IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 47, NO. 6, SEPTEMBER 2001 2321

A New Approach to Layered Space—Time Coding
and Signal Processing
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Abstract—The information-theoretic capacity of multiple an- The second approach, proposed by Foschini [1], relies
tenna systems was shown to be significantly higher than that of ypon suboptimal signal processing techniques at the receiver
single antenna systems in Rayleigh-fading channels. In an attempt 1, 5chieve performance asymptotically close to the outage
to realize this capacity, Foschini proposed the layered space—time . . . .
architecture. This scheme was argued to asymptotically achieve a F:apacny with rga_sonable compIeX|ty..In this approach, no effort
lower bound on the capacity. Another line of work has focused on IS made to optimize the channel coding scheme. The preferred
the design of channel codes that exploit the spatial diversity pro- approach in [1] is referred to as the Diagonal Bell Laboratories
vided by multiple transmit antennas [2], [3]. ~ Layered Space-Time (D-BLAST) architecture. One of the

In this paper, we take a fresh look at the problem of designing  ¢,ntributions of this paper is a new scheme that combines ideas
multiple-input—multiple-output (MIMO) wireless systems. First, oo
we develop a generalized framework for the design of layered from these two .approaches_. Spemﬂcal!y, we present a new
space-time systems. Then, we present a novel layered architecturel@yered space-time transmission architecture—the threaded
that combines efficient algebraic code design with iterative signal space—time (TST) architecture—that benefits from the advan-
processing techniques. This novel layered system is referred to astages provided by efficient algebraic code design and advanced
the threaded space—time (TST) architecture. The TST architecture iterative signal processing [9]-[11].

provides more flexibility in the tradeoff between power efficiency, .
bandwidth efficiency, and receiver complexity. It also allows Recently, Taroklet al. proposed a new scheme for combined

for exploiting the temporal diversity provided by time-varying ~array processing and space-time coding [4] that likewise ad-
fading channels. Simulation results are provided for the various dresses some of the problems encountered with D-BLAST. This
techniques that demonstrate the superiority of the proposed TST approach relies upon a zero-forcing group interference suppres-
architecture over both the diagonal layered space-time architec- gjqn technique and shows performance that is 6-9 dB from the
ture in [1] and the recently pmpofsed mun_"aye“ng approach [‘_1]' outage capacity at 10% frame error rate [4]. The threaded ar-
Index Terms—Array processing, fading channels, multiple cpjtecture and signal processing proposed in this paper, how-

transmit and receive antennas, multiuser detectlon, space—tlme .
coding. ever, close the gap to less than 3 dB from the outage capacity
with the same frame length, error rate, and receiver complexity.

It also provides greater flexibility in terms of the tradeoff be-

. INTRODUCTION tween power efficiency, bandwidth efficiency, and receiver com-

ECENTLY, information-theoretic studies have shown thatlexity. _ _ _

spatial diversity provided by multiple transmit and/or re- The rest of this paper is organized as follows. The system
ceive antennas allows for a significant increase in the capacitgscription and a brief review of previous work on the de-
of coherent wireless communication systems operated in a f#@n Of space-time modems are presented in Section II. In
Rayleigh-fading environment [5][7]. Following this discoverySection lll, we present a novel approach for the design of
two approaches for exploiting this spatial diversity have bed@yered space—time systems. This approach combines iterative
proposed [2], [8], [3], [1]. In the first approach [2], [3], channemU|F'User detecgon and dgcodlng with algeb_ralc space-time
coding is performed across the spatial dimension as well as tifRing. Algebraic space-time code constructions for the new
to benefit from the spatial diversity provided by using multipl@rchitecture are given in Section Ill-Al). In Section IlI-A2),
transmit antennas. Tarokét al. coined the term “space—timethe turbo processing principle is utilized to develop an iterative
coding” for this coding scheme. One potential drawback of thfginimum mean-square error (MMSE) receiver. Comparisons
scheme is that the complexity of the maximum-likelihood (MLs)f the various layered architectures in terms of efficiency

decoder is exponential in the number of transmit antennas. and achievable diversity order are presented in Section IV,
while simulation results are compared in Section V. Finally,

) . . Section VI presents our conclusions.
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Fig. 1. Multiple antenna communication system.

A. Signal Model B. Space—Time Channel Codes

We consider a multiple-antenna communication system with|n the concept of a Space_time code, the channel encoding,
n transmit andn receive antennas as shown in Fig. 1. In thifhodulation, and distribution of symbols across antennas are
paper, we are interested in the scenario where the fading chanfginsically connected—i.e., a two-dimensional (2-D) coded
is frequency nonselective and channel state information is omsdulation technique. Given a st the space of x d row
available at the receiver [3], [2], [8]. In Fig. 1, the channel enyectors and the space dfx ¢ matrices taking values i will
coder accepts input from the information source and outputg@ denoted by* and Y**¢, respectively. Then, a block code
coded stream of higher redundancy suitable for error correctigplength V over the discrete symbol alphaligtis a subset”

processing at the receiver. The encoded output stream is mogitthe NV -dimensional spac®”¥. Usually, the number of code-
lated and distributed among theantennas. The transmissionsyords inC is a power of the alphabet siz;| = | V|, so that

from each of the: transmit antennas are simultaneous and Sythere is a one-to-one mapping,)’* — C, of informationk-tu-
chronous. The signal received at each antenna is therefore agigls onto codewords. The mappings an encoder for?. In
perposition of then transmitted signals corrupted by additivehis paper, we will be primarily interested in the case in which

white Gaussian noise (AWGN) and multiplicative fading. Atthe> js a binary linear code—i.€); is the elementary binary field
receiver end, the signaf received by antenng at timetis F — GF(2) andC'is linear.

given by The baseband modulation mappipg)? — € assigns to
' n - ' eachb-tuple of alphabet symbols a unique point in the discrete,
rl = VE, Z a§”>c§ +n] (1) complex-valued signaling constellatidawhich is assumed not
i=1 to contain the point zero. Conversely, the inverse map pro-

vides ab-symbol labeling of the constellation points. By exten-
sion,;:(v) denotes the modulated version of the veetar V7.
In this case, it is understood that must be a multiple of and

time ¢, ,c; is the symbol transmmed' from ant‘enn.at Umes,  that the blocking of symbols intb-tuples for the modulator is
andn? is the AWGN sample for receive antenpat timet. The erformed left to right

noise samples are independent samples of circularly symme Me et Q* — QU {0} denote the expanded constellation. Then
zero-mean complex Gaussian random variables with variar}ﬁg spatial modulator is a mapping Y'Y — (Q°)"*¢ that ’
No/2 per dimension. At each timg the different path gains sends the vectarto ann x £ complex-valued matrix = f(v),

oy are assumed to be statistically independent. The fadiihose nonzero entries are a rearrangement of the entries of

model of_prlmgry interest is that of a block flat Re}yle|gh-fad|n9b(v). Specifically, ¢ is the baseband version of the codeword

process in which the codeword encompasBefading blocks. ., 55 transmitted across the channel. Thus, in the notation of (1),

