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Abstract

In this paper we propose and analyze improved
MIMO-OFDM techniques for wireless systems wusing
QPSK modulation for four transmit and four receive
antennas. Cases with frequency selective fading chan-
nels are considered. We first consider such a system
employing two 16-state, 2-antenna space-time codes
with successive interference -cancellation and channel
estimation, which was previously proposed to reduce the
complexity of a 4-antenna space-time code system. We
show that our recently proposed space-time code has a 2
dB improvement over a previously published code at 5
Hz fading. Furthermore, we propose a 4-antenna, 16-
state code that achicves an additional 2 dB improve-
ment with lower complezity and a 256-state code that
achieves an additional 2 dB gain. The 256-state code
performs within 8 dB of outage capacity (and within
2 dB with perfect channel estimation), which is better
than any other published result, yet does not use com-
plex iterative decoding.

1 Introduction

Theoretical studies of communication links employ-
ing multiple transmit and receive antennas have shown
great potential [1, 2, 3, 4] for providing highly spec-
trally efficient wireless transmissions. The early inves-
tigations focused almost entirely on flat fading chan-
nels. Very recently [3] investigations have began to
consider similar single carrier approaches for frequency
sclective fading channels with the hope of showing that
similar gains could be achieved for mobile communica-
tions. These investigations are ultimately faced with a
very complex equalization problem.
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Here we consider an alternative approach, which
employs multiple transmit and receive antennas in an
orthogonal frequency division multiplexing (OFDM)
communication system to produce what has been called
a multiple-input and multiple-output (MIMO) OFDM
system [6]. MIMO-OFDM greatly lessens, possibly
eliminates, the equalization complexity problem to pro-
duce an approach with tremendous potential. Very few
investigations on this topic have appeared to date [6]-
[8] and these investigations have not considered some
promising MIMO-OFDM alternative approaches, as we
attempt to demonstrate here. As has become common,
we compare the performance of our approaches to the
outage capacity. Comparisons of this type were not
given in previous investigations of MIMO-OFDM.

2 MIMO-OFDM & Space-time Coding

Consider an OFDM communication system using
n: transmit antennas and n, receive antennas. Such
a system could be implemented using a single space-
time cncoder employing a code for n; transmit anten-
nas. Here, the space-time encoder takes a single stream
of binary input data and transforms it into n, paral-
lel streams of baseband constellation symbols. Each
strearn is broken into OFDM blocks with the nth block
for the ith stream denoted by ¢;[n, k], k=0,..., K ~1.
Each OFDM block of constellation symbols is trans-
formed using an inverse fast Fourier transform (IFFT)
and transmitted by the antenna for its correspond-
ing stream. Thus all n; transmit antennas simulta-
neously transmit the transformed symbols. The re-
ceived signals at each antenna are similarly broken into
blocks and processed using an FFT. After FFT pro-
cessing, the nth block at receive antenna j is denoted
by rj[n, k], k = 0,..., K — 1. At the receiver, a single
space-time decoder employs a maximum likelihood se-
quence estimation (MLSE) algorithm to jointly decode
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the data blocks based on the observations from the n,
receive antennas.

Alternatively [8], we could employ n, individual
space-time cncoders, where cach cncoder is designed
to use m;/n, transmit antennas, as illustrated in Fig-
ure 3 for the case of n, = 4 and ny, = 2. In this case
the input to the pair of space-time encoders is divided
into two streams, one for each encoder. At the receiver,
an interference cancellation scheme is implemented by
a space-time processor. The interference cancellation
scheme attempts to separate the received signal due to
one of the space-time encoders from the received sig-
nal due to the other space-time encoder. After this
cancellation, again MLSE decoding is employed, fol-
lowed by successive interference cancellation. We call
the class of systems just described (for any ns,n,) a
MIMO-OFDM system since in each case the overall
channel can be viewed as a MIMO system due to the
multiple transmit and receive antennas.

