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MIMO-OFDM for Wireless Communications:
Signal Detection With Enhanced Channel Estimation
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Abstract—Multiple transmit and receive antennas can be usedto [2]. In particular, space—-time coding is characterized by high
form multiple-input multiple-output(MIMO) channels to increase  code efficiency and good performance; hence, it is a promising

the capacity by a factor of the minimum number of transmit and  {achpique to improve the efficiency and performance of or-
receive antennas. In this paper, orthogonal frequency division

multiplexing (OFDM) for MIMO channels (MIMO-OFDM) is thogonal frequency division muItIpIeXIr_19 (OFDM) §ys_t_ems.
considered for wideband transmission to mitigate intersymbol On the other hand, the system capacity can be significantly
interference and enhance system capacity. The MIMO-OFDM improved if multiple transmit and receive antennas are used

system uses two independent space-time codes for two sets of tw@o form MIMO channels [3]-[6]. It is proven in [4] that, com-
transmit antennas. At the receiver, the independent space—time pared with a single-input single-output (SISO) system with flat

codes are decoded using prewhitening, followed byninimum- . .
Euclidean-distance decoding based on successive interference R@YI€igh fading or narrowband channels, a MIMO system can

cancellation. Computer simulation shows that for four-input improve the capacity by a factor of the minimum number of
and four-output systems transmitting data at 4 Mb/s over a transmit and receive antennas. For wideband transmission [7],
1-205 MHz %hannel, the required signal-to-noise ratios (SNRs) for space—time processing must be used to mitigate intersymbol
10% and 1% word error rates (WER) are 10.5 dB and 13.8 dB, jnterference (ISI). However, the complexity of the space—time
respectively, when each codeword contains 500 information bits L ith the bandwidth dth f
and th_e channel's Doppler frequency !s 40 Hz (corresponding processmg Increases wi e gn width, an € periormance
normalized frequency: 0.9%). Increasing the number of the Substantially degrades when estimated channel parameters are
receive antennas improves the system performance. When theused [8].
number of receive antennas is increased from four to eight, the  |n OFDM [9]-[11], the entire channel is divided into many
required SNRs for 10% and 1% WER are reduced to 4 dB ; ; _
and 6 dB, respectively. Therefore, MIMO-OFDM is a promising ”atfro‘” pzralldel S.ubchanlr]ells, t?eretk;y lrsclreasmgdtfg)e ?%mbollgu
technique for highly spectrally efficient wideband transmission. ration and reducing or eliminating the ) (j\a,use y e ml_J I-
path. Therefore, OFDM has been used in digital audio and video
broadcasting in Europe [12], and is a promising choice for future
high-data-rate wireless systems. Multiple transmit and receive
antennas can be used with OFDM to further improve system
performance. We have studied OFDM systems with adaptive
. INTRODUCTION antenna arrays for co-channel interference suppression [13] and

IGH DATA-RATE wireless access is demanded by mangyansmit diversity based on space—time coding, delayed trans-
applications. Traditionally, more bandwidth is requiredission, and permutation [14]-[16]. In particular, a channel pa-
for higher data-rate transmission. However, due to spectf@meter estimator for OFDM systems with multiple transmit
limitations, it is often impractical or sometimes very expensi@ntennas was proposed in [14] and simplified in [16]. Optimum
to increase bandwidth. In this case, using multiple transni@ining sequences for OFDM with multiple transmit antennas
and receive antennas for spectrally efficient transmission is Wgre also proposed in [16].
alternative solution. Multiple transmit antennas can be used!n this paper, we study multiple transmit and receive antennas
either to obtain transmit diversity, or to form multiple-inpufor OFDM to form MIMO channels (MIMO-OFDM). Our
multiple-output (MIMO) channels. focus here is enhanced channel estimation and signal detection.
Many researchers have studied using multiple transmit ah?e rest of this paper is organized as follows. In Section Il
tennas for diversity in wireless systems. Transmit diversiyf€ introduce MIMO-OFDM systems based on space-time
may be based on linear transforms [1] or space-time codif@ding and briefly discuss wireless channel characteristics.
e then present signal detection and decoding techniques for
MIMO-OFDM systems in Section lll. Next, in Section 1V,
Paper approved by C. Tellambura, the Editor for Modulation and Signal D&€ introduce an enhanced channel estimation technique and
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Fig. 1. MIMO-OFDM system.

