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Abstract — Multiple-antenna systems provide very high nals. An LST code is a channel code that is designed and pro-
capacity compared to single antenna systems in a Rayleigh cessed according to the LST architecture. An LST code is
fading environment. Space-time codes are channel codes constructed by assembling 1-D constituent codes. With the
designed to exploit this high capacity for multiple-antenna ;se of interference suppression and interference cancellation
systems without requiring instantaneous channel knowledge at at the receiver, these constituent codes can be separated and
the transmitter. A practical concern for high data rate space-time B . . .

. ) . i | .~ then decoded using conventional decoding algorithm devel-
codes is their decoding complexity. The decoding complexity with . .
oped for 1-D constituent codes, leading to a much lower

ML criterion can be prohibitively large. In this paper, we focus . ; i
on layered space-time (LST) codes. Two types of LST codes, the d€coding complexity compared to ML decoding. Other pos-

horizontally-layered  space-time (HLST) codes and the Sible low-complexity decoding techniques include sequential
diagonally-layered space-time (DLST) codes, are presented. We decoding (SD) [7] and multistage decoding [4] [8].
analyze the performance of both types of LST codes under slow In this paper, we ana'yze the performance of both horizon-
and_ fast fading conditions. We conclude_that, in a slow fading tally-layered space-time (HLST) codes and diagonally-lay-
environment, DLST codes have superior performance OVer groq ghace-time (DLST) codes. We will show that DLST
HLST codes. The design criteria for DLST codes are proposed. codes can achieve better performance compared to HLST
codes. From our analysis, we propose the design criteria, i.e.,
the criteria to choose the constituent code, for DLST codes
Recent studies have explored the ultimate limit of multiplebased on the truncated multidimensional effective code length
antenna systems from the information-theoretic point of vieWrMEL) and the truncated multidimensional product distance
[1] - [3]. Consider a multiple-antenna system that hasans- (TMPD) of the constituent code.

mitting andm receiying antennas. It is shown that, if the nar- 16 remainder of this paper is organized as follows. In Sec-
rowband slow fading channel can be modeled asnanm 5, || the background of multiple-antenna systems and
matrix with i.i.d. complex Gaussian random entries, thenace time codes is reviewed. In Section Ill, we introduce the
average channel capacity of such a system is approximat¢lr architecture. In Section IV, the performances of HLST
min(n, m)-times higher than that of a single antenna systeq\y p_ST codes are analyzed. The analysis leads to the
for the same overall transmitting power. design criteria for DLST codes. We also present an example
In most applications, a major obstacle to utilizing this higlDLST code. Concluding remarks can be found in Section V.

throughput is that the transmitter cannot have the instanta-
neous information about the fading channel. The transmitter Il. BACKGROUND
thus must employ a channel code that can guarantee good PET this paper, we focus on single-user to single-user com-
formance with the majority of possible channel realizations, = .~ > :

o . S -~ “Ihunication using multiple antennas at both ends over narrow-
Such a channel code is inherently mult|-spat|al-d|mensmn%land flat-fading channels. We refer to a multiple-antenna
and thus is called a space-time code [4] [5]. . ; . -

i ) ) X system in which the transmitter hastransmitting antennas

Aside from the consideration of combatting channel uncegnd the receiver has receiving antennas as am () system.

tainty, another practical consideration for space-time COdeSA‘Sgeneral space-time code can be described as follows. The
the decoding complexity. As stated above, the channghcoder first applies the space-time code to the input informa-
capacity of a multiple-antenna system is approximately prajon bits to generate an-row (possibly semi-infinite) matrix
portional to ming, m). This means that each channel usage og. The matrixC represents the signal that is to be transmitted
average can convey proportional to nmin) bits of informa-  py the transmitter. Specifically, théh row, tth column ele-
tion. The complexity of decoding such a high data-ratghent ofC, denoted byck , represents the signal to be trans-
channel code using the maximal-likelihood (ML) criterion canyitted by antenn& at time slott. We emphasize that there is
be prohibitively high even if min{, m) is just moderately o mechanism, such as time-, frequency-, or code-division
large; thus, space-time codes that admit high performangeytiplexing, employed to ensure that the signals transmitted
low complexity suboptimal decoding algorithms are desirableyy gifferent transmitting antennas are orthogonal upon recep-
The layered space-time (LST) architecture proposed bion by the receiver. The signal received by the receiving
Foschini in [6] is a framework of processing space-time sigantennal during the time slott is denoted byr! . This

