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Abstract — The jointly optimum receiver is obtained In this paper, we present a theory of modulation and detec-
for multiuser communications in a frequency non-selective tion for multiuserspace-time communication. In Section I,
Rayleigh fading channel with N;. transmit antennas per we describe a very gener&l user, N; transmit, \; receive
user and N; receive antennas. Based on a general anal-antenna system model. Based on our general results on the
ysis of quadratic receivers in zero-mean complex Gaussianasymptotic analysis of quadratic receivers in complex zero-
vectors, asymptotically tight expressions (for high SNR) mean Gaussian vectors [8], we analyze, in Section I, the op-
for the pair-wise error probabilities are derived. Conse- timum multiuser receiver and obtain asymptotically tight ex-
quently, itis shown that Nz-dimensional single-user signal- pressions for the pair-wise error probabilities. In Section IV
ing suffices to provide full diversity order N = N, N; for we interpret these probabilities for the single transmit (IV-A)
all the users. In other words, the presence of other users and multiple transmit antennas (IV-B) cases in terms of the
does not increase the minimum dimension required beyond minimum dimension needed to achieve full order of diversity
what is needed for the single-user space-time channel. for all users. We also propose new optimized multiuser sig-

For the special case of low-rank “CDMA” signaling with  nal design strategies that leverage single-user space-time de-
N, = 1 and provided the signatures of any two users are Signs in order to deliver single-user like performance in the
linearly independent, it is shown that the error probability — high SNR regime.
of a K-user system asymptotically approaches single-userNotation: Throughout the papef denotes transpose and
like performance for every user. Remarkably therefore,an T complex conjugate transpose. The multi-variate circu-
increase in the number of users, and hence an increase inlarly symmetric, complex Gaussian distribution with mean-
the aggregate spectral efficiency, does not require the usersvectorm (and covariance matriX) is denoted byC A/ (m)
to transmit with more power to achieve single-user like (CN(m,K)). E[-] denotes the expected value of the expres-
performance asymptotically. A signal design algorithm is sion in brackets. For any matriX we write its determinant
proposed to illustrate this point and examples are given. as|A| and its trace asr (A). For any vecton, we write its
These results are then generalized to the multiple transmit ¢, norm asvata = ||a||. The logarithm to the badeis de-
antenna case. A new/V; + 1)-dimensional signaling strat- noted bylog,, the natural logarithm byn. The Kronecker
egy is proposed for the multiuser channel that leverages product of two matrices is denoted Iy
existing single-user space-time signal designs while ensur-
ing a full diversity order and single-user like performance Il. MULTI-ANTENNA, MULTIUSER DISCRETETIME
asymptotically for every user. SYSTEM MODEL

We describe a system model f&f users communicating
simultaneously in a commo®—dimensional signal spaée.

Multiple antenna communication has received considerafft@ch of thek™ users employs\V; transmit antennas to send
attention in recent years due in large part to the informati§fformation symbol-synchronously to a. receive antenna
theoretic work in [1], [2], which showed that the use of multi&rray of the base-station. Since there &reransmit antennas
ple transmit and receive antennas could achieve considera8lD dimensions, each user transmits one outbpossible
gains on the Rayleigh fading channel when the receiver HdsX N complex-valued signal matrices, drawn from the set
perfect side information about the channel state. Motivatéd = {Ski,Sk2, ..., Skar} With Sgn, € €PN, The sig-
by these promises, several researchers have recently prop&gédnatricesS,,,, may be thought of as space-time (block-)
multi-antenna coding and modulation schemes for coheréfglewords where each element of the matrix is drawn from
single-user channels (cf. [3][7]) to show that diversity cond finite, QAM-like constellation witkS; being thek*" user’s
munication systems, when designed intelligently, can yief@debook, or they may be thought of as super-symbols of some
significant improvements over single antenna channels. Téf®itrary constellatio,. Hence, the receiver is a decoder or
information theory of the single-user space-time channel edsdetector in the two cases, respectively. We will refer to the
ily extends to the multiuser multi-antenna channel [1] and RatricesSy,, as (super-) symbols or signals or codewords as is
can be inferred that the gains in the capacity region are eV@Rpropriate and use the general term receiver when the terms
bit as dramatic for the multiuser channel as well.