The complex fading gains are constant over one fading bloglt, 14trixe has(i, ¢)th entry equal ta. Note that, in this for-

but are independent from block to block. The quasi-static fadigg, ation, it is expressly allowed that a complex zero (i.e., no

model studied extensively in [8], [2], [3], [7] is & special case Qfansmission) be assigned to a given antenna at a given signaling

the block fading model in whicts = 1. _interval; thus,N/b < nt. This provision is intended to simplify
The received signal can be expressed in vector notation aghe generalized layering framework outlined in Section I1l. We

@) will refer to n and/, respectively, as the spatial span and tem-

poral span off.

wherer, is them x 1 received vector at timg S, is them x n Finally, for convenience, lét= ;1= (¢) denote the, x b¢ ma-

complex channel matrix whoggh column corresponds to thetrix in which each constellation point s replaced bybitsymbol

path gains for théth transmit antenna; is then x 1 transmitted label and any zero entry is replaced by-ple of special blank

vector at timef, andn is them x 1 white Gaussian noise vector.symbols.

whereF; is the energy per transmitted symbmjfj ) is the com-
plex path gain from transmit antenado receive antenng at

re = Sic + 1
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Fig. 2. Layering and signal processing for D-BLAST.

Definition 1: A space—time codé consists of an underlying below the first diagonal layer are zeros. To decode the first
channel cod€” together with the spatial modulator functign diagonal, the receiver generates a soft-decision statistic for

The fundamental performance parameters [8], [2] for SpaCE?Ch entry in that diagonal. In doing so, the interference from

time codes are the following: 1) diversity advantage, whic e upper diagonals isuppressedy projecting the received

describes the exponential decrease of decoded error rate vei%gjnal onto the null space of thepperinterference. The soft

. . : . fistics are then used by the corresponding channel decoder
signal-to-noise ratio (SNR) (asymptotic slope of the perfoft y oo i diagonal ¥he decoderp outpu?is then fed back
mance curve on a log-log scale); and 2) coding advant i

e , X oo .
which does not affect the asymptotic slope but results in a sﬁ% pancel th? first d""‘go“"?" contribution in .the interference
while decoding the next diagonal. The receiver then proceeds

In the performance curve. The diversity advantage is the M decode the next diagonal in the same manner. It is worth

critical of the two performance metrics as it determines the . : : )
noting that the zero-forcing suppression strategy requires that

asymptotic slope of the p.enformance curve. Ideglly, the codin > n; however, this requirement can be relaxed by using
advantage should be optimized after the diversity advantagwﬁA—SE filtering ins’tea d of the zero-forcing strategy.

maximized [2], [8], [3]. The multilayered space—time architecture, as introduced

For quasi-;tatig fadjng channels, it has been shown .[2]’ [ Tarokhet al. [4], is a hybrid approach involving use of
that the spatial diversity advantage of the code, assuming oth space—time ch,annel codes and layered processing. In this

decoding, is the product of the number of receive antennas an . o o
. ._scheme, the input stream is divided, for example, itte’ sub-
the minimum rank among the set of complex-valued matrice . .
. o Streams. The different substreams are encoded usihgyel
associated with differences between baseband-modulated caoge-

words. It is clear that full spatial diversitym will be achieved Iversity component space-time trelhs. COdBS . ., Crj.
; . . : Each component code is then transmitted frefmantennas
if and only if all the difference matrices have full rank.

. @orizontaln’-layering). At the receiver, each component code
In [3], we developed an algebraic framework for systemat . : ;
IS decoded separately while suppressing signals from other

design of binary phase-shift keying (BPSK) and quaternar . .
phase-shift keying (QPSK) space—time codes that achi c\t')mponent codes. The group interference suppression strategy

Ve . . .. .
full spatial diversity. This framework will be utilized in 141 is based on the zero-forcing principle and requires that

) . i . m > n —n’ + 1. In quasi-static fading channel, the spatial
Section IlI-Al) to design algebraic space—time codes for tr(‘j‘?versity gain achieved by, is n/ x (m — n + n/). The

layered scenario. decoded output frord; is subtracted from signals at different

C. Layered and Multilayered Space-Time Architectures ~ eceive antennas. This gives a communication system with

. . n — n' transmit andm receive antennas. Hence, assuming
IntheIayeredspace—tlmearc:hnecture,thechannelencode‘g&frect decoding ofC;, the space-time codé, affords a

Fig. 1is composite and the multiple, independent coded Strea&ﬁ\?ersity gain ofn’ x (m — n + 2), and so on. Using the

are distributed throughqut the tral'nsmls'slor} resource arrayellyt that the diversity gain increases with each decoding stage,
so-called layers. The primary design objective is to design

| . hitect d ated sianal . ﬁequal power levels are allocated to the different component
ayering architecture and associated signal processing so es. Because all the space-time codes proposed in [2] were

the receiver can efficiently separate the individual layers frono-Ievel diversity codes, except for the delay diversity, the
one another and can decode each of the layers effectively. F&) ' '

chini [1] discusses different layering schemes for the proposegSlgn examples in [4] were limited 1 = 2.
BLAST architecture. In the simplest variation, the code words
are transmitted in horizontal layers (H-BLAST). The preferred
scheme, however, involves the transmission of code words in di-The different layering and multilayering approaches avail-
agonal layers (D-BLAST). able in the literature were partly inspired by the signal pro-
The BLAST receiver uses a multiuser detection strategessing techniques employed at the receiver. For example, in the
based on a combination of interferencancellation and D-BLAST approach, each layer is constrained to occupy a diag-
suppressionin D-BLAST, each diagonal layer constitutes anal in the 2-D transmission resources array. It is easy to see that
complete codeword, so decoding is performed layer-by-lay#émnis constraint is imposed by the interference cancellation/sup-
Consider the codeword matrix shown in Fig. 2, the entriggession technique proposed in [1]. In this paper, we follow a

