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Abstract - Dual antenna-array systems provide very high receiver, these constituent codes can be separated and then
capacity compared to single antenna systems in a Rayleigh decoded using conventional decoding algorithms developed

fading environment. If the transmitter does not have channel for 1-D constituent codes, leading to a much lower decoding
state information, to utilize this high capacity, space-time codes complexity compared to ML decoding.

must be employed. The diagonally layered space-time (DLST) . .
architecture is a structure that is capable of providing a high In this paper, we consider two decoder structures for DLST

data rate for a low decoding complexity. We analyze the codes. We first present the hard decision-feedback decoder.
performance of DLST codes with a hard decision-feedback We discuss the actual decoding mechanism, analyze the error
decoder and a soft decision-feedback decoder with iterative performance, and propose the design criteria based on the
decoding. We analyze the error-probability performance and truncated multidimensional effective code length (TMEL) and
propose criteria for designing the constituent codes. the truncated multidimensional product distance (TMPD) of
the constituent code. We then present the soft decision-feed-
back iterative decoder. We will present an interleaving mecha-

Recent studies have explored the ultimate limit of duahism that achieves a high performance. We analyze the error
antenna-array systems from the information-theoretic point gfrobability, and propose a design criterion based on the folded
view [1] - [3]. Consider a dual antenna-array system thatrhaseffective length of the constituent code.

transmitting andn receiving antennas. It has been shown that, The remainder of this paper is organized as follows. In Sec-
if the narrowband slow fading channel can be modeled as &y ||, the background of dual antenna-array systems and
nxm matrix with i.i.d. complex Gaussian random entriesgpace-time codes is reviewed. In Section Ill, we introduce the
the average channel capacity of such a system is approgasic LST architecture. The hard decision-feedback decoder is
mately min, m)-times higher than that of a single antennayiscussed. In Section IV, we present the soft decision-feed-

I. INTRODUCTION

system for the same overall transmitter power. back iterative decoder. We provide a summary in Section V.
In most applications, a major obstacle to utilizing this high
throughput is that the transmitter cannot have the instanta- Il. BACKGROUND

neous information about the fadlng channel. The transmitter In this paper, we focus on Sing|e-user to sing|e-user com-
thus must employ a channel code that can guarantee good p@fanication using antenna arrays at both ends over narrow-
formance on the majority of possible channel realizationgand flat-fading channels. We refer to a dual antenna-array
Such a channel code is inherently multi-spatial-dimensionalstem in which the transmitter hastransmitting antennas
and thus is called a space-time code [4] [5]. and the receiver ham receiving antennas as am (n) system.

Aside from the consideration of combatting channel uncer- A general space-time code can be described as follows. The
tainty, another practical consideration for space-time codes éscoder first applies the space-time code to the input informa-
the decoding complexity. As stated above, the channgbn bits to generate an-row (possibly semi-infinite) matrix
capacity of a dual antenna-array system is approximately prg- The matrixC represents the signal that is to be transmitted
portional to minf, m). This means that each channel usage opy the transmitter. Specifically, thith row, tth column ele-
average can convey a number of information bits that is prgnent of C, denoted byck , represents the signal to be trans-
portional to min, m). The complexity of decoding such a mitted by antenn& at time slotr. We emphasize that there is
high data-rate channel code using the maximum-likelihoodo mechanism, such as time-, frequency-, or code-division
(ML) criterion can be prohibitively high even if min(m) is  multiplexing, employed to ensure that the signals transmitted
just moderately large; thus, space-time codes that admit higly different transmitting antennas are orthogonal upon recep-
performance, low complexity suboptimal decoding algorithmsgon by the receiver.

are desirable. For a narrowband flat-fading channel, the gain connecting
The layered space-time (LST) architecture proposed hyansmitting antenniand receiving antenniaat timet can be
Foschini in [6] is a framework for processing space-time sigdenoted by a complex numbét =% . Let the signal received
nals. An LST code is a channel code that is designed and prgy the receiving antennladuring the time slot is denoted by
cessed aCCOI’ding to the LST architecture. An LST code |§{ . This received S|gnaﬂ_|l_ contains a Superposition of trans-
constructed by assembling 1-D constituent codes. At thgitted signalsck k = 1,2,...,n , and an AWGN component



