max)

Sensitivity −20 ∼

−70 dBm

MU-MIMO transmission for eight users.

2.2 Communication Flow

The communication flow of this testbed is described in this

subsection. Table 2 represents the signal parameters that are

used in this study. The frame format is shown in Fig. 2. At

the transmitter, we employ convolutional coding with the

constraint length of seven. These bits are interleaved for

both data steams and subcarriers, and divided into streams

corresponding to the modulation scheme. Next, these bits

are modulated and multiplied with the transmission weight

vectors. Each stream uses the same modulation scheme over

all the sub-carriers. 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. The output signals of the IFFT are con-

verted into analog signals and up-converted to RF signals.

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 con-

trol (AGC) and an A/D converter. Symbol timing detec-

tion and automatic frequency control (AFC) are performed

for each received preamble and the FFT is applied to the

residual signals after the GIs are removed. After the FFT

processing, the channel matrix is estimated by the known

preambles in Fig. 2, and the data symbols are decoded us-

ing the Zero Forcing (ZF) algorithm. The demodulated bits

are then serialized and de-interleaved. Finally, the Viterbi

decoder estimates the transmitted bits. The frame format

is based on the IEEE802.11a standard [13], which is used

for commercial wireless LANs, but is extended to enable

MU-MIMO-OFDM transmission. As shown in Fig. 2, each

Table 2 Signal parameters in measurement.

Sampling rate 20 MHz (A/D), 40 MHz (D/A)

Number of FFT points 64

Number of subcarriers 48 (Information)+4 (Pilot)

Symbol length 3.2 µs+0.8 µs (GI)

Preamble length 8.0 µs (short), 16.0 µs (long)

Modulation scheme QPSK, 16QAM

64QAM, 256QAM

1024QAM

Coding rate 1/2, 2/3, 3/4, 5/6, 7/8

Fig. 2 Frame format of MU-MIMO testbed.
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long preamble is one half the length of the 802.11a standard

and transmitted in four OFDM symbol timings. In the data

sequence, 100 OFDM symbols are transmitted per packet.

The channel matrices at all sub-carriers are fed back to the

transmitter using a cable (TCP-IP). Hence, the channel state

information (CSI) can be assumed to be ideally fed back

from the receiver to transmitter in this testbed.

2.3 Transmit Beamforming Method

In this paper, we use the block-diagonalization (BD) algo-

rithm, which is well known as a practical linear beamform-

ing method for MU-MIMO systems [9], [10]. We consider

the downlink transmission. The numbers of transmit and re-

ceive antennas are assumed to be NT and NR, respectively.

The received signal, yi ∈ C
NT×1, for User i is written as

yi = Hi

NU
∑

i=1

Wixi + ni (1)

where Hi ∈ C
NR×NT is the channel matrix for User i. Terms

xi and ni are the transmit signal and noise for User i, respec-

tively. Term NU represents the number of users. To avoid

interference, singular value decomposition (SVD) H
′

i
is per-

formed as

H
′

i =
(

HT
1 · · ·H

T
i−1 HT

i+1 · · ·H
T
NU

)T

= U
′

i(D
′

i 0)(V̄
′

i Ṽ
′

i)
H , (2)

where H
′

i
is the total channel matrix except for Hi. Term

V̄
′

i
represents the signal space of all users except User i.

Term Ṽ
′

i
represents the null space weight that does not in-

terfere with User i. In the BD algorithm, the virtual trans-

mission weights are calculated using the SVD for the null

space channel matrix, HiṼ
′

i
, as

HiṼ
′

i = U
′′

i D
′′

i V
′′H
i (3)

where D
′′

i
∈ CNR×NR is the diagonal matrix and the diago-

nal elements of D
′′

i
are the square root of the eigenvalues of

HiṼ
′

i
Ṽ
′H
i

HH
i

, λ
′

i,1
, λ

′

i,2
, · · ·, λ

′

i,NR
. The transmission weight

matrices for User i, W
′

i
, are determined as Ṽ

′

i
V̄
′′

i
and the

transmission qualities of data streams correspond to the di-

agonal elements of D
′′

i
.

3. Performance Evaluation of MU-MIMO Testbed

3.1 Measurement Environment

In order to clarify the characteristics of the proposed MU-

MIMO testbed in terms of the proposed modulation scheme,

we conducted measurements in an indoor environment. The

measurement environment is shown in Fig. 3. The measure-

ment space in the room is 17.6× 12.1× 3 [m]. Sleeve anten-

nas are used for the transmitter and receiver antennas. Lin-

ear arrays are used for the transmitter and receiver arrays.

The element spacing for the transmitter and that for the re-

ceiver antennas are 1.0 and 0.5 wavelengths, respectively.

Fig. 3 Measurement environment.

