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MIMO Antenna Subset Selection
With Space-Time Coding

Dhananjay A. Gore and Arogyaswami J. PaylFagllow, IEEE

Abstract—This paper treats multiple-input multiple-output multiple-output (SIMO) channel. This includes the hybrid
(MIMO) antenna subset selection employing space-time coding. selection/maximal ratio combining approach in [7]. Recently,

We consider two cases differentiated based on the type of channeli,are has been an explosion of interest [8]-[13] in application
knowledge used in the selection process. We address both the f ant bset selection techni to MIMO links. In I8
selection algorithms and the performance analysis. We first OF @nténna subset seiection techniques to inks. In [8], a

consider the case when the antenna subsets are selected base@fiterion for selecting antenna subsets to maximize the channel
on exact channel knowledge (ECK). Our results assume the capacity is presented. In [9], an upper bound on the capacity
transmission of orthogonal space-time block codes (with emphasis of a system with antenna subset selection is derived. In [10], it
on the Alamouti code). Next, we treat the case of antenna subset;s sown that antenna selection techniques applied to low-rank

selection when statistical channel knowledge (SCK) is employed h | . itv. A fast selecti laorithm b d
by the selection algorithm. This analysis is applicable to general channels can increase capacity. A fast seiection algorithm base

space-time coding schemes. When ECK is available, we show thaton “water-pouring” type ideas is presented in [11]. In [12], an
the selection algorithm chooses the antenna set that maximizesantenna selection algorithm for minimizing error rate in spatial
the channel Frobenius norm leading to both coding and diversity multiplexing systems with linear receivers is presented. In [13],
gain. When SCK is available, the selection algorithm chooses the exact expressions for average SNR increase through antenna

antenna set that maximizes the determinant of the covariance lecti ith Al ti code t L ted
of the vectorized channel leading mostly to a coding gain. In selection wi amouti coae transmission are presented.

case of ECK-based selection, we provide analytical expressions

for average SNR and outage probability improvement. For the Contributions and Organization of Paper

case when SCK-based selection is used, we derive expressions . . .

for coding gain. We also present extensive simulation studies, [N this paper, we provide a comprehensive theory of antenna

validating our results. subset selection algorithms and performance analysis when
Index Terms—Antenna subset selection, MIMO, space-time Space-time coding techniques are used over the MIMO link.
coding. We treat antenna subset selection based on exact channel

knowledge (ECK) and statistical channel knowledge (SCK).
Our main contributions may be categorized as follows.

1) Selection AlgorithmsWe present algorithms for ECK-
IMO (multiple-input multiple-output) technology and SCK-based selection with the antenna sets selected to min-
significantly enhances system performance. The extfaize the probability of error. The algorithms are derived for the

degrees of freedom afforded by the multiple antennas can d¥se of joint selection at the transmit and receive ends. We show
used for increasing bit rates through spatial multiplexing [1]-[4hat when ECK is available, the selection algorithm chooses
or forimproved diversity order through space-time coding tecklhe antenna subsets that maximize the channel Frobenius norm.
niques [5], [6]. However, multiple antenna deployment requiréthis minimizes the instantaneous probability of error and maxi-
multiple RF chains (consisting of amplifiers, analog to digitahizes the SNR. When SCK is available, the selection algorithm
converters, etc.) that are typically very expensive. There ihooses the antenna subsets that maximize the determinant of
therefore, considerable incentive for low-cost, low-complexihe covariance of the vectorized channel. The selected subset
techniques with the benefits of multiple antennas. Optimaked not be optimal per channel instance, but it minimizes the
antenna subset selection is one such technique. A selectiwerage probability of error (APE) over all possible channel re-
of antenna elements, which are typically much cheaper thalizations. We further show that for certain channel models, joint
RF chains, is made available at the transmitter and/or recei@ansmit and receive) subset selection becomes decoupled, al-
Transmission/reception is performed through the optim@wing the transmit antennas to be chosen independently of the
subset. receive antennas and vice versa.