v, Define  the  vectors ¢, = (clc2..cn), - -
re=(rir2 rmy, ve=(viv2...vm)', and the channel by, by b7, 2 CCa > 010203

i ) = pl-k i -time input-
matrix Hy, (Hy), = hy~*. The discrete-time input-output 1, by, ... —» b, bg, by ... _» By, Boy Ba -

relation of an §, m) multiple-antenna system over a narrow-

band flat-fading channel can be written in the following vector by b bg .. = ccy | Vi Ve Vs -
notation:
@)
rT = HTCT + VT - (l)
We assume that the receiver has a perfect knowledge about T 1 2 3 4 5

the channeH,, while the transmitter has no knowledge about

it Antennal| oy B1 Y1 Oy Ba

The following terminology is used in this paper. The matrix Antenna2| 0 | a2 [ B2 | V2 | Os
C, acoded matrix output of the transmitter encoder, is referred Antenna3| o ol as | Bs | s
to as a space-timeodeword matrix An element of a space-
time codeword matrix is referred to asgmbol

(b)

I1l. THE LAYERED SPACE-TIME ARCHITECTURE WITH ONE- Fig. 1

LST code encoding process. Here, n = 3. (a) The
STAGE DECODING

incoming information bit sequence is first demultiplexed into
Here we introduce the layered space-time architecture orig- 7 subsequences. Each subsequence is then encoded using
inally proposed by Foschini in [6]. In the next section, we will 2 constituent code. (b) The coded symbols from the CCs are
. L e . transmitted by the n transmitting antennas in turn.
propose a new space-time structure which is a modification of
this basic architecture. In both cases, the most important codecoder.

cept is the diagonal layering, or “cycling”, of the output sym- - cqnsider a given instance in time, sayThe transmitted

bols of the constituent codes (CCs). n-tuple isc;, and the receivedrtuple isr, = H.c, +v, . The
A. Encoding received signalr, is a superposition of transmitted coded

The encoding process is illustrated in Fig. 1. The inpufYMPols, i.e.ci ¢ ,...cf , scaled by the channel gain and
information bit sequence is first demultiplexed imcsubse- CcOrrupted by 'g‘WGN- An estimate of one of the transmitted
quences, and each subsequence is encoded by a 1-D encodéPPoIs, saycy , can be obtained using a linear combination
These 1-D channel codes are referred to as the constitué}&tt_he J::omponentsT of,. That is, the estimate oty is
codes. The output of the constituent coétds a sequence of ¢t = W'Tr, wherew! is anm-dimensional row vector. We
symbols. For example, in Fig. 1(a), three C@sf, andy) are will refer to such an estimate as a decision variable.
employed. A DLST codeword matrix is decoded diagonal-by-diag-
gonal. To illustrate this, consider the example DLST codeword

The next step is to form the multi-spatial dimensional cod - YT - ) o
matrix in Fig. 1. The equalizer first generates the decision

word matrixC by assigning these coded symbols to the slots'®; ) : ;
of C. In the diagonally layered space-time (DLST) architec¥ariables for the symbols belonging to the first diagonaCof
ture, the output symbols from a CC are assigned totrews ~ USing a linear operation. That s, itgenerates a1, , aad

of Cin tum. In other words, the output symbols from a CC aré@s€d on these decision variables, the CC decoder decodes
transmitted by transmitting antennas 1, 2,nin turn. Thisis tis diagonal. Once the hard decisions 0ai , and  are
illustrated in Fig. 1(b). In Fig. 1(b), we note that the codewordVailable, they are fed back to the equalizer to remove the

matrix consists of diagonal layers. The firsbutput symbols contributions ofog .o, , andx, img, ry, andr,. The receiver

from constituent coder 1 are used to fill the leftmost NW-SENEN repeats the process of decision variable generation, hard

diagonal ofC, and the firstn output symbols from constituent d€cision, and decision feedback to decode the next diagonal

coder 2 are used to fill the next diagonal@fand so on. I(:Bl 22' andpg), and so on. The receiver diagram is shown in
ig. 2.

If the data rate of the constituent code is maintained con- ) o )
stant regardless ai, the data rate of a DLST code is obvi- "€ complexity of the hard decision-feedback spatial pro-
cessing described above i©(nZ2+nm) per transmitted

ously proportional tan. ) -
o n-tuple. This scales much more moderatelyithan the com-
B. Hard Decision-Feedback Decoder plexity of ML decoding.

