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Space-Time Turbo Equalization in
Frequency-Selective MIMO Channels

Tetsushi Abe and Tadashi Matsumo8enior Member, IEEE

Abstract—A computationally efficient space—time turbo
equalization algorithm is derived for frequency-selective mul-
tiple-input—multiple-output (MIMO) channels. The algorithm is
an extension of the iterative equalization algorithm by Reynolds
and Wang for frequency-selective fading channels and of iterative
multiuser detection for code-division multiple-access (CDMA) sys-
tems by Wang and Poor. The proposed algorithm is implemented
as a MIMO detector consisting of a soft-input—soft-output (SISO)
linear MMSE detector followed by SISO channel decoders for the
multiple users. The detector first forms a soft replica of each com-
posite interfering signal using the log likelihood ratio (LLR), fed

extension of the turbo-coding concept, is attracting much
attention for realizing ISI equalization. However, when it
is used in MIMO channels, the computational complexity
required to derive tha posteriorilog likelihood ratio (LLR)
is excessive. This is because the number of states in the trellis
diagram for the frequency-selective MIMO channels increases
exponentially against the product of the number of users and
their channel memory lengths.

Reynolds and Wang recently proposed a computationally ef-

back from the SISO channel decoders, of the transmitted coded ficient iterative equalization algorithm for severe ISI channels

symbols and subtracts it from the received signal vector. Linear
adaptive filtering then takes place to suppress the interference
residuals: filter taps are adjusted based on the minimum mean
square error (MMSE) criterion. The LLR is then calculated for

adaptive filter output. This process is repeated in an iterative

[1], which was derived from an iterative multiuser detector for
code-division multiple-access (CDMA) systems [2]. Its concep-
tual basis is to replicate the 1SI components by using the LLR
of the interferers’ coded bits fed back from their channel de-

fashion to enhance signal-detection performance. This paper also coder and to subtract the soft replica from the received com-
discusses the performance sensitivity of the proposed algorithm posite-signal vector. Adaptive linear filtering is used to remove
to channel-estimation error. A channel-estimation scheme is the interference residuals: taps of the linear filter are determined
introduced that works with the iterative MIMO equalization adaptively in order to minimize the mean square error (MSE)
process to reduce estimation errors. ) - - )
between the filter output and the signal point corresponding to
the desired user’s coded symbol. The LLR of the filter output
is then calculated. After deinterleaving, the LLR values of the
filter output are brought to a channel decoder as extrinsic infor-
mation. Soft-input—soft-output (SISO) decoding is performed

the ch I .Th i i t
POST—IMT—ZOOO broad-band mobile-communication sy by the channel decoder. The process discussed above is repeated

Index Terms—iterative channel estimation; multiple-input—mul-
tiple-output (MIMO) system, turbo equalization.

. INTRODUCTION

n an iterative manner. The key point of this scheme is that it

tems will be required to transmit 5|gnals_ at 1(.)_.100 Mbéﬁ‘ rs much lower computational complexity than turbo equal-
and to accommodate as many users as possible within the a\{ﬁ

e
) . g’rs using a trellis diagram of the channel.
able frequency bandwidth. To realize these goals, spectral Yrhis paper aims to create a new ISI and MAI cancellation

eff|C|'ent .broad—ban'd signaling schemes have Fo t.)e Creat?&:hnique for frequency-selective MIMO channels based on
Multiple-input-multiple-output (MIMO) communication SYS"Reynolds and Wang’s method. Since the received composite

tems allow multiple users to send information sequences usifd o1 suffers both 1SI and MAI in frequency-selective MIMO
the same time and frequency slots. References [3] and [4] sh nnels, the detector first forms the soft replica of the ISI and

that MIMO channels offer enormous channel-capacity gal components and subtracts it from the received composite

. ) I
over mdependent narrow-band channgls having the same t?jA'wal vector. Residual ISI and MAI components are then
bandwidth. Hence, the MIMO concept is seen as one of the oved by a linear adaptive filter. SISO channel decoding

technologies for future wireless communication systems. takes place for each user independently. It is shown that the

