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On the MIMO Channel Capacity of
Multi-Dimensional Signal Sets
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Abstract—In this contribution, the capacity of Multi-Input
Multi-Output (MIMO) systems using multi-dimensional phase-
shift keying/quadratic-amplitude modulation signal setsis evalu-
ated. It was shown that transmit diversity is capable of narowing
the gap between the capacity of the Rayleigh-fading channaind

the AWGN channel. However, since this gap becomes narrower

when the receiver diversity order is increased, for higher-
order receiver diversity the performance advantage of trarsmit
diversity diminishes. A MIMO system having full multiplexi ng
gain has a higher achievable throughput than the corresponidg
MIMO system designed for full diversity gain, although this is
attained at the cost of a higher complexity and a higher SNR. fie
tradeoffs between diversity gain, multiplexing gain, comgexity
and bandwidth are studied.

Index Terms— Capacity, diversity, Multiple-Input Multiple-
Output (MIMO), multiplexing.

I. INTRODUCTION

gains by conveying the same information through different
paths over the MIMO channel in order to combat the channel-
induced fading. By contrast, Bell Lab's Layered Space-
Time (BLAST) [7] scheme transmits independent information
in parallel over the MIMO channel for the sake of achieving
multiplexing gain, hence increasing the attainable trassion
rate. Furthermore, both STTC and STBC schemes are capable
of achieving full transmit diversityat the cost of providing
no multiplexing gain, while the BLAST scheme was designed
for achieving full multiplexing gain at the cost of having no
transmit diversity gain. The tradeoffs associated withitngv
partial diversity gain and partial multiplexing gain when
communicating over MIMO channels was studied in [8].

Note however that the STTC scheme [5] is also capable of
achieving temporal or time diversity gain, which is commonl
referred to as coding gain. On the other hand, the BLAST
scheme [7] is unable to provide spatial diversity or tempora

The capacity,C, of a Single-Input Single-Output (SISO)diversity, since both of these have been utilised for achgev
AWGN channel was quantified by Shannon in 1948 [1], [2Jull multiplexing gain. The STTC scheme may be viewed

Since then, substantial research efforts have been iv@steas a ratet/N; channel code, wheréV; is the number of
finding channel codes that would produce an arbitrarily lowansmit antennas. By contrast, the BLAST scheme [7] may be
probability of error at a transmission rate close @ = viewed as a rate-1 channel code. Despite having differete co
C/T, whereT is the symbol period. We note however thatates, both the STTC and BLAST schemes share the same
Shannon’s channel capacity is only defined for ContinuousHMO channel capacity. This is similar to the case, where
Input Continuous-Output Memoryless Channels (CCMC) [3iwo different-rate temporal domain channel codes share the
where the channel input is a continuous-amplitude, diseresamel/-ary QAM SISO channel capacity, when transmitting
time Gaussian-distributed signal and the capacity is onl-ary QAM signals across the SISO channels. By contrast,
restricted either by the signalling energy or by the bandiwid the orthogonal STBC may be viewed as a raté¥ spatial-
Therefore we will refer to the capacity of the CCMC as thdomain repetition coding scheme. The STBC scheme may also
unrestricted bound. be viewed as a MIMO system, which employs an orthogonal
By contrast, in the context of discrete-amplitude QAM [4§preading code in the spatial and temporal domains [10F Not
and PSK [3] signals, we encounter a Discrete-Inptiiat the STBC scheme is unable to provide temporal diversity
Continuous-Output Memoryless Channel (DCMC) [3]. Therggain due to employing an orthogonal code. Hence, the capacit
fore, the capacity of the DCMC is more pertinent in thef the ‘spatial-domain-spread’ STBC MIMO scheme is lower
design of channel coded modulation schemes. With the advéifdn that of the non-spread MIMO scheme. Nonetheless, the
of powerful space-time coding schemes [5]-[7], the Multieode orthogonality of the STBC scheme facilitates a low-
Input Multi-Output (MIMO) channel capacity is of immediatecomplexity ‘de-spreading’ detection compared to the high-
interest. Note that multiple antennas can be utilised for prcomplexity ML detection employed by the STTC scheme. The
viding diversity gain and/or multiplexing gain [8]. SpecHily, BLAST scheme also achieves its best performance, when ML
Space-Time Trellis Coding (STTC) [5] and Space-Time Bloc#fetection is invoked.
Coding (STBC) [6], [9] were designed for achieving diveysit  However, the MIMO channel’s capacity was only found for
the CCMC in [11]-[15]. Furthermore, only the SISO AWGN
channel capacity was found for multi-dimensional sign#,se
such asM -ary orthogonal signalling [3] and-ary PSK based
L-orthogonal signalling [16], [17]. More specifically, the-
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1A system is said to have a full transmit diversity, when th@nsmit
diversity order is identical to the number of transmit antn [6].
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orthogonal PSK signal [17], [18] is a hybrid form &f-ary or- T, = 2T,
thogonal and PSK signalling, combining the benefits of pewer
efficient and error-resilienf\/-ary orthogonal signalling [3,
p. 284] as well as bandwidth-efficient PSK signalling. Atsthi
stage we note that STTC and STBC schemes have so far beé‘an gl =1 ! $1[2] =0 ‘
exclusively designed for complex-valued (two-dimenslpna