I1l. GENERALIZED SPACE-TIME LAYERING
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different path. First, we generalize the notion of space—time lagf each encoder is distributed among thantennas along the
ering independent of the signal processing employed at the deagonal layers such that

ceiver. Based on this generalized notion, we recognize a certain ) ) )

type of layering—TST layering—that efficiently exploits the di- Li = {(t/wln —i+2,8): (i = Dw <t <€ = (n—i)w}
versity available in the system. Then, we consider the design of 3)
algebraic space—time codes and iterative signal processing tech- . ) .

niques that optimize the performance of TST systems. wherew = N/(n"b) is the width of the diagonat, = (2n—1)w

In our framework, dayeris defined as a section of the transiS the temporal span, anel ,, denotes the function returning the
mission resources array having the property that each symBBfger part of a real-valued input reduced modulo
mtgrval within the section is allocat.ed to at most one antenng. o1 Layering
This property ensures that all spatial interference experienced ) ] )
by the layer comes from outside the layer. In this section, we present a new space—time layering de-
Formally, a layer in am x / transmission resource array maypign that efficiently exploits the diversity available in the mul-
be identified by an indexing sét C I,, x I, having the property tiple-input-multiple-output (MIMO) channel. In the proposed
that thetth-symbol interval on antennabelongs to the layer approach, the encoding, interleaving, and distribution of each
if and only if (a, t) € L. Then, our formal notion of a layer layer’s symbols among different antennas are optimized to max-
requires that, ifa, t) € L and(a’, ¥') € L, then either # ¢/ imize spatial and temporal diversity for a given transmission
ora = a (i.e., thata is a function oft). The pair of spatial and rate, assuming no interference from the other layers. Mean-

temporal spans of a layer is defined as while, interleaving is also optimized to maximize the efficiency
of the iterative signal processing techniques necessary to sup-
([max(a) — min(a)], [max(t) — min(¢)]) press other layers’ interference as described in Section 111-A2).

. . » It is worth noting that the threaded approach is applicable to ar-
where(a, #) € L. This pair represents the ability of the layer tqyjyary constellations with binary (or nonbinary) codes.

g)_(plOit t_he available spatial anq temporal divgrsity_, and hence,As inthe generalized layering architecture, the transmitter has
itis desirable to develop a layering approach in which all 'ayeé%ailable a disjoint set of layer® = {Li, L, ..., L,} and

have full spatial and temporal spafis /). transmits the composite codeword
Consider a composite channel encoglepnsisting of» con-

stituent encodersy, 2, ..., v, operating on independent in- y(w) =y (ur) | ya(w2) | -+ | yn(n)
formation streams. Ley;: V¥ — YNi, so that
by sendingy;(w;) in layer L;.
k=ki+ke+-+5, The layer seL is designed so that each layer is active during
and all of the available symbol transmission intervals and, over time,
Ne=N +Not- t N, uses each of tr_]a .antefnnas equally often. Thus, QUring each
symbol transmission interval, each layer transmits a symbol
Then, there is a partitioning = w; |us | --- | u, of the com- using a different antenna; and, in terms of antenna usage, all
posite information vector, € V* into a set of disjoint compo- Of the layers are equivalent. Unlike the layered architectures

nent vectorsy;, of lengthk;, and a corresponding partitioning Of [1], the new design approach treats the coded transmission
in each layer as hona fidespace-time code, constructions for

() = vi(ur) | y2(u2) | - | ¥nlun) which are given in the next section. Looking at the space—time
coding performed on a single layer in isolation, one notes that
the main limitation of this construction is the reduction in
Lh oughput resulting from the silence periods imposed on the
Eﬁgrent antennas. But, in the overall transmission scheme, the
silent periods on antennas not used by a given layer are filled
With the transmissions from the other component space—time
Wies. Iterative signal processing at the receiver, necessary to
emove or suppress spatial interference among the layers, is
c{'ﬂécussed in Section II-A2). One innovation of the new archi-
tecture is that, under the assumption of error-free interference

#\nx L H H H _
(& ) i dde.rgfc])t;a thiompﬁpint spatial njtcf)]dtuhlatmg funCt.‘th cancellation, the component space—time codes can be designed
sociated with ‘ayei.;, Which agrees wi € COMPOSIte Spag, ,chieve full spatial diversity without degradation in overall

tial modulatorf regardi_ng the modulation and formatting of thesttem throughput.
layer elements but which sets all off-layer elements to comple The new space—time architecture is not a multilayered ap-
zero. Then proach since the transmit positions occupied by the modulated
Fr(w) = £ (v1(wr) + Fo(va(uz) + -+ . (v (). code symbols for a particular codeword constitute a single layer.
Yet, the new architecture is not a layered architecture in the
It is straightforward to see that the layered architectures prgame sense as the BLAST architecture, since the layering is
posed by Foschiniin [1] are special cases of this generalized layere general, well-suited for iterative multiuser techniques, and
ering. For example, in the D-BLAST architecture [1], the outpuhe channel coding design in the new approach is 2-D based on

of the composite codeworg ) into a set of constituent code-
words ;(u;), of length N;. In the generalized layering archi-
tecture approach, the space—time transmitter assigns each o
constituent codewords;(u;) to one of the set of disjoint
layers. For simplicity, we consider the case in which the co
stituent codes are all of the same rate and have the same ¢
word length:N; = N/n andk; = k/n for all 4.

There is a corresponding decomposition of the spatial mo
lating function that is induced by the layering. gt Y/™ —
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NN\ One code word per “thread” (NN\N\\e is the largest integer such thaf;, M., ..., M, have the
property that

Yay, as, ..., €F, a1 +as+---+a,=n—d+1:
M=[a;M,a;M>---a,M,]is of rankk over
the binary field

Space-Time
Transmitter

Proof: Due to the lack of spatial interference within a
layer, the baseband rank criterion [2], [8] is straightforward
Fig. 3. A simple example for threaded layering (each shade representtoa apply. In particular, note that the baseband difference

thread). Fr(g(z)) — f(g(y)) has rankd if and only if it has precisely
d nonzero rows.