2) Performance AnalysisWe show through extensive anal-
ysis that for either case, antenna subset selection leads to an in-
Early work in antenna selection has concentrated on the matease in effective SNR visible through a parallel shift in the
tiple-input single-output (MISO) channel or the single-inpuaiverage symbol error rate curves. We term this effect as coding
Manuscript received May 20, 2001; revised May 20, 2002. The associate g(iin' In addition, ECK-based selection leads to a marked im-
itor coordinating the review of this pa’per and approviﬁg it for publication wddrovement in diversity. To make the analysis for ECK-based se-
Dr. Thomas L. Marzetta. lection tractable, we have assumed that selection capability is
_The authors are with the Information Systems Laboratory, Stanford Univejyailable at one end only and that the channels exhibit uncor-

sity, Stanford, CA 94305 USA (e-mail: dagore@stanford.edu; apaulraj@stan- . . . .
ford.edu). related fading. For ECK-based selection, we derive analytical

Publisher Item Identifier 10.1109/TSP.2002.803337. expressions for improvements in average SNR that serves as a
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RF Chain

Fig. 1. System diagram, selection schematic.

pointer to coding gain. Next, we derive expressions for outagéere H,, is a Kr x K matrix with i.i.d. circular com-
probability improvement that serves as an indicator of diveplex Gaussian elements with mean zero and variance
sity gain. These results are restricted to the case of transouie, i.e., E{[H.];;} = 0, E{[Hu]i;[Ho]i} = 1 and
selection with Alamouti code transmission or receive selectiai{[H,,|;;[H,|2,} = 0, Y(i, j) # (m,n), Rr, andRg
with two receive RF chains and any orthogonal space-time bloake the covariance matrices inducing transmit and receive
code (OSTBC). The results hint that the diversity order obtainedrrelation, respectively. We note that this model has been used
through antenna selection is the same as if all antennas wexensively in [14] and [15].
used. In the case of SCK-based selection, results are derive8ignal Model: Since there are only/ transmit and/y re-
for the case of joint selection with correlated fading channelseive RF chains, we are constrained to transmit and receive from
We develop approximate expressions for coding gain. Diversity; out of K+ transmit andM i out of K receive antennas,
gain may also be visible under extreme channel conditions. respectively. Henceforth, for ease of presentation, we denote the
The paper is organized as follows. Section Il presents th&/; x M) channel between the selected antenna subséis by
channel and signal model. Sections IIl and IV cover the maamnd the transmit and receive covariance matrices for the selected
results for ECK and SCK based selection, respectively. We casthannel aRR+ andR g, respectively. ClearhyH is a subset of

clude with a summary of results in Section V. H, R is a principal sub-matrix oR¢, andR g is a principal
sub-matrix ofRg.
II. CHANNEL AND SIGNAL MODEL Let the symbols transmitted at tk¢h time instant from the

Consider a point-to-point wireless link withfy- transmitand 24z transmit antennas b [k] - - - sz, [k]. We have the fol-

Mg, receive RF chains. Assume that there Bre (K, > My) 0Wing signal model:
transmit andKp (Kr > Mpg) receive antenna elementiy

out of K7 andM g out of K g antenna elements are selected and Es

coupled to the transmit and receive RF chains, respectively; see ylk] =/ My Hs[k] + n[k] (2)

Fig. 1. Transmission and reception over the MIMO channel (of

size Mr x M) is performed through these selected antennéhere

subsets. We assume perfect channel state information and max#[k] (Mg x 1) received signal vector;

imum likelihood decoding at the receiver. In addition, we also g total transmitted signal en-

assume knowledge of channel statistics at the transmitter and re- ergy:

ceiver. Before proceeding further, we first describe the notations[k] =[si[k] - sam[k]]¥ transmitted signal vector at

used in this paper for the reader’s convenience. All vectors and time k:

}n;?tnces aref[rgngolglsfzcoe. i nlk] (Mg x 1) additive white Gaussian
I he peration. : noise vector with covari-

X Hermitian transpose operation. anceN T -

IX||# Frobenius norm oK. o Mz

[X]i; (4, 7)th element ofX. H Mg x Mg channel ma-

XoY Kronecker product oK with Y. trix between the selected

£} expectation operator. transmit and receive an-

vedX)  vectorized matrixX. tenna elements.