I. INTRODUCTION



received signat! contains a superposition of transmitted sifrig. 1(c). Using our codeword matrix notation, to construct
nalsck .k = 0,1, ...,n—1, and an AWGN componevit . the DLST codeword matri<, the output symbols from con-

For a narrowband flat-fading channel, the gain connectirgfituént coder 0 are used to fill the leftmost NW-SE diagonal
transmitting antennkand receiving antenriat timet can be  Of C, and the output symbols from constituent coder 1 are
denoted by a complex numbér -k . Define the vedtorsused to fill the next diagonal, and so on. The layered structure
c, = (clc2..cny, rp=(rir2 rmy, vp= (viv2 ..vm) of both HLST and DLST codeword matrices are shown in Fig.
and the channel matrid,, (H}), = hl-k. The discrete-time
input-output relation of ann{ m) multiple-antenna system If the data rate of the constituent code maintains constant
over a narrowband flat-fading channel can be written in theegardless of, the data rate of an LST code is obviously pro-
following vector notation: portional ton.

r. = Hc +v,. (1) B. Decoding
. : . L . To decode an LST code, the received signal i ocessed
The following terminology is used in this paper. The matri d ¢ © received signa 1 process

Xaong both the spatial and temporal dimensions. Here, we

C. a coded matr_lx output of the trgnsmnter en.coder, IS referrq troduce the spatial signal processing in the LST architecture.
to as a space-timeodeword matrixA space-time codeword Focus on a given instance in time, sayThe transmitted

ma(}rlx catn ble t_hought of az ac\mserlal goln(ﬁt(tenatlﬁo?;ﬁfplfst n-tuple isc;, and the receivethtuple isr, = H.c, +v; . The
an aptnr; upet|§ éompo(j,e d symbols Note ta € |rsT received signalr, is a superposition of transmitted coded
row of the matrixt. 1S indexed as row 2€ro, not row One. 104, 515 scaled by the channel gain and corrupted by AWGN.

facilitate th? comparison between mulnple transmlt—.anten e task here is to determine the values of tteomponents
systems using space-time codes and single transmit-antenna

systems using conventional 1-D channel codes at equal
average transmit powers (total over all transmit antennas), the

average energy of an-tuple is E, regardless of the spatial information
dimensionalityn. bits
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I1l. THE LAYERED SPACE-TIME ARCHITECTURE

Fig. 1(b). Under this assignment rule, the space-time code-

word matrix has an obvious horizontally layered structure.

Therefore, it is referred to as the horizontally layered space- (c) DLST

time (HLST) architecture. HLST was originally proposed by

Foschini in [6]. Another assignment rule, also proposed in [6], Fig. 1. LST code encoding process. Here, n = 3. Each

is the diagonally layered space-time (DLST) architecture. In square represents a symbol. (a) The incoming information bit

DLST, instead of always sending the output symbols from a Seduence is first demultiplexed into n subsequences. Each
. . . subsequence is then encoded using a constituent code. (b)

constituent coder to a particular transmit antenna, they are fed |, HLST, the coded symbols from constituent encoder k are

to then transmitting antennas in turn. DLST is illustrated in  transmitted by antenna k. (c) In DLST, the coded symbols

from a constituent encoder are transmitted by the n
1 The transpose and conjugate transposeané denoted by transmitting antennas in turn.
andx' , respectively.