PSK/QAM signal sets, but not for multi-dimensional signal 4 3
sets.Against this background, the novel contribution of O
this treatise is that we derive channel capacity formulae 5/ =1
applicable to MIMO systems employing multi-dimensional " "
signal sets, in the quest for more error-resilient, power- o)
efficient and bandwidth-efficient MIMO channel coding 67
schemes.

The paper is organised as follows. In Section Il the muIti-‘
dimensional signal set is described. In Sections Il and V| ‘ ¢
the channel capacity formulae are derived for the specific 11
orthogonal STBC based MIMO system and the general MIMO 12 € Telo
system, respectively. In Section V the capacity and banitiwid '
efficiency of the MIMO channel are investigated. Finallyy ou
conclusions are offered in Section VI.

T,=1T,/2

[I. MULTIDIMENSIONAL SIGNAL SET 15

The dimensionality of a time- and band-limited signal iSig. 1. An L-orthogonal PSK example conveying 4 bits per symbol using
defined as [19 pp 348-351]' L = 8-ary PSK subset, where the total symbol peritidconsists of\ = 2
T ' LPSK subset's signalling duratiori,.

D =2WT, (1)

where W is the bandwidth and’ is the signalling period L-ary PSK signalling. As we can see from Figure 1, there
of the finite-energy signalling waveform. In anorthogonal are V' subsets ofL. phasors and each subset is assigned to
PSK signal set [16], [17], there afé = WT independenf.- one of theV orthonormal basis functiong,, hence, each
ary PSK subsets. The total number of waveformslis= subset of phasors is orthogonal to each other. However, the
VL and the number of dimensions 8 = 2V, which is L phasors assigned to the samg behave as in ordinary
independent of.. Specifically, anL-orthogonal PSK signal L-ary PSK signalling. Hencd.-orthogonal PSK signalling
requires splitting the original PSK symbol period inié6 constitutes a hybrid form of/-ary orthogonal signalling and
number of proportionately shortened PSK symbol periods aR&K signalling. ForVV = 1, L-orthogonal PSK signalling
hence necessitatds times the bandwidth of PSK signalling,represents classic two-dimensiodaary PSK signalling. As a
in order to transmiflog, (M) bits. The vector representationfurther contribution to the current state-of-the-art, weaded
of L-orthogonal PSK signalling may be formulated as: the concept ofL-orthogonal PSK signalling td.-orthogonal
QAM signalling and we will quantify the achievable capacity
Xmo o= X g, m=1,... M, @) of L-orthogonal QAM in Figures 3 to 8.

wherel = ((m — 1)%L) + 1 and a%b is the remainder To elaborate a little further, th® = 2V-dimensionalL-
of a/b, while k = ([22=1] +1) and x/'"5% is the classic orthogonal PSK/QAM scheme conveysg, (M) bits using
two-dimensional-ary PSK signal. Furthermore, the orthonorV timeslots and orthogonal transmissions, where the total
mal basis functionp, = (¢x[1],...,dx[v],...,¢x[V]) is a throughput islog,(M)/V bits per timeslot. Hence &-fold

vector of V' elements, which may be constructed from norbandwidth expansion occurred compared to the = 2-

overlapping signalling pulses as follows: dimensional PSK/QAM scheme, which conveys, (M) bits
1 ik per timeslot. However, if &V -dimensional PSK/QAM scheme
orli] = { O’ z;k’ (3) conveysVlog,(M) bits using V' timeslots, then the total

throughput will beV log,(M)/V = log,(M) bits per times-
Figure 1 illustrates an example di = 8-orthogonal PSK lot, which is similar to that of the two-dimensional PSK/QAM
signalling splitting the original signalling interval mt’ =2 scheme. Hence, there is no bandwidth expansion. The multi-
subintervals at the cost of doubling the required bandwidttimensional lattice code [20] belongs to the family of non-
The total number of waveforms 8/ = VL = 16 and the orthogonal multi-dimensional PSK/QAM schemes, where an
number of dimensions i® = 2V = 4. Note that only one effective throughput ofog, (M) bits per timeslot is attained,

of the V' = 2 timeslots of duratioril}, is active during the regardless of the signal dimensionality 6f = 2V. Hence
symbol period ofl, = V'T},,. Therefore,L-orthogonal PSK the bit/s/Hz bandwidth efficiency of the non-orthogonal tiaul
signalling achievedog, (V') bits higher capacity at the costdimensional PSK/QAM scheme is the same as that of the two-
of V times lower bandwidth efficiency, than that of classidimensional PSK/QAM scheme, when communicating over
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SISO or MIMO channels. Therefore, the capacity of the nomshereN, /2 is the channel’s noise variance. For the orthogonal
orthogonal multi-dimensional PSK/QAM scheme is simpl$sTBC MIMO system of Equation (5), we have:

V times the bandwidth efficiency of the two-dimensional N-D

PSK/QAM scheme. For this reason, in this paper we main%(ﬂxm) _ ( 1 > )

focus our attention on the capacity of the multi-dimensiona V7 Ny

L-orthogonal PSK/QAM scheme. Note however that the or- Neo (o 07 N2 2
thogonality of the L-orthogonal PSK/QAM scheme is not exp (ZZ (wild] QXQNZl’l][i]Im[d]) >.(7)
exploited for achieving diversity or multiplexing gain,tanly d=1i= Xan,, ildNo

for attaining a higher error-resilience in a fashion sim@ 14 channel capacity for the STBC MIMO system usibg
that of the classidl/-ary orthogonal scheme [21]. dimensional}/-ary signalling over the DCMC can be derived

from that of the Discrete Memoryless Channel (DMC) [24]
IIl. THE SPECIFICMIMO CHANNEL CAPACITY OF THE as:
ORTHOGONAL STBC SYSTEM

When classicD = 2-dimensional PSK/QAM is employed, ¢STBC _ ax E P(F %) () -
. : - ., DCMC (xear) 4 m m)
the received signal at receivérof Alamouti's orthogonal plxM
STBC [6] having N; = 2 transmit antennas anly,. receive Dfmd

antennas can be transformed into [22]:

Y| Xm Lo
N log, < __pFlxm) ) dy [bit/sym, (8)
_2 : ¥ © 7 A2Ny,i R yee ey dVp

where p(x,,) is the probability of occurrence for the trans-
(4) mitted signalx,,. It was shown in [24, p. 94] that for a
symmetric DMC, the full capacity may only be achieved
by using equiprobable inputs. Hence, the right hand side of
Equation (8) is maximised, when the transmitted symbols are
equiprobably distributed, i.e. when we hayéx,,) = 1/M
rme{1,...,M}. Hence, we arrive at:

where we definey = (yi,...,yn,)T as the N,-element
complex-valued received signal vector. Furthermerés the
complex-valued transmitted signai; ; is the complex-valued
Rayleigh fadmg coefficient between transmitjeand receiver
b XoN, i = Zg 1 |h; ;|? represents the chi-squared distributed”
random variable havin@ N, degree of freedom at receiver ( P(F|%m )
1 and €2; is the ith receiver's complex-valued AWGN after log, M

transformation, which has a zero mean and a variance of 2 n=1 P(F%n )P (xm)
X3n,.:No/2 per dimension, wher&/, /2 is the original noise B p(¥|xn)
variance per dimension. More specifically, due to the code = —log M Z p(¥xm) |
orthogonality of STBC, the MIMO channel was transformed n=1

M
into a Single-Input Multi-Output (SIMO) channel, where the _ _
equivalent Rayleigh fading coefficient between the tratiemi = logy(M) —log, 7; exp (Ymn),  (9)

and theith receiver is given by3 , ; and the equivalent noise o

at theith receiver is given byf;. where the termb,, ,, is given by:

It was shown in [23] that a full-rate, full-diversity ortheg 9

| i Q5 (= (wild) — B, ild)ald])

onal STBC also exists folV; > 2. Let us now generalise 722 (yz[ | = Xan, ildln
Equation (4) for each component of thea> 2-dimensional " ngt,i[d]No

L-orthogonal PSK/QAM scheme as:

(yild) — X2, i[d)zm[d])?
vild = 3w aldlald] + Quld] | (5) T a AN )

Whereyi = (yl[l],,yl[D]), X = (ZC[I],,I[D]) and NZ( X2Nt1 ]( [d]—xn[d])—i—ﬂz[d])Q

HEHU

Q; = (Q[1],...,9;[D]). Note that whenD > 2, we have

D/2 number of differenty?, ; values for theD-dimensional Xon,,ilNo

signals. Specifically, we haVQQNt k] = X3n, ik + 1] for (Q4[d])?

k€ {1,3,5...}, since a complex channel has two dimensions. +m (10)
FurthermoreQi[d] has a variance of3, ;[d]No/2 per each '

D dimensions. By substituting Equation (9) angd(x,,) = 1/M into Equa-

The conditional probability of receiving #-dimensional tion (8) we have:
signal vectory given that aD-dimensionalM -ary signalx,,,
m € {1,..., M}, was transmitted over an AWGN channel is CDCMC
determined by the PDF of the noise, yielding: 1Og2

P(¥lxm) = ﬁﬁ\/—eXp(_(yi[d]j;ozm[dDQ) ) Z/ /p ¥|%Xm) dy —

d=11i=1

D- foId
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oo oo

1 U . M . can be further enhanced by distributing the transmittedgoow
M Z / /p(Y|Xm)IOg2 ZeXp(\Iva") dy according to the “water-filling” principle, when the chahne
m=t —oo n=l knowledge is available at the transmitter [12], [15].