The heights of the transmitter and receiver antennas are 1.7

and 0.7 m, respectively. The maximum transmission power

per antenna is −6 dBm.

The transmitter antennas are located at Point Tx and

the receiver antennas are located at nine points (Rx-A to I).

All users are assumed to be located at each receiving point

in order to employ the evaluation among the users whose

SNRs are almost the same. To clarify the dependency of

the transmission quality on the direction of the receiver ar-

ray antenna, we evaluate three rotation angles (−45◦, 0◦,

and 45◦) at each receiving point. Two to eight user cases

are assumed in the MU-MIMO scenario. The bit error rate

(BER) and frequency utilization for two to eight receiver

antennas are given when the MU-MIMO scheme is evalu-

ated with transmit beamforming based on the BD algorithm

described in Sect. 2.3. We use the ZF algorithm, which is

well known as the SDM decoding method. We also evalu-

ate the Eigen-mode transmission [14]–[15] when consider-

ing the SU-MIMO transmission [16].

In this measurement, we use the modulation signals

given in Table 2 and the frame format in Fig. 2. In this

measurement, we use the modulation signals given in Ta-

ble 2. The total number of bits ranges from 107 to 108

and the frequency utilization is obtained at the BER of

107 to 108 bits. The frequency utilization (2.7 bits/s/Hz or

54 Mbit/s per 20 MHz) is evaluated for the 64QAM mod-

ulation scheme with the coding rate of R = 3/4, according

to the IEEE802.11a standard. In this case, 4.5 bits per sub-

carrier per OFDM symbol are transmitted.

3.2 Simple Adaptive Modulation Scheme

In this subsection, simple adaptive modulation and coding

is proposed. Figure 4 shows the distribution of eigenvalues

that are obtained using the BD algorithm in Sect. 2.3. The

eigenvalue distribution is shown when an i.i.d. channel is

assumed in the propagation environment. For this calcula-

tion, 10,000 trials are performed. Figure 4 shows the results

when the number of antennas (NR) per user is 3 or 4, and

when the number of transmitter antennas (NT ) and the num-

ber of users (NU ) are 16 and 4, respectively.

Figure 4 shows that the fourth eigenvalue is very small

compared to the other eigenvalues in the 16×4×4-user case,



348
IEICE TRANS. COMMUN., VOL.E93–B, NO.2 FEBRUARY 2010

Fig. 4 Eigenvalue distribution when using BD algorithm.

Fig. 5 Achievable bit rate comparison (3 and 4 beams).

while the third eigenvalue is not small in the 16× 3× 4-user

case. Moreover, since the range of the fourth eigenvalue ex-

ceeds 20 dB, it is very difficult to assign a single modulation

scheme for such a data stream.

Figure 5 shows a comparison of the achievable bit rate

based on the BD algorithm [10] using the channel matrix,

when three or four beams are assumed for each user. The

channel matrixes for 16 × 4× 4-user and 16 × 3 × 4-user are

measured at Rx-A to I in Fig. 3 and the achievable bit rate

is calculated by using the channel matrix for each receiving

point. The achievable bit rate in Fig. 5 is averaged by the

results on all subcarriers and receiving points (Rx-A to I in

Fig. 3). Note that the achievable bit rate is different from

the frequency utilization obtained by the actual data trans-

mission because the achievable bit rate is determined using

the eigenvalues that are obtained in Eq. (3). Figure 5 shows

that a higher achievable bit rate with three beams is obtained

compared to that with four beams for all users. Hence, the

fourth eigenvalue is not useful from the viewpoint of the

channel capacity.

Figure 6 represents the flow of the proposed scheme.

Based on the results in Figs. 4 and 5, we first discard the

eigenvalues that are less than the threshold value in the pro-

posed scheme (Step 1 in Fig. 6). The eigenvalues for all

Fig. 6 Flow of adaptive modulation scheme.

Table 3 Example of relationship between averaged eigenvalue and com-

bination of modulation schemes (R=5/6).

Mod. Mod. Mod. λ̄

scheme 1 scheme 2 scheme 3 [dB]

1024QAM 1024QAM 256QAM 33 < λ̄ < 37

1024QAM 256QAM 256QAM 31 < λ̄ < 37

1024QAM 256QAM 64QAM 30 < λ̄ < 37

1024QAM 256QAM 16QAM 27.5 < λ̄ < 34

256QAM 256QAM 64QAM 27.5 < λ̄ < 32

256QAM 64QAM 64QAM 26 < λ̄ < 32

256QAM 64QAM 16QAM 25.0 < λ̄ < 29

64QAM 64QAM 64QAM 25.0 < λ̄ < 29

64QAM 64QAM 16QAM 22.5 < λ̄ < 26.5

64QAM 16QAM 16QAM 20 < λ̄ < 26

64QAM 16QAM QPSK 18 < λ̄ < 22.5

16QAM 16QAM QPSK 16 < λ̄ < 21.5

16QAM QPSK QPSK 13 < λ̄ < 19

QPSK QPSK QPSK 12 < λ̄ < 16.5

subcarriers are checked. In this paper, we set this threshold

value to 0 dB, which means an internal noise power. On the

other hand, employing an interleaver in both data streams

and subcarriers suppresses the degradation in the transmis-

sion quality for subcarriers with a low SNR, even if fixed

modulation schemes are employed for each subcarrier on

the data streams corresponding to the first to third eigenval-

ues.