A. Encoding @
The encoding process is illustrated in Fig. 1. In Fig. 1(a),
the input information bit sequence is first demultiplexed imto
subsequences, and each subsequence is subsequently encoded » toantenna 0
by a 1-D encoder. These 1-D channel codes are referred to as @ @ @ @ — ) toantenna 1
the constituent codes (CC). The output of the constituent
coderkis a sequence of symbo§ 1,= 0,1,... .IntheLST |:| |:| |:| |:| —> toantenna 2
architecture, the multi-spatial dimensional codeword marix T R TR R R
is constructed by assigning these symbols to the sld@sinfa b HLST
systematic fashion with the goal of reducing the receiver com- (®)
plexity.
One intuitive assignment rule is to simply plase  at the |:| @ — to antenna 0
kth row, Tth column slot ofC. With this assignment rule, the
output coded symbol from constituent encodeis always |:| @ » to antenna 1
transmitted using the transmit antertadl his is illustrated in |:| @
5 Cy — to antenna 2
| | | | |

> T




component. Becaud® is upper triangular,

Encodera [ - _ _ _ >0 O; Op O3 K = (R, CE+ vk +
c= 3)
EncoderB | - - - - »By By By B3 - { constribution fromck*1, ck+2, . ¢},
Encodery | - - - - >Yo V1 V2 V3 .. Note thaF in (3) o_nIy the interferenges frq:h | <k are sup-
pressed |ryk. The interference term in (3) is canceled by using
@) the available decisiongk+1,¢k+2 ... en-1 . Assuming that
these decisions are all correct, the decision varigble is
Encoder y ¥ = (Rf),ck+v.'k, k=0,1,...,n-1. 4)
Encoder B The complexity of the spatial processing described above is
O(n2+ nm) per transmittech-tuple. Other interference sup-
Encoder o L \... pression criteria, such as the linear least square criterion, can
\4 \ \4 \4 E also be employed instead [9].
00 \Bo \Yo N3 \B3\y3 - IV. LAYERED SPACE-TIME CODES
C= OO\ BNy NAN\PaNYg - A. HLST
0 ONOD\ B Yo\ 0\ B\ Vs To decode an HLST codeword mati@k the receiver first

extracts the decision variables for the symbols of the bottom-
most row of C. The resulting decision variable sequence,

(b) {zr-1}, 1 = 0,1 ..., is then passed to a conventional 1-D
Fig. 2. The layered structure of an LST codeword matrix. (a) dec_oc_ier of the corresponding (_:onstltuent code_ to produce the
HLST. (b) DLST. decisions on the symbols of this row. The receiver uses these

decisions to modify the received signal sequencg, {and
then proceeds to decode row 2, n — 3, and so on. In short,
the HLST codeword matrig is decoded row by row, or layer
by layer, from bottom to top.

Under the LST architecture, the decisions on the values of ~qsider thekth row of an HLST codeword matri€. Let

thesen components are made sequentially according to a prézky genote the actual transmitted symbol sequence on this
determined order. In this paper, without loss of generalltyow, and {e* } denote a distinct possible transmitted symbol

given a fixedr, ¢t is decided in descending orderlofCon-  gequence. Conditioned on the channel realizatior= {Hy,
sider the symbot?~* , which is to be detected first. Aninteryy. = 1 “the probability that the likelihood of transmitting
ference suppression operation is employed to extract {®K} is higher than {ck } is

T

decision variable about"-1  from the received signalThis
decision variable, denoted kg1 contains a low level of E

' ' k k - o/ E Ky |2|ck — gkl 2
interference from other transmitted symbols. The decision on’ FOP(¢* ~ €[Hy) QD\/zNOZ(Rk)T et —ef’g
ch-1 isthen made based @-1 . Making use of the decision (5)
on c'-1, the receiver can modify the received signaby < expa—E_ < (RN 12|k — ek2 2
removing the contribution of?- to it. This modifying oper- B pB_4NOZ‘( 0 ?lox — et E
ation is referred to as interference cancellation. The process of