— 00

D-fold

1 M IV. THE GENERAL MIMO CHANNEL CAPACITY
=logy (M)~ - 3" F
m=1

X | [Dit/sym _ _ N
In a two-dimensional MIMO system there afd = Lt

(11) number of possibld.-ary PSK/QAM phasor combinations in
the transmitted signal vectot = (x1,...,xy,)”, wherex;
el 7 . is the two-dimensional-ary PSK/QAM signal emitted from
and the expectation in Equation (11) is taken ON&K;, ;[d] antennaj. The STTC scheme of [5] designed for attaining
and ([d] for i = {1,...,N,}. This expected value can beyangmit diversity and coding gain may be viewed as a rate-
estimated using the Monte Carlo averaging method. MO{?M channel code, where there are only — L legiti-
specifically, Equation (11) represents the capacity of theaie space-time codewords out of thé”* possible phasor
MIMO DCMC, when employing STBC for achieving full oompinations during each transmission period. By contrast
diversity gain for D-dimensional,A/-ary PSK/QAM signals he gl AST scheme [7] designed for attaining multiplexing
with the aid of N; number of transmit antennas aig number gain may be viewed as a rate-1 channel code, wheré 4l

of receive ar_ltennas. phasor combinations are legitimate during each transomssi
Note that in a SISO AWGN ch.annel we ha)(%NM[d] — period. In the case of the SISO system, the higher the terhpora
Ny = 1 and hence the noise variance o%;[d] iS yiyersity (coding gain) the lower the coding rate and hence
No/2 per each dimension. Fob = 2-dimensional sig- 5 |qwer throughput is resulted. Similarly, in the case of the
nalling, I2Equat|on (1(2 QCag 2be simplified t0¥:,, = MIMO system, the higher the transmit diversity (a maximum
vaz"l _‘XQN”(X;ZSTVX’Q];; e , where we havex;, = of orderlV;) the lower the coding rate (multiplexing gain) and
wx[l] + jz[2] and Q; = Qi[1] + jQu[2]. It is reassuring to hence a lower throughput is yielded.
note that in the simplified case of SISO AWGN channels, Let us consider a general MIMO system, which invokés
Equations (10) and (11) agree with the results of [25]. THEansmit antennas anly,. transmit antennas. We will refer to

M
log, Z exp(¥m n)
n=1

where E[A|x,,] is the expectation ofd conditioned onx,,

average SNR can be determined from [16]’ [25] as: this general MIMO System as the ML-detected MIMO System
1 M D ) for the sake of differentiating it from the orthogonal STBC
SNR = M 2m=1 2a=1 lEm[dl” _  E; ’ (12) based MIMO system of Section Ill. Wheh = 2-dimensional
Zle E[(Q[d])?] DNy/2 L-ary PSK/QAM is employed, the received signal vector of
where E, is the average energy of thB-dimensionalr/- the MIMO system is given by:
ary symbolx,, and DI is the average energy of the- y=HX+1i, (14)
dimensional AWGN. Additionally, the energy of the signal - .
sets is further normalised by ;. More specifically, we have Wherey = (y1,....y~,)" is an N,-element vector of the
z1|d) = #,[d]/ /N, wherez[d] is the kth modulated signal, received S|gnal_s;H is an N, x N; channel matrix,xX =
k = {1,...,M}, of dimensiond in the case ofN, = 1. (x1,...,xn,)T is an N;-element vector of the transmitted
In an AWGN channel, the channel capacity is not expectéifnals andii = (ny,...,ny,)" is an N,-element noise

to increase, whem, is increased. However, if the transmitteVeCtor, where each elements i is an AWGN having a
knows the complex Rayleigh-distributed channel coefficign 2€ro mean and a variance 6f/2 per dimension. The two-
each of the MIMO links, the transmitted power to be assignéimensional signalling based Equation (14) can be geseli
to the various transmit antennas can be distributed acugrdfor D = 2V-dimensional signals as:
to the “yvater-filling” p_rinciple [12], [15] in order to inclEse vl = H|R[] + @] , (15)
the achievable capacity. ~

The capacity formula of Equations (10) and (11) can also M&ereY = (¥[1],

...,¥[V]) is defined as theV-dimensional

applied to real-valued signal sets, suchldsary orthogonal eceived signal vectorX = (X[1],...,X[V]) is defined as
signals, as well as to amplitude-modulated signals foligwi the 2V -dimensional transmitted signal vecté[v] is the vth
straightforward adjustments of the signalling space dsiem  €lement of the2V-dimensional channel matrix and[v] is
ality, the channel fading and the noise. The MIMO ccmche vth element of the2V-dimensional AWGN vector. As
capacity (unrestricted bound) of the STBC scheme design&@ have seen in Figure 1, there aré ¢ 1) number of
for achieving full diversity gain can be derived based on thibsets that are orthogonal to a particular subseglin

equivalent SIMO channel of Equation (4) as: dimensional L-orthogonal PSK/QAM signalling. There are
a total of V¢ number of possible transmitted phasor con-
SNR

