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Abstract

We describe the features and basic characteristics of an 8 x 4 MIMO-OFDM (muiltiple-input multiple-
output orthogonal frequency division multiplexing) testbed that can eval uate eigenmode space division
multiplexing (E-SDM) in broadband MIMO-OFDM systems. The testbed achieved a maximum fre-
guency utilization of 13.7 bits/s/Hz, the highest value for transmission reported in aformal publication.

1. Introduction

Due to the recent popularity of mobile phones and
broadband wireless local area networks (LANS),
broadband wireless systems using orthogonal fre-
guency division multiplexing (OFDM) were intro-
duced to combat the effects of multi-path fading in
indoor wireless LAN systems. Moreover, the multi-
ple-input multiple-output (MIMO) technique is
incorporated into these broadband wireless systems
using OFDM to achieve higher transmission speeds
without expanding the frequency band [1], [2].

MIMO technologies are categorized into 1) high-
quality transmission of a single data stream as space
time codes using transmit and receive diversity or 2)
high-data-rate transmission of multiple data sub-
streams|[3], [4]. Thelatter, whichiscalled space divi-
sion multiplexing (SDM), is attractive because it
improvesthe transmission ratein alimited frequency
bandwidth. Moreover, various algorithms such as
Zero Forcing (ZF), Minimum Mean Square Error
(MMSE), Ordered Successive Cancellation (OSUC),
and Maximum Likelihood Detection (MLD) have
been proposed to discriminate the inter-substream
interferenceif the transmitters cannot know the chan-
nel state information (CSl) [3].

On the other hand, if the transmitter can know the
CSl, then Eigenmode-SDM (E-SDM) [5]-[7] is very
effective because optimal MIMO transmission can be
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achieved with simple spatial filtering using the ZF
agorithm at the receiver, for example [7]. The chan-
nel capacity in MIMO channels can be improved
without increasing the number of receive antennas if
the number of transmit antennasisincreased by using
E-SDM. Thus, E-SDM is suitable for downlink sys-
tems, which need to provide high-data-rate transmis-
sion because the number of antennas is generally
greater at the access point than at the mobileterminal.

To incorporate MIMO technologies into commer-
cial wireless systems, several chip vendors, manufac-
turers, and research institutes around the world have
devel oped prototypeswith MIMO transmission rang-
ing from 2 x 2to 4 x 4[8]-[11]. However, only afew
studies have evaluated the frequency utilization for
MIMO transmission in an actual environment. For
example, a maximum frequency utilization of 2.7
bits/s/Hz can be obtained in commercial wireless
LAN systems based on the |IEEE.802.11a standard
[12]. In the case of MIMO systems, it was reported
that maximum frequency utilization of 10 bits/s/Hz
was obtained with 4 x 4 MIMO transmission using
simple MLD without transmit beamforming [10].

To further improve the frequency utilization, it is
effective to increase the number of antennas. Howev-
er, it is very difficult to use more than four antennas
at the mobile terminal because many terminal stations
are small, such as PCMCIA (Personal Computer
Memory Card International Association) cards or
personal digital assistants (PDAS). Since E-SDM can
achieve a high transmission rate without increasing
the number of antennas at the mobile terminal, it is
very effective to use E-SDM when the number of
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Fig. 2. Photograph MIMO-OFDM transceiver.

antennas at the access point is greater than four and
the number of mobile terminals is less than four,
especialy from the viewpoint of the hardware imple-
mentation in near-future commercial systems.

In this paper, we describe the features and basic
characteristics of abroadband MIMO-OFDM testbed
that can evaluate transmit beamforming such as E-
SDM. We set the numbers of transmit and receive
antennas to eight and four, respectively, to clarify the
effectiveness of our testbed using E-SDM for the pro-
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totypes developed by outside research ingtitutes. This
testbed can aso handle 100-MHz bandwidth signals.
It can obtain not only spatial/frequency correlation
and eigenvalue distributions, which are key parame-
ters in MIMO channels, but also evaluate the trans-
mission quality including error correction for MIMO-
OFDM transmission. Finally, we report that a maxi-
mum frequency utilization of 13.7 bits/s/Hz, the
highest value for atransmission yet reported in afor-
mal publication related to MIMO technology, was
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achieved with 8 x 4 E-SDM transmission on the
MIMO-OFDM testbed. Section 2 outlines the 8 x 4
MIMO-OFDM testbed and communication flow.
Section 3 presents experimental results for the bit
error rate (BER) and frequency utilization when
SDM and E-SDM with ZF were used for MIMO

transmission.