A. MIMO-OFDM Systems and
A MIMO-OFDM system with four transmit ang(p > 4)
receive antennas is shown in Fig. 1. Though the figure shows Hy; 11[n, k] Haia[n, k]

MIMO-OFDM with four transmit antennas, the techniques de-  H; [n, k] 2
veloped in this paper can be directly applied to OFDM systems
with any number of transmit antennas.

At time n, each of two data blockgp;[n, k] : £ =0,1,...} To achieve transmit diversity gain and detect the transmitted
for i« =1 and 2, is transformed into two different signalssignal, a space-time processor must extract the required
{to(i—)+5lm, k] + k = 0,1,...,5 = 1,2} fori =1 and 2, signals for space—time decoders. Note that both the space-time
respectively, through two space-time encoders. The OFDMocessor and space—time decoding require channel state
signal for theith transmit antenna is modulated byn, k] at information.
the kth tone of thenth OFDM block.

From the figure, the received signal at each receive anteraChannel Statistics
is the superposition of four distorted transmitted signals, which
can be expressed as

Hoiy p[n, k] Ha; pn, K]

From [20], the complex baseband representation of a mobile
wireless channel impulse response can be described by

4
rilnokl = 3" Hijln, Mtiln, k] +w;[n, k] ) h(t,) = Ek:ka(t)c (T—m) 3

i=1

for j = 1,...,p. w;[n, k] in (1) denotes the additive complexWherer; is the delay of théith path, (¢) is the corresponding
Gaussian noise at thgth receive antenna, and is assumed fgPMpPlexamplitude, ane(?) is the shaping pulse. Due to the mo-
be zero-mean with variance? and uncorrelated for different ion of the vehicle, they. (t)’s are wide-sense stationary (WSS),
n’'s, ks, or j's. H;;[n, k] in (1) denotes the channel frequencyl@rowband complex Gaussian processes, which are indepen-
response for théth tone at timen, corresponding to theth ~dent for each path. The average powers of-fhg)’s depend

transmit and thgth receive antenna. The statistical characteri€" the channel delay profiles, which are determined by the envi-
tics of wireless channels are briefly described in Section II-8Fonment. The channels corresponding to different transmit and
The input-output relation for OFDM can be also express&8Ceive antennas in MIMO systems usually have the same delay

in vector form as profiles. "
From (3), the frequency response at titrie

r[n, k] = Hin, klti[n, k] + Ha[n, k]ta[n, k] + wln, k] (2) too
Ht,f) 2 / h(t, T)e=927 I dr

=C()D_(t)e 2 )
k

where

ri[n, k] wy[n, k]

r[n, k] = : w(n, k] = :
rp[n, K] wp[n, k]

tan, K] 2 <t2i—1[”’ ’“]) o(f) 2 / T e g,

tgi [n, k]

where
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For OFDM systems with proper cyclic extension and timing, it H,[n, k] =L [n, kK[Hi[n, k]
can be seen from discussions in [17] that, with tolerable leakage, Vin. k] =Ly [n, k]vy[n. k.
the channel frequency response can be expressed as
Ko—1 Sincevy[n, k] is spatially and temporally white now, the de-
Hin, k] A H (nTy, EAS) = Z h[n,l]W}?. (5) qod!ng approach in [14] can be used herg. ]t is equivalent to
P finding the transmitted datdp; [, ]}, that minimizes the fol-
lowing Euclidean distance:

In (5), hn, 1] & h(nTs, kTs/K), Wk = exp(—j2r/K), and
K is the number of tones in an OFDM blo¢k; andA f are the a
block length and tone spacing, respectively, i the symbol C({buln.K]}) = Z
duration of OFDM, which is related ta f by 7, = 1/Af. In k=1
(5), theh[n,{]'s,forl = 0,1,..., K,—1,are WSS, narrowband Similar to [14] and [15], the Viterbi algorithm is used for the
complex Gaussian processes. The average powegnofl and MED decoding.
index K,(< K) depend on the delay profiles of the wireless Note thatLl_l[n, k] can be also expressed as
channels.