) stellation combinations in theV-dimensionalL-orthogonal

N PSK/QAM signalling. However, from thé’ ™V number of

D , SNR _ con_stellation combinations_onlyv_(— 1) are_orthogona_l tp a

= F > log, (1 + XQNT) [bit/sym (13) particular phasor constellation, since the dimensiopaistill
t
D =2V.

where x2, = SNV XoN,i = S Z;V:tl |h; ;|* and the  To elaborate a little further, let us define a set of basis
expectation is taken oveys . Again, the achievable capacityfunctions, ®,, which are not necessarily orthogonal to each

Ny
STBC
Cecme= F WTlogg(l-i-ZXgNm

i=1

[bit/syn
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N fading channels is determined by the PDF of the noise,

dall] =1 i %y 91221 =0 1 yielding:

Prall] =1 ;xf $11[2] =0 ~ - =

— = o 11 - &, ¥1%) =] 1 eXp(—lly[v]—H[v]xm[v]lF)

¥ | 1] F 2] w1 (mNo)™ No
Pao[l] =1 ; x P22|2] =0 | . .

! - — - | L (30 9T = Hln ol

| boa[l] = ! 2q2] =1 ; xt ! 3, - (7 Ng)N-V Xp < No .
N, v (18)

_ . L . .

} $32[1] =0 ! $32[2] = 1 ;%5 ! The channel capacity of the ML-detected MIMO system using

‘ Goall =1 ;x- ‘ 63112 = 0 . 2V_—dimensionaIM—ary signalling over the DCMC can be

w \ — 3 written as:

v

ﬁ& M [e’e} 0

} $a2[1] =0 ! $anf2] =1 ;x5 ! CI'\DAICMC =  max_ Z / e /p(Y|Xm)p(Xm)

- p(X1)..p(Xnr)
) ()4'1[1} =0 ‘ ¢471[2] =1 ;XY ‘ - - -0
T T — Oy V-fold
v .
Y| X, -
log, 7 P 4| — ) — dY [bit/sym

Fig. 2. TheVNt=4 phasor constellation combinations for the=2V =4- Zn—l p(Y[X,)p(Xn
dimensionalN;=2 ML-detectedL-orthogonal PSK/QAM signalling scheme. (19)

other, for representing th&'™: possible transmitted phasorWhere the right hand side of Equation (19) is maximised,
constellation combinations, wheve € {1,...,V"*}. More when we havep(X.,) = 1/M for m € {1,..., M}. Hence,
specifically, the above-mentioned basis functidp may be EQuation (19) can be simplified to:

described by aV, x V' matrix, which can be constructed from 1M M .
non-overlapping signalling pulses for each of the rows,mheCll\D/'cL:MC: log, (M) — i Z E |log, Z exp(V,.n) Xm]
there is only a single ‘1’ in each of th&; rows. Explicitly, m=1 n=1

we haved;, = (¢i[1],..., dk[v], ..., dx[V]), wheregy[v] = [bit/sym  (20)

_ T ) . .
(@r[v], .., deglv], ., bk v, [v])™ IS anNi-element column where E[A|X,,,] is the expectation ofi conditioned onX,,

vector and¢y ;[v] € {0,1}. The relationship between the L ; ;
transmitted N;-element vectorX[v], the L-ary PSK/QAM %nd the expectation in Equation (20) is taken obEp] and

. ) ; , while ¥, ,, is given by:
S|gnaIxJL transmitted from thgth transmit antenna and théh mi[v] ’ 9 y

column vector of the basis functiafy.[v] may be formulated . :zv: — |[H[v](Zm[v] — % [v]) + B[0]|* + [JE[v]]
as: e No ’
2 _ 2L 7 N 2
Xl =7 o] ’ ¥, — (Bl (Enle] = Zalol) + mifel|” + Imalo]
= (xFdra[v], .. X o v], ... XK, drn, [0]) (16) :Z No
v=1i=1
wherex = (xf,...,xF, ... ,x}, )" is the N;-element col- (21)

umn vector representing th&, L-ary PSK/QAM phasors Lo ]

transmitted from\, transmitters. Again, there aie": number Whereh;[v] is theith row of H[v] andn;[v] is the AWGN at
of transmitted phasor constellation combinations in a gainethe ith receiver. _

MIMO system and each constellation combination can host!t Was shown in [12], [15] that the MIMO capacity of the
LNt number ofL-ary PSK/QAM phasor combinations. HenceCCMC can be expressed as:

the total number of possible combinations Kiris given by: r SNR
TY 1 1+ N———
w ; 0gs ( + A ~ )