. tSTce |nter|\s/|yAn|1boI mte_.\rf?r:encelt_(ISI) gnd dmgjlnr()jle-acce oposed detector can substantially increase BER performance.
interference (MAI) occur in the multiuser broad-band commu- Despite the computational simplicity of Reynolds and

nication scenario, MIMO receivers must suppress the IS a0\‘2’;\ng’s algorithm, it assumes that the detector knows all of the

_':_/IhA : .::‘ffe(?s 0 adelqua;.tely tde:]egt the 5m ultuc)jle6user§ ?gnal arameters related to the channels. In practice, however, the
e iterative equalization technique [5] and [6], which is a arameters have to be estimated and the estimation error can
degrade the detector’s performance. This paper assumes non-
. . . . blind parameter estimation: each user’s information sequence
Manuscript received February 25, 2001; revised July 25, 2001 and April 22, .
2002. is headed by a unique word sequence whose waveform and
T. Abe is with Wireless Laboratories, NTT DoCoMo, Kanagawa 239-853¢6iming are known to the detector. This paper also proposes a
Japan. o , o . new iterative channel-estimation technique that enhances the
T. Matsumoto is with the Center for Wireless Communications, University of . .
Oulu. FIN-90014. Finland. performance of the MIMO detector by reducing the severity of

Digital Object Identifier 10.1109/TVT.2003.813227 channel-estimation errors.

0018-9545/03$17.00 © 2003 IEEE
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#1

Vs Y
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¢, (1) — =Y L 5,0
Fig. 1. MIMO channel model.
This paper is organized as follows: Section Il describes L1
the MIMO communication-channel model used in this paper. = Z H(Db(k — 1) +v(k) )

A mathematical space—time representation of the channel iﬁ 1=0
given. Section Ill proposes a new MIMO turbo-equalizatioW ere

algorithm based on [1] and [2] and Section IV proposes a new haa(l) ... han(l)
iterative channel-estimation technique. Section V shows the H(l) = : : (4)
results of the computer simulations conducted to verify the hari(D) ... harw(D)

effectiveness of the proposed algorithm. Finally, in Section VI N B _ Sk — 7T
we make a conclusion. bk = 1) = [ba(k = 1), ba(k = 1) ... b (I = )] ©®)
and
II. MIMO CHANNEL MODEL v(k) = [v1(k),va(k) ... v (k)T (6)

Fig. 1 shows a MIMO communication-channel model; therE

are N users and the receiver is equipped withantennas. All . g L . ) )

o . . diversity combining yields the following space—time represen-
N users transmit information symbols at the same time and fre-. . .

. : S : tation of the received signal(k)

guency slots without spreading their signals in the frequency

domain. T

— T T T
This paper assumes a coded MIMO system as shownin Fig. 2. y(k) = [" (k+L-1),r (k+L=2)...7 (k)] ()
=H.

inally, temporal sampling to capture the multipath signals for

The information symbols, (i)s are first encoded by each user’s u(k) + n(k) (8)
channel encoder whereandn denotes the symbol and usekyhere
indices, respectively. The coded symbols are then interleaved H@O) ... HL-1) (0]
and modulated according to the modulation format used. The H= . . 9)
modulated symbols, (k)s are then transmitted over frequency- ' '

(0] H(0) ... HL-1)

selective channeld: denotes the symbol index of modulated
symbols. At the receiver, discrete time measurement anthe
antenna yields the sampled value seriggk) of the antenna
output as

is the channel matrix witl(k) andn(k) being

. u(k) = [bT(k+L_1)...bT(k)...bT(k_L+1)}T
Pon (k) = > B (Db (k= 1) + 0 () 1) (10)
1=0 n=1 and
where, is the channel-memory lengthWithout loss of gen-  n(k) = [v"(k+ L —1)...v"(k)]" (11)

erality, the channel-memory length is assumed to be identical
for all N users.h,,,,(l) is a discrete time representation of the
channel between theth user and thenth receiver antenna, lIl. SPACE-TIME TURBO EQUALIZATION
bn(k — 1) is thenth user’s transmitted symbol, ang, (k) is
additive white Gaussian noise (AWGN). A. System Model
Stacking those measurements into a vector form, which isFig. 2 shows a block diagram of the space—time turbo equal-

equivalent to sampling in the space domain, results in izer for frequency-selective MIMO channels. The equalizer is
T comprised of a SISO MMSE detector and SISO channel de-
r(k) = [ri(k),ra(k) ... rar (F)] () coders. The basic concept of this configuration follows [1] and

