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Abstract—Studies of the MISO Broadcast Channel (BC) with
delayed Channel State Information at the Transmitter (CSIT)

have so far focused on the sum-rate and Degrees-of-Freedom

(DoF) region analysis. In this paper, we investigate for theirst

time the error rate performance at finite SNR and the diversity-

multiplexing tradeoff (DMT) at infinite SNR of a space-time

encoded transmission over a two-user MISO BC with delayed
CSIT. We consider the so-called MAT protocol obtained by
Maddah-Ali and Tse, which was shown to provide 33% DoF
enhancement over TDMA. While the asymptotic DMT analysis
shows that MAT is always preferable to TDMA, the Pairwise
Error Probability analysis at finite SNR shows that MAT is

in fact not always a better alternative to TDMA. Benefits
can be obtained over TDMA only at very high rate or once
concatenated with a full-rate full-diversity space-time ©de. The
analysis is also extended to spatially correlated channeland

the influence of transmit correlation matrices and user paiing

strategies on the performance are discussed. Relying on $ittical

CSIT, signal constellations are further optimized to improve the

error rate performance of MAT and make it insensitive to user

orthogonality. Finally, other transmission strategies rdying on

delayed CSIT are discussed.

Index Terms—MISO Broadcast Channel, delayed CSIT,
Diversity-Multiplexing Tradeoff, performance analysis, multiuser
communications, space-time coding, user pairing

I. INTRODUCTION

HE performance of multiuser MISO/MIMO highly de-

pends on the accuracy of Channel State Information

the Transmitter (CSIT) [1], [2]. Obtaining accurate CSIT is Surprisingly
however challenging in practice as the feedback is subgect,f,, '

CSIT and perfect delayed CSIT where the idea of imperfect
current CSIT lies in the fact that prediction can be appled t
delayed CSIT. An alternative transmission strategy, deshat
Alternative MAT in this paper, was suggested to also ach&ve
sum DoF of 4/3 and used as a building block of a more general
strategy suitable for time correlated channels. [7] gdizems

the findings in [3] by giving an optimal DoF region for an
alternative CSIT setting in a two-user, where the CSIT oheac
user can be perfect, delayed or absent. In [8], the results of
[5], [6] were extended by considering different qualitiels o
instantaneous CSIT of the two users. Further analysis on the
impact of imperfect outdated CSIT on the DoF region was
made in [9]. Recently, DoF results found in the two-user time
correlated MISO BC with delayed CSIT have been extended
to the MIMO and interference channel cases in [10]. So far,
all cited works exclusively focused on DoF analysis at high
SNR. In [11], a sum-rate criterion is considered and thegtesi

of precoders to enhance the performance of MAT at finite
SNR is addressed. In [12], [13], a similar criterion is chose
but the precoders are designed based on statistical CSIT. In
[14], authors depart from classical DoF and rate analysis an
also investigate diversity performance of MAT strategy. An
outer-bound on the asymptotic diversity-multiplexingdieaff
(DMT) at infinite SNR achieved by MAT is derived and a
novel scheme is proposed to achieve both full DoF as well as
faill diversity.

several transmission strategies have been d
rived to cope with delayed CSIT in the cited references

various impairments including delay. There has been recepy much is known about their DoF performance but the
progress on understanding how perfect but outdated CSIT ‘fﬂ@ersity performance (including the asymptotic DMT) has
be beneficial to boost the Degrees-of-Freedom (DoF) of MIS§Aen, gverlooked so far. In particular, the error rate pertorce
Broad_cast Channels [3]. It was shown that in a two-user l_\/IIS((J’.? corresponding techniques at finite SNR in MISO BC with
BC with outdated CSIT, & sum DoF of 4/3 can be achievediqated CSIT has never been addressed so far. The objective
using a transmission strategy that exploits t_he kn_owledge& this paper is to fill this gap by contrasting the asymptotic
the outdated CSIT to reconstruct and transmit the intemfe#e b1 pehavior and the finite SNR error rate performance and
overheard by co-scheduled receivers. This leads to a 3§§antify whether gains over the scenario where delayed GSIT
DoF enhancement compared to conventional TDMA approaqiqmmy ignored (e.g. TDMA) are always observed. Specifiall

Throughout the paper, we will denote such transmission-strg,« contributions of the paper are listed as follows:
egy as MAT. In [4], then in [5], [6], authors extended the work

by looking at a scenario with both imperfect instantaneouse. For a two-user MISO BC, the average Pairwise Error

o i Probability (PEP) over spatially correlated (at the trans-
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mitter) Rayleigh fading channels is derived for a general
space-time encoded MAT strategy. The PEP behaviour
is discussed as a function of the SNR and the transmit
correlation matrices of both users and contrasted with
conventional behaviours of multi-user MIMO with perfect
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CSIT and point-to-point MIMO. spectively. {.} refers to the expectation operator. Logarithm

o The exact diversity-multiplexing tradeoff (DMT) andlog is taken in base:, unless otherwise specified. diga}
the one achieved by various space-time encoded MA&fers to the diagonal matrix whose elements are given by the
in i.i.d. Rayleigh fading channels are identified and antries ofa. Finally, f(p) = g(p) indicateslim,_, % =1.
suitable space-time code design criterion is proposed.is defined similarly.
Interestingly, the exact DMT of MAT is shown to match
the upper bound found in [14].

o Relying on the PEP analysis, a suitable user pairing

strategy is discussed. Pairing statistically orthogosatsi L€t us assume a two-user two transmit antenna MISO
with similar magnitudes of the transmit correlation coBC with delayed CSIT. The transmission occurs over three

efficients is shown to be a good strategy. With such @herence times. Each coherence time is made e slots
strategy, transmit correlation is shown to have a min@ver which the channel is constant. We denote the channel
impact on the error rate performance of MAT over a largéector of user 1 on coherence tikeashy = [ hra1 i |
range of SNR. where any entryhy, ,, refers to the channel coefficient from

« If transmit spatial correlations are known at the transmittansmit antennan. Similarly, g = [ gr,1  gr2 | andgem
ter, following a previous work by the authors [17], signafre defined for user 2.
constellations are further optimized to improve the error Denoting the transmit signal on time slotof coherence
rate performance of MAT in spatially correlated channel§Me k asx;. ;, the received signals at user 1 and 2, respectively
The performance with such constellations are shown @§noted ag., and z ¢, write as
be insensitive to user orthogonality.

o The error rate and DMT performance analysis is finally
extended to other strategies relying on delayed CSIT, kot = BRXk,t T Wit @)
namely the Alternative MAT proposed in [5]. Despite theyheren,, , ~ CA/(0,1) andwy ~ CA/(0,1) are AWGN. We
fact that both MAT and Alternative MAT have the Sam&onsider a |Ong_term power Constra'&ﬁ{katxk,t} < Dit-
mutliplexing gain (DoF), Alternative MAT is shown to  The channel coefficients are modeled as identically dis-
incur lower diversity and coding gains than the originatibuted circularly symmetric complex Gaussian variatiias
MAT. can be either independent as in Section IIl or spatially cor-

Overall, the primary takeaway observation from this workelated as in Section IV. They are assumed constant within a

is that in i.i.d. Rayleigh fading channels, MAT always outcoherence time and change independently from one coherence
performs TDMA (that would ignore the delayed CSIT) fromime to the next one. The CSI is assumed to be available at
an asymptotic DMT perspective but is not always a bettefie transmitter only at the next coherence time. For siritplic
alternative to TDMA from an error rate perspective at finitghe normalizatiorﬁ‘{ |hk7m|2} — g{ ng7m|2} = 1 is made.
SNR. Benefits are obtained over TDMA only at very high ratg/e define the transmit covariance matri®s; andRy » for

(no gains have been identified at a per-user rate of 3 bit/s/dger 1 and 2 respectively as
or below) or once concatenated with a full-rate full-divrs

Il. SYSTEM MODEL

Ykt = WeXpt + Nt (1)

space-time code. Alternative MAT, while being superior to Ry = 5{thhk} _ { tl tl’{ } Yk
TDMA from an asymptotic DMT perspective, is on the other 1 (3)
hand outperformed by TDMA over a wide SNR and rate range _ H _ |1t
; © i Rio=E{gi'gr} = , k.
when it comes to error probability performance. In spatiall ' ta 1

correlated channels, MAT with a suitable user pairing 8GRt The guantitiest; andt, are the transmit correlation coeffi-

is shown to be less sensitive to transmit spatial correldhan  ients and can be expressed in terms of their magnitudes and