space—time coding principles designed to exploit both the spaNow suppose that, for some, as, ..., a, € F satisfying

tial and temporal diversity. To distinguish this new approach,

we refer to it as théhreaded space-tim@ ST) architecture and aptaz+--+a,=n—d+1

each layer in the new architecture is referred to dwead A
thread can be defined as a layer with full spatial spahand We have that
full temporal span £.” The simplest example of threaded lay-

ering is the set shown in Fig. 3 in which M =[aiMya;M> -+ a, M)

is singular. Then, there exist, y € F¥, z # ¥, such that
Li={(t+i-1]p+1,t): 0t < L}, (4) zM = yM. Inthis casef, (9(z)) — f;(9(y)) has an all-zero
row for every nonzero coefficient. Since there are — d + 1
1) Design of TST CodesNow, we look at the design of the "0NZero coefficientsf , (g(x)) — f1(g(u)) has rank less than
component space—time codes used in the threaded architect?{rr 'hus,C does not achievér-level d|yerS|ty. . .
The design of these codes follows the algebraic approach intrg- orversely, .Squ()% Soes not achieveim-level dlversny._
duced in [3]. The layering provided by the threaded architectu, en, there exist, y € F°, z # y, such that the baseband dif-
allows the algebraic formulation to be extended to arbitrary si rencef 1 (g(z))—f1(9(y)) has rankless than It must, ther_e-
naling constellations. Importantly, the requirement for indepe e, have at least—d+1 all-zero rows. Lef d‘enote asetof in-
dent interleaving in the iterative multiuser receiver, discuss es fqm—d+1 such rows, andset = Lfor: € [ anda; :.0
in the following section, is easily accommodated in these codi'€™Wise. Then, the matrikd. = [a, Mya My -+ an My] is
designs. Our results are first developed for quasi-static fadilsi'é]gular sinceM = yM. =
channels, then we outline the extension to time-varying block Corollary 3: Full spatial diversity»m is achieved if and only
fading channels. if My, M,, ..., M, are of rankki: over the binary field.
Consider a single threaded laygy and the corresponding
component space—time cofgassociated with encodey. The
spatially modulated codewords @f are then x £ complex ma-
tricesf.(v;(w;)). To simplify notation, we will drop the indexes
letting L = L;, C = C;, andg = ~;. We will let f; denote the
component spatial modulator function associated with ldyer Corollary 4. The maximum transmission rate for a commu-
Unsubscripted vectors such.asr y will be used to refer to the nication system using the threaded layering architecture with
information stream. B n transmit antennas, a signaling constellation of sizeand
For the design of the space—time codeassociated with component codes achievimglevel transmit spatial diversity is
thread L, we have the following stacking construction using(n — d + 1) bits per second per hertz.
binary matrices for the quasi-static fading channel. Proof: By Theorem 2, in order for the code to achieve

. . d-level spatial diversity, the number of columns M; must
Theorem 2 (Threaded .Stackmg C_onstru_cuoh)at L _be satisfybl/n > k/(n — d + 1). Then the code rate faf is
a threaded layer of spatial span Given binary matrices

My, M, ..., M, of dimensiont x b¢/n, letC be the binary k/(b¢) < (n —d + 1)/n. Therefore, the maximum transmis-

code of dimensiork consisting of all codewords of the form>'O" “”?te of each thread Is' < b(n _.d—?_ 1)/n bits per sig-
: naling interval. Then, the total transmission rate ofiitiareads
g(z) = 2M, | zM+ | --- | 2M,,, wherez denotes an arbitrary

k-tuple of information bits. Lef ; denote the spatial modulator"> bin .d+ 1A d|fferent.proof can be obtained using the ar
. ) ; . gument in [12] on the maximum lossless compression transmis-
having the property that(zM,) is transmitted in the//n =
. . . sion rate. O

symbol intervals of_ that are assigned to antenna

Then, as the space-time code in a communication systenThe following result is straightforward but quite important
with n transmit antennas andrn receive antennas, theforthe design of space-time threaded codes that allow for max-
space—time codé€ consisting ofC' and f; achieves spatial imizing the efficiency of the iterative multiuser detector as dis-
diversity dm in a quasi-static fading channel if and onlydf cussed in the next section.

A space—-time code that achievés:-level spatial diversity
in a communication system with transmit andm receive
antennas over the quasi-static fading channel is called a
'd-space—time code.
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Theorem 5: Let C be ad-space-time code consisting of theZ; ;(D) associating outpug;(¢) with input z;(¢). Thus, the
binary codeC whose codewords are of the form encoder action is summarized by the matrix equation

9(z) = zMy [zMs | - [zM, Y(D) = X(D)G(D)

where z denotes an arbitrary:-tuple of information bits, where
and the spatial modulatof; in which M, is assigned to

antenna along threaded layel. Given the linear vector-space Y (D) =[Y1(D) Yz(D) --- Yu(D)]
transformationd?, ..., T,: F**/" — F?, we construct a new X(D)=[X1(D) X:(D) --- Xu(D)]
space-time code by assignirfg(zM;) to antenna; along 4ng

threaded Ir_zlyle;?. Thgn, tr;edneyfv space—time code aghievles the G11(D) Giao(D) -+ Gi.(D)
same spatial diversity ordém if 17, ..., T,, are nonsingular.

In particular, we can take the linear transformatifrof the G(D) = G2,1(D)  Ga,2(D) Ga.n(D)
previous theorem to be an arbitrary permutatignThen, the : : . :
interleaved space—time code resulting from assigrifigM ;) G (D) GuoAD) - Cr (D
to antenna along threaded layek achieves the same level of k1(D) k2(D) k(D)
spatial diversity as the noninterleaved space-time €ode We consider the natural space—time formatting’of which

We now look at the special case of designing space-tirtiee output sequence correspondind¢D) is assigned to the
trellis codes for the threaded architecture. The main advantggle transmit antenna and wish to characterize the spatial diver-
of such codes is the availability of computationally efficientsity that can be achieved by this scheme. Our algebraic anal-
soft-input/soft-output (SISO) decoding algorithms. The naturgsis technique considers the rank of matrices formed by con-
space—time codes [3] associated with binary, igte, convo- catenating the column vectors
lutional codes with periodic bit interleaving are attractive can-

didates for the threaded space—time architecture as they can be G, o(D)

easily formatted to satisfy the threaded stacking construction. G2, (D)

Each output arm from the encoder is transmitted from a separate F(D) = :

antenna. There is no restriction on the interleaving employed

by each antenna (i.e., different interleaving can be used by the Gr, (D)

d!f_ferent ant_ennas Wlthout_ V|0Ia_t|ng the threaded stacking Cf)gr?ecifically, foras, as, ..., an € F, let

dition). As discussed earlier, this feature allows for the desig

of efficient iteratiye multiuser .reclzeivers. .Tht.ase convolutional F(ay, ay, ..., a,) =[a1F1 axFy - a,F,].