1Equation (1) is valid regardless the synchronization in symbol timing amorgl; OUr @im is to extend their concept to cover frequency-selec-

the users. In fact, impulse responses of the channel and filters in the transmitige MIMO channels.
and the receiver are folded into,,..(!) (see [7]).
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¢, (1) —| Encoder —'m—' Modulator [— p, (k) \
: Channel
: i 5 / H
cy (1 Encoder —m—' Modulator |— b, (k)
Transmitter
NI ACTC) ) A ea )
N L . SISO output - | T
MIMO ] Channel Decoder » ¢ (1)
y (k) [ (SISO) :
»] MMSE
Detector
Ay (0] 1= ALy ()] by () Aslby ()] 2, by (K)]
4w ! ma > SISO output AV 7 ||
Channel Decoder > ¢y (1)
Unique Word
R l .......... l
2
H.o MIMO | .
Channel i
»  Parameter
Estimator T k IT : Interlever

Space-Time Turbo Equalizer

Fig. 2. Block diagram for MIMO equalizer.

Binary phase-shift keying (BPSK) is assumed to be a modu-Estimates of each user’s information symbols can be obtained
lation scheme that was used. The detector produces the LLR&sr
each coded bit as

én(i) = sign (Aa[cn()]) (n=1,...,N) (16)

Pr by (k) = +1]y(k)]
Ay [bn(K)] = 1o 12 - . . .
1 [bn (k)] = log & () = —1ly(h)] (12)  after sufficient times of iterations, where
=1 b ()] + A5 [bn (K)] A3) Ay e (i)]
where\; [b, (k)] is the extrinsic information fed to theh user's = log ir [C"(?ﬁ) i +i|il [z"(‘:],)] 7 i 0,... ’g — 1]. a7
channel decoder following the MMSE detector axidb,, (k)] rlea(d) =~ [bu(5)],5 =0,..., B —1]

is the a priori information provided by theth user’s channel

decoder. B. SISO MMSE Detector

The channel decoders derive the LLR for each coded bit as Utilizing the extrinsic information provided by theth user's

channel decoder, the MMSE detector first forms a soft symbol

Az [bn(5)] estimate of the:th user’skth symbol as
Pr[b,(j)=+1\1 [bu(4)],5=0,...,B-1]
=lo - CRar - ;
® Priba(i)=—1M [ba()].j=0,..., B—1] by (k) = tanh {M] ., (n=1,...,N) (18)
(14) 2
= A2 [0 ()] +AT [bn ()] (15)  which is used to form the soft replicH - (k) of the MAI

and ISI components. The soft replica is subtracted from the re-

where, with j as the symbol index after de-interleavingceived signal vectog(k) to produce theith user’s signal esti-
A2[bn(7)] is the extrinsic information fed back to the MMSEmate vector as

detector and\{[b,,(7)] is the a priori information provided by
the channel detectoB is the burst length. U, (k)=y(k)—H - u,(k) (19)
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where IV. | TERATIVE CHANNEL ESTIMATION

T
i, (k)= [ET(kJrL— 1)...b (k)...b (k—L+ 1)} (20)  The sensitivity of turbo-equalization performance to channel-
with estimation error was reported in [6]. It is obvious that increasing
- . . T the accuracy of channel estimation enhances the performance.
b(k+1)= [bl(k+l) oo bN(kH)} - (21) In deriving the algorithm described in Section Il all elements
of channel matrixd are assumed to be known. This section pro-
Ifi=0 poses a new channel-estimation scheme that effectively utilizes
. - . T the iterative mechanism of the MIMO turbo equalizer.
b(k) = [bl(k) 0. bN(k)} (22)  The objective of the channel estimation is to find the optimal
estimates of the channel-impulse responses of multiple users
with the nth element being zero. Equation (19) yields soft ingiven (1)'s received signal-sample sequengék) of the mth
terference cancellation. Note that [1]'s equalizer aims to soft;, — | , M) receiver antenna. The estimation optimality in

’

cancel only ISI components, whereas the MIMO detector aifi§s case is in the least-square (LS) sense expressed as
to soft-cancel both ISI and MAI components.