Channel Model: Let H be the (z x Kr) channel matrix. Assume that each frame I symbol periods long. Then, if we
The channel is assumed to be flat Rayleigh fading, remainifitpck thel” received signal vectors
constant over a block of symbols and then changing indepen-

dently to a new realization (quasistatic fading). While an i.i.d. E

channel assumption is common, in reality, measurements show Y =4/ MS HS+N (3)
the presence of transmit and receive correlation. Therefore, we T

assume correlated scattering at both the transmitter and recejygerey = [y; -+ yr], S = [s1 -+ szr] andN =
and that the channel matrix can be modeled as the product ¢fg ... p;.]. Using the channel model from (1), we have

matrix inducing receive correlation, an i.i.d. complex Gaussian
matrix, and a matrix inducing transmit correlation, i.e.,

[ Es 12 1/2
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[ll. ECK-BASED SELECTION Joint selection requires computation of the Frobenius norms

This section discusses ECK-based antenna subset selecf?ér‘?‘. total of (1\1515) (1\1512) possible selegnons and t_hen a search
We focus on orthogonal space-time block coding and, in pam%[ocedure for the maximum norm. This computation should not
ular, on the Alamouti code. First, we present the algorithm f(?re a proplem in practical systems where the number of transmit
the case of joint antenna subset selection with correlated fadiﬁB.d receive antenna elements rarely exceeds four to five.

The antennas are selected to minimize the instantaneous proba
bility of error in the process also maximizing the received SNR’

of the data stream. This is followed by a detailed performanceECK-based selection leads to significant performance im-
analysis. To make the analysis tractable, we make the assumigvement in the form of coding gain as well as increased di-

Performance Analysis

tions of versity order. We develop analysis for average SNR that serves
1) selection capability at either the transmitter or receiv@g & pointer to coding gain. This analysis is general and is appli-
(not both together); cable to any OSTBC. Next, we derive an expression for outage

2) uncorrelated fading (i.eRy = I, andRp = Ix,). probability improvement that indicates diversity gain. These re-

We derive exact expressions for average SNR improvement. lgg;,ts are restricted to the cases of transmit selection with Alam-

the case of transmit selection with Alamouti code transmissio%lft' code transmission (or receive selection witty = 2 and

we also derive an expression for the improvement in outaggy OS.TBC)' We present extensive simulations supporting our
probability. nalysis. . . :

1) Average SNRnalysis: We develop analysis for transmit
: . selectionK'r = MF, in this section (easily extended to receive
A OSTBC and_ Optimal Selection _ selection). The selection algorithm chooses ilte out of K+

We first motivate the use of the channel Frobenius norglansmit antenna elements that maximize the Frobenius norm of

as a selection metric when an OSTBC is transmitted over e channel. The SNR of the received data stream (5) is
channel. Then, we present the selection algorithm.

1) Review of OSTBCOrthogonal space-time block codes 7 = Y| H||F (7)
provide maximal diversity order in a fading channel and have
very low coding/decoding complexity. Coding and decoding iset 73, & = 1--- Ky be the Frobenius norms of th&r
performed [16], [17] in such a way that the receive SNR of theolumns of the channel matrigf). 72, k = 1--- K are i.i.d.

data stream is chi-squared variables with probability density function (p.d.f.)
given by
7 = | HlI (5) et
[ = [T =2 =T ®)
where~, = E, /My N,. The probability of symbol erroF, is k (Mgr —1)!
upper bounded by . . . .
and cumulative distribution function (c.d.f.) given by
P. < e~ elHI (6) Mg—1 .
F(2)=pIf <2)=1- e —. 9)
whered is a constant depending on the constellation. Full rate (2) i ) ; !

7 = 1 OSTBCs for complex constellations exist only when the

transmitter has two antennas. However, codes for more than thiee average SNR{~} is

transmit antennas with complex constellations can be designed Mo

?:)trtgzefzn;sdt)]{/[r:ti [igfggt/tlle maximum known code rate Ely = v IHI2 Y = A, Z {12} (10)
From (5) and (6), we may conclude that maximizing the =t

channel Frobenius norm maximizes SNR as well as minimizggeren;, ¢ = 1-.- My are the indices of thé/; selected

the instantaneous probability of error. We use this observatigansmit antennas.

to develop the selection algorithm. Equation (10) and the fact that the selection algorithm
2) Antenna Selection AlgorithmThere are a total of chooses the columns with the highest Frobenius norm suggest

(37) (3%) possible selections of transmit and receive amhat we are interested in the first-order statistics of fifg

tennas. The optimal antenna subset is chosen to minimize Highest variables among 7 i.i.d. chi-squared variables with

instantaneous probability of error. It is clear from the obsep-.d.f. and c.d.f., per (8) and (9).

vations made above that the optimal antenna subsets shoulHor purposes of analysis, we generate a new set of ordered

maximize the channel Frobenius norm. For joint selection @riablesX;, k = 1--- Ky from 772, k = 1--- K7 such that

the transmitter and receiver, this corresponds to finding the, . > --- > X; > --- > X;. X[, is the largest ofK