I. INTRODUCTION

I'We suggest the term “space-dimension” communication rather than
“space-time” communications. The latter implies a basis of time-translates
This work was supported in part by NSF Grants ANIR-9725778 and CCRf a single waveform (so tha corresponds to the length of the coherence

9814996 and by ARO Grant DAAD 19-99-1-029. interval in symbol durations), which is too restrictive as pointed out in [8].



detector or decoder are both applicable. To succinctly wriote that with these normalizations the average received SNR
the discrete-time model for this system we need more defiig-independent of the number of transmit antennas. For exam-

tions. ple in i.i.d. fading the stated conditions leadpX; = I .
Let H; denote th&t” hypothesis withl < i < MX. With-
out loss of generality lef determine uniquely thd({-tuple I[11. OPTIMUM RECEIVER AND ANALYSIS

(i1,i2,--.,ix) according toi = STh_ (i — )M+~ + 1.
We let hypothesidd; denote that usek transmits the signal
Sk, for eachk. Define theD x K N, matrix of signals cor-
responding to hypothesR; asF; = [S1i,,S2i5,- -+, SKix]-
Thus the discrete-time model for thé" receive antenna can
be written as

In this section we specify the optimum receiver in terms of a
guadratic form in the observations and the fading coefficients.
This allows us to make use of the general results of [8] for the
asymptotically tight analysis of the pair-wise error probabili-
ties

Yo =F;Wkh, +n,, 1)

wherey,, is the D—dimensional vector of observationd, = o ) o o
diag {w1, ws, ..., wi} ® In, with wy being thekt® user’s The likelihood function of the sufficient statistigsgiven
o ’ the fading coefficienth and the true hypothesH; (i.e. F;,

is transmitted) is

A. Maximum Likelihood Receiver

average energyh, = [h{,, h] ..., h}n]T is a K Ny—
dimensional vector o€ V' (0) distributed fading coefficients
with hg, containing theN; fading coefficients from the 1 L
k" user's transmit antennas to receive antenrendn, isthe  P(yfh, i) = —5r—p exp (—072“)’ - TiW/ZhHZ) :
D—dimensional V(0,021 p) distributed additive noise vec- (7
tor. To obtain the sufficient statistics for &l receive anten- Defining the new K N, + D) N;—dimensional sufficient statis-
nas, we simply stack thg, to obtain tcz=c~'[ hT yT ]T and the matrix

Y1 L R 1/2 t 1/2 1/2 t
y = : _ (IJ\h 2 FiVV/2) h+n, ) Qi = w .'Fi.'Fl'lVV -W"F] : (8)
ae ~FW?" O0pn:

whereh = h],... hh]T contains the fading coefficients inthe jointly optimum coherent receivéx” can be expressed as
“receiver-antenna” order. For the analysis to come, it will be o ) f e ) o

more convenient to organize the fading coefficients user-wise ~ &~ ¢ = arg 1< Qiz = arg 1<K o7, (9)

. T =t= ==

in the vectorh = [hL,_. ..,hL\h_, ~ohp o hp

which also requires the introduction 8%,, = In, ® S, Whered; is defined implicitly. Note that the sufficient statis-
Fi = [S1i1582ip,- -, Skig], andW = W @ Iy,. With ticsz areCN (0, K, ) distributed, where

these definitions th® N sufficient statistics can be written as

Koo, = E [227] (10)

) o2 EW"F] _
oT2FWEE o T2FWREWAF! 41

y = FiW’h + . 3)