The objective of the rest of the algorithm is to suppress the &, = argmin||aZB(k) - rm(k)H2 (33)
ISI and MAI residuals left after soft interference cancellation. am
An adaptive linear filter is used for this purpose: the x L Wwhere
vectorw,, (k) of the filter taps is determined so that the MSE ~ @m = [hm1(0), ..., b1 (L = 1), hiun (0), ..,
between the filter output and the signal point corresponding to hmn (L — 1)]T (34)

the detected desired user’s symbol is minimized as and

w, (k) = arg min ! (k)g, (k) - ()|, (23) B(k) = [BT (k). BF (), ... %(k)]T (35)
" with

Since the derivation of the optimum vector, (k) follows [1] B,.(k) = [bu(k),bu(k —1),... ,by(k— L+ 1)]T (36)
and [2], only the results are shown below as

beingnth (n = 1,..., N) user’s reference signal. The recur-
w, (k) = [HAn(k)HH n 021} -t h, (24) sive Ieast—_sq_uar_e (RLS) algorithm can be used to properly solve
(33)'s optimization problem. It is assumed that each user’s
where information sequence is headed by a unique word sequence,
hy = [hin(L—1) .. ha(L—1) ... whose waveforms and timings are known to the receiver. Prior
B (0) - . B (0)]” (25) tc:1 the f:r;t itelration for the MIMO ct:.hantnzl eguatl?zal'[iog, the_
o B i channel-impulse responses are estimated adaptively by using
An(k) = diag [D(k + L =1) ... D(k).. the known unique word waveforms as the signal references. All
D(k - L+1)], (26)  the users are assumed to be frame synchronizddnce, an
with estimate off is obtained at the end of the unique word period.
D(k +1) = diag [1 — k40 1= (k+1D)... Thg detector.then runs thg first iteratiqn for the MIMO equal-
R ization described in Section Ill. The first iteration produces
1— b3 (k+ l)} . (27) initial soft estimates of th&V users’ transmitted coded bits as
Forl = 0 by (k) = tanh [M} . (37)

— i _ 32 72 B
D(k) = diag [1 bi(k)...1...1 bN(k)] (28) " Obviously, the larger thé, (k)| values, the more reliable they

re, which suggests that the hard decision results,,¢k)
aving relatively largéb,, (k)| values can be used as additional
9gnal references for the channel estimation. Thresholding may
%perly identify the reliable soft estimates.

with the (n, n) element being one. By approximating the error aﬁ
the MMSE filter output by a Gaussian process [1], the extrins
information to be delivered to the channel decoder can be

rived as Prior to the second iteration, the RLS parameter-estimation

Pry(k)|bn(k) = +1] algorithm is run again. The unique word waveform as well as

At [bu (k)] = log Prly(k)|bn(k) = —1] (29) the information symbols can be used if, as illustrated in Fig. 3,

ARe [zn (k)] t_h_e period d.uring v_vhich gll users’ information symbols are iden_-

=1 (k) (30) tified as being reliable is larger than the ISI length. The esti-
’ mates of the channel-impulse responses are then updated. The

wherez, (k)s are the filter outputs detector runs the second iteration for the MIMO equalization
using the updated channel estimates. This process is repeated.

2n(k) = wy (k)g, (k) (31)

2This assumption does not impose a requirement on the synchronization of
and symbol timing. Unique word sequences on the earliest paths may be received at

-1 different times, which m read over the unique word periods. The receiver
" NgrH 2 ifferen es, which may spread ovel q p
Mn(k) = hn [HAn(k)H to I} h,. (32) has to know their unique word-reception timings.



ABE AND MATSUMOTO: SPACE-TIME TURBO EQUALIZATION IN FREQUENCY-SELECTIVE MIMO CHANNELS 473

additional signal reference
. (length has to be larger than the ISI length)
signal reference v N
User 1's Frame Unique Word| kKo ***** **é******#c:** * ok
User 2’s Frame | | Unique Word * ok **** *******

* 1 Symbols identified as being reliable by LLR thresholding

Fig. 3. An example of reliable symbol determination for the proposed iterative channel estimatiéns£oz, . = 3.