As the next step, we calculate the average value of the

eigenvalues that are selected in Step 1 (Step 2 in Fig. 6).

The eigenvalue is averaged by using those for all subcarriers.

Table 3 shows an example of the relationship between the

average eigenvalue and the combination of the modulation

schemes when coding rate R is 5/6. Table 3 is obtained by

the combination of modulation schemes that achieves error-

free transmission for a certain SNR. The number of trials

is 1000 and the i.i.d. channel is assumed in this calculation

when changing the SNR.

In OFDM systems, the optimal method is to select the

modulation scheme and coding rate based on the eigen-

value for each subcarrier. However, the selection method is
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Fig. 7 Frequency utilization versus number of receiver antennas (NT =

16, NU = 4).

very complex in such a scheme, because many combinations

must be considered for each eigenvalue. On the contrary, the

key point here is that we utilize the average eigenvalue using

those for all subcarriers, which represents the transmission

quality when considering the interleaver for the data streams

and subcarriers. Since the interleaver can mitigate the degra-

dation in the transmission quality for the subcarriers with a

low SNR, different modulation schemes and coding rates for

each subcarrier are not required and the average SNR or av-

erage eigenvalue approximately represents the transmission

quality. If we prepare a database such as Table 3 in advance,

appropriate modulation schemes for each data stream can be

easily determined. As shown in Step 3 in Fig. 6, the modu-

lation scheme and coding rate are selected by using the ref-

erence table. Actually, we prepare the reference tables for

each coding rate and the number of beams in advance.

3.3 Effectiveness of MU-MIMO Downlink Transmission

First, we clarify the effectiveness of the proposed adaptive

modulation and coding scheme as shown in 3.2. Figure 7

shows the frequency utilization versus the number of re-

ceiver antennas (NR) when the numbers of transmitter anten-

nas (NT ) and users (NU) are 16 and 4, respectively. We com-

pare the results between the proposed modulation scheme

and the conventional schemes. In conventional scheme (A),

the modulation scheme and coding rate are determined ac-

cording to each SNR for each subcarrier. Conventional

scheme (B) means that all possible combinations of mod-

ulation schemes where the BER becomes zero are checked

using the channel matrix. Nmin equals min(NR, 3).

Figure 7 shows that the frequency utilization with the

proposed adaptive modulation scheme becomes almost the

same as that for conventional scheme (B) when NR is less

than four, although the calculation complexity of the pro-

posed scheme is dramatically reduced compared to conven-

tional scheme (B). Surprisingly, the frequency utilization

when NR is four is decreased compared to that when NR is

Fig. 8 Frequency utilization versus SNR when NR is two.

Fig. 9 Frequency utilization versus SNR when NR is four.

three, if the number of selected beams is fixed to four in

conventional scheme (B). Hence, we found that the mini-

mum eigenvalue significantly affects the degradation in the

MU-MIMO transmission when NT equals NR × NU . More-

over, even if the modulation and coding are assigned based

on each subcarrier (conventional scheme (A)), the frequency

utilization is not improved when NR equals four because the

fourth eigenvalue is not useful as shown in Fig. 6. On the

other hand, the frequency utilization of the proposed scheme

is almost the same compared to that for conventional scheme

(B) when the number of selected beams is set to three.

Figures 8 and 9 indicate the frequency utilization ver-

sus the SNR when the number of receiver antennas is two

and four, respectively. In these figures, the proposed adap-

tive modulation scheme is employed. The frequency uti-

lization is defined as the transmission bit rate at which the

BER is less than 10−7. Figures 8 and 9 show that the fre-

quency utilization can be improved due to the increase in the

number of users and the SNR. For example, the frequency

utilization for 43.5/50 and 30/35 bits/s/Hz (SNR: 31/36 dB)

can be obtained when 16 × 4 × 4-user and 16 × 2 × 4 user

MU-MIMO transmission are employed, respectively. More-
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Fig. 10 Frequency utilization comparison between MU-MIMO and

SU-MIMO.

over, Figs. 8 and 9 show that the frequency utilization with

the proposed adaptive modulation scheme becomes almost

the same as that for conventional scheme (B) when NR is

less than four.