In either case, assuming proper cyclic extension and
sample timing as well as tolerable leakage [9]

riln, k] = i: Hjn, kltiln, k] + w;n, k] (1)

i=1

where H;;[n,k] denotes the normalized channel fre-
quency response for the kth tone and OFDM block n,
corresponding to the chaunel between the ith transmit
antenna and the jth receive antenna. The normaliza-
tion is such that E{|H;;[n.k]|*} = 1 and in fact we
assume identical marginal statistics for each Hyj[n, k],
for all values of ¢,4,n,k. For convenience we take
E{|t:[n,k}?} = pr,i = 1,...,n; so the transmitted
power is the same from each antenna, which is known
to be optimum for capacity in cases without feedback
which are the cases we consider. In (1), w;[n, k] de-
notes the additive zero-mean, unit-variance complex
Gaussian noise observed at the jth receive antenna for
the kth tone of OFDM block n. Stacking the equations
in (1) to obtain an equation for

k)T (@)

and using matrix multiplication to represent the sum
gives the vector equation

rin, k) = ( r1in, k]

r[n, k] = Hin, k]t[n, k] + wn, k| (3)
where
Hu[n,k] Hlm[n,k}
Hn, k] = e e ,
Hp,1[n, k] Hp,n,[n, K]
(4)

tn, k] = ( taln, &] tn [ k) ) (5)
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and w(n, k] has covariance matrix I, which denotes a
4 x 4 identity matrix.

If the approach using the m;-antenna space-time
code is ecmployed, then the MLSE algorithm chooscs
t[n, k], its estimate of the transmitted signal, based on
the metric

llx{n, k] — Fn, klEn, k]|f2 ®

where || - || denotes the Euclidean norm and Hin, k]
denotes the estimate of H[n, k] from (3). An efficient
signal detection approach for the system in Figure 3
is provided in [8]. In this approach the other space-
time code is approximated as Gaussian interference,
characterized by the instantaneous channel frequency
response. This leads to a maximuimn likelihood decoding
approach which corresponds to first prewhitening the
interference and then using an MLSE algorithm on the
prewhitened ohservations.

3 Performance Evaluation

Now we present the performance of some MIMO-
OFDM implementations with n, = n, = 4 assuming
Jakes fading model, the channel estimation procedures
in [7, 10] and the TU channel model considered in [7].
Our OFDM signals assume a channel bandwidth of 1.25
MHz, which is divided into 256 subchannels. Two sub-
channels at each end of the band are used as guard
tones, with the other 252 tones used to transmit data.
The symbol duration is taken to be 204.8 i sec so the
tones are orthogonal. A 20.2 u sec guard interval is
used to provide protection from intersymbol interfer-
cnce, making the block duration Ty = 225 p scc. The
subchannel symbol rate is r, = 4.44 kbaud. The pa-
rameters are chosen to be the same as those used in [8]
for comparison.

First we consider the n, = 2 MIMO-OFDM imple-
mentation proposed in [8] and illustrated in Figure 3.
In this case, two antenna space-time codes are em-
ployed that usc 16-states and QPSK modulation. Data
is grouped into blocks of 500 information bits, called
words, and since QPSK modulation is employed, these
500 bits can be sent using exactly 252 symbols to form
an OFDM block. Since this system uses ng = 2, it can
transmit two of these data blocks (1000 bits total) in
parallel. Each time slot consists of 10 OFDM blocks
with the first block used for training and the following
9 blocks used for data transmission. This leads to a
system capable of transmitting 4 Mbits/sec using 1.25
MHz of bandwidth, so the transmission efficiency is 3.2
bits/sec/Hz.