We denote the correlation matrix of the fading coefficients
as¥ = E [hh']. X denotes the'" diagonalN x N
block of & and thus is thé&*'™ user’s fading correlation ma-
trix. The signals and fading processes are normalized %o
thaty, = wy/o” represents the average received signal-to-|et £,(®°) denote the event that the receivkf detects
noise ratio (SNR) of th&™ user per receiver antenna and pesiserk erroneously. Thei®r {£,(®°)|H;} is the symbol er-
(super-) symbol. Each user’s signals are normalized such thgtprobability of thek'" user detected by receivér condi-
their average energy over the transmit antennas is unity, i.etioned on the hypothesH;. It is the probability of the union
of the correspondingM — 1)M ¥~ possible events of the

E [tf (SLmSkm)] =N Yk, (4) form {65 < 6¢}. Since the probability of the union is usu-
ally not computable, consider the union upper bound which is
the sum of the pair-wise error probabilities {4 < 5;}. 2
A lower bound is obtained by considering the pair-wise prob-

Bounds on Symbol and Bit Error Rate

where the expected value is taken ower The fading coeffi-
cients are normalized such that

E [flzszmskmﬁk] =N,V k, (5) ability Pr {650 < 65‘}, where H; corresponds to one of the
_ M — 1 hypothesed?; that result in an error only for usér
wherehy, = [hf,,... ,hkTANR]T contains all of the!" user's when compared té¢7;. The lower bound can be tightened by

fading coefficients. For equi-probable symbols this conditiaghoosingH- such thatPr {52 < 5;} is maximized.
can be written as ! J

M 2Pr {(SJC < (Slc} is only anerror probability in a binary hypothesis test.
tr (EkkSLmSkm) = MDNg. (6) However, the term “pair-wise error probability” is customarily used in the

me=1 literature.



The k'™ user's symbol error rate (SER)r {4 ()} for Ky, u, (Q; — Q;) with multiplicities {1}, , and let{\;};7,

equi-probable symbols is then bounded as be negative and\;},”; , positive, respectively. Then
MK Pr {5;3 < 55}
Pr{& (@)} = M5 Pr{&(@9)[H}  (11) .
i=1 _ - R 1 N -1
MX B _Z ° L VR TN
_K c c k=1 $ Hl:l )\l (S + )\_)
< MRS N Pr{sf <67}, (12 !
i=1 VjEA; (k) The residue of a functiofis) in a polea of multiplicity m
MK is defined to be
Pr{&(8°)} > MK Zpr{ag < 5;?}, (13) L g
i=1 Res (f(S), a) = (m _ 1)[ ;E}I{l} dsm—1 [(S - a)mf(s)] .

whereA;(k) is the set of thg M — 1)M X~ indices of hy- For rational functions the limit is trivial, because the poles can-
potheses in which the'" user’s symbol differs from its sym- cel with the(s — a)” terms.
bol corresponding to the true hypothe&is

To obtain bounds on the average bit error rate (BERDf Note that the calculation of the residues is numerically un-
the k*M user, we introduce the eveflt; — H; that hypothe- stable for high-multiplicities of eigenvalues, so that for these
sis H; is detected a#l; (in the presence of all other hypothecases one must use, for example, a saddle point integration
ses). Since the event$; — H; are mutually exclusive, the technique [12].

average bit error rate can be written as As discussed in detail in [8], we must find the asymp-
totic eigenvalues oCf; to obtain the asymptotic expression
M" for Pr{§¢ < 6¢}. To this end introd -
- by; (k) or Pr{6¢ < 6¢}. To this end, we introduce some assump
pp=MEY > logJ—M Pr{H; — H;}, (14) tions and notation. We assume that the users are ordered such
=1 Vjeh;(k) 2 thatuserd, 2, .. ., e suffer from an error, if the receiver would