codes were considered for a similar application (the block-era-

sure channel) in [12]. Then we have the following theorem relating the spatial diver-

The prior literature on space—time trellis codes treats only thiy of the space—time codgin the quasi-static fading channel
case in which the underlying code has rate matched to the to the rank of these matrices ovej{D]].
number of transmit antennas. In our development of threade
space-time code design, we consider the more general casg
which the convolutional code has rate greater th#n. The
treatment includes the case of r&ape convolutional codes con-

d.’l'heorem 6: LetC denote the threaded space—time code con-
§ﬂng of the binary convolutional code whosek x n transfer
function matrix is

structed by puncturing an underlying rat¢n convolutional G(D) = [F\(D) Fy(D) --- F,(D)]

code. ’
LetC be ahinary convolutional code of radtgr. The encoder and the spatial modulatgf, in which the output

processes: binary input sequences:(t), xz2(t), ..., zx(t)

and produces coded output sequencest), y2(t). .- ., yn(t) Y;(D) = X(D) - F;(D)

which are multiplexed together to form the output codeword. .
For quasi-static fading channels, the input and outp[ﬁ

sequences of interest are of fixed finite length; in the mo%nallest integer having the property that, wheneset- a; +

general case, however, the sequences are semi-infinite indexed” @ = ©» thek x n matrix F(ay, as, ..., an) has full
byt = 0, 1,2 We letF> denote the space of all suchran k overF[[D]]. Then the space—time co@@achieves-level

binary sequences. A sequenée(t)}2, € F> is often ;%i}:ibt?fmi;ﬁvfgxgvo‘f;the quasi-static fading channel

represented by the formal series Proof: All of the codewords ofC are of the form
X(D) = 2(0) + 2(1)D + 2(2)D* + - - - Y'(D) = GY(D)X"(D). Under the stipulated conditions

of the theorem and following the argument of Theorem 2

We refer to{z(t)} «— X (D) as aD-transform pair. The space (threaded stacking construction), only the all-zero codeword

F[[D]] of all formal series is an integral domain whose invertiblBasy or more all-zero rows, so the spatial transmit diversity of
elements are those that are not multipleof Cis atleasth — v + 1. On the other hand, sineeis the smallest

The action of the binary convolutional encoder is linear aridteger having the stated property, there is some information
is characterized by the so-called impulse respopgsest) < sequenceX (D) resulting in a codeword withh — 1 all-zero

assigned to antennaalong threaded layek. Let v be the
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rows. Hence, the spatial transmit diversity ©fis precisely ---+ a,_; = v, thes x n matrix F(ag, a1, ..., a,—1) has
n—uv+1. O full rank s. In particular, we note that the best possible spatial
transmit diversity isi = n — s + 1. Whenn’ = »n, we have

s = 1 so that full spatial transmit diversity = n is possible as
expected.

Ratel/n’ convolutional codes with' < n can also be put
into this framework. Let” be a binary convolutional code with
transfer function matrix

Example: Consider the four-state convolutional code with
G(D)=[Gi(D) G2D) --- Gu(D)] optimal dyee = 5 and generator&?o(D) = 1 + D? and

. L . G1(D) = 1+ D + D?. In the case of two transmit antennas,
The coded bits are to be distributed amangansmit antennas. it is clear that the natural threaded space—time code achieves

For simplicity, we consider the case in whish= n/n’ is an 4 — 2 level diversit
integer and the coded bits are assigned to the antennas periodi- Y-
cally. Thus, for each of the coded bit streaR6D) «— {v;(t)}, In the case of four transmit antennas, we note that the
the subsequeneg(0), v.(s), 1:(2s), ...isassigned to antennarate-1 /2 code can be written as a raf4 convolutional code
t; the subsequenag(l), v;(s+1), ¥;(2s+1), ... is assigned with generator matrix
to antenna + »n’; and so on. Alternate assignments such as
. - . 1+D 0 14+D 1
symbol-based demultiplexing would also be possible and can G(D) = .
: 0 14D D 14D

be analyzed using the same framework.

In general, we partition the series(D) corresponding to By inspection, every pair of columns is linearly independent
{z(¢)} into its modulos componentsY;( D) corresponding to overF[[D]]. Hence, the natural periodic distribution of the code

the subsequences across four transmit antennas produces a threaded space—time
oo ) code achieving the maximurh= 3 transmit spatial diversity.
{z(st+)}Z0  (G=0,1,2,...,s-1) For six transmit antennas, we express the code as a3yate—

code with generator matrix

1 0 1 1 1
X(D) = Xo(D*) + D Xy (D) 4+ D Xy (DY), Goy=|D 1 0 D 1

0 D1 D D

Then
1
1
Similarly, we partitionG;(D) into componentsZ; (D) and 1
Y;(D) into component¥; ;(D). The space—time codeunder Every set of three columns in the generator matrix has full rank
consideration therefore consists of the binary cotitogether overF[[D]], so the natural space-time code achieves maximum
with a spatial modulator function in whichi_ (D) is assigned d = 4 transmit diversity.

to antennan’j + 4. Thus far, we have considered the design of threaded space—

By multiplying the expansions foX (D) andG; (D) and col- time codes that exploit the spatial diversity over quasi-static
lecting terms, one may show that the coded bit stream assigfieding channels. However, one of the advantages of the threaded

to antenna:’j + ¢ is given by architecture is its ability to jointly exploit the spatial diversity
L provided by the multiple transmit and receive antennas, and
< the temporal diversity provided by the time variations in the
Y; (D)= X (DYE i k(D ) X
(D) Z (D)4l D) block fading channel. In fact, the results obtained for threaded

k=0 . . . . .
space—time code design for the quasi-static fading channel can

where be easily extended to the more general block fading channel.

In the absence of interference from other threads, the quasi-
static fading channel under consideration may be viewed as a
block fading channel with receive diversity, where each fading
block is represented by a different antenna. For the threaded

Fojyi (D) = Gi j—1(D) + D - G; j—r45(D).

In matrix form, we have

Y; ;(D)=X(D)F, ;+,(D) architecture withe transmit antennas and a quasi-static fading
o channel, there areindependent and noninterfering fading links
which is the dot product of row vector per codeword that can be exploited for transmit diversity by

proper code design. In the case of the block fading channel, there
is a total ofn.B such links, whereB is the number of indepen-

dent fading blocks per codeword per antenna. Thus, the problem
of block fading code design for the threaded architecture is ad-

X(D)=[Xo(D) Xi(D) - X,1(D)]

and column vector

Fujti,o(D) dressed by simply replacing the parametday n 3.
Fojti1(D) For example, the following “multistacking construction” is a
Fji(D) = . : direct generalization of Theorem 2 to the case of a block fading
channel.

