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I. Introduction

MIMO (Multiple-Input Multiple-Output) systems have recently attracted tremendous interest due
to their ability in providing great capacity improvements [1-2]. In particular, a new technology
denoted by layered space-time for MIMO systems (BLAST) has been proposed in [3]. Such schemeis
shown to achieve unprecedented capacities that grow linearly with the number of transmit and receive
antennas, when all signals undergo independent fading. However, the deployment of multiple
antennas would require the implementation of multiple RF chains that are typically very expensive.
Dealing with this issue, [5] firstly proposed to select only the most useful antennas for further signal
processing, namely, only L out of N antennas are effectively deployed, and only L RF chains are thus
required. In [5-6], a system known as Hybrid Selection/Maximum ratio combining is proposed in
which the antennas are selected to maximize the achieved diversity gain as well as minimize the
obtained error rates. However, al of these previous studies are based on the multiple-input
single-output (MISO) channel or the single-input multiple-output (SIMO) channel. [7-10] further
applied the antenna selection to MIMO links and showed that in a multiple-antenna fading channd,
antenna selection can aso provide diversity advantage. Various criteria for receive antenna selection
or transmit antenna selection were proposed aiming at minimizing the symbol error rate [7] or
maximizing the capacity bounds [8-10].

The above stated results hold unfortunately only when the channel is rich enough. In such case,
the transmitted data is split into several streams and transmitted in paralel over individua and
independent channel links so that spatial multiplexing gain can be obtained. In fact, such assumption
is generally not realistic and channel links usualy present spatial correlation® due to the lack of
spacing between antennas, or to the existence of small angular spread. Both cases lead to a
diminishing diversity and multiplexing gain, and this will significantly affect the capacity and error
probability performance [11]. Particularly, when BLAST is applied in correlated channels, the
performance is severely degraded to an unacceptable level since there are not enough independent
dimensions supporting the simultaneously transmitted streams. Therefore, some processing at the
transmitter must be done to combat this harmful effect. In this paper, we will show that in the

correlated scenario, proper transmit antenna selection can not only be used to decrease the number of

1 Throughout this paper, the term “correlation” shall refer to “spatial correlation”.
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RF chains, but also as an effective means to improve the performance.

We consider a narrow-band communication system with M transmit and N receive antennas over a

dowly varying flat Rayleigh fading correlated channel. We propose to select only L, out of M

transmit and L, out of N receive antennas for further signal processing. We present the optimal

antenna selection criterion for capacity maximization assuming that only the long-term channel
statistics (LT-CS) are available. These statistics only change with the antenna position patterns or the
surrounding environment, and thus remain invariant for long time intervals. The proposed selection
process is not, hence, updated for each channel instance as those presented in [7-10], which are all
based on the exact instantaneous channel state information (IC-SI). Moreover, since LT-CS are given
by the correlation matrices at both ends, no feedback channel is necessary for transmit antenna
selection. Therefore, our proposed algorithm, which we shall refer to as correlated selection algorithm
(CSA) has the advantage of introducing further complexity reduction than that using 1C-SI which we
refer to as instantaneous selection algorithm (ISA).

Unlike the work in [13-15] which focus on the selection criterion for minimizing the average error
probability, here we demonstrate that for capacity maximization, the transmit (receive) antenna subset
should be chosen to maximize the determinant of the transmit (receive) correlation matrix. To do so,
we derive the capacity upper and lower bounds, and show that they converge to the same limit. By
maximizing both bounds, we maximize the capacity and obtain the optimal selection criterion.
Simulation results are used to further confirm our analysis and show that with our proposed CSA,
significant gain can be achieved over the random selection scheme, especially at the transmitter side.
Besides, comparison with ISA will indicate only slight capacity degradation. This implies that in
correlated channels, antenna selection can be based on LT-CS instead of 1C-SI while keeping capacity
levels nearly unchanged. We also consider the case of the conventional system? and find that CSA can
even achieve better performance thanks to its optimal transmit selection.