The corresponding decoder for the DLST code mentione

above is a diagonal-by-diagonal, hard decision-feedbac - Analysis

We have mentioned that a decision variable is derived using
a linear combination of the components of the interference-

1 The transpose and conjugate transposeart denoted by’
and x™ , respectively.



" For the MMSE criterion, define¥, = [h;...h]7[h;...h]

1
(CCa) oo} andAy =diagQg, ..., P, Whereh, is Ith column ofH andp, is
the variance ofc! . The MMSE linear combination coeffi-
{rd — Equalizer ccpyt »{B}  cients for generatingk  are given by tkih row of the matrix
111 ~ (Wi + ANy T [7].
ccyt »{vi} Here we analyze the probability of a diagonal decision
error. Consider the leftmost NW-SE diagonal of a DLST code-

word matrix. On this diagonal, the transmitted symbols are
cl, T =1, 2..,n. The probability that, under the DLST
decoding algorithm, the likelihood of a distinct diagomst

{el e5 ... en} is higher than that of the transmitted diagonal

Fig. 2. Diagram of the diagonal decision-feedback decoder.
Here, n = 3. The outputs of the equalizer at time T are the
decision variables of the diagonal ending at 1, ie.,

&L, 1-n+1),..,8(n,1). The feedback information is c={ct c3 ... cf}, conditioned on the channel realizatidt,
c(1,1-n+1),...,¢(n,1) in a hard decision-feedback ={Hy, Ho, ...}, can be upper-bounded by [8]
decoder and c(L, T-n+1),var(c(L, T—n+1)), ...,
¢(n, 1), var(c(n 1)) in a soft decision-feedback decoder. (m=1)
Prob(c - )< %l et - e‘|24llf| Er
adjusted received signa). That is, ton(c e
- . (63)
~ ~ m-T1
& = Wi =37, ) 2) 0 , E .2
= ~ _ —(m- T (c, e
50 Ger-ereodiTgees
for somew' . SUICE)

Zero-forcing (ZF) and minimum mean-square errowheren(c, €) = {t|c{#e!} whenthe SNR s high and by
(MMSE) are two commonly used criteria for the selection of
the linear combination coefficients™ . In general, the MMSE, E 4 et -ef2(m-1)}
Prob(c - e) < M %l +e—
criterion leads to easier implementation and higher perfor- 4N,

mance. On the other hand, the ZF criterion is easier to ana- ronte

6b
lyze. Furthermore, at high SNR, these two criteria are o E > \cT—eﬂz(m—r)E( )
asymptotically equivalent. In the following, we will examine = [%{ + giEf' } tan(c e ,
. . o 4N O
both interference suppression criteria. 0

Note that due to the decoding algorithm specified aboveyhen SNR is low. Equations (6a) and (6b) apply in both fast
when the receiver attempts to extract the decision variable fand slow fading environments.
a symbol, sayck , the hard decisions on the symbolé Design Criteria for DLST Codes

ck+1, ..., ch are already available. ) .
Define the truncated multi-dimensional effective length

For the ZF criterion, let the QR decomposition ldf be (TMEL) and the truncated multi-dimensional product distance

= (Ug) R, where(Ug), isaunitary matrix anR;  isan (1 pp) petween two distinct diagonatsande as
upper triangular matrix. Thkth row of the matrixUg is the

linear combination coefficients used to generafe . To see B
this, left-multiply the received signa} by (Ug). , TMEL= % m-1+1and (7a)
t0n(c, e)
T (UR)TrT = R‘[CT+VT" (3)
TMPD= ] |cT—ej[2m-t+ D), (7b)
where v;" = (Ug),v; is anm-tuple of i.i.d. AWGN noise t0n( ¢
component. Becaud®, is upper triangular, At high SNR, the pairwise error probability betweeandeis
yk = (RE) ck+ vk + approximated byProb(c - €) = (TMPD)(E/4N,)-TMEL
- kel nke2 N (4)  The code design criterion is to select the CC with the largest
{ contribution fromey ™4, ¢ ™, ..., e} minimum value of Prob(c - €) =