ML
c - E (22
M = (VILM. (17) ceMc : @2)

Figure 2 portrays thé V:=22=4 |egitimate phasor constella-wherer is the rank ofQ, which is defined a€) = HH for
tion combinations for theéV,=2 MIMO D=2V =4-dimensional N, > N, or Q = HH¥ for N, < N,. Furthermore); is the
L-orthogonal PSK/QAM signalling scheme. As shown irth eigenvalue of the matri®. The extension of Equation (22)
Figure 2, we can always find/(— 1)=1 orthogonal phasor to D-dimensional signalling can be carried out by noting that
constellation combination for each of thé™:=4 possible WT =D/2=V.
phasor constellation combination. In other words, thearsct When communicating over AWGN channels and assuming
(®,,®,) and (P4, 3) constitute thel’=2 orthogonal basis that there is no path loss, we havg; = 1 for all i and; in the
functions for this system. channel matrixH, hence the rank of) becomes unity and the
The conditional probability of receiving 21/ -dimensional only non-zero eigenvalue is given By = N, x N, [15]. The
signal vectorY given that a2V -dimensionalM-ary signal capacity of the AWGN CCMC becomes identical to that of
vectorX,,, m € {1,..., M}, was transmitted over Rayleighthe orthogonal STBC scenario characterised in Equatio) (13
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,,,,,,,,,,,,,,,,,,,

6

wherex2, /N; = N,. Therefore, no multiplexing or transmit
diversity gain may be attained in an AWGN CCMC. On the
other hand, we hav#ix = N, Z;V:tl x;, when communi- 5
cating over an AWGN DCMC. More explicitly, the signals
transmitted from theN, transmit antennas may cancel out 4
each other and result in a severe interference. Hence, i
multiplexing or transmit diversity gain may be attained lire t g
AWGN DCMC and its capacity is also the same as that of2
the orthogonal STBC scheme quantified by Equations (10) 2
and (11), wherex3y, ;[d] = N;.

Note that the closed-form evaluation of the MIMO CCMC 1
capacity in Equation (22) has been given by [13, Equation
(40)] and in [14]. A closed-form evaluation of the channel |
capacity for the MIMO CCMC when employing STBC in  ™*°
Equation (13) may also be derived based on [13], [14].
However, a closed-form evaluation of the MIMO DCMCFig.4. The bandwidth efficiency of the orthogonal STBC MIM@xaorrelated
channel capacity in Equations (11) and (19) is computalipnaRayleigh-fading channel and AWGN channel for 16QAM havihg =
complex due to the existence of the ‘summation owgr 1 (M =16, D=2)andV =2 (M =32, D =4).
exponential functions’ in the multidimensional integial this
case, the Monte Carlo averaging method is the most efficientrigure 3 illustrates the achievable capadityof both the
approximation technique of computing the expectation sernuncorrelated MIMO Rayleigh-fading channel and that of the

AWGN channel for 16QAM signalling having bothh = 1
V. NUMERICAL RESULTS and V = 2, when aiming for a full diversity gain using

] ] ] ) an orthogonal STBC scheme. As shown in Figure 3, the
In this section, we will evaluate both the capacity and bandgnievable capacity of the Rayleigh-fading channel irseea

width efficiency of MIMO channels for the scenario, when thgc the number of transmit antennds increases from 1 to
transmitter _does n(.)tl have any channel knowledge._E_xpd,icitI4, approaching the capacity of the AWGN channel, which is
the bandwidth efficiency is computed by normalising thggependent of,. Figure 4 depicts the bandwidth efficiengy
channel capacity, as it transpires from Equations (11)}, (13 poth the uncorrelated MIMO Rayleigh-fading channel and
(19) and (22), with respect to the product of the bandwidifjat of the AWGN channel for 16QAM signalling having both
W and the signalling period V =1andV = 2, when aiming for a full diversity gain using

C C , an orthogonal STBC scheme. It is shown in Figure 4 that as
“WT D)2 [bit/s/HZ. (23) N, increases, the bandwidth efficiency of the AWGN channel

. - . . ) also improves, hence the corresponding performance over
The bandwidth efficiently is typically plotted against thé/ R Rayleigh-fading channels follows the same trend. However,
per bit given by:E,/Ny = SNR/n. We denote theL =

_ . ) the attainable extra transmit diversity gain of the Rayieig
16-0rth’()gonal QAM sch_eme having’ = v" as "16QAM, fading channel reduces, @§. increases, since a hear-AWGN
V, = v for br.eV|ty. Again, L = 16-0rthogonal P,SK/QAM erformance is achieved by the high-order receiver dityersi
signalling havmgV_ = 1. represents classic two—d|menS|ona£S seen by comparing Figures 3 and 4 for the systems having
L-ary PSK/IQAM signalling. N, = 1, the achievable channel capacity increases as the
signal dimensionalityD increases, although this is attained at a
reduced bandwidth efficiency. However, the error-resideof
16-0AM, V=2 the power-efficient multi-dimensional orthogonal signalso
" improves as the dimensionality increases [3]. As evidernced
16-0AM, V=1 Figure 4, at lowE;, /N, the bandwidth efficiency of 16QAM
" attained in conjunction with botl" = 1 andV = 2 converges
to the unrestricted bound. Note that the unrestricted basind
independent of the signal dimensionality.