Asfor the joint antenna selection at both communication ends, we show that such a process can be
decoupled with CSA and significant complexity reduction is consequently obtained at satisfying levels.
For a large M or N, however, CSA till involves high computational complexity levels due to the

required exhaustive search for the global optimal antenna set. To deal with this issue, we propose a

2 Throughout the paper, the “conventional system” shall refer to the system that uses all the M transmit and N receive antennas without
selecting any antenna subset.
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new low-complexity selection algorithm, denoted by L-CSA. It consists of iteratively searching the
local optimal antenna subset at each stage. Significant complexity reduction as well as very close
performance to CSA, are shown to be achieved.

This paper is organized as follows. In Section II, we provide the system model and the various
notations used throughout the paper. In Section I1l, we derive the antenna selection criterion for
capacity maximization based on LT-CS. Section IV presents the details of our selection agorithm,
CSA, and the complexity analysis. Another low-complexity antenna selection agorithm, L-CSA, is
also proposed. Section V shows the capacity performance of both CSA and L-CSA. Comparison
results with ISA, as well as, the conventional system are also provided in this section. Finally, Section

VI summarizes and concludes this paper.
I1. System Model

We consider in this paper the transmission of L, signals through M antennas (M = L, ), which

undergo a slowly Rayleigh fading correlated channel to reach a receiver with N antennas. The
received signals are next multiplexed into L, (L, <N ) RF chains so as to reduce the receiver cost
and complexity. For simplicity, we assume in the following a perfect channel knowledge at the

receiver side only, through the use of training sequences. We also assume that the channel is constant

within aframe of T symbols.

Let H denotethe NxM channel matrix and x =[x,X,,...,X,,] denote the transmitted signal

vector, where x is the transmitted symbol from the i antenna and ([ refers to the transpose

operator. Assuming perfect symbol synchronization at the receiver as well as equal transmission
power at the transmitter side, the discrete model of the received complex signal vector can be written

as
y =Hx+n Q)
where n denotes a complex Gaussian N-vector noise with covariance oIy,

Following the channel model provided in [11,12], the channel matrix could be written as

H=RIH, R @
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where H, isan NxM complex matrix of i.i.d. zero-mean, unit variance complex Gaussian entries.

R, and R, denote the M xM and NxN antenna correlation matrices at the transmitter and

receiver side, respectively. It is also noted that these matrices have unit diagonal entries.

We define the selected transmit antenna subset and selected receive antenna subset as A, and
A, , respectively, which are both unordered setswith L, and L, selected antennas. Let y, X, and
n be the receive signal, transmit signal and noise vector after selection, respectively. Let also R,

and R, denote the cross-correlation matrix of those L, and L, selected antennas, respectively.

These matrices can be obtained by eliminating the columns and rows of the non-desired antennas from

R, and R,, respectively. We assume here that L, and L, are selected to satisfy that R, and
R, are both full ranks. Finaly let H represent the L, xL, channel gain matrix between L,
selected transmit and L, selected receive antennas. Then,
y=Hx+i=R’H R’X+0 . (3)
Throughout this paper, we denote by (I, det(l), trace(l)] and rank([)] the complex conjugate
transpose, the determinant, the trace and the rank operators, respectively. 0, represents an mxn
zero matrix. For an arbitrary matrix A, a; refers to its element at the i™ row and the j™ column,
A to its i" eigenvalue’, and (A)  to its nxn principal submatrix. When A is a Hermitian
non-negative definite matrix, we shall writeitas A>0.Weasowrite A as diag(a;) whenitisa
diagonal matrix. Finaly, a set S with elements s, i=12..,n, will be represented by

{s.S,,...s} withitslength denoted by |S|.

IT1. Antenna Selection Criterion

In the following derivation, we highlight the effect of correlation on the capacity, so as to obtain a

selection criterion that is related only to R, and R, . To do so, we start by applying Singular

3 The eigenvalues are al assumed to be sorted in a descending order throughout this paper.
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Value Decomposition (SVD) to R, and R, . Wethen obtain
R, =UQU,, R, =UQU, (4)
where U, and U, areboth unitary matrices whose columns are the eigenvectorsof R, and R, ,
respectively. Q, and Q, are both diagonal matrices whose diagonal entries are eigenvaluesof R,
and R, , respectively. The channel matrix, H, isthus re-written as
H=R’H,R =U,QH,QU;. (5)
From [4], we know that the capacity satisfies

C =log, det[l, ., +fﬁﬁﬂl =log, det[I, . +f U,Q’H,Q H,Q)°U;]

(6)
= log, de([1, +fﬁthﬁ1Qr]

where p isthe mean SNR per receive branch.

