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TURBO-BLAST for Wireless Communications:
Theory and Experiments

Mathini SellathurgiMember, IEEEand Simon HaykinFellow, IEEE

Abstract—TURBO-BLAST is a novel multitransmit multi-  considerable attention in the literature as they could provide
receive (MTMR) antenna scheme for high-throughput wireless the basis for very high data-rate communication over wire-
communications. It exploits the following ideas: the Bell Labs less channels for a fixed total transmit power. For a single

layered space time (BLAST) architecture; random layered . . -
space-time (RLST) coding scheme by using independent block US€: the architecture provides tremendous spectral efficiency

codes and random space-time interleaving; sub-optimal turbo-like compared to other multiplexing (wideband) schemes such
receiver that performs iterative decoding of the RLST codes as code-division multiple access (CDMA) and orthogonal
and estimation of the channel matrix in an iterative and, most frequency-division multiplexing (OFDM) by having each

important, simple fashion. The net result is a new transceiver that transmitting antenna operate in a co-channel manner and use
is not only computationally efficient compared with the optimal . .
the entire channel bandwidth.

maximum likelihood decoder, but it also yields a probability ] ] i ) ]
of error performance that is orders of magnitude smaller than The spatial diversity provided in MTMR structures estab-

traditional BLAST schemes for the same operating conditions. lishes a strong link between the transmitter and receiver. How-
Ttgs pa;;]er alfo presents eXp%”mema' r_eSU”tSh Ui‘_”% real-hfel ever, MTMR schemes rely on a rich scattering matrix channel.
indoor channel measurements demonstrating the high-spectra : . .
efficiency of TURBO-BLAST. Ina h|ghly.corrglated ghannel enwronmgnt, the major source
) ) _of channel impairment in these schemes is co-antenna interfer-
Index Terms—High-rate layered space-time methods, multi- o6 (CAl). To mitigate the degrading effects of CAl and block
transmit multireceive antennas, turbo principle. . .
fading, we require the use ofrabustMTMR antenna system.
In particular, the architecture must be designed with an appro-
I. INTRODUCTION priate coder and decoder to make the probability of code-word
N 1993, Berrotet al. developed the revolutionary iterative®Tor arbitrarily small with practical coding and decoding com-
“turbo” receiver for decoding two-dimensional (2-D)Plexity. Space-time coding [4] and layered space-time coding
product-like codes [1]. Two properties constitute the hallma@&€ the most popular coding techniques for MTMR schemes.

of turbo codes. However, space-time coding proposed in [4] and [5] is typi-
« The error performance of the turbo decoder improves wiftd!ly designed in two-dimensional (2-D) space, and itis not well

« The turbo decoder is capable of approaching the Shanrfénplexity. In contrast, the layered space-time coding uses an
limit of channel capacity in a computationally feasibl€legantlayered space-time concept, inwhichthe 2-D space-time
manner. coding design is achieved by layering one—dimensional (1-D)

What is even more profound is the fact that the “turbo learnir@fiannel codes. Most importantly, the layered space-time con-
principle” has been successfully applied not only to channel despt introduced in BLAST architectures allows the multidimen-
coding but also to channel equalization, coded modulation, mslenal decoding problem to be optimally solved by using 1-D
tiuser detection, and joint source and channel decoding [2].receiver processing.
this paper, we describe another novel application of the turboThe first BLAST proposed in the literature is the Diagonal-
learning principle to wireless communications using multiplBLAST (D-BLAST) architecture [3], which has a diagonal lay-
antennas at both the transmitting and receiving ends of the witging space-time coding with sequential nulling and interfer-
less channel. This antenna structure is called Bell Labs layeggste cancellation decoding. D-BLAST suffers from boundary
space-time (BLAST) architectures [3]. wastage at the start and end of each packet, which become sig-