F1[n, k] — Hy [, K]t [0, k]HQ. ®)

~ H
L7,k = (B[ k]) BE [0 KR o k] (9)
lll. SIGNAL DETECTION
In this section, we will present techniques for signal dete&rom [21], Hi[n, k]R, [, k] is the weight matrix for min-
tion, including spatial prewhitening and successive interfereniceum mean-square error (MMSE) restorationt df., £], which
cancellation fominimum Euclidean distan¢®ED) decoding. can suppress the interferes[n, k]. After MMSE restoration,

the correlation matrix of the residual interferers and noise is
A. Spatial Prewhitening for MED Decoding

H
When a system has multiple inputs or interferers, joint dete@—{H{{[nv KR [n, klvln, k] (H{ [0, kIR [n, k]v[n, k) }
tion of the multiple inputs or users is optimal. However, joinbH [, LR [n, k]H, [n, k]
detection is subject to forbidding computational complexit\é > [ k]ﬁy[ K] (10)
For example, if the two space—time codes in Fig. 1 have 16 * 1t L L

states, then the complexity of the joint d_ecoding is about :Hience’(ﬁlfl[n7k])H in (9) whitens the residual interferers and
times that of of decoding the two space-time codes separatglyise Therefore, the prewhitening processing for the MED de-
In [18], we have studied the tradeoff between the complexigpger is composed of MMSE restoration of the desired signals,
and performance of different space-time codes. Here we f0gyfo\ed by whitening of the residual interferers and noise.

on spatial prewhitening for MED decoding for MIMO-OFDM £ ;rthermore, ifta[n, k] and4[n, k] are assumed to be un-
to reduce detection complexity while maintaining reasonabl@rejated and Gaussian, then[n, k] = Haln, KJta[n, k] +

performance. _ w(n, k] is also Gaussian. In this case, MED decoding is max-
Instead of the joint detection of the data blockgn, k] and  jum-likelihood (ML) decoding.

ba[n, k], the coded signals fdr[n, k] are treated as interferers

when detecting and decodirg[n, k]. From (2), the received B, gyccessive Interference Cancellation (SIC)

signal can be expressed as . . o i .
9 P Previously, we have introduced prewhitening for Viterbi de-

r[n, k] = Hi[n, kJt1[n, k] + vi[n, k] (6) coding of the space-time codes for MIMO-OFDM. The coded
signals¢s[n, k] andt4[n, k], for the second data blocks [, k],
wherevi[n, k] = Ha[n, k]t2[n, k] + wn, k] is spatially cor- are treated as interference when decoding the first data block. If
related; therefore, a prewhitening processor is required for tBeC, as has been proposed for the code-division multiple-access
MED decoder. (CDMA) or single-carrier systems, is used here, then system
Denote performance can be improved significantly. For MIMO-OFDM
systems, SIC can be based on eitbgelic redundancy check
Ro[n, k] = B {vln, kv [n, b} = Hafn, {[HZ [n, k] + 071 (CRC) codes or signal quality.
which is obviously positive definite. Thus, there exists a nonsin- 1) SIC Based on CRCIf CRC codes are used fautomatic
gular matrix,L; [n, k], satisfying ;qutleét for repeafARQ), then the same codes can be also used
or .
Li[n, k|L [n, k] = Ro[n, k] We first decode two data blocks|n, k] fori =1, 2, using the
. ' o _ prewhitening approaches introduced before. If the CRC codes
and ther[q_l[”, k] can whitenv, [, k]. Multiplying both sides  in the data blocks find decision errors in one data block and no
of (6) by Ly “[n, k], we obtain errors in the other data block, then the coded signals for the cor-
. - . rect data block can be regenerated at the receiver and removed
r1fn, k] = Hafn, Kty [n, k] + V1[0, &] ) from the received signal. Consequently, cleaner signals (without
where interference from the correct signal) can be used to redetect and
decode the data block that had errors before, which will now
1[n, k] =L [n, k]rn, k] have much better performance.