2. Configuration of 8 x 4 MIMO-OFDM testbed

2.1 Hardware configuration

The configuration of the experimental testbed for
broadband MIMO-OFDM transmission is shown in
Fig. 1 and aphotograph of itisshowninFig. 2. Itsmain
parameters are given in Table 1. The center frequen-
cy of thistestbed is4.85 GHz. To maximize the effec-
tiveness of E-SDM transmission, we set the number

of transmitters and receiversto eight and four, respec-

tively. The maximum 8 x 4 MIMO-OFDM transmis-
sion can be evaluated using a bandwidth of 100 MHz.

In the transmitters, the transmit signals are generat-
ed in a persona computer (PC), and uploaded to a
digital/analog (D/A) converter as shown in Fig. 1.
After D/A conversion of these signals, frequency
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Table 1. Parameters for MIMO-OFDM transceiver.
Number of antennas 8 (Tx), 4 (Rx)
Frequency 4.85 GHz
Bandwidth 100 MHz
Range of AD/DA 14 bits
Transmission power 0 dBm (without HPA)
Sensitivity —20 to =70 dBm

Tx1

Tx2

Tx3

Tx8

Sequence of initial sync.

2.2 Communication flow of MIMO-OFDM

testbed

In this sub-section, we describe the frame format, the

schemefor estimating the channel matrix, and the com-
munication flow used in our MIMO-OFDM testbed.

The frame format used to achieve 8 x 4 transmit

conversion is applied and the RF (radio frequency)
signals at 4.85 GHz are transmitted. In the receivers,
these signals are down-converted, and A/D conver-
sionisapplied. Thesesignalsarefinaly transferred to
aPC. All the signal processing is performed off-line
to evaluate the various SDM algorithms in our test-
bed. Moreover, as shown in Fig. 1, the CSl is trans-
ferred over awired connection to determinethetrans-
mit weight in our MIMO-OFDM testbed.

As shown in Fig. 1, signal generators (LO1 and
LO2) are used for the local oscillators to enhance the
stability of the frequency converter among the trans-
mitters or receivers. Each D/A converter has 128
Mbytes of memory, and signals with various formats
can beevauated. Each A/D converter has 128 Mbytes
of memory, and we can handle dataacquisition for six
seconds at a maximum of 20 MHz, for example.

beamforming such as E-SDM in the MIMO-OFDM

Sequence of estimation of H

Data sequence

testbed is shown in Fig. 3. Its signal parameters are
based on the |EEE802.11a standard, which isused for
commercial wireless LANs. This frame format is
extended to estimate the channel matrix for MIMO-
OFDM transmission. When we use the SDM scheme
without beamforming, the maximum number of
transmit antennas is four because the number of
receiversisfour. Details of theframeformat for 4 x 4

0.8x10=8.0 us , 40%x4=16.0 s , 4.0x Pys
« Lat il La il »
S|S|S[S|S[S|S|S|S|S|GI| Ly |G| Lyiz |Gl| Lyiz |GI| Lyia |GI| Dyis |Gl| Dyio |**¢| Gl Dyqp
S|S|S[S|S[S|S|S|S|S|GI| Ly |[Gl| Ly |Gl| Lyoz |GI| Lyosa |GI| Dyoy |Gl| Dyoo |**¢| Gl Dygp
S|S|S[S|S[S|S|S|S|S|GI| Ly |Gl| Lysz |Gl| Lyss |GI| Lyssa |GI| Dwas |Gl| Dygo [**®| Gl Dygp
. : ° : °
. ! . ! .
1 1
L] 1 L] 1 L[]
S|S|S[S|S[S|S|S|S|S|CI| Ly |[Gl| Lygo |Gl| Lugs |GI| Luga |GlI| Dwgs |Gl| Dygo |**¢| Gl Dygp
+—>
Short preamble Long preamble x1/2
S (short preamble): 16 samples, L (long preamble): 64 samples, Gl (guard interval): 16 samples
D (data sequence): 64 samples, P: frame length
Fig. 3. Frame format for 8 x 4 transmit beamforming.
NTT Technical Review



Selected Papers

MIMO-OFDM transmission are given in Refs. [13]
and [14].