) _erroneously decide for hypothedi& when hypothesigi; is
whereb;; (k) is the number of erroneously detected bits fansmitted. To avoid a complication in notation, we do not de-
userk, when hypothesid; is detected ad;. An upper note this user-ordering with any special symbols, but assume
bound onPy is obtained by upper-bounding the probabiliy jmplicitly. Another notational convenience is to split up the
tiesPr {H; — H;} by Pr {65 < &7 }. Alower bound onP;  ransmitted signal into two parts, the first containing the sig-
is obtained by lower boundirig; (k) by one and using the factpgajs of the: users that suffer from an error relativerty, and
that the inner sum of probabilities is equalto{, (®“)|H;},  the second part containing the= K — e signals correspond-
which in turn can be lower bounded kR/r{(S;C < 65}, as ing to the correctly detected users, i.e.,

in (13). F; = [F{ F, F; = [F; F], (15)
C. Pair-wise Error Probabilities wherec signifies the common part in the two signéls and
oo i~ .1 F;. The matrice®¢ andF¢ areD x eN, andF¢is D x eNj.

The pair-wise error probabilitieBr {§¢ < 47} are crucial _7" . . J T . T

P P r{oy <o} gimilarly, we define7, 773, andF* (whose sizes are multi-

for the bounds on the symbol as well as the bit error ratg, .
They can be obtained via the calculation of residues (cf. [8 lied by N, when compared i, FZ, andF<, respectively).

: . thermore, we definE.. andW,. as theeN x eN upper-
[11]). However, the residues depend on the eigenvalues . N
CS, = K, 1, (Q;—Q;) and do notin general give any insighl!e t block of ¥ andW, respectively (recalN = N:. V). X,

into the dependencies on the system parameters of inter@ gcfsci)g\)(%;ire the corresponding upper- and lower-right

such as the signal and fading correlations. A remedy for ﬂﬂ . -

is offered by the asymptotic (high SNR) analysis of the pair- With these and the definitions of
wise error probabilities in [8] where we examined the asymp- See
totic analysis of quadratic receivers in Rayleigh fading chan- A = e , (16)
nels and found formulas for the asymptotic error-probabilities -’FfWZiEee + g:cwzggce

that require “only” the evaluation of the asymptotic eigenval- y . ot

ues ofC7;. The structure of these asymptotic eigenvalues fol- B = Wz (-7'-1' - -7:i) J (17
lows the structure observed in [8]: half of the non-zero eigen- eynyY Ay

values are positive and linear JET]Q, and the other half coﬁ— B [ ff'wég FWwe —Iow } ’ (18)

verge to minus unity. [ O.nv 0 0 ]
; (19)
- (7

We state next the pair-wise error probabilities for finite SNR ~ Z 0 ) O:ny O
in the following proposition, which can be easily obtained — jrf) W2 0 0D,
from, for example, [8].

Proposition 1(Expression foPr {4 < 6¢'})
Let {/\,}ZL:1 be the distinct non-zero eigenvalues ©f; = Ci = 0 ?ABC + Z. (20)

one finds after some tedious algebra that



Since the eigenvalues @;; are the same as the eigenvaluesso goes to zero.

of (A]ic. = TCgT~! for any invertible matrixT, we are free
J J IV. INTERPRETATIONS ANDSIGNAL DESIGNS

to choose
[ sk The asymptotic result of the previous section encompasses
. 0 0 many special cases of interest, some of which we explore in
T = _Ecezele ey ) 0 » (21) this section. For example, we specializeNp = 1 in Sec-
| —FWE —FWE Ipn, tion IV-A and gain some insights into this case, which help
21/2 0 0 -1 understand the multiple transmit antenna case. In Section IV-
ee B we consider multiple transmit antennas but specialize to
= Y22 Iy O » (22) K = 1first, before we discuss the geneféluser,N;-antenna
i [T—l]31 _‘FCWZg Ipn, problem. We focus on giving specific results and interpreta-

o ) ) tions for the asymptotic pair-wise error probabilities and as-
where[T—l]31 = FWESL+FWES, . B..””. Defining  sume that it is understood that the corresponding optimum re-