The multitransmit multireceive (MTMR) communicationsnificant for a small packet size. Designing elegant diagonal lay-
structures, popularized & AST architecturgshave received ered space-time coding techniques that eliminate the boundary

wastage present an open research problem; indeed, they have be-

come a popular research topic. Vertical-Blast (V-BLAST) over-
Manuscript received May 7, 2001; revised April 30, 2002. This work was pop P ( )

supported by Natural Science and Engineering Research Council (NSER@MeS the limitation of D-BLAST by using independent hori-
of Canada. The associate editor coordinating the review of this paper ardntal layered space-time coding scheme; unfortunately, it does

approving it for publication was Dr. Bertrand M. Hochwald. g S ;
M. Sellathurai was with McMaster University, Hamilton, ON L8S 4K1’not utilize the transmit diversity and, therefore, suffers from the

Canada. She is now with the Satelite Communications Research BrareRpblem of reduced information capacity [6]. The developments

Communications Research Centre, Ottawa, ON K2H 8S2, Canada. of D-BLAST and V-BLAST motivated the authors of this paper
S. Haykin is with McMaster University, Hamilton, ON L8S 4K1, Canade}o focus on another la d ti hitect h ft
(e-mail: haykin@mcmaster.ca). yered space-time architecture, hereafter
Publisher Item Identifier 10.1109/TSP.2002.803327. called Turbo-BLAST. This new system is based on a random

1053-587X/02$17.00 © 2002 IEEE



SELLATHURAI AND HAYKIN: TURBO-BLAST FOR WIRELESS COMMUNICATIONS 2539

layered space-time (RLST) code and an iterative detection & Block codes

decoding (IDD) receiver [7]-[9].

Several versions of IDD receivers for space-time code
BLAST, hybrid BLAST, and space-time codes have bee
proposed in the literature [7]-[16]. The first such architecture o,
addressed in the literature are Turbo-BLAST [7] and thread stream
space-time (TST) architecture [10]. In the Turbo-BLAST ~ |1
system, the transmit diversity is introduced through a randc
space-time permuter following independent encoding
each substream, using either block or convolutional forwa
error-correction (FEC) codes. The combination of two thing
[1) independent encoding of the substreams and 2) rand
space-time interleaving] can be viewed as a RLST code. Most
importantly, the RLST concept allows for an IDD receiver,
in which the multidimensional decoding problem is solved
by using successive 1-D decoding stages. It is interesting to by using real-life channel measurements for an indoor envi-
note that the threaded space-time (TST) architecture proposedronment.
in [10] and vertical layered space-time (VLST) architecture
proposed in [11]-{13] have similar coding and decoding| TURBO-BLAST: BASIC TRANSMITTER CONSIDERATIONS

structures as Turbo-BLAST. However, the design of TST code . .
is more general than Turbo-BLAST in that it is based on 2-D We consider a MTMR system that hag transmitting and

space-time coding principles that maximize both the spatfaf "€C€iving antennas. Throughout this paper, we assume that
and temporal diversity. The RLST and VLST codes can ghenr transmitters operate with synchronized symb_ol t|m|ng at
viewed as special classes of TST code designs. A detaifeffe 0fL/Z” symbols per second and that the sampling times of
exposition of the TST code design for any transmit diversity {&& '€Cevers are symbol synchronous. The channel variation is
presented in [14]. Moreover, in [15] and [16], a combination d';}ssumed to be negligible ovés symbol penods,_ comprising
horizontally coded BLAST and space-time block code [5] witd Packet of symbols. Moreover, we only consider a narrow-
IDD is studied. In this scheme, transmit diversity is achieved"d frequency-flat communication environment, i.e, no delay
within each group by the use of space-time block codes putSpread. The extension of this scheme to a frequency-selective

the expense of a reduced information rate. environment is straightforward.
Our paper on Turbo-BLAST builds on previous work Fig. 1 shows a high-level description of the Turbo-BLAST
[7]-[16] in two major ways. architecture, having transmitting and: r receiving elements.

The encoding process involves the following.