(Mg x Myg) submatrix of the(Kr x Kr) channel with the random variables distributed according to (&) is the kth

highest Frobenius norm. In case of transmit side selectirgest of K, random variables, and so on. The average SNR

(Kr = MRg) or receive side selectioff{; = My ) side only, &£{y} is

the algorithm selects th&/; out of K+ columns ord{g out

of Kr rows with the highest Frobenius norm, respectively. E{v} = v%&{ Xk}t +  + YE{XKkr—pr41}- (11)
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TABLE | T ' ? '
EXPECTEDVALUE OF HIGHEST AND SECOND HIGHEST ORDERED STATISTICS, o Ky=Ma=a My =2 : :
TRANSMIT SELECTION, ALAMOUTI CODE 25l | KR NRT M2
-E‘KH R T 2 N
- Kg=Mp=6 M =2]
=M= 7, My =2 :
Kr=3|Kr=4|Kr=5]Kr=6 | ettt E
Mp=2| 3213 | 3547 | 3.808 | 4.02 §
1.824 2.210 2.502 2.738 § b B T e e
%
Mp=3| 4.495 4.891 5.197 5.446 g :
< B
221 | 3308 | 3667 | 305 RSV P R e e
Mp=4| 5731 | 6.177 | 6520 | 6.798 W i
3819 | 4.390 | 4.805 | 5.132
3 4 ; 6 7 8

We are now ready to state our first result. The average value of
the X th statistic is Fig. 2. Average SNR gain with ECK-based transmit selection (Alamouti

code).
3 Ky =, s
0 = Ty = (M = 1! ;0 (=1)
(]\lR—l)C 25k
k-1 1+ Mg+s)
< r ) ; as(Mg, ¢) Mﬁ 12)

where¢ = K — k 4+ » andas (Mg, ¢) is the coefficient of:®
in the expansion afy_ ;22" (x!/11))¢. Details of the derivation
are provided in the Appendix. 1.

Equation (12) has been tabulated in [18] oK Mg < 4 ; 5 ; 5
and1l < K¢ < 40. These values can be substituted in (11) to D SO R 4% NN SN N i
obtain the average SNR. We reproduce some valuegfor= 2
(Alamouti code) in Table I. The two rows (in the table) for each
Mg correspond t&€{ X i } and€{X k.. _1 }, respectively. We
define the gairy in average SNR as

{z]
t=1---Mr
(13

MgMy

Average SNR Gain [dB}
o

Fig. 3. Average SNR gain with ECK-based receive selection (Alamouti
scheme).

(top-most curves in Figs. 2 and 3). This is as it should be since

these two cases are identical from an analytical point of view.
2) Outage Probability—Transmit Selection With Alamouti

Code: Antenna selection results in increased system diversity

where~, Mz My is the average SNR for the OSTBC with ngvith the improvement in outage capacity/probability being a

antenna selection (or random antenna selection). The selecgoad indicator of such an increase. In this section, we derive

gaing can be substantial, as we will see shortly. an approximate expression for outage probability improvement
Finally, note that the analysis for receive antenna selectidiat is revealed by simulations to be quite accurate. We restrict

Kr = My, Kg > Mpg is easily obtained by replacinf Our treatment to transmit antenna selection with- = 2

with Kz and Mg with My in (12). (Alamouti code transmission). The results allow us to conclude
e Simulations Each curve in Fig. 2 depicts the gajrin av- that the diversity order achievable through antenna selection is

erage SNR for transmit antenna selectiéfy(> My, Kr = the same as if all antennas were in use.

Mpg) with My = 2. We note significant improvement in av- The outage capacity [40,.; corresponding to an outage

erage SNR. In addition, observe that the gain with transmit aprobability p,..; is defined as

tenna selection is higher when fewer number of receive antennas

are used. This makgs sense since, as the number of receive an- P(C < Cout) = pout (14)

tennas increases, the column squared Frobenius norms, whigh,, s the probability that the capacit is less than a

are essentially chi-squared variables, look increasingly equadyiain outage valué.,.... The capacity (maximum achievable

thereby reducing selection leverage. The curves in Fig. 3 deigtiiyal information) of the system\{z = 2, Alamouti code

the average SNR gain for receive antenna selediign> Mz ransmission) with transmit antenna selection is clearly given
with Alamouti code transmissiod{r = 2). The gains withre- |,

ceive antenna selection for the cdde = 2 are the same as the
gains with transmit antenna selection with two receive antennas