Fe = F¢ _ F° we can calculat€: as ceiver can be obtained by applying the specific®foas de-
! ’ “ 1 fined above.
Cs] 0 -0 2EWhF .
Be — [ ’(3) 11 0 7 0 cem A. One Transmit-Antenna per User
ij = eN J o .
“ e s 06 0 We distinguish between linear versus genédahry/block-
jirVeesee DN coded modulation. In linear modulation, each user modulates

1 (23) its signature sequence by a symbol drawn from a fixed alpha-
\c — =2y /2 l/z:FeT:Fe W1/221/2 g q y y . p
where|Cf;| =0 B WL F ;i FjiWee Bee. bet, like a QAM or PSK constellation. 1#/-ary or block-
Let USV' be the economy-size singular value decompeoded modulation thé*® user'sm'® signal vector may be
1 . .
sition (SVD) Of}';iWZEEe/g, whose rank is easily shown to? Plock-code over a finite alphabet or a super-symbol drawn

be rN., wherer is the rank ofF; — F¢. HenceS is of size from an arbitrary constellation.

TNR x rNa. Then it is not hard to _show that the NON-Z€TQ 1 |inear Modulation — Multiuser Detection and CDMA
eigenvalues o€7; are the non-zero eigenvalues of Signature Sequence Design

c728ts  —o2stUft ] (24)y  |fwe specializeF'; = FB;, whereB; is ak’ x K diagonal
-USs 0D ’ matrix containing the users’ constellation symbols, the system
The eigenvalues d¥1 are found by applying a determinantaModel of (1) corresponds to a synchronous code division mul-
equality [13, Section 0.8.5], i.e., tiple access (CDMA) model. Note that we do not make any as-
) sumptions on the number of dimensiabsso that overloaded
M -l = |‘7725TS - )‘I| (25) systems withD < K are included in the analysis. We define
% ‘—)\I _US (STS _ 02/\1)*1 STUT‘ ' F¢ to be made up from the columns (signatures sequences)
of the e users that suffer from an erroB;, B are diagonal
For smallo the second determinant of the product can be aratrices that contain the information symbols of these users.
proximated by| -\ - UUt | so that we finally arrive at the Corollary 1: (Asymptotic Pair-Wise Error Probability for
following proposition, for which we made use of [13, Theo€oherent CDMA Detection)
rem 1.3.20], which states that the non-zero eigenvaluZsf Assuming® = Ixn, 3 and that any subset d? columns of
are equal to those &f X. F span theD-dimensional signal space, we have oK D
Proposition 2(Asymptotic Eigenvalues of{;) that the pair-wise error probability of the optimum dete@6r
The asymptotic non-zero eigenvalued®, = K,,u, (Q; — approaches arbitrarily closely
Q;) are arbitrarily close to theN; non-zero eigenvalues of ]
Pr* (5; < 6%)

0‘2WZ§3268WZ§T§ZT§Z. and minus unity with multiplic-

M =

ity rNg. o2¢Na (26316\161_1)

With these eigenvalues and the results of [8], one easily ‘Wee (135 _ Bleg)’f FetFe (B; _ B;;) N
finds the asymptotic pair-wise error-probability given in the
next proposition. For ease of notation we introd|{Xéyz as aso goes to zero.
the product of the non-zero eigenvaluesXaf For D < e we have

Proposition 3(Asymptotic Pair-Wise Error Probability)
For coherent detection the pair-wise error probability — Pr* (5; < 55) =
Pr {65 < 67} of the optimum receive®“ approaches arbi- 52D Ne (2DNR—1)
trarily closely _ DNe

2rNg -1 ‘F (Bt - BY) W., (B¢ — B) Fei|
o2 N ( S ) i i ee \Bj i

a (¢} C i
Pr {6j < 51’ } - 31n this and some of the following corollaries, the assumption of i.i.d. fading

is only made to avoid having to introduce more notation.