TDMA. _ . _ _ phases as; = [t;|e??" andty, = |t e/¥2. Whenever we
The paper is organized as follows. Section Il details thesq me i.i.d. circularly symmetric complex Gaussian weis

system model. Section Il details the error rate perforreant:denoted in short as i.i.d. Rayleigh fading in the sequ@);
in i.i.d. Rayleigh fading channels and discusses the diyers 4 R, » are identity matrices. '

multiplexing tradeoff and code design criterion. Sectigrek-

tends the analysis to spatially correlated channels andeger

user pairing strategies and optimized signal constefiatio From MAT to Space-Time Encoded MAT

Section V extends the discussions to alternative schemis anWe consider two independent codewords= [cy, ..., cr]

Section VI confirms through simulations the observatiorand C’ = ¢}, ..., c/.] respectively intended for user 1 and

made from the analytical derivations. Section VII conckideuser 2. Their sizes atex T, therefore spanning the two trans-

the work. mit antennas and’ time slots. The codewords are normalized
The following notations are used throughout the paper. Bodtich thate {Tr {CC# }} = £ {Tr{C'C’"}} = T. The aim

lower case and upper case letters stand for vectors anccemtris to transmit codeword to userl and codeword”’ to user

respectively whereas a symbol not in bold font represent2aver 37 time slots using the MAT strategy [3]. The system

scalar. (.)T and (.)H represent the transpose and conjugatan therefore be viewed as a space-time encoded transmissio

transpose of a matrix or vector respectively. Operadfiets.) over a two-user MISO BC with delayed CSIT. For simplicity,

and Tr{.} refer to the determinant and trace of a matrix, rewe will look at the performance of the first user only.
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In MAT, it is commonly assumed that the codewor@s a classical2 x 2 point-to-point space-time encoded MIMO
and C’ are chosen as in Spatial Multiplexing (SM), i.esystem model [18]. In particular, the entries of the channel
independent data streams are transmitted from each trangmatrix H are not identically distributed and are function of
antenna, because the focus is on DoF maximization. Assumimgth users’ channels. Those differences make the perfa@nan
an uncoded (no FEC) transmission, the time slot indexanalysis (including the error rate, diversity-multiplegitrade-
can be dropped and th2 x 1 codewordsC = c¢ and off, impact of spatial correlation) different from convental
C’ = ¢’ span only one symbol duratiof’(= 1). As detailed point-to-point MIMO Rayleigh fading channels and multieus
in [3], MAT transmits x; = ,/pc in coherence time 1, MISO with perfect CSIT.
xz = y/pc’ in coherence time 2 and the overheard interference

x3 = /p| gic+hyc’ 0 ]T in coherence time 3. A long- B. Performance Metrics
term average transmit power (where averaging is also take

L g Since the encoded transmission is performed over a small
over the channel realizations) @f; = 4/3p is consumed P

d twi h . ¢ h i 3number of channel realizations and the transmitter does not
and twice as much power 1S Spent on coherence time e perfect CSIT, outage may occur. Hence outage and

Itrr: coShl\(TFreer]fe t'mﬁ 1_ ar:g 2% IIT th_e seque_l, \1ve ;N'” rtefeptms derror probabilities are valid performance metrics that \é
€ - [tresults in the following equivaient system mo %Ised throughout this paper. The outage probability is used t

for user 1 identify the asymptotic DMT and the error probability is dse
Y1 h, 0 ny to characterize the behavior of practical space-time estod
Y2 | =/p 0 c+vp| h c'+| n2 | . MAT strategies at finite SNR.
Y3 h31g1 h3 1hg ns It is assumed that ML decoding is performed at receiver 1
) o 4) (and similarly for receiver 2) in order to estima@ from
After further interference elimination, the received signal§,, t = 1,...,7T. With instantaneous

. U1 _ H n channel realizations perfectly known at the receive sidg an
Y= L ys—hsawe | VpHe n3 — h3.1ng () shared across users, the ML decoder at receiver 1 computes
an estimate of the transmitted codeword according to
H= |: hl,l h1,2 :| ) (6)

h3,191,1 h3,1g1,2

where

)

T
. 2
C= al’gngntz_:1 HE*UQ (y¢+ —/pHcy) ’

This is an equivalen? x 2 MIMO channel and with the in-
stantaneous channel realizations perfectly known at theive where> = diag{1,1 + |h371|2} is the covariance matrix of
side and shared across userskas a function of both users’ the noise vector in (8). The minimization in (9) is performed
channels), an estimate of the entries @ftan be obtained over all possible codewords.

using e.g. a Maximum-Likelihood (ML) or linear receiver. Let us define the following matrifl

This transmission strategy is denoted as SM-encoded MAT

in the sequel. H=X ?H= { é )O( ] [ iy hag } (10)
However, MAT as presented in [3] is a framework that is g1 912

applicable to any numbér of time slots and is not limited H/

to SM-type of codewords. Hence, in the rest of this paper, Wehere X — hs1i__ \When a codewordC is transmitted,

will often refer to O-STBC encoded MAT or more generally . V1+|hgal? - .
space-time encoded MAT to stress that the codewGrdsd W€ are interested in the error probability, called Pairvidser

C’ are either chosen as O-STBC or from a general Spa(lfgpbability (PEP), that the ML decoder decodes the codeword

time code (including SM-encoded MAT). On time slgta £ instead ofC. The conditional PER°(C — E| H) with a
space-time encoded MAT consists in transmitting = /pc; ML decoder can then be written as

in coherence time 1xo; = c, in coherence time 2 and _ _ 2
20 = /PC r P(C%E|H)Q<\/§HH(CE)HF>. (11)

the overheard interferences; = \/p[ gici +hac; 0
in coherence time 3. The equivalent system model for user 1

at time instant = 1.....T can then be written as Even though the analysis could be conducted based on the
T exact PEP (by making use of the Craig's formula [1]), for the
Y1t hy 0 "1t | sake of readability and simplicity, we will make use of the

Y2 | =P 0 ctyvp | ha | et | n2e |, Chernoff bound and therefore upper bound the PEP as

Ys,t h3,1g1 h3,1h2 n3.t )
, o @) P(C—E|H) <exp _BHﬂ(c_E)H .12
and after further interference elimination 4 F
yi = YLt = /pHc; + Lt . I1l. UNCORRELATEDFADING CHANNELS
Y3t — h31Y2. n3s — ha 1o

(8) We discuss spatially uncorrelated and correlated scenario
Users perceive a space-time encoded transmission overiratwo different sections. We start here with the uncoresat
equivalent2 x 2 MIMO channel. We note the difference incase, i.eR; 1 = R;2 = I,. The average PEP for both MAT
terms of channel matri# in (6) and noise compared tois obtained by taking the expectation of the conditional PEP
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(12) over the channel distribution. The expectation can laeper-user rateR (with two symbols transmitted over three
computed in two steps: first by taking the expectation ovehannel uses). Hence,

the distribution ofH’ and then over the distribution of .
pd? . - pd? .
PS VAT A ( 'rrwn,l\/f) 10g < mzn,M) ) (18)

A. Error Rate Performance of (encoded) MAT 8 8

o te doalrs n Aoprds & v Q0PI o 5 ey i wion s -
9 P ' B310g(P(CoE) _ o L~ 2. Hence in the limit

i i i 1 = dlog(a ~ Tog(a
displayed in (13), by taking the expectation over the chan gf infinitge( éNR, a diversit)%(g)ain of 2 is achievable. Strictly

dlstrlbut|on._E|(a:) 'S tk:)e exponential '”ttig“'?" arigl = 1+ a speaking, due to the double Rayleigh distribution of some
(k = 1,2) with ax = £2X; and X\ the k' eigenvalue of the . S
E — (C 4E c_m¥ channel coefficients, the slope of the error probabilityasas
error matrix r (" N k)( o )" f . Steep as with the classical Rayleigh distributed MIMO/MISO
Assuming a fu '?’T C:) ﬁ.’ 'He’\k >0 Ol; ko= 1’2{ the dchannel, hence leading to a diversity gain that appearsthlig
average PEP at sufficiently high SNR can be approximate 18%er than 2 at finite SNR. Intuitively, the diversity gain &f
P\ 3 _1 log (A1) —log (A2) comes from the fact that the receiver still has access to two
P(C—E)< (Z) (A1h2) A — o (14) independent observations of the transmitted codeworditdesp

The maximum achievable diversity gain is 3 and the codintge presence of; 1 in both entries of the second row of (6).
gain is given by (A hy)” ! 1260010800 yhere A\, — With O-STBC (Alamouti code) [15] encoded MAE =