&} )
=log;g| ——— )} =log
g 810 <’70MRMT 810

C = 10g2 (1 + ’YO(XKT + X](Tfl)) . (15)
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Symbol Error Rate

5 Kp=3,M; =2,20ut0f3
< Ky=4.M =2 20utof4
- Ky=5,M =2 20utof 5

e KT.s,MY-Z,Zoutofs

Outage Probabilty (p, )

Capacity [oits/Hz]

Fig. 4. Outage probability with ECK-based transmit selection (exact amg. 5. SER curves for ECK-based transmit selection (Alamouti code, 2 Rx
approximated\\{z = 2. antennas, 4-QAM).

Xier andX e, -y are as defined previously. We have Diversity Order: Equation (19) indicates that the slope of the

2Cut _ ] B k) outage probability curve is the same as if/&l} antennas were

P(C < Cow) =P <(XKT +Xger-1) < used. Furthermore, note the following inequality:

Yo
B k/2 px Kr o K=
- /0 /0 Fxv (@, y)dy de Z Xi 2 Xpr + Xgr12 Ve Z Xi (20)
& Ko =1 =1
+ /k/2/0 fxy (x, y) dy de (16)  where the first inequality is obvious, and the second inequality

. follows from the fact that the sum of the firéf variables of
where we have replacel ., and Xy, with X andY’, re- an ordered set (of positive variables) is greater thatimes
spectively, for notational conveniencgy is the joint distribu-  the average of the set. Sin@fﬁﬂ X; = |H||%, (20) may be
tion of the highest and second highest order statistic and is giv@yritten as B
by )

(e 2> Xg > — 2
fxv = Kr(Kr = DF@)" 2 f@)fw) QD) 1Pl 2 Xrer + Xrer s 2 g [l 21)

wherel’(.) and f(.) are as defined in (8) and (9), respectivelyrhe parameter of interestiz. Xy, + Xx,_1, is bounded
Equation (16) works out to between two quantities both of which are chi-squared with
P(C < Cyu) 2K Mg degrees of freedom. This hints &7 Mpg order

= out K 8/ diversity? From (19) and (21), we may conclude that transmit
—F <E> 1Ky Flk— x)F(x)KT—l dz. (18) antennas selection extracts the same diversity gain as#fzall
0 antennas were used.

The second expression is tedious to integrate. Instead, we sjmf-'9S: © and 6 depict the average symbol error rate curves

plify the computation by working with an approximation V\/efor transmit and receive antenna selection, respectively, for var-
ious selection configurations. We assume the transmission of the

have
i Alamouti code. Both coding and diversity gain promised by the
P(C < Cyu) = F k K e k2 F@)F(a) = do analysis are visible through the parallel shift (coding gain) and
= Tout 2 r 0 the increased slope (increased diversity order) of the curves. In-

Ky crease irKt or K p increases system diversity as well as coding
—92% F <E> . (19) 9ain. Furthermore, observe that the curves (in Fig. 6) corre-
2 sponding ta r = 3, Mg = 2andKx = 3, Mg = 3 have the

e Simulations The approximated theoretical outage probas@me slope, i.e., selecting two out of three antennas provides the
bility is compared to the exact value in Fig. 4. The figure resame diversity as if all three antennas were in use. This substan-
veals (19) to be a very tight bound in the region of intere&@tes the observation made above that antenna subset selection
(i_e_, in the Outage region)_ The improvement in Outage progxtracts the same diverSity order as if all antennas were used.
ability is considerable. For example, the outage probability for This completes the discussion on ECK-based selection. Inthe
Cour = 4.2 bits/Hz reduces drastically from 10% with no sefollowing section, we focus on selection algorithms and perfor-
lection (Mr = Kr = 2) to about 2.0% withi; = 3 to about Mance analysis based on channel statistics.
0-5%_f0r KJ_“ = 4. _NOte that the outage beha\_lior of received 1rp;g inequality can be easily extended to cover the case of any orthogonal
SNR is easily obtained from the above analysis. space-time code and for receive selection as well.
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whereQ = vec(H?)* and€; ; = I, ® E; ;. From (22) and
(23), the PEP averaged over the channel statistics is

P(S' - 87) <& {e el

1
 det (IMHMT + ’YRgi,jgin)

(24)