Next, we compare the difference in improvement for

the MU-MIMO transmission when the number of receiver

antennas is changed. Figure 8 shows that the frequency

utilization of MU-MIMO transmission is 2.0 to 3.3 times

higher compared to the eigenvector beamforming method

in SU-MIMO, when the number of receiver antennas is 2.

On the other hand, the frequency utilization of MU-MIMO

transmission becomes 1.6 to 2.4 times higher compared to

SU-MIMO, when the number of receiver antennas is 4.

Thus, we found that the effect on MU-MIMO is obtained

with a smaller number of antennas.

We compare the frequency utilization between MU-

MIMO and SU-MIMO in Fig. 10, when the number of re-

ceiver antennas (NR) is changed. For the MU-MIMO sce-

nario, we set the condition where NT equals NR × NU . The

average SNR is 31 dB. We employ the proposed modulation

scheme in this figure. Figure 10 shows that the frequency

utilization with the SU-MIMO transmission cannot be sig-

nificantly improved when NT is greater than NR. On the

other hand, a frequency utilization of over 40 bits/s/Hz can

be obtained using the MU-MIMO transmission (NT = 16)

using the proposed modulation scheme, even if the number

of receiver antennas is 2.

Figure 11 shows signal constellation examples of the

16 × 4 × 4-user transmission. As shown in Fig. 11, the

MU-MIMO transmission using our testbed enables even

1024QAM transmission. In this example, frequency utiliza-

tion of 48 bits/s/Hz was obtained by 16 × 4 × 4-User MU-

MIMO transmission, when the SNR is 35 dB.

Finally, we evaluate the transmission rate that can be

Fig. 11 Example of signal constellations (NT = 16, NR = 4, NU = 4).

Fig. 12 Resource allocations for MIMO-TDMA and MU-MIMO.

Fig. 13 Transmission rate that can be assigned to one user.

assigned to one user. Figure 12 shows the considered sce-

nario for this evaluation. The results are shown in Fig. 13.

When considering SU-MIMO transmission, we assume that

time division multiple access is applied for each user in SU-

MIMO scheme. Moreover, we assume that the time re-

sources allocated fairly to each user as shown in Fig. 12.

Hence, the frequency utilization for each user in the SU-

MIMO scheme in Fig. 13 becomes 1/NU of that for a one

user case when the number of users is NU . For compari-

son, the maximum frequency utilization for SISO and 2 × 2

MIMO using IEEE802.11a and n are shown in Fig. 13. In

the case of SISO in IEEE802.11a, the frequency utiliza-

tion is 2.7 bit/s/Hz without multiple access when employing

64QAM and R = 3/4. For the 2 × 2 MIMO transmission

[13], the transmission with 2 streams (64QAM and coding

rate, R = 3/4) is assumed and the frequency utilization is

5.4 bit/s/Hz.

Figure 13 shows that the frequency utilization with NU-

user transmission does not become 1/NU of that with one
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user transmission when applying MU-MIMO transmission.

More specifically, the transmission rate for one user can be

improved by using MU-MIMO transmission compared to

SU-MIMO transmission using the TDMA scheme. For ex-

ample, the transmission rate per user in 16 × 2 MIMO is

almost the same as that for 2 × 2 MIMO with only one user

transmission, when 2 users are considered in the TDMA

scheme. On the other hand, the transmission with 16 × 2

MU-MIMO can guarantee the transmission rate obtained by

2 × 2 MIMO up to 6 to 7 users.

4. Conclusion

This paper described a MU-MIMO testbed that deals with

16 × 16 MIMO-OFDM transmission. We also proposed a

simple adaptive modulation scheme that employs a bit inter-

leaver for the data streams and subcarriers for MU-MIMO-

OFDM transmission. Using this testbed, we evaluated the

frequency utilization for downlink transmission in a MU-

MIMO channel in an actual indoor environment. We clar-

ified that the 16 × 4 × 4-user MU-MIMO transmission us-

ing the proposed modulation scheme achieved a frequency

utilization of over 43.5/50 bits/s/Hz (0.87/1 Gbps) when the

SNR was 31 and 36 dB, respectively. The frequency utiliza-

tion of the MU-MIMO transmission with four users is 2.4 to

3.3 times higher compared to the eigenvector beamforming

method in SU-MIMO when the number of transmitter an-

tennas is fixed to 16 and the number of receiver antennas is

changed from 2 to 4. Moreover, we clarified the effective-

ness of MU-MIMO transmission compared to TDMA based

MIMO when considering the transmission rate per user. We

found that the transmission with 16×2 MU-MIMO can guar-

antee the transmission rate obtained by 2 × 2 IEEE802.11n

based MIMO up to 6 to 7 users.

A user selection scheme is required in MU-MIMO sys-

tems, although we did not focus on it in this paper. An im-

portant future investigation topic is to evaluate user selection

for users with different SNRs in order to enhance the relia-

bility of MU-MIMO transmission in actual environments.
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