1) The IDD receivers need channel estimategriori. With * We demultiplex the user information bits intor sub-
short training sequences, it is difficult to achieve good  streams{b,};Z, of equal data rate.
channel estimates in MTMR systems with a large number « We independently block-encode each data substream,
of transmit and receive antennas. We show that by jointly ~ which uses the same predetermined linear block FEC
estimating the channel matrix and the interference at each code with a weighted distribution of minimum weight
iteration of the IDD using the minimum mean-squared equal tod,,;,,
error (MMSE) principle, Turbo-BLAST can achieve a per-
formance close to the corresponding system with channel C = [b, G, b2G,...,b,,G] = [c1,¢,,..., S |”
knowledgea priori. At the first iteration, we use a short
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training sequence to produce a preliminary estimate of the
channel matrix. Subsequently, we re-estimate the channel
matrix using more reliably estimated symbols of each

packet at each subsequent iteration. Experimentally, we ¢

show that this iterative channel estimation procedure using
successively decoded symbols of the entire block at each
iteration does significantly improve the performance of the
receiver.

We show that Turbo-BLAST architectures can handle any
configuration of transmit and receive antennas, including the
case of fewer receive antennas than transmit antennas. From
a practical perspective, the ability to work with fewer receive
antennas than transmit antennas is necessary in most cel-

lular systems because the base station can usually accommo-

date more transmit antennas than mobile transceivers. We
demonstrate this ability for Turbo-BLAST wireless systems

whereG is K x L binary code generator, tHé, };”, are
K-dimensional information sequences, and {kg};”,
are L-dimensional code sequences.
The encoded substreams are bit-interleaved using a
random space-time permutdt We useC = {¢cr}7Z, tO
denote the permuted substreams, where
C =1I(C). 2)
The random space-time interleaver is independent of the
incoming data streams, and its design must guarantee the
use of an entire subchannel by each independently coded
substream in an equal manner, thereby permitting the use
of an off-line design procedure. In the rest of the paper, we
consider a space interleaver based on diagonal layering of
each independently coded substream, as shown in Fig. 2,
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diagonal space-time interleaving with the quasistatic Rayleigh
matrix channel. The combination of diagonal-interleaving
and the quasistatic Rayleigh matrix channel introduces an
“intentional” time-varying channel.

The channel shown in Fig. 4(a) is generated for a (16,16)-
BLAST system; note that each subchannel is static within the
packet of interest. In Fig. 4(b), we show the time-varying sub-
channels generated by the intersubstream interleaving process,
thatis, by combining the space-time interleavers and the channel
shownin Fig. 4(a). Only three subchannels (out of 16) are shown
here for simplicity. For a sufficiently large number of trans-
mitters, a highly time-varying channel can be achieved even in
delay-limited and nonergodic systems. Moreover, the time aver-
ages of each independent channel in Fig. 4(b) willapproach their
corresponding ensemble averages in the limit as the observation
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Cy O Cs Cs Cy | Cs

Cs Cy o Cs Cs Cy

Cy Cs % 0 | Cs Cs
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Ce Cs Ca s Cy o Cs Cs Ca Cs

Fig. 2. Diagonal space interleaver.

ST 3 sp};ﬂil_'%?f,fe interval7” and the number of transmit antenngsapproach in-
i Block codes | C°fe o finity; thus, the space-time interleaver generates an artificial er-
2 h fcjp) \ iq —Y : ~  godic process from the nor!erglodic guasistatic Rayleigh_fading
P A A ) ! .. MTMR channels. Note that in Fig. 4(a), each subchannel is non-
1l | ! V72 . . . . .
: : . —r ergodic since it does not change with time.
Data b—zf—>(G( D) J_EC_Q.( Interleaver 2)&:, Intentional | | 9 9
Stream l i ) E Time-Varying| :
: S Matrix ; [ll. TURBO-BLAST DECODER BASIC CONSIDERATIONS
Channel .
It is well known that the optimal signal-decoding problem in
Lo - ; : intersubstream-encoded MTMR schemes has a computational
2 bz (6m) ) g% (tnterleaver nTJC“ —1 complexity thgt is gxponential in the nl_meer of substrea.m_s,
: : ; : the constellation size, and the block size. Even though it is
{ Inmer code | possible to model the proposed RLST block code as a single

' Quter code!  teemmmm—eee-eeoe

(N Markov process and a trellis can be formed to include the effect
of space-time interleaving, optimal decoding of such a trellis
representation is extremely complex and does not lend itself to
feasible decoding algorithms [17].

which is then followed by random time interleavers to gen- This section proposes a practical sub-optimum detection
erate the RLST codes. The space interleaving procedgigheme based on iterative “turbo” detection principles. The
is simply a permutation operation over theolumns, ac- intersubstream coding proposed as independent encoding and
cording to the interleaver. Note that unlike D-BLAST, wespace-time interleaving can be viewed as a serially concate-
do not experience any boundary wastage in this diagon@lted code as illustrated in Fig. 3: Outer coder—parallel
layering structure due to the cyclic nature of the encodinghannel codes; inner code—time-varying channel matrix.