- ) A=Az X aly, by =by =b=1+a=1+ 4o and the average PEP is
det (E) We note the difference with the classical ram\é/ritten as

determinant criterion in space-time code design over.i.i.
Rayleigh fading channels [18]. Intuitively, a maximum dive 1 [bg B2 4b

sity gain of 3 (rather than 4) is achieved with a full-rank eod £ (C — E) < = i
because of the presence /of ; in both entries of the second

2
row of H in (6). This Iimplies that the entries of the §ec_ond +(1 —4b) exp (1) Ei <__1> . (19)
row of (6) do not fade independently abd that an error is yikel b b b
to occur whenever the three channel coefficiénts, h,; and
hio arein deep fade. which leads at hlgh SNR to

We particularize the result to the following two cases of 111 1 s
Spatial Multiplexing and Orthogonal-Space Time Block Cade P (C — E) < — {— + Ogga)] ~— = (E) a3
(O-STBC). arLa a

Let us first assume a SM-encoded MAT where the spa
time transmission is operated using Spatial MultiplexiSyi] We note that a simple TDMA transmission that ignores the

with independent streams transmitted from each antentme wit claved CSIT would achieve a diversity aain of 2 by simpl
out coding across antennas. Such transmission leads telrar}q< yed | . Y9 y simply
AU . . ransmitting to each user at a time using O-STBC within a
error matrix E with a unique non-zero eigenvalue Hence . . . .
. coherence time. In an i.i.d. Rayleigh fading MISO channel

A =0,bp =1, =b=1+a andb; — by = a with . . .
o = £). DenotingC — E = L[ e e — e ]T we with two transmit antennas, focusing on the worst-case PEP,

i , Vil 070 M EL L TDMA with O-STBC transmission for each user at a per-user
getA = 1 [|co —eo|” + |1 — ex] } The average PEP (13)rate R would lead to an error rate at high SNR
simplifies into

-2 -2
d? . 4 pd? .
171 a 1 (=1 ~ Pl min, T’ o _p min, T
reomspopee()ea(F)] @ PTDM“( : ) (3 8 ) -

At high SNR, where 42

man
log (a -2 constellation with22%? points, aiming to achieve a per-user
P(C—E)< % - (2) A log (ZA)- (16) rate R (with two symbols transmitted per O-STBC block
Svery four channel uses). In (21 is used so as to have a
fglﬁ' comparison with MAT under the same consumed average
ower constraint. We note the difference and similarities
etween (21) and (18). To achieve the same per-userRate
TDMA requires a larger constellation size than SM-encoded
MAT and its performance is therefore affected by a smaller
minimum distance, but SM-encoded MAT error rate slope vs.
, . 1 9 9 SNR is not as steep as that of TDMA due to the presence
With  Amin = mincze 3 ['CO —eol” +ler —ei } ~ of an additional term in (18) that scales wilbg(p). Let us
3d2,.. \, Whered? ;. refers to the squared minimum dis-operate TDMA at the SNR and SM-encoded MAT at the
tance of a constellation witR3 2 points aiming to achieve SNR pj,. In order to guarante@rpya = Psyr—amar, pr

(20)
K diversity gain of 3 is achieved.

. refers to the squared minimum distance of a

Focusing on the worst case PEP (i.e. maximum PEP am
all possible pairs of codewords and E with C # E), the

average error probability at high SNR of SM-encoded MAE
can be approximated as

P\ % 2 P
Psyr—nrar = (Z) Anin log (Z)\'rnin) (17)



SUBMITTED PAPER 5

1 1 (by —1)2 1\ _ /-1 (b1 —1)2 1\ _ /-1
P(C—E)< b1ba |:b1b2+b§@1b2)eXp <g> Ei (g> 7mexp <a> Ei (b1>:| (13)
and py; need to satisfy the relationship The AMT strategy combined with such codes would therefore
P2 -2 2 -2 2 achieve the optimal SMT of Theorem 1.
4 PTmin, 1 = (P2 Emina )y (P minar ) Theorem 2: The asymptotic DMT (r, d(r)) achieved by
3 8 8 8 SM-encoded MAT with ML decoding and QAM constellation
22) over i.i.d. Rayleigh fading channel is given yr) = 2 — 3
which leads to the following SNR gafAp,5 forr € [07 %}
Apan Proof: The proof is provided in Appendix C. O
We observe that a simple SM is suboptimal in the range
= 10log, g (par) — 101og;q (p1) re [0 l} P P g
’23]"
= 10log 4 oin, 7 + 10 log;, log P8 i, a1 Theorem 3: The asymptotic DMT (r,d(r)) achieved by
YA\32,, 2 o0 8 O-STBC-encoded MAT with QAM constellation over i.i.d.

£ 2 Rayleigh fading channel is given by(r) = 3 (1 — 3r) for
min,T 1 PM Copin M 1
~ 1.25 + 10log; <d27> + ?1og10 log < . ) .re0,3]. _ o _

min, M Proof: Given the PEP expressions in (20) at high SNR, the

(23)  proof is straightforward and directly re-uses the deroszsi

The SNR gapAp,s is a simple function of the two mech-made for O-STBC in conventional Rayleigh fading MIMO
anisms highlighted above: the second term in (23) is alwag8annels [1], [19]. O
negative and relates to the ratio of the minimum distancesO-STBC is clearly sub-optimal for any> 0. At » = 0 (i.e.
while the first and third terms are positive and the latte@onstant rate transmission), O-STBC achieves the maximum
increases with the SNR. At low SNR\p,5 may be negative diversity gain (i.e. 3), which was confirmed from the PEP
and indicates that SM-encoded MAT may outperform TDMA&nalysis.
(i.e. pr has to be larger thap,; in order to achieve the For comparison, a simple TDMA transmission that ignores
same error rate) while as the SNR increages,; increases the delayed CSIT would achieve a DMT @éfr) = 2 (1 — 2r)
and at some point becomes positive, indicating that TDM#r a per-user multiplexing gain< [0, 1], i.e. the line joining
outperforms SM-encoded MAT. Therefore, for a fixed ratthe points(0,2), (3,0). Transmission using O-STBC within
transmission, the SNR range where SM-encoded MAT &coherence time for each user at a time would achieve such
expected to outperform TDMA is concentrated at low SNR arfdMT.
increases as the rate increases. With a full-rate fullrditle It is important to recall that the DMT results are only valid
code, MAT exhibits a larger diversity gain than TDMA andht infinite SNR. While a characterization of the DMT at finite
therefore always outperforms TDMA at high SNR. We recaiNR is very challenging, a closer look at the proofs in the
that 1.25 dB gap originates from the fact that to operate atppendices highlights that the outage probability and theru
an SNRp, MAT requires to consumd/3 more power than bound on the error probability often scale @s™ log (p~")
TDMA. Simulation results in Section VI will confirm the (with m > 0 andn > 0) at high but finite SNR. While the
observations highlighted in this section. In particularwill  log term does not impact the diversity gain at asymptotic high
be shown that SM-encoded MAT is expected to exhibit SOn8NR, it does at finite SNR (similarly to the analysis made
performance benefits at low SNR over TDMA only for a peren the finite SNR average PEP). This explains why the PEP

user rate above 3 bit/s/Hz. analysis highlights some benefits of TDMA at finite SNR even
though the asymptotic DMT of TDMA is clearly lower than
B. Diversity-Multiplexing Tradeoff (DMT) the optimal asymptotic DMT of MAT and that achieved with

In this section, we derive the optimal DM, d*(r)), as SM-encoded MAT with QAM constellation.
defined in [19], of the MAT scheme and the ones achievable
with several space-time encoded MAT architectures with QAM )
constellations is the per-user multiplexing gain antd (r) is C- SPace-Time Code Design
the optimal diversity gain at asymptotic high SNR. In [14}, a From (14), focusing on the worst-case PEP, full rank codes
upper bound of the asymptotic DMT (at infinite SNR) for thehould be designed in MAT such that
MAT scheme was derived. We show in Theorem 1 that this

upper bound is actually the exact DMT. —1 log (A1) —log (A2)

Theorem 1: The asymptotic DMT(r, d*(r)) of the MAT AMAT = ey (Aihe) M=o (24)
scheme over i.i.d. Rayleigh fading channel is the piecewise
linear function joining the point$0, 3), (3,1) and(%,0). is minimized, where\; and ), are gle two eigenvalues of the
Proof: The proof is provided in Appendix B. O error matrixE = (C—-E)(C—-E)".