1474 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 50, NO. 9, SEPTEMBER 2002

2) SIC Based on Signal Qualityf-or systems without CRC fIij [n, k] can be significantly reduced. In this case, if thgs
codes, itis usually unknown if the decoded data block is correate selected to minimize the NMSE of

Similar to single-carrier MIMO systems, we can first detect and K,—1
decode the data block corresponding to the signal with higher gij [n, k] 2 Z al;% [n, (W (14)
quality, e.g., lower MMSE, and then remove it from the received =0

signal for detection and decoding of the other data blocks. . . . o
The SIC approaches are slightly more complicated than tWeen itcan be proven by direct calculation that the optimas

prewhitening MED decoding approach. However, the com- o
plexity increase of the SIC approaches is negligible, compared a = ﬂ (15)
with the Viterbi decoder. Kot o1
m=0 ogﬂ+02
[V. ENHANCED CHANNEL ESTIMATION and the NMSE is

In [14] and [16], we proposed a decision-directed channel Ko—1
parameter estimator and optimum training sequences for DY ogjﬁ
OFDM with multiple transmit antennas. These techniques can NMSE, = #. (16)
be directly used in MIMO-OFDM systems. Furthermore, for 9 U;_i‘z
MIMO-OFDM systems where many independent channels m=0 "

profiles can be more accurately estimated. By exploiting thigyironment, and therefore are usually unknown to the users.
estimated channel delay profile, channel parameter estimatiqgwever, for MIMO-OFDM systems, channels corresponding
can be further improved. to different transmit or receive antennas should have the same

From [14] and [16];;[n,] in (5) can be estimated usinggelay profiles. Therefores? = E||h;;[n,]||* can be estimated
the correlation of channel parameters in the time and freque

domains. Withﬁij [n,1], the estimated,;; [, [], the channel fre-
guency response can be reconstructed by

1 &
ot = 33 [husln1)
. p — <
K,—1 t=1 j=1
7. . R 7 ki
Hijln, k] = Z hijn MW (11) With the estimated?, enhanced channel frequency responses
=0
can be reconstructed by (14).
and an estimation errot;;[n, [], that is tive noise is w_hlte_wnh know_n variance. If the noise is cqlorgd,
then noise whitening is required before the channel estimation.
ilij [n,] = hij[n, 1] + eij[n,1]. (12) The performance of the enhanced estimator is not sensitive to

the noise variance in (15); therefore, we usually justgator-
From [16], ¢;;[n,]] can be assumed to be Gaussian wittesponding to a 10-dB signal-to-noise ratio (SNR).
zero-mean and varianee?, and independent for differents,
J's, n’s, orl’s. If we measure the parameter estimation quality V. PERFORMANCEEVALUATION THROUGH SIMULATION
by means of normalized mean-square error (NMSE) which is|, ihis section, we demonstrate the performance of

defined as MIMO-OFDM systems through computer simulation. First, we
N 2 briefly describe the simulated OFDM system.
EHHQU%H—JLﬂmkm

NMSE = 5
E|[Hijln, K|

A. System Parameters

In our simulation, we use the typical urban (TU) and the hilly
then it can be calculated directly that the NMSE for the estimgerrain (HT) delay profiles [14] with Doppler frequencies of 5,
tionin (11) is 40, 100, and 200 Hz, respectively. The additive channel noise
is spatially and temporally white Gaussian with zero-mean,
NMSE, = K,o? (13)  and the variance determined by the SNR. The channels cor-
responding to different transmit or receive antennas have the

where we have used the assumption that same statistics. Four transmit antennas and different numbers of