1
Wiz whFl

NZ



We note that forD = 1 and BPSK modulation the sec- Figure 1 shows the performance of multiuser systems em-
ond bound specializes to the one given in [14]. Note thploying optimized signature sequencedin= 2 dimensions.
as the number of users increases, the aggregate spectral Effe equal-energy userd3 = I) transmit spreaded BPSK
ciencyK log, M increases linearly since all the users emplagymbols from one transmit antenna to one receive antenna in
the same “signature signal” which, without being wasteful ofi.d. fading & = I). The design algorithm yielded signal
bandwidth, can be taken to be the minimum bandwidth sisets for which the users’ performances are identical for finite
pulse or a raised cosine pulse with sufficient roll-off to ensu&NR, so that we plot the upper bound and simulated BER of
robustness to timing jitter and user quasi-synchronism. Thee user only. We see that asymptotically single-user perfor-
second bound of Corollary 1 implies that there is no loss ofance is achieved. However, for increasing number of users
order of diversity compared to a single-user channel for attye asymptote is reached for increasing SNR only.
of the users. Without any bandwidth expansion compared to &igure 2 shows the performance of the signature sequences
single-user channel, multiple users can be accommodated Viith K = 10 users of the previous plot in comparison with
no loss of diversity order. There would be, however, a loss errow-band communication®( = 1) and a single user in
energy efficiency in that each user would have to transmit abae dimension with a spectral efficiencyidps/ H > (thus the
somewhat higher power to achieve the performance it wowdihgle user employ32-QAM). As before we choos®& = Ik
have in the absence of other users, and this loss would increas¢X> = I for one transmit and receive antenna. Although
with the number of users. an asymptotic performance criterion is optimized in the de-

Consider the casP = 2 with aggregate spectral efficiencysign process for the signature sequences, the advantage over
of % log, M bps/Hz which also linearly increases with an innarrow-band signaling at a BER 62 is over15 dB for the
crease in the number of users albeit at half the rate of the = 10 narrowband system and aboutiB for the K = 5
narrowband channel. In this case, it is easy to design twwarrowband system, which has the same spectral efficiency as
dimensional signature sequences over the field of comptée K = 10, D = 2 CDMA system. While fora BER0~2 the
numbers by simply ensuring that any two users are assigrgap to the single user employisg-QAM is aboutl dB, the
linearly independent signals so that not only do all the usesimgle user is asymptotically out-performed by roughiB.
achieve full order of diversity but even the above-mentionedFigure 3 shows bounds and simulated BERs fov;a— 2
loss of asymptotic effective energy relative to single-user peeceive antennal’ = 3 user system in which each user em-
formance is eliminated. Hence, with a bandwidth expansipioys the most energy efficieRtQAM constellation. The de-
by a factor of two relative to a single-user channel, an increasgned signals have an identical absolute value of the cross-
ing number of users can be accommodated and received vethrelation of0.5 and the resulting BER of each user is almost
a reliability that is asymptotically equivalent to “single-useindistinguishable from that of a single-user channel. On the
like” performance for every user, in the sense that the uppther hand, at a BER dfo—2, the gap to narrow-band signal-
bound on the multiuser BER converges to the single-user uipg is roughly5 dB. In all cases the bounds on the BERs are
per bound. not tight, due to the use dff = 8-ary signaling.