InFig. 3, ashort preamble is used for timing detec-
tion of the fast Fourier transform (FFT) window of
the OFDM signals. Timing detection uses diding cor-
relation methods. Next, the channel matrix for the
MIMO channels is estimated using a long preamble
as shown in Fig. 3. Term Lwnk represents the OFDM
signals, which are weighted with the m-th (m=1-8)
transmit antenna obtained by multiplying the k-th (k
= 1-4) eigenvector and the long preamble.

In the data sequence, P OFDM symbols are trans-
mitted per stream. The four pilot subcarriers are
inserted in all OFDM symbols to compensate for the
phase rotation, and the number of these pilot subcar-

Table 2. Parameters of MIMO-OFDM transmission.

Bandwidth 20 MHz
Sampling rate (A/D) 40 MHz
Sampling rate (D/A) 80 MHz
Number of FFT points 64
Number of subcarriers 48
Number of pilot subcarriers 4
Guard interval length 0.8 ps
Effective signal length 3.2us

Length of short preamble 2 OFDM symbols
4 OFDM symbols

QPSK, 16QAM,
64QAM, 256QAM

Length of preamble

Modulation scheme

riers is given in Table 2. Term Dwm denotes the
OFDM signas at thel-th (I = 1 — P) timing, which is
weighted by the mth (m = 1 — 8) transmit antenna
obtained by multiplying thefirst and fourth eigenvec-
tors and the first and fourth streams, respectively. We
used the modulation schemes and coding rates given
in Table 2.

Thesignal processing in our MIMO-OFDM testbed
before D/A conversion and after A/D conversion is
shown in Figs. 4 and 5, respectively. At the transmit-
ter sitein Fig. 4, thetransmit bitsarefirst divided into
four streams, and convolutional coding with a con-
straint length of seven is used. Next, these bits are
interleaved and modulated, and the signals are multi-
plied by the weights for transmit beamforming. In
this paper, E-SDM is used for the transmit beam-
forming. The eigenvectors are obtained by singular
decomposition of the channel matrix in E-SDM. The
channel matrix Hg for subcarrier fi is obtained
through feedback from the receiver to the transmitter
via the cable in the MIMO-OFDM testbed. The sin-
gular value decomposition is shown in the following
equations.

He=Uy W (1)
Uy =[uygqmy o, 0y ] (2
Vi =[VkaVi 2, Vi L (3)

Coding rate 1/2, 2/3, 3/4, 5/6, 7/8 Zkzdlag[“Mk' wAKk2, R L], (4)
Modulation control Add preamble
vl vl ] D/A
I ; H»  IFFT H» AddGl #1
N Convolutional o Interleaving o D/A
encoder i Mapper - —
9 IFFT > Add Gl #2
N Convolutional o lnszaing > S
Tx = encoder v v 2 M IFFT [ AddGl #3
a Mapper =
data @ = D/A
1,0,1,...I f “ “ 2
@ N Convolutional o Interleaving g g)
encoder ” - I
Mapper =
Convolutional | Interleaving o
™| encoder i - D/A
— Mapper > IFFT 1 Add Gl #8
D/A

Fig. 4. Signal processing part before D/A converter.
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Fig. 5. Signal processing part after A/D converter.

where Uy and Vi denote the eigenvectors of the trans-
mitter and receiver for subcarrier fy, respectively.
Eigenvector Vi is used asthe transmit weight for sub-
carrier fx. In addition, Y « represents the matrix whose
diagonal terms consist of eigenvalues for subcarrier
fx, and the numbers of eigenvector beams, modulation
schemes, and coding rates are generally determined
according to the values of these eigenvalues for each
subcarrier. In this paper, for simplicity, the number of
eigenvector beamsis fixed to four and three for 8 x 4
and 4 x 4 E-SDM, respectively. The modulation
scheme and coding rate for each stream are also fixed
among the subcarriers. Finally, the inverse fast Fouri-
er transform (IFFT) process is applied to the signals
after beamforming, and D/A conversion is per-
formed.