Approximately universal codes, as defined in [22], achieve Compared to classical point-to-point i.i.d. Rayleigh fagli
the optimal DMT at infinite SNR for any fading distribution.channels, the coding gain is now a function of the quantity
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los(u)—o8(%2) e can write D. A Larger Number of Users and Antennas
Analysis and discussions have been limited to the two-user
max 128 (A1) — log (A2) MAT so far. However the MAT strategy is also known for a
S AL = A2 general K-user scenario [3]. The extension of the erroraate

2 DMT analysis to the K-user is beyond the scope of this paper.
Zmax T = minos IC—EIZ (25)  Nevertheless it is expected that the K-user MAT, similarly
C#E to the two-user scheme, will also be subject to a diversity

Equality occurs whenever the minimum coding gain erroloss” (compared to classical Rayleigh distribution) afitén
matrix (i.e. the one leading to the maximum of the left-hangNR owing to the double Rayleigh distribution of some of
side of (25)) has equal eigenvalues. If equality is achievefi® channel coefficients.

and assuming we aim at minimizing the worst-case PEP, codes

with large minimum trace among all error matrices should be 1V. SPATIALLY CORRELATED FADING CHANNELS

favored.
Let us further assume a linear Space-Time Block Code Ve now extend the discussion to spatially correlated chan-
whose codewords write as nels with any transmit correlation matric® ; andR; ».

Q
C=> &,Rlcy] + Pyi0Scy] (26) A. Error Rate Performance

=1 Following the derivations in Appendix A, the average PEP
f MAT i bounded as displayed in (32) whéjg =
with {Tr {@, &1} — T/Q}z§1 [1]. ®, are complex basis 0 is upper bounded as displayed in (32) wheéfe

. . ! U1+ ag (k},l = 1,2) with a,; = E)\kz and )\, ; the kth
matrices of sizey, x T', ¢, stands for the complex mformatloneigenv’alue of the matri® -El ’ ’
symbol,Q is the number of complex symbolg transmitted Assuming a full rank ctgdé e\, > 0 for ki — 1,2

o H H 7 I X I - Pl ]
over a codeword} and \yigtand for the rez_:ll and imaginary,, . average PEP for large enough, and as» can be
parts. From [1] (Proposition 6.4), denoting the mm'munépproximated as ’ '
squared Euclidean distance of the constellation used?hy

1 —1
we know that P(C ) < (biabs) ' 128 (b1,2) —log (b2,2)
T
min [|C - E[% < Sda (27) )
C;gs: Q Wlth b171b271 = det (IQ + p/4Rt1E)

o ) ] ] ] 20 ] In the more restrictive condition that, ; V&, are all large
and equality is achieved if the basis matridds, } =, satisfy (j ¢ high SNR),

the conditions

(33)

bia — b2

14 -3 1 10g ()\1_2) — 10g ()\2 2)
P(C—E)~ (= : : 34
Tr{tI’th)f + (I’pq’f} =0, g#p (28) (C—=E) (4) AL1A2,1 A2 — A22 (34)
or equivalently with Ay 1 A2 1 = det (Ry,1) det (E) The maximum achievable
T diversity gain is 3. User 1's performance is a function ofruse
T [ —
A= Q L2q (29) 2's spatial correlation matriR; .

With SM-encoded MAT, the rank-1 error matri& has a
unique non-zero eigenvaluk ;, ¢ = 1,2. Hence\g; = 0,

X — [ vec([ 2[21] ]) o vec([ i}f[q’xg] ]) J bai = 1,b1; = 14a1; andby ;—by; = a1 ; With a1 ; = §A1 ;.

with

(@] S [P2g)] " The average PEP (32) simplifies into
30)
Combining (27) with (25), we can write P(CHE)< 1l ape exp 1 Ei -1
T b1 |bia bE, bi2 bi2
max 1Og ()\1) - lOg ()‘2) > 2Q (31) : : ’ ' l 35)
Sie A=A ~ Ty, For largea; », P (C — E) < 22%:2) ‘jeading to

From previous discussions, we conclude that the equality in P .

(31) is achieved if the following two conditions are satidfig) P (C — E) < log (1 + ZTr{Rt,QE})

XTx = % I, and 2) the minimum coding gain error event 5

(i.e. the one leading to the maximum of the left-hand side of (1 + BTr{RmE} + (/—)) Tr{Rt71E}Tr{Rt72E})
. ~ Td2, . 4 4

(25)) is such that = Wm'"lg. We note that approximately (36)

universal codes as defined in [22] commonly satisfy conalitio

1 but do not satisfy condition 2 [1]. Combined with thevhereR.. = R:1 + R . Bound (36) should be contrasted

classical min det maximization design criterion [18], thdso with the performance of conventional MU-MIMO and point-

conditions provide further insights into how to enhancecspa to-point MIMO. This will be discussed in detail in Section

time code designs for BC with delayed CSIT. IV-B.

—1
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(b2,2 — 1)°
b3 5 (b1,2 — b2,2)

1 1
P(C—E)<

T b1,1b21 | b1,2b22

exp (L> Ei <;1> — 7@1’2 — 1)2 exp <L> Ei (;1>
ba,2 ba,2 b%’g (b1,2 — b2,2) b1,2 b1,2

32)

With O-STBC (Alamouti code) encoded MAE = ol,,
bri = 1 + fady;. Assuminga; » andas » are large enough,
the average PEP in (33) simplifies as

-1
P(C S E)< (det (I2 + gaRm))
log (1 + EO{)\LQ) — log (1 + %O{)\ng)

L2a(A2 — A22)

(37)
At high SNR,

P(C S E) < (2)73 % (det (Ry.y)) "

log (M (Re2)) —log (A2 (Re2))
A (Re2) — A2 (Re2) ’

3 _
=(3) o (-mp)
log (1 + [t2]) —log (1 — |ta])
2 [t '
The higher the magnitude of the correlation coefficieints
and|tz|, the higher the error rate.

(38)

B. MISO BC with Outdated CS T vs. MU-MIMO vs. Point-to-
Point MIMO

We can now make interesting observations about the pEW
behaviour of (36) and contrasts with conventional MU-MIMJ
with perfect CSIT and point-to-point MIMO (single-user sv?

and TDMA based on O-STBC):
« Subspace alignment: Tr{R;,E} (with z = e,1,2)

suggests that the performance at low/medium SNR a
high SNR depends on the alignment between the eig
vectors of the error matri¥ and those of the correlation

matrix R; ,, (i.e. R, R¢1 andR; ), which is reminis-

cent of the point-to-point MIMO behaviour with Spatial
Multiplexing [25]. The error probability is primarily a
function of the worst-case alignment, which is known t
be detrimental to Spatial Multiplexing performance [24],

e

behaviour is reminiscent of conventional MU-MIMO [1],
(2], [16].

o Transmit correlation: Transmit correlation is known to
be detrimental to point-to-point MIMO (using SM and
O-STBC) with no channel state/distribution knowledge
at the transmitter [24], [25]. The analysis of SM-encoded
MAT highlights that the performance in spatially corre-
lated channels approaches that of uncorrelated channels
as long agt;| ~ |t2| and¢ ~ = (i.e. user channels are
statistically orthogonal), so th&, . effectively behaves
as if transmit correlation is zero. Otherwise, transmit cor
relation would be detrimental to the performance. In par-
ticular, asymmetric scenarios where one of the correlation
coefficients is high and the other one lojt; ( >> |t2| or
inversely) would lead to a higher error rate than if both
coefficients were large antl~ 7. Hence, combined with
a suitable user pairing, SM-encoded MAT is expected to
be less sensitive to spatial correlation than TDMA.

It is interesting to make an analogy betweRn,. and the
transmit correlation matrix of a point-to-point MIMO chagin
denoted aR;. Indeed R; can always be decomposed into the
sum of two matriceR; 4 andR; g sothatR; = R; 4+R; 5.

This originates from decomposing all channel multipathe in
independent clusters, denoted Asand B. R ,, with

= A, B, can be viewed as the transmit correlation matrix
ccounting for the cluster of multipaths. Choosing statisti-
cally orthogonal users so as to decrease the off-diagotrdéden
of R; . can therefore be viewed as an hypotetical point-to-
Rgint MIMO channel where we would have the flexibility to
adjust the clustergl and B of multipaths so that the transmit
tGrrelation matrixR; is better conditioned.

Note that [12] also pointed out the presence of the quantity
R. . in their analysis. However it originated from the use
of Jensen’s inequality and was therefore only observed in an
upper bound of the achievable rate. The analysis here reflect
e true presence of such quantity in the PEP.