To obtain such spreading signals f& > 1 dimen-
sions we suggest a signal design algorithm that minimiz&s2 M-ary or Block Coded Modulation
the maximum of a per-user asymptotic performance crite-|q this section, we interpret tHe"

rion over all users. This criterion_ is Qerived from the_ UPP&Y mbol of usek which can be thought of as belonging to some
bound on thek" user's asymptotic bit error rate, which ingense Jattice (or more generally to an arbitrary non-lattice con-
turn results from (14) by upper-boundiiy {H; — H;} by  gte|jation), whose individual scalar elements may be drawn
Pr* {67 < 67} for smallo, i.e., from a regular QAM-like alphabet or may be arbitrary com-
plex numbers, not necessarily restricted to be part of a finite
bij(k) . alphabet. When the “codeword” interpretation is appropriate,
WPY {d; <di} the receiver may be thought of as a decoder.

column ofF; as a super-

SIS

Py

IN

i=1 VjeA;(k) log We rewrite the general expression of the asymptotic pair-
D wise error probability from Proposition 3.
= Y calk)o®e, (26)  Corollary 2: (Asymptotic Pair-Wise Error Probability for
d=1 Coherent Decoding)

Assuming® = Ign, and that(F$ — F¢) has rankr <
min(D, e), the pair-wise error probability of the optimum de-
coder®® approaches arbitrarily closely

wherecy (k) contains all the coefficients with diversity ordér
in the upper bound on the? user’'s BER. The signal design
algorithm must minimizenax; <x<x c2(k). While the terms

cq(k) with d > 1 asymptotically do not influence the BER, Pr {69 < 6¢) =

we conjecture that by minimizingax; << x c2(k), the con- J !

vergence of the upper-bound to the lower-bound is improved, o2 (2T7{\]5\*h‘1)

so that the BER of a system employing optimized signals is =

improved at finite SNRs (asymptotically the BER does not de- ‘Wee (F¢ — Fe)' (F¢ —FY) -

pend on the signals provided that at least any two signature
sequences are linearly independent). aso goes to zero.



Let us reconcile this result for the fictitious case where dtding. The analysis presented here also improves on our work
K users co-operate so that we have an equivalent single-usef8] by providing exact expressions for the asymptotic pair-
K-transmit, N;-receive antenna channel. In this case, thwise error probabilities in cas®; — S; is low rank.
maximum diversity order for a giveR could be achieved if
r = K = e and the proposition corresponds to the well-knowR-2 Multiple Users

rank criterion [6], for which of course we neétl> K. Bythe  The observations we made for the various special cases
use of space-time codes such as the orthogonal designs ofjiRlw us to finally draw some conclusions about Proposi-
or the algebl’aic codes of [15] which Satisfy this rank Criteriolﬁon 3 for mu|tiuser Communication When each user em-
one can achieve full diversity order (namety/\x). ploys N, transmit antennas. Most importantly, if every user
However, the multiuser rank criterion is very different fronemploys a full-diversity space-time code/constellation (requir-
the single-user criterion because while in the single-user chgiy D > N,) in the sameD dimensional signal space, the
nel with K transmit antennas, signals transmitted over thgultiuser system still achieves asymptotically a diversity or-
different transmit antennas can be dependent (i.e., an SURRSr of N = N, Ny, i.e., no loss in diversity order occurs when
information symbol is encoded into & x N matrix), the compared to the single-user case, without any bandwidth ex-
columns of this matrix in the multiuser channel arise from theansion (this was also realized independently in [15] by using
independent transmission of vectors of lenfjteach from the the weaker Chernoff ana|ysis that does not y|e|d asymptoti_

K different users. cally tight bounds on pair-wise error rates). However, a loss in
. ) energy-efficiency occurs when more users are added. This be-
B. Multiple Transmit-Antennas per User havior mirrors exactly théV, = 1, D = 1 narrow-band case