Fig. 3. RLST codes as serially concatenated codes.

process. The inner and outer codes are separatecdhpyparallel inter-
* The space-time interleaved substreams are independefghwers. The concatenated code can be decoded using a lower
mapped into symbolA = {a;},T,, where complexity iterative receiver similar to the iterative schemes
. proposed for serially concatenated turbo codes. In the iterative
A = f(C). ®3) decoding scheme, we separate the optimal decoding problem

) ) . ) into two stages (two low complex sub-trellises) and exchange

Each interleaved substream is transmitted using a separateigB-information learned from one stage to another iteratively
tenna. The transmitted signals are received gieceiving an- ntj| the receiver converges. The two decoding stages are 1)
tennas, whose output signdls = {r, }; %, are fed to an itera- |nner decodersoft-input/soft-output (SISO) channel detector;
tive receiver. 2) Outer decodersA set ofny parallel SISO channel decoders.
The detector and decoder stages are separated by space-time
interleavers and deinterleavers. The interleavers and deinter-

The combined use of block codes and interleaving providesavers are used to compensate for the interleaving operation
the basis for theandom block codesiamely, parallel and seri- used in the transmitter as well as to decorrelate the correlated
ally concatenated turbo codes. Using this principle for MTMRutputs before feeding them to the next decoding stage. The
systems, we produce RLST block codes by concatenating bldtgeative receiver produces new and better estimates at each
codes and space-time interleavers. iteration of the receiver and repeats the information-exchange

Fig. 3 illustrates another view of the proposed turbprocess anumber of times to improve the decisions and channel
space-time block codes under a quasistatic Rayleigh fadiestimates. Note that the design of our intersubstream coding
environment. In this representation, we include the effect abes independent coding of each substream; hence, the receiver

A. Intentional Time-Varying Channel
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Fig. 4. Intentional time-varying channel. (a) Channel response before interleaving. (b) Channel response after interleaving.

Nleng(1,9) _ Xlear(:o0)) Using Bayes’ rule, (4) can be rewritten as

e | ewen | et s (Dp) —log PRI (D) = 41}

__________ -y ] INDELTE PIR|ei (1) = —1}

- Ple;(1) = +1}

- | 1 - ) |

n “h LGy | TPl = 1)
[t ol ——a" | e F NG 6

DETECTOR| 1~ LEAVER ‘

e W — Y . | Thefirstterm\(c;(1); ¢) in (5) constitutegxtrinsicinformation,

bur and the second teri(c,(1); ¢) constitutesntrinsic information

1
2|

v : Outer SISO Decoders of the code bitc; ().
cuaNNEL | —T— * T The iterative decoder, which is illustrated in Fig. 5, depicts
BSTIMATION X L rramine message passing between the inner/detector and outer/decoder
: | SEQUENCE SISO modules:
.. Jomer SIS0 Decoders | 1) The SISO detector (inner SISO module) generates soft es-

timates of the code bits;(!) conditional on the received signal
r(t), as well as théntrinsic information about all the code bits
(D), Yk, k # j, ande;(t), V¢, t # 1. Note that the soft in-
needs to select only one 2f sequences for eaety sequence formation one;(1), as computed by the SISO detector, is influ-
separately without increasing the probability of symbol err@nced by théntrinsic information of A(¢;(1);¢) from the pre-
significantly. The iterative decoder is shown in Fig. 5. vious stage.

« Estimate thea posteriori information
P{c;() = +1|R, N (C;i)}

Fig. 5. Iterative decoder.