Due to the turbo principle, thi,, (k)| values increase with the 10" ‘ ‘ I
iteration number, thereby yielding more additional reference [ ‘ Ch ‘
) ) : . ) annel: Known
signals. This results in better estimates of the channel-impulse [ \_
responses. Oa | . ‘
2 M‘: N \4
1077 1 ‘

V. SIMULATION RESULTS

This section presents the results of computer simulations con- r
ducted to evaluate the performance of the proposed MIMO turbo 5 107
equalizer. All simulations assumed that channel-frequency se-m [
lectivity was the result of.-path propagation with each path
experiencing frequency-flat Rayleigh fading. A rate 1/2 nonsys-
tematic convolutional code with the constraint length of 3 and
generator$Gy, G| = [5, 7], was used. There ale- M - N
path components and all are assumed to have the same avera(
power. One burst has 900 coded symbols headed by a unique
word sequence for channel estimation. It is assumed that all = =1 iteration
N users are symbol and frame synchronized for simplicity. A 107 _| <=2 iterations
random interleaver with size 900 was used, which is the same <=3 iterations
size as the frame length. The forgetting factor of the RLS al- —ix==4 lterati
gorithm was set at 0.99. The max-log maximanposteriori fterations
probability (MAP) algorithm was used in the SISO channel de-  |”—Order-10 MRC|
coders. 10 b

d s | :
2 Usérs 2 Antenna
' 5 Paths Rayleigh

10

Average

Figs. 4 and 5 show fol. = 5 and M = 2 bit-error rate 0 1 2 3 4 5 6
(BER) performance curves faF = 2 and N = 3, respec- Average Eb/No(dB)

tively. Each curve was obtained by averaging over all users’

BERs. Channel matrikl was assumed to be known in this caserig. 4. BER performanceV = 2, L = 5, andM = 2, channel known.

Very slow fading was assumed for each user and, hence, channel

matrix H was fixed during each bursk, is defined as the av- that increasing the number of antenna elements improves BER

erage per-information bit energy of each user’s signal receivpdrformance.

by one antenna element. The figure also shows, as a perforFig. 7 shows the BER performance of the proposed MIMO

mance reference, the performance curve of an ord¢f-30V/) equalizer with the proposed iterative channel-estimation

maximum ratio combining (MRC) diversity followed by Viterbischeme versus threshold value Th) for L = 5, M = 2,

decoding for mono antenna receiver added with 3 dB antenNa = 2, and E,/N, = 4 dB. The normalized maximum

gain (= 10log102). This curve corresponds to the case that theoppler frequencyf,T,, normalized by the symbol duration

derived MIMO equalizer can fully exploit thé&. x A-order T, is 1/20 000. Each unique word sequence is 25 symbols long.

diversity gain due to frequency-selective fading, while comFhe RLS algorithm was used to estimate the channel maftrix

pletely eliminating the MAI and ISI components from the reThe loss of signal-to-noise ratio (SNR) due to unique word se-

ceived signay(k). Results show that the derived MIMO equalguence is not taken into accodniote that withT'h = 1.0, the

izer offers substantial iteration gains and achieves BER perfetiannel estimator uses just the unique word sequences and with

mances almost equivalent to the MRC BER curve. 5 i o _ _
The E, /N, values in Figs. 7 and 8 do not reflect the bandwidth expansion