TMPD)-1(E/4N,)-T™EL over all pairs of distinct diagonals.
The interference term in (4) can be canceled using the avaﬁ the exact operzgtlng SNR is not known but can be assumed
able decisiongk*1, ck+2, . cM to obtaidk .We can verify . . . T
to be reasonably high, an approximate design criterion is to

. i |
that in (4) the interferences frorn} | <k, are indeed com- maximize the minimum two-tuple (TMEL, TMPD) in dictio-
pletely suppressed. Assuming that these decisions are all Coary order.

rect, the decision variablek is o o )
At low SNR, the pairwise error probability is approximated

ck = (Rf,ck+v/'* k=1,2,...,n (5) by (6b). We define the exponent



ZTDH(CL e)|CT—eT|2(m—r +1) to be the truncated multi- When hard decisions are replaced by soft decisions, one
dimensional Euclidean distance (TMED) betweerand e.  might expect that the effect of error propagation is reduced.
The code design criterion at low SNR is to maximize the min©ur preliminary results show that this is indeed the case. The
imum TMED between any pair of distinct diagonals. reason is that, if the soft decision on some symbol,glay , is

deemed less reliable by the CC decoder, theosteriori
IV." L AYERED SPACE-TIME CODES WITH ITERATIVE DECODING  expectation ofck  will be smaller while ita posteriorivari-

Recently, the application of iterative decoding for jointance will be higher. When generating the decision variables
equalization and decoding has attracted a lot of attention; .o Ci, | <k, the MMSE decision-feedback equalizer will
[9]. This concept applies naturally to the processing of spac@utomatically place a higher emphasis on suppressing the
time signal processing when the transmitter does not hay@terference fromck using an appropriate linear projection
CSl. In the following, we will present the modified layeredand a lower emphasis on using direct cancellation.
space-time structure that accommodates iterative decoding. jierative Decoder

We will also show how this new architecture evolves from the The input/output relation (1) can be interpreted that, after
basic LST architecture with the (one-stage) hard decision- P b P ’

applying the “outer” space-time code on the information bits,
feedback decoder. . ; .

the resulting space-time codeword is further encoded by a
A. Soft Decision-Feedback Decoder memoryless “inner” codel. The output of the inner code then

A soft decision-feedback decoder is obtained by using sofé corrupted by AWGN before being received by the receiver
decisions instead of hard decisions in the feedback path in Fightenna array. From this viewpoint, the space-time code and
2. Specifically, a CC decoder determines the sequence of m#fie transformH are serially concatenated codes. At the
ginal a posteriori probability mass functions (pmfs) of the receiver, the received signal is passed to the decoder (equal-
decoded symbols. Here, the convenient expressiga) iger) for the inner code, whose output is subsequently passed
used to denote the posterioripmf of a decoded symbatk . t0 the decoder for the outer code. The two decoders can

With soft decision feedback, ideally the CC decoder sends th@xchange soft information to hopefully improve the reliability
pmf to the equalizer. of the decisions of both decoders. The block diagram is shown

Given thea posterioripmfs of ck*1, ..., ¢, the decision in Fig. 3.
variable forck has the following pmf: Note that now it is no longer necessary to perform decoding
in a diagonal-by-diagonal fashion. The equalizer passes the
L O N " sequences of decision variables to the CC decoders. The CC
ProbEk:‘;: WkTETT— > h@% = ] p(c)- (8 decoders in turn sends the posteriori symbol expected

I=k+1 I=k+1 values and variances to the equalizer.

n

The product term is due to the fact that, under the layere@. Interleaver Design

space-time architecture, the symbols transmitted at ttme o fylly realize the potential of iterative decoding with con-
from different antennas are independent of each other. TR@|utional codes, the 1-D CC coded symbol sequences must
equalizer can compute certain useful statistical quantitigse individually interleaved, or permuted in time, before they
about ¢k from the pmf in (8) and send them to the CGyre combined to form the DLST codeword matrix. The block
decoders. Unfortunately, the complexity of computing the pmdjagram is shown in Fig. 3. An Interleaver is placed at the
in (8) is exponential im—k . Therefore, algorithms based ogytput of each CC. At the receiver, corresponding deinter-

equation (8) do not scale up well with leavers and interleavers are placed on the feedforward and
For a scalable method of computing the decision variabléeedback paths, respectively.
one possible choice is to obtain cf using pue to the nature of convolutional codes, a sequence of