Let us now compare the achievable capacity of the or-
thogonal STBC MIMO system to that of the general (ML-
detected) MIMO system in Figures 5 and 6, where the number

16-QAM, V=1

3

16-QAM, V=2

= AWGN [{ — N;=1
N =2

20 30

10
Ey/No (dB)

n

ray<apaciy mimo-6cam dgle

6

Unrestricted
Bound ~—

IN

C (bit/symbol)
w

N

1 P 2 = AWGN [f — N;=1 of receivers isN,, = 1 and N, = 2, respectively. As we
Ez:i can see from Figure 5, the Rayleigh fading CCMC capacity
o 5 " 5 5 (unrestricted bound) of the ML-detected MIMO system is
SNR (dB) higher than that of the orthogonal STBC system by a constant

margin, when we haveév, = 1 and N; = 2. However, the
Fig. 3. The capacity of the orthogonal STBC MIMO uncorredaRayleigh- Rayleigh fading DCMC capacity of the ML-detected MIMO

fading channel and AWGN channel for 16QAM havitg =1 (M = 16, system is identical to that of the orthogonal STBC system,
D=2)andV =2 (M =32, D = 4).
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ray-apaciy-mime-16qam.x go

[
N

Ny = N, =2 andV =1 in Figure 6. At a throughput of
C = 4 bit/symbol the required SNRs for the STTC/BLAST
et /8 R g and STBC schemes are approximately 7.0 @B/(No, = 1 dB)
nrestricted Bound . o . .
\¢\\ S and 14.5 dB /Ny = 8.5 dB), rgspecuvely. Since .both thg
. ML T ?‘/“) ... STBC and STTC schemes achieve a full transmit diversity
* STBC S e gain, the gap between the capacity curves of STBC and STTC
et guantifies the attainable temporal diversity gain (or cgdin
gain) for the STTC scheme. Hence the STTC scheme is
capable of achieving an additional coding gain of 7.5 dB
compared to the STBC scheme at a throughput of 4 bit/symbol.
Similarly, with the aid of a rat&?, = 1/2 outer channel code,
i — AWGN the BLAST scheme is capable of benefitting from the coding
V=1 Rayleigh . . .
gain of the outer channel code and hence achieve a similar
performance to the STTC scheme at a throughptZaf = 4
bit/symbol. However, the BLAST scheme by itself requires
Fig. 5. The capacity of the MIMO uncorrelated Rayleigh-faglichannel an SNR of approximately 27.0 dB (dEb/NO = 18.0 dB)
and AWGN channel for 16QAM having’ = 1 (M = 16, D = 2) and in order to achieve a full multiplexing gain of 8 bit/symbol.
V' =2(M =32 D=4 whenN, = 1. Hence, when aiming for a near error-free performance, the
, s BLAST scheme which exhibits a full transmit multiplexing
N =2, N, =2 | L i gain is18.0 — 8.5 = 9.5 dB inferior in terms of the required
—— ) Ey /Ny in comparison to the orthogonal STBC scheme, which
Unrestricted Bound <=~/ e+ e exhibits a full transmit diversity gain. In other words, the
o & full spatial diversity offers an achievable gain 6f5 dB
" ML S e in this MIMO system. Furthermore, the BLAST scheme is
* STBC A A 18.0 — 1.0 = 17.0 dB inferior in terms of the required}, /N,

e oA compared to the STTC scheme, which exhibits a full transmit
diversity gain plus a coding gain. Hence, a total16f0 dB
E,/Ny reduction was offered by the spatial and temporal
diversity. In the same way, the tradeoffs associated witliriga
 AWGN partial transmit multiplexing and transmit diversity gairay

Rayleigh also be quantified based on the corresponding MIMO DCMC
10 20 30 channel capacity curves. Note further that the capacithef t
SNR (dB) Rayleigh fading MIMO channel of the ML-detected system
is higher than that of the AWGN MIMO channel. However,
Fig. 6. The capacity of the MIMO uncorrelated Rayleigh-faglichannel the capacity of the Rayleigh fading MIMO channel of the
?/”ig\’\(’](@'\':‘:ggn?f':f% LeQAM having” = 1 (M =16, D = 2) and  grihogonal STBC system is lower than that of the AWGN
' T MIMO channel.