Fig. 6 shows the BER performan.ces of the MIMO eguanz‘?sgctor due to the unique word. This is because a major purpose of Figs. 7 and 8
for L = 5, M = 4,andN = 2. It is found from the figure is to compare performances with and without channel estimation.
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Channel:Known . UW 25 symbols |
AL — SRR ESUOS SO R A i E /N =4dB
s —_— b o
el ; : 3 ] R, el f T =1/20000 —
?“-‘ \\‘\ 5 i \E 10" st Iteration d s ]
“.\ .(:‘ : : 1 I\ .l---lllyrllll--lll-IIIIIIIIIH‘IIIIIII-]
-2 LI Y : : : : N /
10 : ;
o 1 0
2 N ;
w N o ; et
(3} sl M  , 2nd lteration 7 N
-3 b W ~N 10 ° L — ’
©10" N . o [T N
()] : e ‘ \‘ o R \,-’ 7/
> e ; j ¢ 3rd Iteration vy
:: 4 | 3Users2Antennas "\ : > N~ o
107 5 Paths Rayleigh N\ W N_ L T
L |=—=1 iteration 10° “-.‘.< ___.,.-"
<=2 iterations i ’ ‘ ]
10° | w=q; . 4th Iteration 2 US€rs 2 Antennas
b 3 !terat!ons 5 Paths Raylegh
- |=*==4 iterations : 3 ] -
—Order-10 MRC | Channel Known
6 | 1 -4 ‘ B i ' i '
10 T . 3 4 5 & 9 02 04 06 08 1
Average Eb/No(dB) Th
Fig. 5. PerformanceN = 3, L = 5, andM = 2, channel known. Fig. 7. BER performance versus threshold value of the proposed equalizer

with iterative channel estimatiolN: = 2, L = 5, andM = 2.

RS iE Th = 0.0, it uses entire portion of the information sequences.
Channel : Known | With a smallerT’h value, more symbols in the information

] sequences can be used for channel estimation, but they are less
reliable. Hence, it is obvious that there is an optimal threshold
value that achieves the best performance. Obviously, the BER
with iterative estimation is lower-bounded by a certain value,
which corresponds to the case in which perfect knowledge
about the channel is available. It is found from Fig. 7 that the
optimal threshold is approximatelyh = 0.25.

Fig. 8 shows BER performances with and without iterative
channel estimation and with perfect knowledge about the
channel. Without iterative channel estimation, channel was
estimated only once by using the unique word sequence before
the first iteration and the equalizer used the same channel
estimates later on (channel estimates were not updated). With

fT >0
d s
2 Users 4 Antennas

Average BER
=

5 5 Paths Raylegh ) . . . .
107 — , iterative channel estimation, channel was re-estimated at the
—=1 iteration beginning of every iteration using the technique described in
<=2 iterati . Section IV. The optimal threshold vali&h = 0.25 was used
% ‘ ' era !ons for the iterative estimation. Four iterations were performed.
10" | = —3 iterations It is found that the iterative channel-estimation scheme can
" |=====4 iterations ] significantly improve system performance.
=—Order-20 MRC
10-7 i P e T R VI. CONCLUSION

-4 -3 -2 -1 0 1 2 . . .
We extended Reynolds and Wang's iterative ISI equalizer
Average Eb/No(dB) to create a space—time turbo equalizer for frequency-selective
MIMO channels. Its performance was evaluated by computer
Fig. 6. BER performanceV = 3, L = 5, andM = 4, channel known. simulations. Results show that the MIMO equalizer offers



ABE AND MATSUMOTO: SPACE-TIME TURBO EQUALIZATION IN FREQUENCY-SELECTIVE MIMO CHANNELS 475

} ‘ C ! ! ‘ ] [4] G. J. Foschini, “Layered space-time architecture for wireless commu-
X : ‘With 4 iterations | nication in a fading environment when using multi-element antennas,”
‘ : ; | Bell Syst. Tech. Jvol. 1, no. 2, pp. 41-59, 1996.
10 } . § W ..~ Without Iterative. [5] C. Douillard et al, “Iterative correction of intersymbol interference:
3 ‘\pj/ Estimation turbo equalization,’"European Trans. Telecommunwol. 6, no. 5, pp.
~ s ] 507-511, 1995.
\ vw izssymbols ] [6] G. Bauch and V. Franz, “A comparison of Soft-In/Soft-Out algorithms
: for turbo-detection,” inProc. Int. Conf. TelecommunPorto Carras,
Greece, June 1998, pp. 259-263.
[7] V.Poorand G. WornellWireless Communications Englewood Cliffs,
NJ: Prentice-Hall, pp. 132-138.