At the receiver site in Fig. 5, the baseband signals
are first converted to digital signals by the A/D con-
verter after frequency conversion. Next, timing detec-
tion using the short preamble in Fig. 3 and FFT are
applied to these signals after the guard interval has
been removed. After FFT processing, the channel
matrix is estimated by utilizing the sequence of the
long preamblein Fig. 3, and the SDM decoding algo-
rithmis applied using channel matrix Hy for subcarri-
er fr. In this paper, the ZF algorithm is used as the
SDM decoding algorithm. The decoding signals are
given by the following equations:

Yie = (H{ H) 7 HE X (5)
Xk =[Xe1r - Xial” (6)
Yo =[VienYial (7)

where Y and X represent the decoded and received
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signal vectors for subcarrier fi, respectively. Finaly,
the de-interleaver and Viterbi decoder are used for
these decoded signals, and the BER is calcul ated.

3. Experiment using MIMO-OFDM testbed

3.1 Measurement environment

To clarify the basic characteristics of our MIMO-
OFDM testbed, we conducted measurements in an
indoor environment (Fig. 6). Sleeve antennas” were
used for the transmit and receive antennas. Rectangu-
lar and linear arrays were used for the transmit and
receive arrays, respectively, which both had an ele-
ment spacing of 1.0 wavelength. The heights of the
transmit and receive antennas were 2.0 and 1.2 m,
respectively. The total transmission power was 6
dBm, and the transmission power per antenna
changed according to the number of antennas used.
For example, when we used four transmit antennas,
Antennas #1 to #4 in Fig. 6 were used. The transmit
antennas were located at Point T and the receive
antennas were located at the four points A to D. To
clarify how the transmission quality depended on the
direction of the receive array antenna, we evaluated
four rotation angles (—45°, 0°, 45°, 90°) at each
receiving point.

Table 3 gives the combinations of the transmit and
receive antennas and the SDM scheme at the trans-
mitter and receiver. The BER and frequency utiliza-

* Sleeve antennas: Sleeve antenna is generally used for the mea-
surement antenna because this antenna has omni-directional pat-
ternin horizontal plane and can berelatively easily manufactured.
The characteristics of radiation pattern and gain of the sleeve
antenna are the same with those of the dipole antenna.

NTT Technical Review



Selected Papers

< 12.10m

Transmitter

Receiver
< 5 m .
B9G@---- X ------- EoToTele}
(5,8) D (1,8)C
Window Height =3 m

A Transmit antenna
#5 #6 #7 #8

#1 #2 #3 #4

Receive antenna

1.

v

Fig. 6. Measurement environment.

Table 3. Number of antennas and SDM scheme.

Number of Transmit Decoding
Tx and Rx beamforming algorithm
1,1 None None
1,4 None MRC
2,2
2,4
3,3 None ZF
3,4
4,4
4,4
E-SDM ZF
8,4

tion for one to four antennas are given when we eval-
uated the SDM scheme without transmit beamform-
ing. We used the ZF algorithm, which is basically
used as the decoding algorithm for the SDM scheme.
When using the ZF agorithm, the number of streams
equaled the number of receive antennas. We also
evaluated 4 x 4 and 8 x 4 E-SDM, where the decod-
ing agorithm was ZF with E-SDM.

In this measurement, we used the modulation sig-
nals given in Table 1 and the frame format in Fig. 3
with P = 50. Thetotal number of bits was almost 107,
so the frequency utilization was obtained from the
BER for almost 107 bits. The frequency utilization
(2.7 bits/s/Hz, or 54 Mhit/s per 20 MHZz) based on the
64QAM modulation schemewith coding rate R = 3/4
in wireless LAN systems based on the IEEE802.11a
standard was used as the standard. In this case, 4.5
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bits per subcarrier per OFDM symbol could be trans-
mitted. In this study, weregarded asignal withaBER
of less than 10° as being error-free, and we defined
the point at which BER = 107° intersects the function
fitting curve, which was obtained from the BER char-
acteristics versus the transmission rate, as the fre-
guency utilization.