In [8] an initial study of the system just outlined
was provided. Several interference cancellation ap-
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proaches were described and performance was evalu-
ated. Here we focus on the interference cancellation
approach based on signal quality and we assume that
the same interleaving used in [8] will be employed. In
[8], the space-time code used was the two-antenna, 16-
state code given in Figure 5 of {3]. The word error rate
{WER) achieved using this code is given in Figure 2 for
the case where the channel has a TU delay profile and
for Doppler frequencies of 5, 40, 100, and 200 Hz. The
other two curves in Figure 2 illustrate the performance
improvement that can be obtained using the improved
space-time codes given in [11, 12]. One of these codes
was designed to be optimum for the quasi-static fad-
ing model in {3]. The other code was designed to be
optimum for the rapid fading model in [3]. The new
improved codes from [11, 12] are optimum codes based
on the criterion given in [3]. The improved codes pro-
duce roughly a 2 dB gain for the 5 Hz Doppler case
(at WER=10"1). For larger Doppler frequencies, Fig-
ure 2 shows that the gain is even larger. The two opti-
mum codes appear to give about the same performance.
This is not unrcasonable since the channel model in this
case includes aspects of both the quasi-static and rapid
models in [3]. Also, these particular codes are known to
be somewhat robust to mismatches in channel model.

Next we investigate the approach using 4-antenna
space-time codes. We consider 16-state and 256-state
codes, designed using an ad-hoc approach. Still the
performance of these codes is quite good when com-
pared to the performance of the codes in Figure 2. The
comparisons are shown in Figure 4 for the same cases
considered in Figure 2. The top curve, with the worst
performance, is for the best scheme shown in Figure 2.
The middle curve is for the 16-state, 4-antenna space-
time code. Note that this approach is better than the
best approach from Figure 2. The complexity of this
system should be less than the complexity of the sys-
tems considered in Figure 2, since the system using the
4-antenna space-time code does not need to perform
interference cancellation and the decoding is no more
complex than that for the systems in Figure 2. As ex-
pected, the 256-state code performs best, as illustrated
by the bottom curve in Figure 4. Again, the improve-
ments increase with increasing Doppler frequency. At
40 Hz Doppler, the system with the 16-state, 4-antenna
space-time code is more than 2 dB better than the best,
system from Figure 2. Similarly, the system with the
256-state, 4-antenna space-time code is more than 2
dB better than the system with the 16-state, 4-antenna
space-time code, at 40 Hz Doppler.

It has become common to compare the word error
rate of a real system with the outage capacity of the
capacity-optimized signaling scheme {3, 5]. We pro-
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vide a study on the properties of the outage capacity
of MIMO-OFDM for frequency selective fading chan-
nels in [13]. Here we consider comparing Prob(C < 4)
to WER as per [3], since our system would produce
a transmission efficiency of 4 bits/sec/Hz ignoring the
guard tones and guard intervals. Accounting for these
factors will not change the results. Such a comparison
is shown in Figure 1. The performance of the four best
MIMO-OFDM systems from Figures 2 and Figure 4 are
shown. In this comparison, perfect estimation and zero
Doppler is assumed. Obviously, the outage capacity is
given by the lowest curve. The system with the 256-
state, 4-antenna space-time code achieves a WER that
is about 2 dB from the outage capacity at WER=10"1.
Since there was no attempt to optimize the 4-antenna
space-time codes, further improvement may be possi-
ble, even without complexity increase.

References

[1] J. H. Winters, “On the capacity of radio communi-
cation systems with diversity in a Rayleigh fading
environment,” IEEFE Journal on Selected Areas in
Comm., pp. 871-878, June. 1987.

[2] G. J. Foschini and M. J. Gans, “On Limits of
wireless communications in a fading environment
when using multiple anteunas,” Wireless Personal
Comm., Vol. 6, pp. 311-335, 1998.

—
£

V. Tarokh, N. Seshadri, and A. R. Calderbank,
”Space-time codes for high data rate wireless com-
munication: Performance criteria and code con-
struction,” IEEE Trans. Inform. Theory, pp. 744-
764, Mar. 1998.