A. lterative Decoding Algorithm

=log Y3l (6)

The iterative decoding structure of serially concatenated® (¢5(1);P) P{c;(l) = —1|R, X¥(C; )}’
turbo codes provides the principal model for the iterative de- _ e ) o o -
coding algorithm. The following notations are used to explain ~ During the first iteration, the initialntrinsic probabili-
the algorithm: the log-likelihood ratios (LLR) and \?, with t_|es of all symbol bits are assumed to be 1/2 (i.e., equally
superscripts ando, denote the LLR associated with the inner  likely). Thus,A(c;(1);9) = 0,V j, 1.
decoder and the outer decoder of the decoding process, respec: Compute the extrinsic information

tively. The symbols\(;,7), A(:, e), andA(:, p) at the output and BN Y. T

input of the SISO rr(lod)uleg re)fer intri(nsi():, extrinsic anda N(Cie) = X(Cip) = N(Cs) %

posterioriinformation formulated as log-likelihood ratios. where)!(C; ¢) is the extrinsic information about the set of
First, we define the posteriorilog-likelihood ratio (LLR) code bitsC of the SISO detector, which is fed back to the

of a transmitted bit symbot; (), j = 1,2,...nr, andl = outer decoder as the intrinsic information of its coded bits.

1,2,..., L: Before application to the outer decoder, the extrinsic infor-

mation is reordered to compensate for the pseudo-random
interleaving introduced in the turbo encoder, yielding

Mes(Bip) = log 350 20—y ) N(C;1) = TI7HIN(Cs ) ) ®)
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2) Theny outer SISO modules, in turn, process the soft in- ., a,..]. The decision statistic of theth substream using a
formationA’(c;(1);4) and compute refined estimates of soft inlinear filter wy, is
formation on both code; () and information bitd, (1), based

on the trellis structure of the channel codes, which is the channel  ¥+() = Wi hyar(d) +wi Hyaw (i) + wi v(i) - (17)
code constraint. o un T

» Thea posterioriinformatiorfor information and code bits
is, respectively, shown in (9) and (10) at the bottom
the page. The inpwt°(B, ¢) is always initialized to zero
assuming equally likely source information bits.

 The extrinsic information of information and code bits ar
respectively

hered;,, u; andv; are the desired response obtained by the
q\ﬁlear beamformer, the CAI, and phase-rotated noise, respec-
’ tively.

We propose a multisubstream detector based on the MMSE
eprinciple and soft interference cancellation, which optimizes
the interference estimate and the weights of the linear detector

A(B:e) =)\%(B;p) — \°(B:4 11y Jointly in a manner similar to the multiuser receivers proposed
o( ' o( 2 0( 7L.) (1) in [18] and [19].
AY(C;e) =A"(Cip) = X(Ci). (12) We remove CAI from the linear beamformer outpytand

The output, that is, thextrinsicinformation of thens write

outer decoders providetrinsic information to the
inner/detector SISO module after reordering to compen-
sate for the random interleaving; thus wherew;, is the linear combination of interfering substreams,
] andzy, is the improved estimate of transmitted symbgl For
A(Cs1) = I{A(C; )} (13)  brevity, we omit the sampling indéx). The performance of the
. . _estimator is measured by the errqr= a;, — xx. The weights
Steps 1) and 2) are repeated until the decoding algorlth‘mk e ¢! and the interference estimaig are optimized

converges. . . by minimizing the mean-square value of the error between each
3) An estimate of the message bBsis obtained by hard ¢ \pstream and its estimate.

limiting the LLR A°(B;p) at the output of the outer decoder Problem 1: Given (15) and (18), find the weight vectors

Th = Wir — uy (18)

B = sgn{\*(B; p)}. (14) wj. = andwy by minimizing the cost function
~ ~ _ N . _ 2
Note that the outer decoder of the iterative decoding algo- (W, i) = axg (vif?}ilk)g [lax = !} (19)

rithm is made up ofur parallel SISO channel decoders, imple- . . -
mented by using the generalized BCJR algorithm. A detailéYi:ere the expectatiofis taken over the noise and the statistics
explanation of the generalized BCJR algorithm is presentedq the d_ata s.equence. . L