[25]. Similarly such subspace alignment is expected to o )
be detrimental to the performance of SM-encoded MAFE: User Pairing with Outdated CST

o User orthogonality: Tr{RmE} is not a function of each  Observations made in previous section provide useful guide
individual transmit correlation matrix but only of theirlines to appropriately pair users with outdated CSIT. Let us
sumR; .. AR, . acts as an effective transmit correlatiomssume a SM-encoded MAT for simplicity. The user pairing
matrix, R; . can appear close to an identity matrix evestrategy should be SNR dependent.
though each user experiences highly transmit correlatedAt low to medium SNR, statistically orthogonal users (char-
channels. Assume for instance that user 1 and usera&erized byps — 1 ~ £7) with |¢1| & |t2| should be paired
experience the same magnitude of transmit correlation logether so as to experience an identity effective transmit
different phase, i.e; = |t|e’¥* andt, = |t|e’¥2. For sta- correlation matrixRy .
tistically orthogonal users withy —p; = 7, Ry . = 21 At high SNR, on the other hand, users should be paired so
V|t|. Hence, despite the presence of transmit correlatad to maximize T{RME}Tr{Rt’QE} over all possible error
channels, each user experiences the same performamedrices, i.e. users should be paired such that the dominant
as if the channels were independent & - 0). eigenvector of each error matrix is never aligned with the
This shows that as the phase shift— ¢, increases and weakest eigenvector of eith&; ; or R . Pairing statistically
users get more and more statistically orthogonal to eacithogonal users helps decreasing the error rate as codfirme
other (p; — 1 = 7), the performance is enhanced. Thidy the simulations in Section VI.
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D. Robust Code Design P can be seen as an estimate of the average symbol error
Similarly to robust code design in point-to-point MIMoProbability (whose accuracy was demonstrated in [17] and

channels where space-time codes and/or precoders are 'g&&rences therein) accounting only for the term that is-com

signed so as to avoid the detrimental alignment betweBIPN 0 both users’ performance in MAT. The problem is the

eigenvectors of the error matrix and the transmit correfati SElection of the signal constellatiosand Q,,, to minimize

matrix, precoder/code could be made robust for MISO BE under an average power constraint [17]. A constrained
with outdated CSIT. The derivations above combined wiradient-search algorithm is used to determine the optimum
those made in [24]-[26] would provide useful guidelines t6ONStellations. LeF be the vector defined as

derive such precoders/codes. Nevertheless, given théasimi p _ [ Si. Sue Qi Quan oo Quit - Quioans }T
ties between MISO BC with outdated CSIT and point-to-point (42)

MIMO channels, it is expected that robust precoders designg,q g the vectorF at the k" step of the algorithm. The
for SM would be suitable candidates for SM-encoded MATnconstrained gradient algorithm is described by

k+1 _ pk _ b (Tk
E. Sgnal Constellation Optimization FE = FF —aVP (F) (43)

Assuming the transmit correlation matrices are known to tNéere a is the step size and” (F*) is the gradient ofP
transmitter, we resort to an optimization of non-lineamsig With respect taf. The constellations are normalized at every
constellations in order to improve the performance of SM€ration in order to account for the power constraint. The
encoded MAT. The design relies on an extension of the resufééPressions of the gradients are provided in Appendix E.
obtained in [17] to the MAT transmission. In the non-linear
signal constellations, the first entry of tBex 1 codewordC V. OTHER STRATEGIESRELYING ON DELAYED CSIT

(assumel’ = 1) is selected from a constellatidh(containing  Aside MAT, other interesting strategies have been proposed
the symbolsS,,, withm = 1,...., Mo) and the second entry of {5 exploit delayed CSIT [5], [14]. Alternative MAT strategy
C is selected from a constellatid@d,, (containing the symbols g quite appealing as it has been shown to be a useful
Qmn, With n = 1,..., M;), which depends on the symbolyyjiding block of a larger scheme [5]. Moreover it remains
Sm chosen as the first entry of the codeword. Therefore, thgjte tractable and spans 3 channel uses similarly to MAT.
second entry o€ is no longer independent frgm the first entryThe scheme proposed in [14] has the benefit of achieving a
The codewords write a€ = | S, Qmn | . Contrary to diversity gain of 6 (at infinite SNR), hence higher than thiat o
the point-to-point MIMO, the dependence betweéeandQ,, MAT and Alternative MAT, but spans 24 channel uses. Thanks
is now a function of two transmit correlation matrices ratheo the higher diversity gain, it is expected to have a betf&P P
than one. For i.i.d. channelS, and Q,, simply boil down to performance than MAT/Alternative MAT in the infinite SNR
classical QAM constellations. regime but would also be subject to the effects due to the
The average PEP of SM-encoded MAT in spatially codouble Rayleigh distribution of some channel coefficierits a
related channels shows that the performance is_highly dfnite SNR (similarly to MAT and Alternative MAT). In the

termined by the quantities TR, E} and T{R..E}. In sequel, we extend the past discussions to the Alternativé.MA
particular, from (36), both users’ performance in MAT are

function of the quantitf 1+ 2Tr{R.E}) (1+2Tr{R2E}). .
In order to design the nonlinear constellations, we intrmjuA' Space-Time Encoded Alternative MAT

the following objective function Alternative MAT performs transmission in a different man-
ner than MAT. On time slott, Alternative MAT transmits

5 1 Mo Mo My M, . X1+ = /p (¢t +¢}) in coherence tirpe 1, user 1's overheard
~ Mo, Z ZZZS( ms Sus Qumny Quo) interferencexs; = /p[ hic; 0 ]° in coherence time 2

m=1u=1n=1v=1

5 . and user 2's overheard interfereneg, = \/p [ gic; 0 ]T
H (1 + gTr{Rt,iE}) , (39) In coherence time 3 [5]. Hence, for a space-time encoded

iy Alternative MAT, the equivalent system model for user 1 at
with time instantt = 1,...,7T can be written as
S 2 2 Y1t h1,1 h1,2
Tr{Rt,iE} = |Sm - Su| + |an - qu| . Yot _ \/ﬁ 0 0 c
+ 2R {ti (Sm - Su) (an - qu) } . (40) Y3t h3719171 h3719172
The weights, denoted as result from the fact that different i hi2 . Nt
codeword vector€ and E may cause a different number of Vo | heahiy hephip i+ | nog |, (44)
symbol errors, i.e., 0 0 N3t
2, co—eo£0 and ¢c1 —e1 £ 0 and after further interference elimination

0, co—ep=0 and c; —e; =0. ha1Y1,t — Yo, hainie —nay

,€0,C1, = 1, co—eg=0 or ¢c; —e; =0, - 3 ns.
5(60 €0, C1 61) 0 0 1 1 Vi = [ Y3t ] _ \/EHCt + [ 3.t j ,
(41 45)
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where At high SNR,

h3ig11 hsig12 2
H= e o . 46 -
haihia h2ihi2 (48) P(C—E)< <M> = (g) ’ <1og (EA))Q (52)

a

ML decoder as in (9) is performed whek = diag{1,1 + _ _ _ _ _ .
lhoi|*} is the covariance matrix of the noise vector ir N€ diversity gainathigh SNR writes ds= 2 (1 - m) ~
(45). The minimization in (9) is performed over all possibl&@. Due to the(log(p))? term, following the discussion in Sec-
codeword vector€. tion IlI-A, the SNR at which Alternative MAT is outperformed
For Alternative MAT, we can define by TDMA is even smaller than that of MAT.
With O-STBC-encoded Alternative MAT, the average PEP
H=>12H= { z 0 ] [ g1 912 ] (47) is written as

0 X h171 h172
~———— 1 1 =1
H' P(C%E)S—Q[aJrexp(—) Ei (—)]
a a a
_ o ha 1 . . 9
whereZ = h3 ; andX = fm such that the conditional b — b2+ b . (1-b) . 1 . -1 (53)
PEP can be written as (12). Contrary to MAT, the average PEP b4 ba P b ’
of Alternative MAT is obtained by taking the expectation of )
the conditional PEP over the distribution B and then over Which leads at high SNR to
. 1 1 1 1
X andZ P(CHE) < [_ ogga)] [_+ ogga)}
a a a a
B. Error Rate Performance of (encoded) Alternative MAT 1 (10g (a))2 1 (54)
Similar derivations can be made for the Alternative MAT. a? a? a?