Fyjti,s—1(D)
. . ) o Theorem 7 (Threaded Multistacking Constructiobet L be
The theorem now applies directly. The spatial transmit d'Veé'threaded layer of spatial spanGiven binary matrices
sity achieved by is given byd = n — v + 1, wherew is the
smallest integer having the property that, whenexet a; + M,  My,,.. M,,,.. MipMyp,....M,p
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Fig. 4. Iterative multiuser detector for space—time signals.

of dimensiont x b¢/n B, letC be the binary code of dimensionis independently interleaved to facilitate convergence. This key
k consisting of all codewords of the form feature of the receiver is instrumental in ensuring good conver-
gence characteristics for the iterative algorithm [10], [11]. We
9(z) =My 1 |zMy o | - JaMo ] - explicitly allowed for this random interleaving option in our al-
|zM, p|xzM> | ---|xM, B gebraic code constructions in the previous section.
The complexity of the SISO multiuser detector constitutes
major part of the overall complexity of the iterative receiver.
ree SISO multiuser detection algorithms that provide a
deoff between performance and complexity have been

wherez denotes an arbitray-tuple of information bits, and
is the number of independent fading blocks spanning one co
word. Let f, denote the spatial modulator having the propertt¥a

that(zM;, ) is transmitted in the symbol intervals afthat proposed in the literature. The first is based on the maxiraum

are assigned to antengian the fading block-. g h ) :
Then, as the space—time code in a communication SystB%Ste”O”(MAP) probability rule [9], [14]; the second is based

. . : on the MMSE criterion [10], [11]; and the third is the soft
with n transmit antennas andn receive antennas, the. : . .
. - . . ..~ interference canceler which can be viewed a suboptimal ap-
space-time codé consisting ofC' and f; achieves diversity T . . . .
X . . g proximation of the iterative MMSE receiver [15]. In this paper,
dm in a B-block fading channel if and only i is the largest : . : . .
we will focus our attention on the iterative MMSE receiver

|tr|1taetger such thaddy 1, My s, ..., M, p have the property | . ice it provides an efficient tradeoff between performance
and complexity among the three iterative approaches [11], [10].
Vai,1, a1, -, an g €F,a1,1+as 1+ +ann The iterative MMSE receiver is adapted from the first

—nB—d+1: author's work [10] on iterative MMSE multiuser detectors
for code-division multiple access (CDMA) systems. (Such
M = a1, My 102, 1M,y - - a0, 5 M, 5] receivers for CDMA applications were also investigated
is of rankk over the binary field  independently by Wang and Poor [11].) For simplicity of
resentation, binary channel codes and BPSK modulation are
ssumed.

In this scheme, the soft outputs are used after each iteration
2) lterative Signal Processing for TST Layeringn the pre- to update the priori probabilities of the transmitted symbols.
vious section, we have considered the problem of designimpese updated probabilities are then used to calculate the con-

TST systems assuming that a genie were to cancel the otbigional MMSE filter feed-forward and feedback weights. The

layers’ interference at the receiver. Ultimately, the performanéeedback connection represents the subtractive interference can-
of threaded systems will hinge upon the efficiency of the signegllation part of the receiver, while the feed-forward weights
processing at the receiver in separating the signals from differegtve to suppress any residual interferencegf‘étbe the esti-
threads. The problem of space—time signal processing cannba&te of theith-antenna symbol at timegiven by (the subscript
formulated as a joint multiuser detection and decoding problemwill be omitted for convenience)

Hence, the turbo processing principle [13] can be efficiently ‘ @7 "

used to develop a set of iterative multiuser detection algorithms vy =w r+uw, (5)
that allow tradeoffs between performance and complexity. A G) o o

block diagram of the iterative receiver is shown in Fig. 4. iwherew;” is ‘thEm x 1 optimized feed-forward coefficients
this block diagram, a SISO multiuser detector module providugctor andw,” is a single coefficient that represents the soft
soft-decision estimates of thestreams of data. The detectectancellation part. The coefﬁcien'@gf), wgﬂ are obtained
streams are decoded by the separate SISO channel decotfieosigh minimizing the conditional mean-square value of the
associated with the component channel codes. After each deor between the data symbol and its estimate. Nowg fetbe
coding iteration, the soft outputs from the channel decoders &nem x 1 complex channel vector of thi¢h transmit antenna;
used to refine the processing performed by the SISO multius#*\" be them x (n — 1) matrix composed of the complex
detector. Note that, in the iterative receiver, each of the streanfgnnel vectors of the other— 1 transmit antennas; ar@*\")

Proof: This resultisimmediate from the equivalent quasfé)1
static model witm B transmit antennas.
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be the(n — 1) x 1 transmitted data vector form the other- 1  rank [17]. Thus, by the argument in [2], the diversity order is
transmit antennas. Assuming statistically independemtiori d - (m —n + 1). O
information and using standard minimization techniques, it is

easily shown that the conditional MMSE solutions @g)’ Let SIR” denote the signal-to-interference-plus-noise ratio

(SIR) for a symbol transmitted from thith antenna after thith

(@) i ) . . : . Lo
andw,” are given by [10] iteration of the iterative MMSE algorithm. Then, conditioning
, 4 - on the set of path gains, we have
W 280" (A1 B+ R, —FFT)™ () Pam g ,
@ _ 07 ‘ E, Hyriw
W =g B ) grW = d . (14)
where Nollwy ” + 3 B, |l O (1 - e®P2)
ks
i) o(i)®
A=5050 (8)  wherew; is the vector of feed-forward filter coefficients used
B =57 [I(n_l)x(n_l) — Diag (§<"\i>g<"\i>T) in the jth iteration.
+ E(n\i)é(n\i)T:| G\DF 9) Proposition 9: Let C be ad-diversity code used in each
‘ -7 thread in a setting witl. transmit andm receive antennas.
F = 8§0\0z\) (10) The SIR at the output of the iterative MMSE detector after
Ry, =NoLnxm (11) J iterations is at least as large as the SIR after one iteration.