[1]. An issue of interest is the criterion used to optimize the Solution 1: The salution to Problem 1 is given by

inner SISO module in the iterative decoders. We design the Wi =(P 4+ Q+ S, ) hy (20)
inner SISO module using the mean-square error minimization

(MMSE), as described next. i =W,z (21)
B. Minimum Mean-Square Error Receiver where

The received signal() € C*#*! at the receive array at time P =h;hj’ € c"®
1is Q =H; [I(nT—l) - Dlag (S[ak]é‘[ak]H)] HkH ecn

_ 2 R 2
r(i) = H(d)a(d) + v(5) @s) e =7 Tnp €07, 07 >0
z =H,E[a;] € C"n X1,
whereH(i) € C"#*X"T a(3) € C"T*1 andv(i) € C"#XL, Let

ax(i) be the desired signal We used standard minimization techniques to solve the opti-

mization problem formulated in (19) (see the Appendix). In ar-

r(i) = hp(Har(?) + Hi(D)ag(d) + v(i) (16) riving at this solution, we used
where Hy(i) = [hy(i),ho(4), ..., h_1(i), hegs(d), ..., EvvT] =0y Elav] = 0;
hnT (L)] € CnRan_l, anda; = [al, az,...,Ak_1,ak41, S[aiaj] zg[az]g[aj] Vi (22)
o .oy 1 PAbi (1) = +1{A°(C;4), A°(B; 1), decoding )
A Dip) =08 g Y = 1 3e(Cri), (B i), decoding” "7 ®)
R ) P {c;(I) = +1|A°(C;4), A°(B; ¢), decoding .
Aei(lip) 08 B 1e,(1) = —1]A%(C34), A(B: 7). decoding” "' (10)
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These conditions are achieved by independent and differe ' ' T ' ' — 65 BAST
space-interleaving and time-interleaving applied at the tran | el
mitter. —o (5,8)-BLAST
* For the first iteration, we assun®a;] = 0, in which
case, (18) reduces to the linear MMSE receiver for sut
streamk

zx = hff (HHY 4 o%T)'r. (23) §

« With increasing number of iterations, we assume thati '
the limit, £[a;] — ax, in which case, (18) simplifies to a
perfect interference canceler

zi, = (hy'hy, +02)71 hi(r — Hyay). (24)

Solution 2: The MMSE solution to the weight vecter, re- 07 2 o 3 1 2 s 7
quires inversion of. g x ng Matrices. A sub-optimum solution SNR (dB)
to Problem 1 is obtained by ignoring the matéxin w;. as Fig. 6. Bit-error performance for+ = 5, 6, 7, and 8 anctr = 8, using
H convolutional code with ratde = 1/2 and constraint length 3 and QPSK
o =h! ((hkth + 021)—1) (r — Hi&law]) modulation.
= ((hghk +07) 1) by (r — Hi€law)). (25) IV. EXPERIMENTAL RESULTS
This solution requires a scalar inversion only. Note that the ma-This section compares the performance of QPSK-modulated
trix Q represents the variance-covariance of the residual int&irrbo-BLAST with that of a correspondingly horizontal coded
ferences. V-BLAST using real-life indoor channel measurements on var-
In practice, we need the channel matrix. Finding a goadus MTMR configurations. The channel measurements were
estimate of the channel matrix is a critical issue in MTMRycquired using the narrowband test-bed at Bell Labs of Lucent
scheme with large transmit and receive antennas. The useTé¢hnologies, Crawford Hill, NJ, in an indoor environment. At
soft-interference cancellation suffers from large error flookge transmit end, each substream of 100 information bits is in-
when there channel estimation errors are present. We prop@épendently encoded using a rate-1/2 convolutional code gen-
a bootstrapping channel estimation procedure to avoid thgator (7,5) and then interleaved using space-time interleavers.
error floor. During the first iteration of the receiver, we use Fhe space interleavers are designed using diagonal layering in-
short training sequence to estimate an initial channel matrigrleavers (Fig. 2). The time interleavers are chosen randomly,
We re-estimate the channel matrix using reliably estimateéd no attempt is made to optimize their design. We refer to
symbols of each packet at each subsequent iteration and uséfizontal coded V-BLAST when each of the substreams is in-
by the detector to estimate spatial matched filter weights agdpendently coded using rate 1/2 convolutional code with gen-
interferences. The reliably estimated symbols are found Byator (7,5) and QPSK modulated. We synthesize the received
setting a threshold on the output LLRs. If the LLRs of theignal using the measured channel characteristics and evaluate
symbols exceed the threshold, then we use the hard decisiomhef performance of Turbo-BLAST over a wide range of SNRs
those symbols to update the channel values. using various BLAST combinations. For the first two experi-
To acquire the expectations of interfering substreams, we ygents, we evaluate the Turbo-BLAST system with the exact
nr-parallel SISO decoders to provide tingrinsic probabilities  channel matrix. In the third experiment, we show the perfor-