3.2 Frequency utilization when applying ZF
algorithm

In this sub-section, the performance of the ZF-
SDM decoding scheme without transmit beamform-
ing is evaluated. The BER characteristics versus fre-
guency utilization for oneto four transmit and receive
antennas are shown in Fig. 7, which showsthe results
for receiving point A and arotation angle of 0°. For 2
x 2 MIMO transmission using the ZF algorithm, the
frequency utilization was 1.8 times that for 1 x 1
transmission. However, when the numbers of trans-
mit and receive antennas were increased to greater
than two, the frequency utilization did not exhibit a
significant increase. This is because noise enhance-
ment caused by the ZF algorithm completely sup-
pressed the inter-stream interference when the num-
ber of streams was increased [3].

To resolve the above problems, researchers are
investigating methods in which a larger number of
receive antennas or other SDM decoding schemesare
used [3], [13]. In this paper, we clarify the diversity
effect at the receivers achieved by increasing the
number of receive antennas to greater than the num-
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ber of streams. The frequency utilization versus the
number of transmit and receive antennas is shown in
Fig. 8. The frequency utilization could be improved
by setting the number of receive antennas, but not the
number of streams, to four. For example, 2 x 4 and 3
x 4 MIMO transmission with the ZF algorithm exhib-
ited frequency utilization that was 2.3 and 2.5 times
that for 1 x 1 transmission, respectively. Moreove,
we could confirm that the frequency utilization of 3 x
4 SDM with the ZF algorithm was higher than that of
4 x 4 SDM with the ZF agorithm. Therefore, when
the ZF algorithm without transmit beamforming is
used for MIMO transmission, receive diversity is
very effectiveinimproving the frequency utilization.

3.3 Effectiveness of E-SDM transmission

The BER characteristics versus frequency utiliza-
tion when applying the E-SDM scheme are shown in
Fig. 9. Freguency utilization of 9.8 and 13.7 bit/sHz
could be obtained using the 4 x 4 and 8 x 4 E-SDM
schemes, respectively. These values correspond to
improvements of 3.6 and 5.1 times the frequency uti-
lization values for commercia wirdless LAN systems
based on |IEEE802.11a. Moreover, the frequency uti-
lization for the 8 x 4 E-SDM (13.7 hits/s/Hz) is the
highest transmission rate reported to date in any offi-
cia publication related to MIMO technology. These
results were for a bandwidth of 20 MHz. When we set
a100-MHz bandwidth, which isthe maximum that our
testbed can handle, we obtained frequency utilizations
of 11.2 and 15.2 bit/s'Hz using4 x 4 and 8 x 4 E-SDM
schemes, respectively, with aguard band of 4 MHz.

To clarify why 8 x 4 E-SDM could obtain such a
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high frequency utilization, we considered the eigen-
value distribution obtained by channel matrix H. The
1st to 4th eigenvalues versus the number of subcarri-
ersin4 x 4 and 8 x 4 MIMO channels, respectively,
are shown in Fig. 10. The 4th eigenvalues changed
greatly versus the number of subcarriersin 4 x 4
MIMO channels, and these values were about 1/1000
of the 1st eigenvalue. Thus, in this study, it was diffi-
cult to alocate the modulation schemes to the fourth
streamin 4 x 4 E-SDM. On the other hand, the values
of the 4th eigenvalue did not change much versusthe
number of subcarriersin 8 x 4 MIMO channels, and
we could allocate 64QAM schemes to the fourth
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stream in 8 x 4 E-SDM transmission. Therefore, 8 x
4 E-SDM could obtain the very high frequency uti-
lization of 13.7 bits/s/lHz because we could utilize all
four streamsin 8 x 4 MIMO channels.