Furthermore, the output SIR is at least as large as that produced
Lyxm is the identity matrix of ordemn, and &\ is the by the zero-forcing detector.
(n — 1) x 1 vector of the conditional expected values of the  Proof: If SNR,; denotes the SIR at the output of the
transmitted symbols from the other — 1 antennas. Th& zero-forcing detector, then it follows from the definition of
priori probabilities used to evaluate these expected values gie¢ MMSE receiver that 5|\f1|§i > SNRy. Also, from the
obtained from the previous decoding iteration soft outpugfefinition of the MMSE filter, it follows that

through the component-wise relation 5

N () E, H%TE@
B e SIRY >
P =1)= _ 12 J = 12
(c'l' ) 1+eM (12) Nollwil]?2 + 3 Es wlTﬁ(k)H (1—e®12)
ki

where )\{ is the extrinsic information corresponding to the 2

symbol transmitted from thgth antenna at time [16]. Note
that in the first iteration, one takes

P(cl =1)=P(d = -1)=1/2.

E, Hw’{ﬁ(”

>
Nollwil|2 + > Es Hw?ﬁ(k)H
fii

2

=SIR®
3) Performance Boundin this section, we investigate the .
spatial diversity advantage achieved by the threaded architect@eVas to be shown. -
over the quasi-static fading channel when the iterative MMSE | [18], Poor and Verdt have shown that the output of the
algorithm is used. MMSE receiverin AWGN channels can be tightly approximated
Proposition 8: Let C be ad-diversity code used in eachPY aGaussign random variable..lp the space—time co_de setting,
thread in a setting with transmit andm receive antennas in the channelis AWGN when conditioned on the path gains. Thus,
quasi-static fading channels, then the zero-forcing receiV& tWo propositions imply that the diversity advantage achieved
achieves spatial diversitf = d- (m —n + 1). _by the |te_rat|ve MMSE receiver for the threaded archltec_:ture
Proof: To detect the signal transmitted from tit an- S approxmately Iower—pounded by the performance ach|eveq
tenna, the zero-forcing receiver projects the received signal B the zero-forcing receiver. Consequently, in a threaded archi-
the null space o8 ™\, Let \V; be the null space o\, and tecture usmgi—spgce—yme che;, the iterative MMSE receiver
Vi be an(m — n + 1) x m matrix whose rows are orthonormaiShould achieve diversity’ satisfying
vectors of\V;. Then the(m — n 4 1) x 1 output vector corre- d-(m—n+1)<d < dm. (15)
sponding tchz) is computed as
‘ ‘ ‘ We note that this lower bound justifies our approach to code de-
yD =V, = SO 4 5D, (13) sign for the threaded architecture. In particular, the design cri-
- ‘ teria developed in Theorems 2 and 7 for optimizing the channel
The elements ob @, @5” are Gaussian random variables witltoding for each thread in the absence of interference also serves
E{nPa®"1 = 0. Note that, in generalZ{S® 5™} £ 0. to maximize a lower bound on the diversity advantage when
Hence, at the output of the zero-forcing filter, the channéhe iterative MMSE detector is used to mitigate the interference
is equivalent to an interference-free correlated block fadirigpm other threads. The simulation results of Section V suggest
channel withn blocks andm — n + 1 receive antennas. Sincethat the lower bound is, in fact, a pessimistic estimate of the
the different equivalent Gaussian fading gains are lineagerformance of the threaded architecture with iterative MMSE
independent, the equivalent channel correlation matrix is of futiultiuser detection.
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TABLE |
COMPARISON OFDIFFERENT LAYERED ARCHITECTURES

Quasi-Static Fading B-Block Fading
Architecture | Efficiency Diversity Diversity
H-Layering nrb 1:m |B1-7)]+1:m(|B(1—r)]+1)

Layer-to-layer Layer-to-layer
D-Layering nrb — EL?M 1:m 1:m
Symbol-to-symbol Symbol-to-symbol

H-Multi- nrb 2 (m—n+|L]):[tm ?
Layering Layer-to-layer
Threaded nrb m-n+)(nQ-7)]+1)<| m—n+1)(nBl-r)]+1) <

d<m(n(l -7)]+1) d<m({nB(1-r)] +1)

IV. SYSTEM COMPARISONS tive multiuser detection algorithms provide uniform spatial di-

versity from symbol to symbol. Finally, unlike the horizontal
A high-level comparison of the various architectures is showfultilayering approach with group interference suppression, the
in Table I. As shown in the table, all of the transmission formatgreaded architecture provides uniform performance from one
achieve comparable efficiency. Here, efficiency refers to th®mponent space—time code to the next; and each component
number of information symbols per vector channel use. For &pace—time code can, under the ideal interference cancellation

ample, in the horizontal layering scheme, thererdigyers each assumption, achieve the maximum possible spatial and temporal
containing a codeword of length and rater. Thus, successful diversity.

use of all transmission resources provides a total df-¢b) in-
formation symbols. Normalizing by the total number of symbol
transmission intervalé gives an efficiency ofirb information ) ) _ o
symbols per transmitted symbol interval. For the diagonal-lay- I this section, the different schemes are compared via simu-
ering approach, the efficiency is somewhat less since the dieﬁ?g“on- In the study, we have used convolutional codes, the main
onal layers cannot utilize a portion of the transmission resourcdévantage of which is the availability of computationally effi-
(the result in the table assumes the width of the diagenal 1). C|_ent SISO decoders. Periodic bit demult!plexers are used to dis-
We also report the diversity orders achieved by the Variog_él:_)ute_the encoder qutputs across the dlffere_nt antennas. In ad-
architectures in both quasi-static and block fading channels.gf{ion. inner random interleavers are used to aid the convergence
the different approaches, the channel-coding schemes aredfdhe |terat|ve_M.MSE receiver as dlscussed_ln Section 11I-A2).
sumed to achieve the maximum possible diversity level for ral&'® €rror statistics are obtained by averaging the frame error
r codes. Since no attempt was made in [1] to optimize the codif@jeS ©f all the component codes. The channel decoder is based
for the diagonal layering architecture, the results reported in tAB the soft-output Viterbi algorithm (SOVA). Unless otherwise
table are on a per-symbol basis. The diversity order achieved$igt€d: the channel is assumed to follow the quasi-static fading
the previous layered and multilayered architectures is variabﬁB‘?de'- The number of iterations for the iterative MMSE receiver
For these approaches, Table | shows the range of vatnies ( IS four. The code rate of the component codel/is
imum: maximur) and notes whether the variation is from layer Fi9- 5 compares the performance of the iterative MMSE re-
to layer or from symbol to symbol. In the case of the propos&§Ver with horizontal Iay_erlng_versus interference-free perfor-_
threaded architecture, the diversity order is not variable, but fEnCe. Inthe case of the iterative MMSE, there are four transmit
exact value is difficult to determine. In this case, the upper af@d four receive antennas, and the bandwidth efficiengy-is2
lower bounds from (15) are used in Table I. For the block fadifyS/Hz (i-€., BPSK modulation). The frame length corresponds
channel, the parametét denotes the number of fading blockd0 100 transmlssmns. For the interference-free r.eference, there
per codeword. are four receive antennas but only one transmit antenna. The
The threaded layering is similar to H-BLAST in that eack@ndwidth efficiency in this case is= 0.5 b/s/Hz. In general,
transmitted symbol in a thread is subject to interference froffi€ relation between the energy per bit to noise ratip, and
n—1 other layers, but better spatial diversity is achieved throudfi total transmitted SNR is
more efficient transmit diversity and multiuser detection signal E,
processing. The threaded layering is similar to D-BLAST in that SNR= 17— (16)
all of the transmit antennas are used equally by each compo- 0
nent coded transmission, but it more fully exploits the availFhe same SNR per transmit antenna is used in both scenarios,
able temporal diversity since temporal interleaving is allowehd the SNR reported in the figure is the total SNR for the
across each transmit antenna. Furthermore, unlike D-BLAS®ur transmit antennas in the iterative MMSE case. The interfer-
the threaded layering with space—time code design and iteemce-free scenario represents a lower bound on the performance