Let us assume first I.1.D. Rayleigh Fading Channels. Folgwi Similarly to SM-encoded Alternative MAT, a diversity gaif o
results derived in Appendix F, the average PEP can be writt2ris also achieved with O-STBC.
as displayed in (48). At high SNR, assuming full rank code, The performance of Alternative MAT can also be evaluated

the average PEP (48) can be approximated as in spatially correlated Rayleigh fading channels. Follogvi
9 Appendix F, the average PEP can be written as displayed in
P(C - E)< (10g (a1) —log (a2)> (55). At high SNR, assuming full rank code, the average PEP
ap —az (55) can be approximated as

= (3)72 log (A1) — log (%2) ) (49) P\ 21 log (A1) — log (Aa.,)

= (& - : P(C—>E)§(Z) 11 L) = o8 el (55)
. . . . - . i=1 * *

The maximum achievable diversity gain is 2 and the coding For SM, the average PEP becomes

log(A1)—log(A2)

gain is proportional to—="—-"">. Comparing (14) and

(49), we note the loss incurred by the Alternative MAT 1 1 (-1

compared to the original MAT in terms of diversity and £ (C = E) < a1 P (@) Ei (@)

coding gains. The error probability of Alternative MAT is 7 7 7

therefore expected to be significantly higher than that offMA l% exp (L) Ei (__1) _ L] . (57)
Intuitively, a maximum diversity gain of 2 (rather than 3 9r 4 b1, b1 b1 b1

is achieved because of the presencé:9f andhz;1 in both At high SNR,

entries of respectively the first and second rowdoin (46). 2l (EA ) o (EA )
This implies that an error is likely to occur whenever the twg (C —; E) < (B) g \lyAn1) 08 \4M2)
channel coefficientss ; andh, ; are in deep fade. 4 A1 AL,2

From (49), we also note that if we aim at minimizing the 2 log (gTr{RmE}) log (gTr{RmE})
worst-case PEP, = (= - -
, (4) Tr{R\E} Tr{R,,E}
dx AltM AT = max <1og (1) ~ log (A2>> (50) (58)
7 CiE: AL = A2 With O-STBC (Alamouti code), the average PEP (56) at

should be minimized. Hence the code design diSCUSSEdhiilgh SNR is written as

Section 1lI-C also applies to Alternative MAT. P\ —2 2 log (A1 (Re.i) /A2 (Res))
i X _P CoRE < (E 0472 1 t,1 2 t,1 ’
For SM-encoded Alternative MAT, the average PEP be ( ) < <4) 11 A (Req) — Ao (Re)
comes Z;
P72 oy log ((L+ [t]) /(1 —[t]))
1 1 =1 == .
a 1=

(59)

(51) Here also, similarly to MAT with O-STBC, the transmit
correlation leads to a degradation of the PEP performance.

a 1 -1 1
5 €Xp EBi| — ) ———
(14 a) <1+a> <1+a> 1+a
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eXP(i) Ei(%)*“ﬁﬁ) Ei(lﬁl) 1 (b — 1)2 1Y _ /-1 (b — 1)2 1Y _ /-1
remBs [ P Lb i ()85 ) e e ()@ (bﬂ
(48)

a2 —az,:2

1 —1)? 1 ~1 -1)° 1 —1
ARCYES ) (_) . (_) _ oDt (_> i (_> (55)
biaiba1 | b3 (bii—b21) bo1 ba,1 bf 1 (b1,1 — b2,1) b1,1 b1,1

P(C—E)< [exp <a2172) B <i) P (all,z) Ei (al,lz)]

C. Diversity-Multiplexing Tradeoff (DMT)
We derive the asymptotic DMT of Alternative MAT in I.1.D.

Rayleigh Fading Channels. 257 Optimal DMT MAT
Theorem 4: The asymptotic DMTr, d*(r)) of the Alterna- e
tive MAT scheme over i.i.d. Rayleigh fading channel is given 2 Optimal DMT Alt, MAT

by d*(r) = 2 — 3r for r € [0,2], i.e. the piecewise-linear SMMATIAI MAT

function joining the pointg0,2), (3,1) and(3,0).
Proof: The proof is similar to that of Theorem 1 and is

15

Diversity gain d(r)

TDMA (O-STBC)

therefore omitted for brevity. O i
Comparing Theorem 1 and 4, we observe that the asymp- O-STBC MAT

totic DMT of Alternative MAT is lower than that of MAT in l

the regionr € [0, 1]. . O-STBC AL MAT ‘ | ‘
Theorem 5. The asymptotic DMT (r,d(r)) achieved by © 01 02 03 04 05 06 07

Per-user spatial multiplexing gain r

SM-encoded Alternative MAT with ML decoding and QAM

constellation over i.i.d. Rayleigh fading channel is givey Fig. 1. Optimal DMT of MAT and Alternative MAT and achievab@MT

d(r)=2—3rforre [0,3]. with SM and O-STBC encoded MAT/Alternative MAT and TDMA.
Proof: The proof is provided in Appendix C. O

The DMT achieved by SM in Theorem 5 is the same as

that in Theorem 2. We observe that a simple SM (i.e. R ngmit antennas, leading to a 3/2-bit/s/Hz transmisgien
spatial encoding) is sufficient to achieve the optimal DMTWi e Figure 3 extends the comparison between SM-encoded
Alternative MAT but is suboptimal in the ranges [0, 3] With  \AT and Alternative MAT and TDMA at higher rates. Note
MAT. ) , that the displayed SNR on the x-axisgisHence for a SNR of
STTgce:orem 6: The asymptotic DMT(r, d(r)) achieved by O- , 'ty is allocated a powet/3p in order to keep the total
STBC-encoded Alternative MAT with QAM constellation overyerage transmit power the same for MAT and TDMA. The
Li.d. Rayle{gh fading channel is given bY(r) = 2(1 = 37)  pehaviour follows the observations made from the analytica
for € [0, 3} - _ results on diversity and coding gains of TDMA with O-STBC
Proof: Given the PEP expressions in (54) at high SNR, the, 4 MaT/Alt MAT with SM/full rank codes (Section H11-A). It
proof is straightforward and directly re-uses the deromsi 4 confirms that TDMA has a larger diversity gain than SM-
made for O-STBC in conventional Rayleigh fading MIMOgpcoded MAT and Alternative MAT but is impacted by the use
channels [1], [19]. _ ~ of larger constellation sizes. Namely, we make the follayvin
~ The DMT achieved in Theorem 6 is lower than that obtaingghseryations: 1) At low rate (3 bit/s/Hz per user and below),
in Theor_em 3. Figure 1 summarizes all DMT at infinite SNR AT outperforms TDMA at high SNR if it is concatenated
derived in Theorem 1 to 6. with a full-rate full-diversity space-time code (see Fig®),
2) SM-encoded MAT does not show any significant benefit
VI. PERFORMANCEEVALUATIONS over TDMA in the simulated rate and SNR range (Figures 2
Figure 2 illustrates the BER performance of MAT andnd 3), 3) Alternative MAT does not show any benefit over
Alternative MAT with SM and a full-rate full-diversity ap- TDMA in the simulated rate and SNR range (Figures 2 and 3).
proximately universal space-time code, denoted as “Daydt even higher rate (above 3 bit/s/Hz per user), SM-encoded
[28] over i.i.d. Rayleigh fading channels. QPSK is assunwed §1AT (i.e. without requiring any additional encoding in the
that it corresponds to a 4/3-bit/s/Hz transmission per ustey ~ Spatial domain) is expected to start showing some mearlingfu
“MAT-SM”, “Alt MAT-SM”, “MAT-Dayal”, “Alt MAT-Dayal”. performance benefits over TDMA at low SNR.
As a baseline, we also display the performance of TDMA In Figure 4, the BER performance of user 1 with QPSK-
based on O-STBC and 8PSK over a conventional point-tbased SM-encoded MAT (i.e. R=4/3 bit/s/Hz per user) in
point MISO i.i.d. Rayleigh slow fading channels with twospatially correlated channels is displayed for variousspaf
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BER
BER

MAT - SM - i.i.d.
MAT - SM - (0.99¢%,0.99¢%)
MAT - SM - (0.99¢%,0.99¢¥*72))
MAT - SM - (0.996%,0.996/¥*™)
= + = MAT - SM - (0,0.99¢¥)

= = = MAT - SM - (0.99d¥,0)

—O— TDMA - OSTBC - (0.99¢¥)

_s|| =+ MAT - SM (R=4/3 bit/s/Hz)
10 ' f| —@— Alt MAT - SM (R=4/3 bit/s/Hz) : N
= + = MAT - Dayal (R=4/3 bit/s/Hz)

= © = Alt MAT - Dayal (R=4/3 bit/s/Hz)
TDMA - OSTBC (R=3/2 bit/s/Hz)

107

/2
+O

10

i i 10’ n n i i
0 5 10 15 20 25 30 0 5 10 15 20 25 30 35
SNR [dB] SNR [dB]

Fig. 2. Average Bit Error Rate (BER) of SM and “Dayal” encodé\T  Fig. 4. Average Bit Error Rate (BER) of SM-encoded MAT (wittr4&3
and Alternative MAT with a per-user rate R=4/3 bit/s/Hz (esponding to bit/s/Hz per user) over spatially correlated channéﬂs, tg). Phasev is
using QPSK) and comparison with TDMA with a per-user rate R48t/s/THz  random and uniformly distributed withif0, 27r]. Comparison with TDMA
(O-STBC with 8PSK). - OSTBC (R=3/2 bit/s/Hz) is also provided.

to similar performance at low to medium SNR (curves
are superposed up to 15dB).