The ideal channel capacity [5], which is obtained
using al eigenvaluesin 8 x 4 and 4 x 4 MIMO chan-
nels, respectively, is shown in Fig. 11. Thisresult is
based on the ideal reception decoding, and this chan-
nel capacity theoretically correspondsto that of MLD
[3]. Furthermore, the channel capacity with 4 x 4 E-
SDM was normalized to one. As can be seen in Fig.
11, the channel capacity of E-SDM was almost the
sameasthat of MLD in4 x 4 MIMO channels. On the
other hand, E-SDM could improve the channel
capacity by 1.3 times that for MLD in 8 x 4 MIMO

Vol. 3 No. 9 Sep. 2005

Table 4. Frequency utilization comparison between
E-SDM and SDM with ZF.

Rotation Frequency utilization (bits/s/Hz)
Measured

boint a?og)'e 8x4 4x4 3x4
E-SDM E-SDM ZF

—45 13.57 9.97 8.18

A 0 13.74 9.86 713
45 13.76 9.85 8.45

90 13.88 9.66 7.74

—45 11.78 9.25 5.09

0 12.66 9.44 5.05

B 45 12.53 8.81 6.66
90 12.31 8.87 5.71

—45 10.52 8.72 7.71

0 12.14 8.76 7.28

c 45 11.35 8.94 7.00
90 10.94 8.71 6.28

—45 12.37 9.23 6.78

D 0 12.14 8.62 6.96
45 12.43 9.47 6.88

90 12.21 9.72 7.24

Average 12.40 9.24 6.88

channels. Therefore, using E-SDM isvery effectiveif
the number of antennas at the access point is greater
than the number of mobile terminas. Moreover, we
could confirm that this improvement with 8 x 4 E-
SDM almost coincided with the result in Fig. 9.

The frequency utilizations at all receiving points
and rotating angles when the 8 x 4 E-SDM, 4 x 4 E-
SDM, and 3 x 4 ZF schemes were used are shown in
Table 4. The changes in frequency utilization were
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mainly due to the differences at the receiving points
or in the directions of the receive array antenna. This
is because the spatial correlation characteristics
between transmit and receive antennas changed when
the directions or locations were changed, and the ZF
algorithm had a significant effect on the spatial corre-
|ation characteristics. On the other hand, the deterio-
ration due to the differences in directions and loca-
tionsof thereceive array antennawas relatively small
compared with the ZF-SDM when E-SDM was used.
From the average frequency utilization of all mea-
sured points, we could confirmthat 8 x 4and 4 x 4 E-
SDM could obtain frequency utilization 1.8 and 1.35
times better than 3 x 4 ZF.

Transmit beamforming such as E-SDM should not
only improve the frequency utilization, but also
expand the service area through its radiation pattern
control. To confirm the improvement in the service
area achieved by E-SDM, we evaluated the frequen-
cy utilization when the transmit power was changed.
The frequency utilization versus transmit power for 8
x 4 E-SDM and 3 x 4 ZF is shown in Fig. 12. Trans-
mit power of 0 dBm was necessary to obtain frequen-
cy utilization of 7.7 bits/'s/lHz when 3 x 4 ZF was
used, but transmit power of —15 dBm could achieve
the same frequency utilization when 8 x 4 E-SDM
was used. Thislarge reduction in transmit power (15
dB) showsthat 8 x 4 E-SDM will be very effectivefor
expanding the service area. Moreover, since the peak-
to-average-power ratio (PAPR) should be reduced in
MIMO-OFDM systems, E-SDM should also be
effective from this viewpoint.

14

_
n

10

Frequency utilization (bit/s/Hz)
oo

2
-16 -14 -12 -10 -8 -6 -4 -2 0

Transmission power per antenna (dBm)

Fig. 12. Frequency utilization versus transmission power.
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4. Conclusion

This paper described the features and basic charac-
teristics of a broadband MIMO-OFDM testbed that
can evaluate 8 x 4 E-SDM transmission. Thistestbed
can not only abtain the correlation and eigenvalue
distribution, which are key parameters in MIMO
channels, but also evaluate the transmission quality
including the error correction used in MIMO-OFDM
transmission. We evaluated the frequency utilization
when using this MIMO-OFDM testbed in an actual
indoor environment. Using 8 x 4 E-SDM transmis-
sion, we obtained maximum frequency utilization of
13.7 bits/s/Hz, which is the highest value reported to
date for MIMO-OFDM.
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