[4] G. J. Foschini, “Layered space-time architecture
for wireless communication in a fading environ-
ment when using multi-element antennas,” Bell
Labs Tech. Journal. Vol. 1, No. 2, pp. 41-59, Au-
tumn 1996.

[5] S. L. Ariyavisitakul, “Turbo space-time process-
ing to improve wireless channel capacity,” IEEE
Trans. on Comm., pp. 1347-1359, Aug. 2000.

[6] G.Raleigh and J. M. Cioffi, “Spatio-temporal cod-
ing for wireless communication,” IEEE Trans. on
Comm., COM-46, pp. 357-366, March 1998.

[7] Y. (Geoffrey) Li, N. Seshadri, and S. Ariyavis-
itakul, “Channel estimation for OFDM systems
with transmitter diversity in mobile wireless chan-
nels,” IEEE Journal of Selected Areas in Comm.,
vol. 17, pp. 461-471, March 1999.

VTC 01



[8] Y. (Geoffrey) Li, J. H. Winters and N. R. Sol- '
lenberger, “MIMO-OFDM for wireless communi-
cations: signal detection with enhanced channel
cstimation,” submitted to ICC 2001. o

Ye (Geoffrey) Li, Leonard J. Cimini, Jr, and Nel- &
son R. Sollenberger, "Robust channel estimation
for OFDM systems with rapid dispersive fading
channels,” IEEE Trans. on Comm., vol. 46, pp.
902-915, July 1998.

=

) z a 0] B 10 1z 14

[10] Y. (Geoffrey) Li, “Simplificd channel cstimation sR@e)
for OFDM systems with multiple transmit anten- (a). 5 Hz Doppler
nas,” submitted to IEEE Journal on Selected Ar- i

—— qu Trom 13
-9~ rapia as per (28]
uasi-stat

eas in Comm., Nov. 1999.

[11] R. S. Blum, “New analytical tools for designing
space-time convolutional codes,” Conf. on Info.
Sci. and Sys., Princeton Univ., Princeton, NJ, &
March 2000, pp. WP3-1 to WP3-6.

[12] Q. Yan and R. S. Blum, “Optimum space-
time convolutional codes,” to appear in Wireless

Comm. and Networking Conf., 2000.

o 5 10 15
SNR(aB)

[13] R. S. Blum, Y. (Geoffrey) Li, J. H. Winters, and (b). 40 Hz Doppler
Q. Yan, “MIMO-OFDM for wireless communica- 10°
tions: Capacity properties and space-time cod-
ing,” submitted to IEEE Trans. on Comm..

= quasi-1alic from [3]
—0— rapid as per [28]
—©- quasi-static from [2

TU fading, Perfect eslimates, WER, 0 Hz Doppler
5 Py
T

10 — T T &

B a 6 10
SNRB)

(c). 100 Hz Doppler

x
I}
2
= quasi-siafic from
—o— rapic as per [28)
w0’k -©—_qupsi-siatic from [29
= 76 smte 4 ant g
~0- 256 state 4 ant
-6~ g-stalic two 2-anl
—3¢= fast wo 2-ant
¥ oulcap
107 . L 1 L
% 4 2 0 2 8 10 1w 10t . : 5 ey e

10
SNR(@B)

SNF:(dB)

(d). 200 Hz Doppler
Figure 1. Comparisons of WER for best MIMO-
OFDM systems from Figures 2 and 4 with per-

fect estimates and no Doppler. Figure 2. WER vs. SNR of MIMO-OFDM sys-

tems with n; = n,, = 4, TU channel with differ-
ent Doppler frequencies.
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Figure 3. MIMO-OFDM with using n, = 2 individual space-time encoders, each using n,/n, = 2
transmit antennas.
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Figure 4. WER vs. SNR of MIMO-OFDM systems with n, = n, = 4, TU channel with different Doppler
frequencies. Here we compare the best code from the last Figure with codes designed for four
transmit antenna cases.
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