of the transmitted bit streams. Thrrinsic probabilities are ob- mance with channel estimation using a short training sequence
tained from the decoder soft outputs of the previous iteratiogad iterative channel estimates.

using the relationship Experiment 1—Turbo-BLAST versus V-BLAST= 5, 6, 7,
exp(A(¢;)) andng = 8 We consider BLAST configurations with fewer
Plc; =+1) = DAY transmit antennas than receive antennas. Fig. 6 compares the

1+ exp(A(e;)) bit-error rate performance of Turbo-BLAST (solid trace) and
= 1 (26) coded V-BLAST (broken trace) for antenna configurations of
1+ exp(A({c;})) eight receive and five to eight transmit antennas. Note that the
where \(¢;) is the soft output (formalized as Iog—likelihoodTurbo'B_LAST gives the_best performance obtained within the
ratio) of symbole; provided by the SISO decoder. The expecflrSt ten iterations. The bit-error performance of both V-BLAST

P(Cj = —1)

tations of the transmitted bits are ar)d Turbp-BLAST improves with decreasing numper of trans-
mitters with Turbo-BLAST outperforming V-BLAST in all four

Eles] _ (D exp(X¢))) (=1 cases. In terms of V-BLAST performance, a substantial gain

’ L+exp(A(e;))  L+exp(Ae)) in BER performance is realized with fewer transmit antennas.

In particular, V-BLAST falls short of Turbo-BLAST perfor-
mance by a wide margin for more transmit antennas. For ex-

=tanh <¥), i=12,....n 27)
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—B- channel known, iter=1
—O- channel known, iter=9

-6~ iterative channel es,, iter=1

-O- iterative channel es., iter=9
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E 107F - initial channel es., iter=9

—— channel and interference known

4 6 1
SNR (dB) SNR (dB)
Fig. 7. Bit-error performance for = 8 andng =5, 6, 7, and 8, using Fig. 8. Bit-error performance with iterative channel estimationfgr = 8
convolutional code with rat? = 1/2 and constraint length 3 and QPSKandn z = 8, using convolutional code with rafeé = 1/2 and constraint length
modulation. 3 and QPSK modulation.

10° T T 7 T T T T T T

ample, Turbo-BLAST achieves 2—3 dB gain over V-BLAST fol
ny = 7andng = 8, whereas only 0.5 dB gain is attained wher
ny = Sandng = 8. -
Experiment 2—Turbo-BLAST versus V-BLABF, = 8,

andngp = 5, 6, 7. We next consider BLAST configurations

with fewer receive antennas than transmit antennas. Fig.

compares the BER performance of Turbo-BLAST (solid trace_
with that of horizontal coded V-BLAST (broken trace). With&
antenna configurations of eight transmit and five to eigh <L
receive antennas, Turbo-BLAST gives the best performan channel known
within the first ten iterations. The figure reveals a majo
limitation of V-BLAST system: the inability to work effi- 1o} E

initial channel es.