ck = WkT(IT - Zn: o 1ic) for somew, and some soft- pojse impulses occuring in adjacent symbol intervals is more
decisionsc¥* 1, ..., ¢f . If the goal is to minimize the mean-jikely to cause decoding errors than a sequence that is distrib-
square error contained iof , it can be easily shown that th@ed over a longer time duration. Therefore, it is desirable that
soft decisionc; - should be chosen as the expected valeg of the decision errors made by one CC, after passing through the
i.e.cl = E(cl) . To obtain the coefficients,”  that minimize feedback interleaver, equalizer, and feedforward deinter-

the mean-square error, denote the variance of the soft decogggver, appear to be spread out to the other CC decoders.

| 2
symbolc, asof . Then The detailed behavior of the interleaver is specified as fol-

w, ! = thekth row of (H™H + 02A 1) 1HT (9) lows. The input symbol sequence is first written, column by

column, into am-row table. Each row of this table is then per-

whereA, = diagQq, .., Px» Of+ 1, ---» 02). According to this muted; the permutation order for each row is different from

algorithm, the feedback information contains th@osteriori  the other. Then the symbols are read out column-by-column.
expectation and variance.



D. Performance Analysis maximized:

Here we analyze the performance assuming ML decoding. h
Given that a codeword matri€ is transmitted, it is shown 105 |c _e 0
. . . - z Dz | k+ nl k+n|||:|'
that, in a slow fading environment, the average probability o1 150
that the likelihood of another codeword matii is higher h
than that ofC is upper bounded by [4]

(12)

In (12), the function 1X) is one ifx is nonzero. The minimum
of the quantity in (12) can be appropriately named as the
folded effective lengtbf the constituent code.

r

e -
Prob(C - E)< [J %‘Lmiﬁzg ,
\Y

(10)

i=1 V. SUMMARY

wherely, A,, ..., A, are the nonzero eigenvalues of the matrix In this paper we considered diagonally layered space-time
(C—E)(C-E)" andE is the energy of a symbol. In the codes. We showed that, if the wireless channel is i.i.d. Ray-
framework of DLST codes, again suppose that the transmittdeigh fading, ani, m) dual antenna-array system employing a
codeword matrix isC. Consider another codeword matfix DLST code can achieve a throughput miing) times higher
such that the differences betwe€nandE are limited to the than that of a single-antenna system, even when the trans-
slots designated to a certain CC. Such error events involvaitter does not have the instantaneous CSI.

decision errors residing in only one CC coded symbol we proposed both hard decision-feedback decoder and iter-
sequence and they dominate the error performance. Becaysige decoder. The decoding complexity of both decoders is
no more that one element in each coumn®@#E  can bgnly quadratic in the number of antennas, making DLST
nonzero, (10) can be further simplified as codes suitable for systems that have a large number of
antennas. We analyzed the performance and proposed the cor-
responding design criteria for DLST codes. In particular, for
DLST codes with iterative decoder, the design criterion is to

m

n —
E
Prob(C ~ E)< [] Bl +|Ck-E42—=1

402U
k=1 v

I:l _ E —rm
=0 N (o-epa=gn
Lkon(c, E) v

whereCK and EX are thekth rows of C andE, respectively,
n(C, E) = {I|(IC'"-E|>0)},andr = |[n(C, E)| . [2]
According to (11), the design criterion for DLST codes with
iterative decoding is to select the CC such that over all pairs %]
distinct codeword matricesC( E), the minimum value of
In(C, E)| is maximized. This is achieved by selecting the CC
such that, over any pairs of codewoids {c,, C,, ... } ande = (4]
{e1, e, ...}, the minimum value of the following quantity is

(11)

(1

| p{ccipy My > 5]
input transmitting
bits 1 DeMux — DLST|: antenna
array
—|—> CCn > T, > (6l
—p| 5 T[l'l—> (cc 1)1 Ty [7]
receiving | W =N 8]
antenna | s&'S
array Sz
—p| SN T[n'1—> (CCn)'1 > T

9]

—>

Fig. 3. Diagram of the (a) encoder and (b) decoder of DLST
codes with iterative decoder. Here, DeMux = demultiplexer,
CC k = constituent coder k, (CC k)l = constituent decoder k,
Ty, = interleaver k, and Tt = deinterleaver k.

choose the CC that has the highest folded effective length.
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