3) Pairing two statistically orthogonal users with simi-
lar magnitudes of the transmit correlation coefficients
outperforms pairing two users with asymmetric spatial
correlation (one with large spatial correlation and the

10° other one with low spatial correlation). This can be seen
—— MAT - SM (R=2 bit/s/Hiz) b by comparing(0.99¢7%. 0.99¢7(¥+™)) with (0, 0.99¢7¢
. ) I
ol +$};:A”§T_’C,§“T”B‘§[§:;"§i’,'f§,l.z) | and (0.99¢’%,0). Hence, interestingly, high transmit
T oo N AT S (st miez) , spatial correlation can lead to a better performance than
s [ L=== TOMA - OSTEC (R=3 bitsiHa)| ‘ ‘ low transmit spatial correlation. This contrasts with the
0 5 10 15 20 25 30 35

SNR [08) conventional impact of transmit correlation on error rate
performance in point-to-point channels [25].
Fig. 3. Average Symbol Error Rate (SER) of SM-encoded MAT and 4) MAT is shown to be less sensitive to spatial correlation
Alternative MAT with a per-user rate R=2 bit/s/Hz (corresgding to using than TDMA - OSTBC. Indeed, SM-encoded MAT out-
B 3 o gyng Perfomms TDMA in spatially correlated channels it
R=3 bit/s/Hz (O-STBC with 64-QAM). proper user pairing (e.gp = w/2, 7). This contrasts
with the behavior on i.i.d. channels where SM-encoded
MAT is outperformed by TDMA at the same rates (see
the transmit correlation coefficients, , t2). The performance Figure 2).
of TDMA with OSTBC at a rate per user of R=3/2 bit/s/Hz is We now investigate the performance gain of non-linear
also provided. In the presence of high transmit correlatiod sjgnal constellation$ and {Q..} designed to replace con-
phase of the correlation coefficient is indicative of thealbten ventional QPSK in a 4/3-bit/s/Hz transmission. They have
of the user w.rt. the transmit array gs ~ 2md/Acost! been optimized for several pairs of; ), whereasp/4 is
with d the inter-element spacing aificthe angle of departure chosen equal to 20dB. A large number of initial conditions
(taken w.r.t. the array axis). Increasing the transmit&lation have been tested, and less than 1000 iterations were ngcessa
coefficients phase shift (i.e2 = 2 — ¢1) makes the users’ to converge to an optimum. Several values @fin (43)
channels more statistically orthogonal. In the evaluatignis have been considered, depending on the speed of convergence
random and uniformly distributed withift, 27] such that the of the algorithm. The constellations that have been used in
scenario(t, t2) = (0.99¢7%,0.99¢(V %)) refers to the case Figure 5 are those that provide the minimumamong the
wherelt,| = [tz| = 0.99, ¢1 = 1 is randomly distributed and encountered local optimal constellations. In the confitiona
p2 = p1+¢. We make the following observations, inline with(0.95, 0.95¢/7), optimized constellations get closer to QPSK
the analytical derivations: constellations aR; . gets closer to a scaled identity matrix.
1) The performance improves as users get statisticalBontrary to the QPSK constellations in Figure 4, the adaptiv
orthogonal to each other. By decreasing order of BERpn-linear constellations make the performance almosins
we have¢ equal to Og/2,7. sitive to the phase shifp; — 1. Indeed, curves are almost
2) li.d. channels and spatially correlated channels wih s superposed to each other at high SNR (recall the optimizatio
tistically orthogonal userg0.99¢7,0.99¢7(¥*+™)) lead is made forp/4 equal to 20dB). Hence the transmitter does
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1 ‘ J ‘ ‘ ‘ where
= 4 oy H o\ ; 2
R R=¢ {vec(H )vec(H ) } = dlag{Rm, | X Rm}
107 : N E B (61)
s andE=(C—-E) (C — E)H is the error matrix. The compo-
‘\ nent block matriceR;; andR; » are defined as the transmit
107k - : s, E correlation matrices for receiver 1 and 2 as in (3).
' : Lo Expression (60) is obtained from the classical derivatibn o
. *\\ average PEP over MIMO spatially correlated Rayleigh fading
10 SM QPSK - (0.95,0.95) S 3 channels [1], [25]. We can further expand as
—©6— SM new constellation - (0.95,0.95) N 3
--- - (0.95,0. ejn) \\
e -x S:\::ons?eﬁ:tiz:i (0.95,0.95¢) \ P (C — E | X)
10 : : : ' ' _
e = (det (12 + 2R, 1)) (det (F+ 2 IXPR.E))
1, — 2\
Fig. 5. Average Symbol Error Rate (SER) of SM-encoded MATr syatially = b1&b2& (1 +ape |X| ) (1 taz2 |X| ) (62)

correlated channelétl,tg) with QPSK and optimized constellations.

Whereb;m =1+ag; (k,i=1,2) with Qk,i = E)‘kﬂ and Ak,i

the k" eigenvalue of the matriRtyi]:]. We can moreover write
not have to worry about user orthogonality and could sci‘ﬂedle(I2 = 1+Y whereY = |h371|2 is exponentially distributed.
any pair of users irrespectively of their orthogonality. In the particular case of i.i.d. Rayleigh fadinfg,; = b2 =
b = 1+ ag (k = 1,2) with a, = E)\k and )\, the kth
eigenvalue of the error matrik.

As a second step, we take the expectation over the distri-
The error rate performance of space-time encoded MiS@tion of X (or equivalentlyY’). We write

BC with delayed CSIT has been analyzed. The paper provides
new insights into the diversity-multiplexing tradeoff sevable P (C — E) = Ex {P(C —» E| X)} = by }b; |
with various transmissions strategies and derives no\agdesp oo -1 -1
time code designs, signal constellations and user paan (1 ta127 ) ( taz27 ) e Ydy. (63)
strategies for multi-user communications in the preserfce o
outdated CSIT. The effect of transmit spatial correlatiartte  Making use of partial fraction expansion and Table of Inaggr
performance is also highlighted and the performance behavi[27], the integral in (63) can be solved and we obtain (13) in
is contrasted with conventional MU-MISO with perfect CSIT-i.d. Rayleigh fading channels and (32) in spatially ctated
and point-to-point MIMO channels. The paper contrasts wifRayleigh fading channels. Ei) = [“_<dt in (13) and
the common DoF analysis and provides new insights into thd2) is the exponential integral whose Taylor series fot rea
actual error rate performance benefits over TDMA. The ma@iigument write as Hir) = v+ log |z| + Y2, £ wherey is
takeaway message is that in i.i.d. Rayleigh fading channellde Euler-Mascheroni constant.
MAT is not always a better alternative than TDMA. Benefits At high SNR, assuming a full-rank code;; >> 0 and
are obtained over TDMA (based on O-STBC) only at veryx: >> 0 Vk,i and for small argument, Ei(z) ~ v+log |z|.
high rate or once concatenated with a full-rate full-diitgrs Applying those simplifications at high SNR to (13) and (32)
space-time code. Alternative MAT is even less competiti@nd keeping only the dominant terms lead to the approxima-
than MAT and is outperformed by TDMA over a wide SNRions (14) and (34). The PEP expressions for SM and O-STBC
and rate range. In spatially correlated channels, MAT withi i.i.d. channels (15) and (19) and in spatially correlatien-
suitable user pairing strategy is shown to be less sengiivenels (35) are obtained from (13) and (32) by directly pluggin
transmit spatial correlation than TDMA. the corresponding parameters. In i.i.d. channels, the REP f
O-STBC (for whichb; = by = b) mvolves the computation
Of limy, _p, LE=1C2) with £(z) = @12 c1/2j (=1). This

VIlI. CONCLUSIONS

APPENDIX A b1—b2 .(x o
AVERAGE PEPOF SPACE-TIME ENCODED MAT can be done by noting th =
The average PEP is obtained by taking the expectation of APPENDIX B

the conditional PEP (12) over the channel distribution. The
expectation can be computed in two steps: first by taking
the expectation over the distribution B’ and then over the ~ Following [14] and the system model (8), we can write the
distribution of X. The first step writes as outage probability