107

iterative channel es.

ciently with fewer receive antennas than transmit antenne T

In the context of Turbo-BLAST, the following observations channel and interference known

can be made from Fig. 7 Fi_rst, the_bit-error performan_ce R
Turbo-BLAST improves with increasing number of receivers, freration number

with Tur_bo—BLAST outperformlpg V-BLAST in all fOUI‘_ cases. Fig. 9. Convergence behaviors of IDD receivers under various conditions.
Increasing the number of receivers from seven to eight offesg-error performance with number of iterations foi- = 8 andnz = 8,
little benefit. using convolutional code with rate = 1/2 and constraint length 3 and QPSK
Experiment 3—Turbo-BLAST versus V-BLAGT = np = modulaton.
8 and Iterative Channel Estimatedn Figs. 8 and 9, we com-
pare the performances of the following decoders: 1) an ite
tive decoder with initial channel estimation using 16 trainin
symbols only and 2) an iterative decoder with initial channel
estimation and iterative refined channel estimation. The BER
performance results are compared for Turbo-BLAST architec-In this paper, we studied Turbo-BLAST and showed that the
tures with perfect channel knowledge and with perfect chanrembination of BLAST and turbo principles provides a reliable
and interference knowledge. Fig. 8 shows the BER performarened practical solution to high data-rate transmission for wireless
versus SNR of IDD receivers under various conditions considemmunication. Turbo-BLAST is built with 1) simple layered
ered at iteration 1 and iteration 9. Fig. 9 shows the convergerggace-time code by using 1-D channel codes and space-time
of the IDD receivers atSNR) = 3 dB. Although, the BER interleavers and 2) iterative detection and decoding receivers.
performance of the decoder with iterative channel estimationlis particular, the decoding algorithm considered in this paper
initially (at first iteration) worse than the decoder with channelpdates the channel estimate at each iteration based on reliable
knowledge, in the fifth iteration of the decoder, it reaches veigterim hard-decisions of the iterative decoder.
close to the performance of the decoder with channel knowl-We demonstrated the performance of Turbo-BLAST using
edge. Moreover, both decoders converge close to the decodesy-life wireless channel data with various antenna configura-
which has knowledge of both the channel and the interferentiens, including the case of fewer receive antennas than transmit
The BER performance of the decoder with initial channel estintennas in an indoor environment. The iterative detection de-

/Rates only is about 2—-4 dB worse than the other schemes be-
gause of channel estimation errors.

V. CONCLUSIONS
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coding receiver with iterative channel estimation improves tt&olving (33) and (34), we get

BER performance at each iteration rapidly and converges close
to a decoder with knowledge of the channel and interference
within four to five iterations. Moreover, we have shown that by

wi=P+Q+22,,) 'hy. (35)

using real-life data, at a target BER of 1 a power gain of 2 This completes the proof of (20).

to 4 dBs is achieved over the correspondingly coded V-BLAST
system.

APPENDIX
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Given (15) and (18), find the weight vectows, andw,. by  data, without which the results presented herein would not have

minimizing the cost (convex) function

(Wi, lin) (28)

arg min 8[||ak—a:k||2]

Wi Uk
. . - . . [l]

where the expectation is taken over noise and the statistics of
the data sequence.

[2]
A. Proof (3]
The cost function is written as "
2 H 2
IWng[PrH]Wk — Wfé‘[r(u +a)*] [5]
— Er(up + ar) 1 wi 4+ € [(we +ar)?]  (29)
(6]
where
£ [rr”] :8[[hkak + Hray + v| [
x [hpax + Hrap + v] H} (8]
=hih; + H,€ [aay | HY + E[vv]  (30)
[
and
£ [r(uk + ak)*] =£ [[hkak + ﬁkak + V](uk + ak)*] [10]
=hy, + H.Elapur. 31
1+ HiElag]ug, (31) ”

By assuming that the soft outputs of different substreams are
independent, we obtain [12]
Elarafl] = L, —1 — Diag [€[an][ar]?] +Elan]é[ar] . (32) 23]
We use standard minimization techniques to solve the optimizgs
tion problem formulated in (28). By setting(/du;, = 0 and
0C /8wy, = 0 and using (22), we get [15]

Uk — WkHIjIkg[ak] =0

(16]
ur =Wy z (33)
and (7]
(18]
[hehf + Hy (€ [avaf’]) HY + E[vv]]
x wi — HpElar]uj = hy [19]
(P+S+3%,,)wi —zuy, = hy. (34)

been possible.
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