Ko_1 Ko_1 receive antennas are used to form a four-input multiple-output
> Ellhigln* =3 of =1 OF DM system. | |
o o To construct an OFDM signal, we assume the entire channel
bandwidth, 1.25 MHz, is divided into 256 subchannels. The two
with o7 £ E||hi;[n, 1] subchannels on each end are used as guard tones, and the rest
If the channel delay profile is known, that is7 for I = (252 tones) are used to transmit data. To make the tones orthog-

0,..., K, — lis known and is used to reconstruct channel frenal to each other, the symbol duration is about 2Q4s3 An
guency response frofm; [n, I], the mean-square error (MSE) ofadditional 20.2u/s guard interval is used to provide protection
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Fig. 2. Performance comparison of MIMO-OFDM. (a) Different detectiofrig- 3. (a) MSE and (b) WER comparison of the original and the enhanced
techniques. (b) Different numbers of receive antennas, when channel parame@aginel estimation techniques.
are known.

receive antennas, and detection techniques. Fig. 2(a) compares
from ISI due to channel multipath delay spread. This results id¢ WERSs for different detection techniques. From the figure,
a total block lengtff’; = 225 1u/s and a subchannel symbol rate>!C based on CRC and signal quality (MMSE) can reduce the
ry = 4.44 kBd. required SNR for a 10% WER by 2.5 and 1.8 dB, respectively.
A 16-state space—time code with four-phase-shift keyirﬁjlthe performance curves in Fig. 2(a) are for OFDM with four
(PSK) is used. Each data block, containing 500 informatidfansmit and four receive antennas. With more receive antennas,
bits, is coded into two different blocks, each of which haS'c performance is improved, as shown in Fig. 2(b). In partic-
exactly 252 symbols, to form an OFDM block. Therefore, th lar, if the number of receive antennas is increased from four to
o . : -’ Six, the OFDM system requires 4 dB lower SNR.
OFDM system with four transmit antennas can transmit t Fio. 3 compares the performance of MIMO-OEDM svs-
data blocks (1000 bits in total) in parallel. Each time slot con- g. o comp > P 3y
sists of ten OFDM blocks, with the first block used for trainin fems with m!eal and estimated channel parameters for different
d the followi X i)l K d for data t UNING hannels with a 40-Hz Doppler frequency. From Fig. 3(a), the
‘én € otchWItrrl]g r(;me .bofj S utse or ta a ra?ST'is;\(A) SE of the enhanced channel estimator is about 1.5 dB better
onsequently, the hescrll e Syf] em can _ra.nsmlﬁ.a. P the TU channels, and 1 dB better for the HT channels,
over a 1.25 MHz channel, i.e., the transmission efficiency {§a, the original estimator introduced in [14]. Consequently, in
3.2 bls/Hz. Fig. 3(b), the required SNR for a 10% WER for the enhanced
channel estimator is about O. etter than the origina
h I i is ab 0.4 dB b h h iginal
B. Results channel estimator. However, compared with the systems with
We first study the performance of a MIMO-OFDM systemdeal channel parameters, there is still a 1.6 dB gap.
with ideal channel parameters using different techniques to im-Fig. 4 compares the performance of OFDM systems with dif-
prove the system performance. Fig. 2 shows the performancdatnt Doppler frequencies. With higher Doppler frequency, the
MIMO-OFDM with different channel delay profiles, number ofchannel estimation error increases. Therefore, the system suf-
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Fig. 4. WER versus SNR with (a) four and (b) eight receive antennas usin
SIC/MMSE for the TU channel with different Doppler frequencies.

fers more degradation. For a MIMO-OFDM system with four
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Future work will include a comparison of different

MIMO-OFDM architectures with and without space—time
coding, and developing a channel estimator for high mobility
wireless communications.
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net data transmission rate can reach 4 Mb/s over a 1.25 MH2I
wireless channel, with a 10-11 dB SNR required for a 10%
WER, depending on the radio environment and signal detegz0]

tion technique for word lengths up to 500 bits. Therefore,
MIMO-OFDM can be effectively used in high-data-rate wire-

less systems.
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