In order to select the optimal set of antennas that maximizes the above capacity expression, we
distinguish three cases: L =L, L >L and L <L . Actudly, the L <L, case is similar to
L, >L since Q, and Q, can be swapped with no effect on capacity as (6) shows. Therefore, in

the following we will focus on the first two cases.

Inthefirst casewhere L, =L, , the capacity isfound to be equivalent to

C=log, det[fﬁthﬁilQr]

(7)
=L, log, (f] +log, det{H, H,] +log, det[Q, ] +log, det[Q, ]

at high values of p. Consequently, it is clear that to maximize the capacity, we should maximize the

determinantsof R, and R, . In other words, the optimal transmit (receive) antennaset A, (A,)

in terms of capacity maximization should be selected to maximize the determinant of the

corresponding correlation matrix R, (R, ). Inthe second scenario, however, it is difficult to obtain

a closed form of the exact capacity expression. Thus, we propose to derive both alower and an upper

bound for the capacity so as to obtain the optimal selection criterion.
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A. Capacity Lower Bound

From (6), we have

C =log, det[I, ,,. +thﬁ;Qrﬁw] 6)

given that det(I+AB)=det(I+BA).Let U, denotean L, XL, unitary matrix whose columns are
the eigenvectorsof H.H,_,and Q, the L xL, principal submatrix of U,Q, U, . It follows that

C>log, det[thﬁ’;Qrﬁw]

=L, log, (fj +log, det[Q,] +log, det[H, Q,H, ]

=L, log, (f} +log, det[Q,] +log, det[ H}, H,, ] +log, det[Q, ] ©)

Next, let {qr‘”}jmu denote the sorted eigenvalues in descending order of R, . Since
U,Q,U,, isHermitian, from [18], weknow that A$’ =A™, i=1,... L. Asaresult, we have
L
log, det{Q.] > log, q” . (10)
i=L, -L +1

By substituting (10) into (9), we have

L
log, det[Q,] +log, det[H. H. ] +log, det[Q ] >log, I_l q" +log, I‘J d +log, aq”, (1)
i =L L+

where {qﬁ”} d {d}, ., arethesorted eigenvaluesin descending order of R, and H H,,

L1}

respectively. Furthermore, it is easy to note that

logz(__ﬁ qr(')J-log (u q(')j-log (FJ q‘”j (12)

With the definition of R, , we know Z q” <L, given that Zq") =L, . Hence, by applying

i=1

Jensen’ sinequality, we obtain
L-L
L -L an) L L-L
e &) <)

(13)
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Using (11), (12) and (13), we have

C =log, det[I, . +thﬁ;Qrﬁw]

> L, log, (ﬁj +|ogz(|j dij +|og2[lj qtmj +|ogz[|j qrmj —(L, —L[)IOgZ(L IjLJ

We thus obtain alower bound, C, , for the capacity that is given by

C. =Llog,| 2 |+(L -L)log L -k +log - d | +log : g | +log - q” |. (15)
L 2 L[ T 2 Lr 2 D i 2 ] 2 D r :

B. Capacity Upper Bound

(14)

We begin by presenting the following lemma:

Lemma 1. Assumethat A isan arbitrary nxm matrix with non-negative eigenvalues and B isan

mxm  non-negative definite diagonal matrixwith m<n.Then, A0 - <A® A0 i=1.,m.

Proof: See Appendix I.

Next, we note that

da[IL.XL' +§Qtﬁ’:~Qrﬁw] :det[ILrXLr +5Qrﬁthﬁ:‘v] :da[IerLr +Qrw] (16)
where W :ﬁﬁthfI; . Then, by applying the above lemmato W, we have A{) < ﬁ)lél)ﬁ AS) or

)léysfdqu‘), i=1..L.