The classical single-user multiple transmit antenna spagéscussed above. We saw that we could improve on this be-
time coding analysis also profits from our general analysis: fxavior by expanding the signal spacel?o= 2 dimensions to
contrast to the earlier, Chernoff bound based approaches, @8ign signals such that the optimum receiver achieves single-
analysis provides asymptotically tight expressions for the paitser like performance asymptotically. One way to generalize
wise error probability and considers possibly correlated fad¥s idea to the multiple transmit antenna case is signal accord-
ing. Finally, for the multi-transmit antenna, multiuser spadag to
time channel, we propose a signal design algorithm that en-

sures single-user like performance asymptotically. By, 0 .. 0
B.1 One User F,=F 22 , (27)
In this case one user transmits/a x N signal ma- 0 -0
0 0 Brki,

trix {Sm}%:1 with average energw. X simplifies to the
N x N fading correlation matrix associated with all the anteRghereF is a D x K Dy, fixed “signature” matrix andB;

. . . J Kk
nas. Recalling that we definé,, = In;, ©@S,,, Proposition 3 gre p_ . x N, single user full-diversity code matrices. De-

easily simplifies to the following corollary. - note theDs,, columns ofF that correspond to usérasFy,
Corollary 3: (Asymptotic Pair-Wise Error Probability for jeo g — [F1,F,,...,Fg]. Using a rank inequality ([13,
Single User Reception) Section 0.4.5]), one can show that if any compound matrix

Assuming tha(S; — 8;) has rank- < min(D, N:.), the pair- [, F,],1 # k, is of rank greater than or equais,, — Ny +1,
wise error probability of the optimum receivéf’ approaches then it is guaranteed that the asymptotic probability of an event
arbitrarily closely (65 < &) involving e = 2 users has a diversity order of
e at least(N: + 1)N.R_,'so .that this probability (and all pair-
(%) ( e ) wise error probabilities involving more than two users) can
be asymptotically neglected when compared to the single-user
(S -8) (8 -8)) S . .
J @ J Nz pair-wise error probabilities whose diversity ordernNg N;.
Thus, even in the multi-transmit antenna case single-user like
aso goes to zero. performance can be asymptotically achieved.
) » ) . Tofind such a suitable signature matfixve need of course
Note that in addition to revealing the rank and determb > 9D., — N, + 1. Furthermore, the design algorithm dis-

nant criterion of [4], [6] for i.i.d. fading, this formula is . ssed in Section IV-A.1 can be adapted to design an opti-
is also asymptotically tight and considers the more genefgi,qq signature matri¥.

case of correlated fading. As a consequence of the asymp-

totic tightness, asymptotically tight lower bounds on sym- V. CONCLUSIONS
bol and bit error rates can be obtained. For correlated
fading and full-diversity space-time codes, the fading cor-

relation does not affect the determinant criterion, becau . S .
M. pressions for the pair-wise error probabilities are obtained.

‘2 (S; -8 (s - Si)‘ = |X ‘(Sj —s)'(s; - Si)‘ . Several conclusions can be drawn from this analysis:
Consequently, full-diversity space-time codes that were opii-In a one transmit antenna per user CDMA system, all users
mized for i.i.d. are also asymptotically optimal for correlatedan be detected with asymptotic single-user like performance,

Pr* {5;j < 55} =

The general analysis of [8] is applied to coherent multiuser
ace-time reception. Consequently, asymptotically tight ex-



if the common signal space has at least dimensionality tw
An algorithm to design “optimum” spreading sequences is pr
sented.

o For M-ary/block coded modulation with one transmit an
tenna per user a signal/code design criterion is presented.
« For the “classical” single-use¥, transmit and\; receive
antenna space-time communications, we improve on the p

vious approaches by providing asymptotically tight boun(ml

while including channels with correlated fading.

o For the multiuser space-time problem it is established th
every user achieves the total order of diversiy= NN
when communicating wittD-dimensional single-user space-
time codes in a commo-dimensional signal space. To
achieve asymptotically single-user like performance for muli
ple users, at least; + 1 dimensions are necessary, as oppos!
to N; in the single-user channel. A signal design algorithm
given, that generalizes the algorithm fgr = 1.
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Fig. 1. While an increasing number of users can be accommodat®&d 4n
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