‘Symbeol Error Rate

wherey = Eg/4M7N,, andR = £{Q¥Q}. When the
channelis as per (1), we hal®e= Ry ® Ry. We reiterate that
Rz andRy are principal sub-matrices &1 andR g, respec-
tively, and correspond to one particular selection. Furthermore,
note that

v, (@8}

H H
. . . _ RE; ;€ ; =(Rr @ Rr)(In, @ B j)(Iag, @ E)
Fig. 6. SER curves for ECK based receive selection (Alamouti code, 2 Tx

antennas, 4-QAM). =Rr @ RrE; ngj (25)

IV SCK-BASED SELECTION so that we may rewrite (24) as
ECK-based antenna selection may not always be feasitie,(S® — S(j))

especially when the channel changes rapidly. In such sce- .

narios, we can attempt subset selection based on channel < (26)
statistics. Channel statistics generally depend on large-scale = det (Tnzrm, + YRR © (RPE; jEF)))
scatterers/distance between the transmitter and receiver [19], )

[20] and change slowly, if at all, even in mobile environment$'t high SNR, this reduces to

This section focuses on SCK-based antenna subset selection ‘ ' —(rrprRy)

for general space-time codes. Unlike ECK, in which the P. (S(Z) - S(J)) < — 7 e e (27)
selected antenna sets minimize ihstantaneousprobability < HR Um) <HT )\n>

of error, when SCK is available, we target our selection toward m=1 n=l1

minimizing theaverageprobability o_f error. Towards_thls goal, whererg ,, andrg,,. are the ranks oR z andR., respectively,
we .flrst deyelop a geljeral expression for the APE in correlateo_dl is themth singular value oR , and\,, is thenth singular
fading. This expression assumes that the.antennas set§ h e of R7E; ,E . If Ry andRy are both full rank, then
been selected at the transmitter and receiver and remain e ave B
same over all channel instances. We use this expression to

motivate antenna subset selection and to develop the selecgi;gr(s(i) _ S(j))

algorithm. We further show that joint selection becomes de-
coupled and that SCK-based selection leads mostly to a coding - (M M)

ain. Diversity gain might also be available under extreme = Mo M W H My
ghannel cond?;iogns. ’ det(Rp )7 dot(Rop) i det(By, By ;)

(28)

Equation (27) shows the dependence of the diversity order on

A. APE and Antenna Selection the rank of the transmit and receive covariance matrices. Specif-
In this section, we derive expressions for the APE in corrt'ec—a”y’ the diversity order is Qr|ven by the product of the rank
?f R andRg. A decrease in rank by one Ry causes the

I fading channels. W h ial form of the expr n-. .
ated fading channels eusgt € speclaltormo the exp ess(ﬁversny order to decrease by the rankR®f, and vice versa.
to develop an antenna selection algorithm.

1) APE: Let S be the transmitted codeword, and &) We also note a coding gain hit due to the transmit and receive

be some other codeword that is not equal to the transmitted cod (relations. . .
word. Define the(i, 5)th error matrix ag; ; = SO — S0, he results in (27) and (28) correspond to one particular se-

The probability of decoding the codewod” instead ofS() lection of transmit and receive antenna subsets. In general, the

where; # i, is given by the pairwise error probability (PEP) transmit and receive covariance matrices are different for dif-
7 159 y P P y ferent selections, and the goal is to choose the antenna sets that

minimize (28).
H) < ¢ (B:/AM7No)D; 5 (22) 2) Antenna Selection AlgorithmWe now present the algo-
rithm for joint antenna subset selection with correlated fading.
The choice made by the algorithm need not be optimal per
channel instance, i.e., it may not minimize the instantaneous
probability of error, rather it minimizes the APE over all
possible channel realizations. There are a totaf¢f ) (%)

M
D, ;= QSiyjsijH (23) possible selections. However, we can leverage the result in (28)

P, (S(i) —. s

where we have used the Chernoff bound, 83d; = ||H(S® —
SUN)|2.. Itis easily verified thatD; ; may be expressed as



2586 IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 50, NO. 10, OCTOBER 2002

to note thatunder the assumptions of the channel model (1@STBC,Eiijfj = &I, Whereé is a constant. Inserting
the antenna subset selection at the transmitter and receidgy: = I, in (26)

becomes decoupledioint selection may be performed by ‘ ,

selecting the optimal transmit antennas independently of thelf (S(Z) - S(]))

receiver, and vice versa. Transmit selection is performed by

choosing the principal sub-matriR; of R4 with the highest 1 M=
determinant. Receive selection is performed by choosing the = det(Iys, + 76Rg)MT -
principal sub-matrixR g of Rg with the highest determinant.