interference suppression, symbol value decision, and interfehere the matrixR, comes from the QR decompositionief,
ence cancellation is repeated for the remaining symobts i.e., H, = UR ,andQ(x) = (21-[)—1/21oo exp(—x2/2)dx . In
cf=3, .., cf. (5), we make use of the Chernoff bodnd for ®efunction,
Suppose that the interference from other transmitted syn®@(x) < exp(-x2/2). Prob(ck — ek|H,) is the conditional
bols is to be completely suppressed using linear operation. Lirwise error probability betweencf } andef }. The
the QR decomposition oH; be H, = (Ug),R;, where average pairwise error probability can thus be upper-bounded
(Ug), is a unitary matrix andR, is an upper triangularby taking the expected value of the right side of (5) over the
matrix. Left-multiply the received signg| by (Ug), , distribution of |(Rk),|? , which is a chi-squared distribution
with 2(m - K) degrees of freedom [10]. In a fast fading envi-
ronment, thg(Rk),|2 are i.i.d. for distinct The average pair-
wise error probabilityProb(ck - k) , can be upper bounded

of c,,i.e.c?,cl, ...,ch-1 , with the only available informa-
tion beingr; andH;.

yr = (UR)rrr = RTCT+VT|’ (2)

where v;' = (Ug),v; is anmtuple of i.i.d. AWGN noise



by: (m-1)
Y Prob(c - €) < U %H \c}—eﬂzﬁg
Prob(ck - €X) 10n(c, € 0
0 E [I_ Z m-t 9)
< expD—— (RK)|?[ck— eH =0 (et —egZ)—(m—T)%i_ 10
TEIr]I(_clk ek ‘ ‘ (6) DTDVDC, e ! NOD
(m-K . .
= M +\c{<—e{<\2%gm , where n(c, e) = {t|cI#e'} . When the SNR is low, i.e.
Tan(ck e 0 lci—ef|?2E/4Ny«1 for all 1, using the approximation

(1+mx)~1= (1 + x)™™ for smallmx (9) can be approximated

where n(ck, e) = {t|ck#zek} . In a slow fading environ-

ment, = |[RY? for allt, and Prob(ck - ) can be by

upper bounded by: -1 T_oT|2(m_

pp y Prob(c - € < [%l+£ E }%\CT ef|A(m-1)}

(m-k) rDrUc, e 4NOD
Prob(ck - e < E[1+—\Rk\zz\ck el J . g (10)
(7) E o ot et S MO0

_%+ ‘C dZD—( - = [%+8mg } LI )
B 4N, 0 0

wheree is an arbitrarily small positive humber.

B. DLST .
C. Comparison
A DLST codeword matrix is decoded diagonal by diagonal.

To illustrate this, consider the example DLST codeword By comparing (7) and (9), we conclu_de that th_e _perf(_)r-
mance of HLST codes in slow fading environments is inferior

matrix in Fig. 2. The receiver first generates the decision Vars ihat of DLST codes. For an HLST code. the average pair-

ables for the symbols of the first diagonal ©f namelyay, , - .
a.. anda, . Based on the decision variables, this diagonal \Ilglse error probability of the bottommost row is inversely pro-
L 2 g ortional to the (n— n+ 1 )th power of SNR. In contrast, in

decoded, and the decision is then fed back to remove the c LST the average pairwise diagonal error probability

tribution of this diagonal to the received signal. The receiv . o .

between two diagonalsande s inversely proportional to the
then continues to decode the next diagonal, and so on.

ZT M= T)th power of SNR. Therefore, if constituent

Here we consider the probability of a diagonal decisioggges St equwalentdata rate and complexity are deployed, the
error. Consider the leftmost NW-SE diagonal of a DLST codegyror probability of a DLST code in a slow fading environ-

word matrix. On this diagonal, the transmitted symbols argyent can be much lower than that of an HLST code.
cl,T=01..,n-1.The probability that, under the DLST

decoding algorlthm the likelihood of a distinct diagomat - Design Criteria for DLST Codes