P(C—E|X) =& {P(C—EIH)) Pou(r) = P (logy det (L + ZHH) <3R)  (64)

P = -1 where R = rlog, p. Making use of the QR decomposition
= 1 -R|I E 2
(det ( 4t 4R[ 2® D) (60) H = QR andH' = Q'R’ with (4,5) entry of R (resp.R’)

PROOF OFTHEOREM1
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denoted as; (i,j = 1,2) andry, = 0 (resp.r;; with vy, = h3 1, hi1 and hi o are in deep fadeg; ; and g; » do not
0), we get influence the DMT as both are multiplied BBy ; in (6).
14 2 2 3r
Pout(r) = P<1+—|H||F (5) |det (H)|” < p ) (65) APPENDIXC

PROOF OFTHEOREM2 AND 5

From (16) and (52), the averarge PEP with SM at high SNR
writes asP (C — E) < % with m = 1 for MAT
andm = 2 for Alternative MAT. Assuming W|thout loss of
generalityE = 0, we can bound the overall error probability
using the union bound

where |H||% = r2, + |r1a|” + 73, and |det (H)|* = r2,72,.
Since det( ) = hs, det (H'), we also haveldet (H)|> =
|hs, 1| AT

For i <r <2, 1+ £|H|} << p* such that

Pou(r) = P ((g) b1 | 72012 < o > (66)
p. < P(C—0)
Similarly to [20], we can now use the fact that the dominant C£0
error event is given by/2 < 1 and |hs|? 7"22 < pir2

2 -2 2 m
becauser?? is likel to be larger than/h 2. Indeed AN 2 14 2
P s y ! 9 hsa|* 5. < Z (Z) <Z|C‘1| ) <log (ZZ|CQ| )) .

2~ x2 while |hs >3 writes as the product of two

. C;éO q:l q:l

independeni2. (71)
Assuming X,Y ~ x2 and independent, we can compute

the CDE ofl/ = XY as Assuming that the same data ratg = 3R/2 is assigned to

00 both streams (witlR = rlog p), symbolsc, are chosen from
PlU<¢=1 —/ () gy =1 2v/eK1(2v/€) (67) a QAM constellation carryin@*«/2 symbols per dimension.

0 For a unit average energy, the minimum distaigeg, between
where K (z) is the modified Bessel function of the second@wo points of such a constellation is of the ordg®’«/2. We
kind. The second equality comes from [27]. Assuming small write ¢, = (izg—1 + jizg) dmin Wherei, € Z (z = 1,...,4).
from the series expansions in [2]K (z) ~ 14+2%log (z/2). The minimum squared distance of the constellation is of the

Hence, for smalk, P [U < €] ~ —2¢log(e). orderd? . =2738/2 = p=37/2 and we can further bouns.
The outage probability then writes at large SNR as as
. Y 1-3r/ X m
Pow(r) = P (7"11 < land|hs, 1| ri, < p 2) ) (10g (p : ? Zizl |z¢|2))
- _9 3r—2 o ( 3’(‘—2) - —(2-3r) (68) Pe S Z 42p7(2*3’r) p — 5
P s\p P ’ G#0 (Zz:l liz| )
Therefore,d*(r) = 2 — 3r for i% < r < 2. Hence the . A™ 4+ B™ 4 2(m — 1)AB
piecewise-linear function joinings, 1) and (2, 0). =4 Z o2
Foro<r< %, (i1,...,i4)#0
(72)

- P 2 2 2 2 2 .
Pom<r>—P(5 (oaal® [lanal® +lanal®] + 10+ ol lonere A = tog (252, B = og C and© = Ji* + ... +

2 i.|?. Following [22],
+(g) hsa* ridrh < p* ) (69) ial 9122]

1 .
and we can conclude from the first order term that the dom- , Z o c? L (73)
inant outage events are such that,|* < p3 1, |hio|* < (B2 de)
P41 hsa|? < p¥ L, g1a)® < 1 and|g1o|® < 1. The last Similarly, from Appendix D, we can compute

three inequalities come from the fact thidds 1|* [ |g1.1]” + pm

lg1.2%] is likely to be smaller thap® —! wheneveths |* < > oz — b (74)
p*r=! becauselhg |* ~ x3 while |g11|* + [g12f* ~ x4 (B1,..112)70

Those inequalities imply thatlet (H')|* = 275 < p°"~'.  This leads to

Therefore, in order to guarantaeg, |37 < p> =2 in the m
—(2—-3r 1-3r/2 1-37/2
second order term of (693 1|* should be even smaller, less! <p @ ((k’g (P " )) +(m —1)log (/’ " ))

than p—!. The outage probability writes as = p(2-37) (75)
Pout(r) = (|h3 1> < p~tand|hia|* < p* ! and Hence, the DMT achieved by SM-encoded MAT and Alterna-

|hi, 2| < p*~tand |91,1| < land |91,2|2 < 1) tive MAT s given byd(r) = 2 —3r for r € [0’ %]
= plpdr=lp8r—l = p=(3-6r), (70) APPENDIXD

Henced* (r) = 3—6r for 0 < r < 1, i.e. the piecewise-linear PROOF OF(74)

function joining (0,3) and (3,1). From (70), the dominant  Similarly to [22], the summation is split over vectors with
outage event occurs whenever the three channel coefficiemisizero components and is successively upper bounded using
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several inequalities. In the sequed, denotes a subset of

{1,2,3,4}. We write the following inequalities

)y

(31,-.-,34)#0

=2

S ip#0:xeS

-3

S ip#£0:2€S

Y ¥

#0:x
£

B™
02

(1o (11 + -+ 1iaf?) )"
(liaf 4.+ |i4|2)2
(105 (Zeslial?)) "
(Soeslic?)’
(Saeslial tog (12.))"
(Socslicl)
(Sues lial 105 (1ia”))
[oes lial 7/

> (108 (Jix?))”

. S
|Zz|4/| |

log (|ZI1 |2) log (|zm|2)

|ix1|2(1+77L)/|S| |ix2|2(1+7n)/\5|

(s ()"

. S
|Zz|4/| |

@

N2

,\
INT

es
S 0:x€S

ia:

>
2 F#0:zE€S

IN

S i reS

+(m—1) Z

z1,29€S
e

>

reS

>

iy #0:z€S

1
|277L/|S| |Z‘L |2H’L/‘S‘
T

+(m—1) Z

x1,x3€S |Zi1
o1 Fey
1Og |Zx|2 m
<> > Z%
S i,#0:xeS |zes liz|
Hm—1) (S|~ 1Y %}
zeS |Z:C|
log |z‘1|2 "
:Z|S| Z( |i<|4/8))
s i1£0 1
-1 (8- 1) Y (76)

170 i1

where (@) results from the application of the log sum ineigal
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APPENDIXE
ANALYTICAL EXPRESSION OF THEGRADIENTS

The gradients ofP with respect taS;, and Q.. are respec-
tively expressed as displayed in (77) and (78), where
A=18k = Sul® + 1Qrn — Quol®
+ 2% {tl (Sk - Su) (an - qu)*} )
B =Sk — Sul® + [Qrn — Quo|*
+ 2R {t2 (Sk - Su) (an - qu)*} )
C =15z = Sul® + |Qak — Quol*
+ 2R {1 (Sz — Su) (Qur — Quo)}
D =[Sy = Sul” + |Qur — Qual”
+ 2R {t2 (S:c - Su) (Q:ck - qu)*} .

(79)

APPENDIXF
AVERAGE PEPOF SPACE-TIME ENCODED ALTERNATIVE
MAT

Taking the expectation of the conditional pairwise error
probability (PEP)P(C — E|H) (12) over the distribution
of H assumingZ and X fixed leads to

P(C—>E|X,Z):EH,{P(C—>E|I:I)}

- (det (14 + gR [12 ® ED)7 (80)
where
R=¢& {vec(ﬁH) vec(ﬁH)H}
- diag{|Z|2Rt,2, X2 Rt,l} (81)

with the transmit correlation matrices defined as in (3).
Alternatively, we can write the conditional PEP A and
Z as in (82) whereu;, ; and by, ; are defined as in Appendix

A. Integrating over the distribution of X and Z, we obtain

o 2
P(C—E)= / [ +aray)™ e vay
(U N—
[T
0 k=1
Making use of partial fraction expansion and Table of Indégr

[27], integrals can be solved and we obtain (48) in i.i.d.
channels and (55) in spatially correlated channels.

-1
Y ) e Ydy. (83)
Y

1
( —l—ak,llJr
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