—
o
&

Tetsushi Abewas born in Ehime, Japan, on October
1 6, 1975. He received the B.S. and M.S. degrees in
, electrical and electronic engineering from Tokyo
Institute of Technology, Tokyo, Japan, in 1998 and
E ; . : - 2000, respectively.
E i Estimation \ ] From 1998 to 1999, he studied electrical and
UW 25symbols \ computer engineering at University of Wisconsin,
Th=0.25 : \ Madison, WI, under the scholarship exchange-stu-
: 1 \ | ' dent program offered by the Japanese Ministry
10 | N il ' of Education. Currently, he is with the Wireless
L f T =1/20000 G Laboratory at NTT DoCoMo, Inc. His research interests include optimization
[ d s 1 : : 1 theory and space—-time signal processing for wireless communications.

r : : SN
,,,,,,,,,,,,,,,,,,,,,,, ,,,,W,it]ﬁ,,lt,e,r,ativ,é,\,,,,,,,,,

Average BER

iy
[«=]
ES
T

"2 Users 2 A}ntennias
6 ’5‘Paths‘RaYleigh§

0 1 2 3 4 5 6
Average Eb/No(dB)

Tadashi Matsumoto (S'84-SM'95) received the
B.S., M.S., and Ph.D. degrees in electrical engi-
neering from Keio University, Yokohama-shi, Japan,
in 1978, 1980, and 1991, respectively.

He joined Nippon Telegraph and Telephone Cor-
poration (NTT), Tokyo, Japan, in April 1980. From
April 1980 to May 1987, he researched signal trans-
. . mission technologies, such as modulation/demodula-
substantially enhanced BER performance even in the prese tion schemes, as well as radio link design for mo-
of both multiple users and propagation paths. Since the co bile communications systems. He participated in the

: : it R&D project of NTT's high-capacity mobile commu-
p|EX|ty of the MMSE detector is not prOhlbltNe and the SISQications system. From May 1987 to February 1991, he researched error-control

channel decoders’ computational complexity is comparable d@ategies for digital mobile radio channels. He was involved in the development
that of practical Viterbi channel decoders, the derived MIM@f a Japanese TDMA digital cellular mobile communications system (PDC). In
equalizer is, as a whole, computationally efficient. We al ly 1992, he transferred to NTT DoCoMo, Inc. From February 1991 to April

. ) ) 94, he researched code division multiple access (CDMA) mobile communi-
proposed a new channel-estimation scheme that effectivedyion systems. From 1992 to 1994, he served as a part-time Lecturer at Keio

works within the iterative-equalization process. Computer sirﬂniveésity- lnT Alohril_19|9;1c,}| he tra?st_rr_ed to NTTbAmericanT\ﬁeredhﬁ EsirTvEeIC_i
- : : enior Technical Advisor of a joint project between an

u_latl_o_ns ShO\_Ned that the proposed channel-estlmatlon SCh%ﬁ%municaﬁons, Lafayette, CA. In March 1996, he returned to NTT DoCoMo

significantly improves MIMO turbo equalizer performance.  and was a head of the radio-signal processing laboratory at NTT DoCoMo until

August of 2001, where he researched adaptive signal processing, MIMO turbo
R signal detection, interference cancellation, and space—time coding techniques
EFERENCES for broadband mobile communications. In May 2002, he moved to the Oulu

[1] D. Reynolds and X. Wang, “Low complexity turbo-equalization for di_Univgrsi_ty, Finland, where he is a Professor at the Center for the Wireless Com-
versity channels,Signal Processingvol. 81, no. 5, pp. 989-995, 2001. munications.

[2] X.Wang and H. V. Poor, “Iterative (turbo) soft interference cancellation Dr. Matsumoto was recognized for his hard work for the organization of the
and decoding for coded CDMAJEEE Trans. Communvol. 47, pp. 2000 Spring IEEE Vehicular Technology Conference in Tokyo, where he re-
1046-1061, July 1999. ceived an outstanding service award from the IEEE Vehicular Technology So-

[3] G.J.Foschiniand M. J. Gans, “On the limits of wireless communicatiorfety. Presently, he is serving as a Board-of-Governor of the IEEE Vehicular
in a fading environmentWireless Communno. 6, pp. 315-335, 1998. Technology Society for a term from January 2002 to December 2004.

Fig. 8. BER performance with perfect, iterative, and without iterative chann
estimation:N = 2, L = 5, andM = 2.
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