{ed el ... eN=1} is higher than that of the transmitted diag- Define the truncated multi-dimensional effective length
onalc = {cf ci ... ci=1}, conditioned on the channel real- (TMEL) and the truncated multi-dimensional product distance
ization H; = {Hg, Hq, ...}, can be derived by applying (3) (TMPD) between two distinct diagonalsnde as

noting that the interference term in (3) is zero for this diag-

onal:

TMEL z m-1 and (11a)
t0n(c e

TMPD = ol
TDI’IJC,Q)‘ '

At high SNR, the pairwise error probability betweeandeis

Prob(c - e/H,) = D/ Z |(RY)|2[ct - eﬂzm —ef[2m-1),

(11b)
(8)

_exp[r— \(RT)\ et —ef|?

oo

approximated byProb(c - €) = (TMPD)-1(E/4N,)-TMEL
The code design criterion is to maximize the minimum value
of Prob(c - €) = (TMPD)-1(E/4N,)~™EL over all pairs of

Equation (8) applies in both fast and slow fadlng environgjstinct diagonals. If the exact operating SNR is not known

ments because tHeR?),|2  areiid.for 0,1, ...n- 1.

but can be assumed to be reasonably high, an approximate

The upper bound of the average pairwise error probabilitglesign criterion is to maximize the minimum two-tuple
is again obtained by taking the expected value of the rightfMEL, TMPD) in dictionary order.

hand side of (8). When the SNR is high,

At low SNR, the pairwise error probability is approximated
by (10). We define the exponelgTEI \c —€/2(m-1)
to be the truncated multi- d|menS|onaI Euclidean distance



(TMED) betweenc ande. The code design criterion at low is only quadratic in the number of antennas, making it suitable

SNR is to maximize the minimum TMED between any pair ofor systems that have a large number of antennas. Further-
distinct diagonals. more, the existing technology of 1-D codec can be effectively

leveraged.

In thi | 7 3) RS code i d it We analyzed the performance of both HLST and DLST
n this example, a (7, 3) code IS used as a consti ue&lides. Our result indicates that in a slow fading environment,

gode qf a ZE ?LSTt code. Th8e (7.3) ?S teglcqtderEmaESSIhr%iST codes have superior performance compared to HLST
-ary Input digits into seven o-ary output GIgits. Each s-ary.,qas \we proposed the design criteria for DLST codes based

E. Example

digit selects a point (symbol) on the 8-PSK constellatior&
according to the Gray code mapping, and these seven cons
lation points are used to fill the slots of a diagonal of the 7-D
DLST code. The minimum TMEL of this code givers m=

7 is 15.

Monte-Carlo simulations are performed to obtain the perll]
formance of this DLST code in slow fading environments
givenn = m= 7. Fig. 3 shows the average error probability
assuming perfect decision feedback. Fig. 3 shows that, with an
average SNR of 12 dB, it is possible to use this simple DLS

2

code to achieve a data rate of 9 bits/s/Hz with an average dial ;)
onal detection error probability lower than40 n

A

V. SUMMARY l

In this paper we considered layered space-time codes. We
showed that, if the wireless channel is i.i.d. Rayleigh fading,
an (, m) multiple-antenna system employing an LST codée®!
can achieve a throughput mm(m) times higher than that of a
single-antenna system for a given overall transmit power
limit. [6]

LST codes have two important characteristics. First, the
transmitter is not required to have the instantaneous chan
information to employ an LST code. Secondly, LST codeworT
matrices are constructed from one-spatial-dimensional corfé]
stituent codewords. The decoding complexity of an LST code

El
[10]
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=
Qe
N
T
|

Average error probability
= =
Q Q
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10 11
SNR E/N, (dB)

Fig. 3. Simulation results of the error probability of a 7-D
DLST code using the (7, 3) RS as its constituent code in
slow fading environments. Here, n=m=7.

12 13

n the following parameters of the constituent code: TMEL,
APD, and TMED.

VI.

E. Telatar, “Capacity of Multi-antenna Gaussian Channels”, AT&T-
Bell Labs Internal Tech. Memo., June 1995.
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