The asymptotic capacity of a DCMC system is given by

when the channel SNR is low. When the number of receiveksy, (M) bit/symbol, where we have/ = (VL)V¢ for a
is increased taV,. = 2, the gap between the Rayleigh fadingviL-detected MIMO system and/ = V'L for an orthogonal
CCMC/DCMC capacity of the ML-detected MIMO systemSTBC system. Hence, a variety of different systems may be
and that of the orthogonal STBC system increases as the Spigned for achieving a gived/ by changing the values
increases, which is depicted in Figure 6. Hence, the capacif V', I and N;,. As we can see from Figure 7, where
loss of the orthogonal STBC MIMO system increasesNas we have M = 256 for all schemes, the different system
and the SNR increases. However, the ML-detected MIM@esigns achieve a different performance, despite havieg th
system, which hag/’ L)+ number of possible transmitted sig-same asymptotic capacity of 8 bit/symbol. Again, neither
nals, imposes a higher detection complexity compared o thRe BLAST nor the STBC schemes achieve a coding gain,
of the orthogonal STBC system, which has oy, number unless an outer code is employed. However, for achieving the
of possible transmitted signals. Hence, it is more benéficia same asymptotic capacity usirig = 1, the full diversity
employ the orthogonal STBC system when invoking a low-raffased orthogonal STBC MIMO system has to employ the
channel coding scheme, which results in a low throughptigher-order modulation scheme of 256QAM compared to
since a lower detection complexity is required compared tRe 16QAM arrangement used by the BLAST scheme. As
that of the ML-detected MIMO system, especially when wegan be seen from Figure 7, the full diversity advantage of
have IV, = 1. By contrast, a higher capacity can be attainegTBC cannot compensate for the minimum Euclidean distance
with the aid of the ML-detected MIMO system at the cost dbss imposed by employing 256QAM. This observation is
a higher complexity and a higher SNR. also applicable for higher dimensionality signalling, wée

Let us now compare the Rayleigh fading MIMO channghe BLAST MIMO system havingL=4 and V=4 performs
capacity of the STBC, STTC and BLAST MIMO schemes dtetter than the orthogonal STBC system havibrg64 and
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V=4. In the context of the ML-detected MIMO system, a
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Fig. 7. The capacity of the MIMO uncorrelated Rayleigh-fagichannel for
D =2 (V =1)andD = 8 (V = 4) dimensional signalling, when aiming

for a throughput of 8 bit/symbol.
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VI. CONCLUSIONS

The capacity formulae of DCMC were derived for a specific
orthogonal STBC MIMO system and for a general MIMO
system, when employing multidimensional signal sets. The
orthogonal STBC MIMO system was found to have a lower
capacity, since its code orthogonality prevents it fromiech
ing temporal diversity. Furthermore, STTC is a specific MIMO
system, which attains full transmit diversity and a codiagng
whereas BLAST is a specific MIMO system, which achieves
only the full transmit multiplexing gain. It was shown that
transmit diversity is capable of narrowing the gap between
the capacity of the Rayleigh-fading channel and the AWGN
channel. However, the transmit diversity advantage besome
modest, when the receiver diversity order is increasedesinc
the remaining capacity gap becomes narrower. Hence, it is
better to utilise temporal diversity for enhancing the erro
resilience while employing multiple transmitters for attag
transmit multiplexing gain, when sufficient receiver dsigy
is achieved. When aiming for a similar asymptotic capacity,
the highest bandwidth efficiency is attained, when emplgyin
a two-dimensional ML-detected MIMO system having the
lowest L and the highesiv;, at the cost of a higher hardware
complexity. By contrast, the highest capacity was achieted
given asymptotic capacity, when a ML-detected MIMO system
having the highest dimensions, a lawand a highN, was
employed, although this was achieved at the cost of a higher
bandwidth requirement.
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Fig. 8. The bandwidth efficiency of the MIMO uncorrelated Réyh-fading 1]
channel forD = 2 (V = 1) and D = 8 (V = 4) dimensional signalling,
when aiming for a throughput of 8 bit/symbol.

(2]

scheme that employs a lowérand a highetV, (L=4, N;=4, [3]
V=1) may yield a higher capacity compared to a scheme that
invokes a highef and a lowerN, (L=16, N;=2, V=1), when
aiming for the sam@/, albeit this is achieved at the cost of a
higher hardware complexity. When the signal dimensiopalit
is increased from twoW(=1) to eight {/=4), the achievable
capacity also increases at the cost of a higher bandwidth
requirement. The bandwidth efficiency of tlid=256-based
schemes characterised in Figure 7 is shown in Figure 8. As we
can see from Figure 8, the bandwidth efficiency of the eight-
dimensional scheme is poorer than that of the two-dimemasion([7]
scheme. The performance difference between the ML-detecte
MIMO system and the orthogonal STBC system is also mor
apparent in terms of their bandwidth efficiency. Again, the
ML-detected scheme havingj=4, N,=4 and V=1 is more o]
bandwidth efficient than the ML-detected arrangement tgavin
L=16, N;=2 andV=1.

(5]
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