V. PERFORMANCE COMPARISONS
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Fig. 5. Performance of the iterative MMSE receiver.

achieved by the optimum receiver. It is shown that the iterative Figs. 8 and 9 compare the performance of the TST and TNSC
MMSE receiver performs within a fraction of a decibel from tharchitectures for the cases of four transmit/four receive and eight
lower bound. transmit/eight receive antennas, respectively. QPSK modulation

Now, we are interested in comparing the performance of théth Gray mapping is used to map the binary input at each an-
TST architecture presented in Section Il with the D-BLASTenna to a complex constellation. Hence, the spectral efficiency
architecture, and with the multilayering architecture proposégi4 and 8 b/s/Hz, respectively. The frame length corresponds
by Tarokh, Naguib, Seshadri, and Calderbank (TNSC) in [4].to 130 transmissions. The results of the TNSC scheme are ob-

Fig. 6 compares the TST architecture with a lower bound &@ined from [4, Figs. 4 and 6], respectively. The same four-state
the frame error rate achieved by D-BLAST in quasi—staticfadin@dWCOderS are used for the TST arch_|tecture as in the previous
channels. This lower bound assumes error-free decision fe&@se: Therefore, the overall complexity of the TST receiver in-
back. In practice, the performance of D-BLAST is expected @uding the iterations and soft—output_decodmg is in the same
be close to the lower bound at high SNRs (where the bound&ler as the 32-state decoders used in the TNSC [4]. From the
tight) but much worse than the bound at lower SNRs (where tfi@ures, the significant gain provided by the TST over the TNSC
bound is loose). The same four-state convolutional code wigheme is clear. Indeed, the TST approach shows a gain of 4-8
generator polynomials$, 7s) is used for both schemes. The it-dB overthe TNSC_ scheme. _Th_e T_ST re_sults are within 2—_3 dB of
erative MMSE receiver is shown to provide a 3-dB gain over tHB€ outage capacity. The gain in diversity advantage achieved by
D-BLAST lower bound under these conditions. Since the sarHte TST architecture can be seen in the steeper asymptotic slope
code was used in both approaches, we can attribute the perfg,t_he perfor'mance curve. Itis also shown that the gain provided
mance gain to the superiority of the iterative MMSE receivdly the TST increases with the number of antennas. This can be
over the signal processing algorithm used in the D-BLAST. attn_buted to the better explmtaﬂo_n of the diversity in the T_ST.

To further highlight the advantages of the threaded architec-F'na"y’ we note that by replacing the four-state code with a
ture, we report in Fig. 7 the same performance comparison re powerful 64-state code we can close the gap between t_he
a block fading channel with three independent blocks per code-T frame error rgte performqnce a_nd the 10% outage capacity
word. Due to the diagonal restriction imposed on each Iayé(?, less than a fraction of a decibel with the same system param-
the performance of the D-BLAST in this scenario is the san?éers'
as that in the quasi-static fading channel. On the other hand, it
is shown that the performance of the threaded architecture is
improved by about 1 dB at 1% frame error rate without any ad- In this paper, we took a fresh look at the design problem
ditional complexity. This improvement is due to the increasddr multiple-antenna systems operating over the fading channel.
diversity advantage achieved by efficient code design that ékie problem was addressed from both a signal processing and
ploits the additional temporal diversity. a space-time coding perspective. From the space—time coding

VI. CONCLUSION
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Fig. 6. Performance of the TST and BLAST architectures in quasi-static fading channels.
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Fig. 7. Performance of the TST and BLAST architectures in block fading channels.

perspective, we presented a new generic approach, the TSTdaselop iterative algorithms for joint decoding and detection
chitecture, that allows for exploiting the spatial and temporalhich offer several advantages over previously proposed tech-
diversity available in the system. From the signal processimigues [1], [4]. Simulation results were provided for the itera-
side, we proposed to utilize the turbo processing principle tve MMSE receiver establishing its ability to approach the in-
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Fig. 8. Performance of the TST and TNSC architectures.

QPSK, 8 bits/sec/Hz, 8 Tx., 8 Rx.
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Fig. 9. Performance of the TST and TNSC architectures.

terference-free performance lower bound within a fraction ofaray processing and space—time coding recently proposed by
decibel. The threaded architecture with efficient code design afarokhet al. [4].

iterative signal processing was shown, through simulation, toAs a final remark, we note that, in the absence of interfer-
achieve significant gains over the D-BLAST and the combinezhce from other threads, the fading channel is equivalent to the
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block fading channel with receive diversity, where the number[7] T. Marzetta and B. Hochwald, “Capacity of a mobile multiple antenna
of independent blocks in the equivalent model is equal to the

product of the number of transmit antennas and the numbeyg,

of fading blocks. The algebraic framework that we developed
for TST code design is, therefore, also useful in the study of

code design for block fading channels and is applicable to both[g]

block and trellis-based codes. Conversely, optimization of the

TST channel coding and interleaving schemes would also ben-
efit from prior work on code design for such channels (see, fofm]

example, Lapidoth [12] or Wesel and Cioffi [19]).
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