Note that because of this decoupling, we need to search over Mg —Mr
only () + (3;%) selections instead fy”) (1%), as before. - <1 3 A eruon, UMR)> (29)
k=1
B. Performance Analysis where oy, k=1--- Mg is the kth singular value ofRz and
We define the selection gain as the performance improveméit(o1 - - -, on,,) is @ fLJJ\?C“O” of the singular values, e.g.,
through transmission on the optimal antenna sets instead of &1, - - -, OMp) = Dopey Ok ANdwpr, (01, -0, Opy) =

other selection. LRz, , andRg,,, be the transmit and receivel_[,f:R]L Ok-

covariance, respectively, corresponding to the optimal antennaAssume that R is full rank but ill-conditioned
sets. LeR; andR  be the corresponding covariance matriceith on,, < ox, bk = 1.--Mg — 1. Then, for a
for any other selection. From (28), we may conclude that seleggrtain range ofy, we have your, < 1, implying

tion gain is mostly manifested in the form of a coding gain. 0™ *wyr—1(o1, ... oag) > pMrwn(on, ..., oarg),

extreme situations, we may also have diversity gain. which in turn implies that the slope of the curve (diversity

1) Coding Gain: Assume thaR,,; andR are both fullrank. order) is Mr(Mg — 1). However, at high enough SNR, we
From (28), the performance improvement is given by haveyo s, > 1, implying pM== 2wy, (o1, ..., oa) <
pMrwyy, (o1, ..., on,,) SO that we have fullMy M g-order

diversity. If Rg, , is well-conditioned, there are regions of

det(Rr) M det(Rpg) Mr SNR where the corresponding symbol error rate curve has full

<det(RTm)> <det(RROPt)> ) My Mg-order diversity, whereas the curve f®tg exhibits

My (Mg — 1)-order diversity.
The effect, at high SNRs, is the same as if there were coding inn general, we can conclude that if we have a well-condi-
the system (i.e., a parallel shift in the symbol error rate curvesipnedR.,,; and an ill-conditioned® , we will observe a differ-
Hence, we term this gain as “coding gain,” which is approxence in diversity order in lower ranges of SNR. At high enough
mately given by SNR, however, the curves will eventually become parallel (with
the same diversity order).
e SimulationsWe assume correlated fading with the channel
10 og <det(Rva)> + £10~ <det(Rva)> model per (1). We use the covariance matrices in (30) gen-
10 210 . . .
Mr det(Rr) Mg det(Rr) erated using the GWSSUS model for correlated fading. See
. ) . [19] for more details on the model. Fig. 7 depicts the average
_2) Diversity Gain: In extremely correlated channel condigy ypo1 error rate curves for two scenarios with receive selec-
tions, it is possible that some subsets of the antennas will tk?éan (Kr = 3, Mg = 2, Ky = My = 2), where the transmit
fully correlated. In these cases, either the transmit or receiVg ariance h’as been ’assumed to be identity, and the receive
covariance matrices (or both) may be low rank. Since the ra%variance matrices for the two scenarios are giverRay,
of the covariance matrix plays a role in the diversity advantaggndRRH' respectively. Fig. 8 depicts the average symbol error

statistical selection may also improve the diversity advantaggte curves for a system with transmit and receive selection
(by increasing the slope of the error rate curve).tandt be (Kr = 3, Mg = 2, Kp = 3, My = 2), where the transmit

thg r:_:mk.ofRR andRr, respectively. Then, the diversity Ordercovariance matrix is given bR r,, and the receive covariance
gain is given byr,pitopr — rt, wherer,,, andt,,, are the ranks

matrix is given byR g, ,

of Rg,,, andRy, ,, respectively. ) | |
A diversity effect (region of SNR where the curves corre- 1.00 0.2¢0-8673 (,8¢0-267)
sponding to optimal selection and any other selection show vari- Rr, = 0.2c—0-867j 1.00 0.2¢0-8675

able slope_s) may alsc_) be visible in Iower SNR regimes when 0.860-267 () 9p—0-367 1.0000
both covariance matrices are full rank with ill-conditionRd - '
and well-conditionedR.,,;. For example, the curves for dif- [ 1.00 0.91¢i™/2 —0.69
ferent antenna sets have different slopes for certain regions of Rr,, = 0.91c—i7/2 1.00 0.91¢5%/2 | . (30)
SNR, indicating difference in diversity order even if the cor-
responding covariance matrices have the same rank. To under-
stand this effect, consider the following simplified case. e Discussion

Assume the transmission of an OSTBC and that there is no—The selection algorithm (based on maximizing determinant
transmit correlation, i.e Ry = Ix,.. Assume also thaRg of the covariance; see Table Il) predicts that the best receive
is ill-conditioned and thaRrg,,, is well-conditioned. For an antennas are 1 and 2 (or 2 and 3) for scenario | and receive

—0.69 0.91e—97/2 1.00
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V. CONCLUSIONS AND COMMENTS

[=6- Rx1&3 (oest)
x1&2

Since the cost of transmit/receive RF chains is a significant
factor limiting the use of multiple antennas in wireless links,
we believe that antenna subset selection, which is a low-cost
low-complexity technique that retains the diversity benefits of
multiple antennas, is a promising solution. In this paper, we ad-
dressed the problem of optimal MIMO subset selection with
space-time coding in flat fading channels. We developed algo-
rithms and performance analysis for ECK- and SCK-based se-
lection. We characterized the selection gain and presented ex-
tensive simulations corroborating our analysis.

: . The analysis for ECK-based selection assumed i.i.d. channels
10° L ' for analytical tractability. In reality, the channels will be corre-
% (69) % (8) lated, and the selection gains, especially the diversity benefit,
will be mitigated. The exact performance loss depends on the
Iéxegree of correlation present in the channel. Furthermore, we
have limited our treatment in this paper to flat fading channels.
" , The selection gains in presence of delay spread might be miti-
IS nisamiazmoes gated due to sufficient frequency diversity in the channel. This
10 Aoz Txi&3Rxia3 is an interesting topic for future work.

Symbol Error Rate
Symbol Error Rate

Fig. 7. SER curves for SCK based receive selection (Alamouti code, two
antennas, 4-QAM, scenarios | and II).

[ ~e- Tx1&2{or2 &3} Rx 1 & 3 [optimal}

APPENDIX
DERIVATION OF AVERAGE SNR THROUGH ORDERED
STATISTICS APPROACH

Symbol Error Rate

From (11), the average SNR is

4 E{Vv} =708 { Xkt + Y E{ XKr—Mpy1} (31)

where X;, i = 1--- K7 has been defined earlier. Essentially,
18 we are interested in the first-order moments of Mg highest
ordered statistics ai(7 i.i.d. chi-squared variables. The p.d.f.

Fig. 8. SER curves for joint SCK-based selection (Alamouti code, 4-QAM).0f the kth highest statistic is

¥, (9B)

Krp! .
TABLE I — T k=101 _ K~k
SELECTION RULE FOR SIMULATED SCENARIOS plw) = (k— DK —k)! Fa)"= (1= F(x) J(@)
(32)
1&20r(2&3)| 1&3 where
Scenario I det(Rpg) 0.96 / 0.35 Ma—1 —z
X c
Scenario II det(Rp) 0.17 0.52 / 1@ =G
Mr—1 .z
antennas 1 and 3 for scenario Il. The prediction is accurate as Fla)y=1- % — (33)
the corresponding curves in Fig. 7 are clearly optimal in terms PR
of having the minimum average symbol error rate. Further, note
the diversity effect in scenario I, even though the covariance We have
matrices corresponding to both selections are full rank. This is
because the covariance matrix for receive antennas 1 and 2 i%{x} _ Kr!
very badly conditioned (but still of rank 2), whereas the covari- ' (i — DKy —4)!
ance matrix for antennas 1 and 3 is better conditioned. ) ‘ o
—Fig. 8 depicts the four possible choices for joint transmit / s F(x) (1 — Fa)X77 f(x) dx
and receive selection. The algorithm predicts that transmit an- 0
tennas 1 and 2 and receive antennas 1 and 3 are optimal and is Kp! it i1
clearly validated in the figure. = G D Ke =) > (-1 < . )
— isti i I ifi - : " r=0
Clearly, statistical selection can significantly enhance per

formance (2—4 dB in the examples considered). In general, these o 1 () Kr—itr d
gains will vary depending on the exact structurdaf andR g. ’ o (1 - F(z)) f(x)dz
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where
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i—1

[14]

=0y (-7 <L , 1) / T it M
r=0 " 0
Ma—1 \ Kr—itr
a d
> u v
=0

2
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) s=0

oS (i
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