Now consider the L, xL, diagonal matrix Z =diag(z,) with

£ 4 o
—d, =1..
7, =41 e an

1 i=L +1..L

Clearly, wehave z, 2 A{, OF 1,...,L, . Then, we can write the following

LT
da[IerLr +QrW] s det[IerLr +QrZ] = |_1| (1+qr(')2”) ' (18)

Finally, since R, isof full-rank, we have at high valuesof p,
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I—l (1+ q(l) (_j dL‘ rl Qt(l) rll q(l) (19)

The capacity is thus upper bounded by C, where

G =L IOQZ(LJ+ L, log, (d +I092(|'J q"’j +log, ([‘] q(')j (20)

C. Lower & Upper Bound Convergence

We will now show that the lower and upper bounds, C, and C,, converge to the same limit. To

do so, we assume that L, and L, can increase without bound at the same rate, such that L, — oo

and L, - o with %_, r, as in [17]. Obvioudly r satisfies 0<r <1l. We then show that

lim Li(cU ~Cc)m-°~0

Using the expressionsof C, and C, givenin (15) and (20), respectively, we have

1, (L - L 1
'LIETlL_r(CU CL)—LIrlmo{ - IogzL_L[+rIogzd Zlog2 ,j

r T r i=1

:Llri[n( -@1-r)log,(1- r))+llm(rlogzd - Zlog2 .j (21)

T i=1

Now consider the limit of (rlogzd - Zlog2 ,j in (21) when L, — . To do so, let

r i=1

s=1H H_H' , whosei™ eigenvalue satisfies A’ == /lg,?ﬁ :idi,forany i=1,...,L, . According to
L L &L
[16], these eigenvalues satisfy
lim mex A AD S @+, (22)

In addition, they have an empirical distribution function, denoted by F_(x), given by
LIim F.(¥)-F(X (23)

where
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1 _ _ 2 2 _ _ 2 2
R0 _ (=) g VXA =0 @=F <x<@wd) o
dx 0 otherwise
Using the above results, we obtain
: 1< : 1 d
lim| rlog,d,—— > log dij:rlog @+Jr)? |=lim|r—=>Y log {—' j
( - 2log, | L J-lim D200 | T
. 1 d
=rlog (1+\/?)2—I|m(r— log —'j
2 L e L“Z_l: 2L[
@+r)?
=rlog,(1+~/r)? -r I log, x [, (X)dx
(@-Jr)?
=rlog,+r)* -rn(r) (25)
(@+r)?
where 7(r) = J' log, x [T, (x)dx. Wenote that 77(r) <oo,for O<r <1.
a-r)?
Finally, by substituting (25) into (21), we get
Llim%: —(1-r)log,(@-r) +r (Iogz(l +Jr)? —/7(r)) (26)
. C,-C, : . .
Clearly, when r — 0, we have LI|m C - 0, implying that when L, > L,, the capacity lower

T

and upper bounds converge to the same limit.

D. Optimal Antenna Selection

From the closed form expressionsof C, and C, givenin (15) and (20), respectively, we clearly

distinguish the channel correlation effect on the capacity from the instantaneous channel effect given

by H,.We can then proceed with antenna selection based on the LT-CS given by R », and R, .

Clearly, the antenna selection criterion that maximizes C,_ has to maximize the term
ni Lo
Iogz(rll qf"j+|ogz(|_l qr")J in (15). The resulting antenna set, thus, needs to be selected so as to

maximize the determinant of R, and R, at the transmitter and receiver side, respectively.

Furthermore, a closer look at Eqn. (20) indicates that C, is maximized according to the same

selection criterion. It follows that the selected antenna subset that maximizes the upper bound also
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maximizes the lower bound simultaneously. Moreover, according to Section I11.C, C, and C,

converge to the same limit when L, > L,. Thisimplies that the antenna subset that maximizes both

bounds also maximizes the capacity and is hence optimal.

So far, we have shown that to maximize the capacity, the antennas should be selected to

maximize the determinant of the corresponding correlation matrix in both scenarios: L, =L, and

L >L,.Let

Lo L
& :|‘]qf'> and & :|‘]q§'>- (27)

Then, the capacity maximization criterion for joint transmit and receive antenna selection can be

described as follows.

Proposition 1: For a given L, and L, , the optimal selected transmit antenna subset A, and

receive antenna subset A, that maximize the capacity are given by
A, =arg max &, and Af =arg max &
where &7 and &7 aregiven by (27).

As mentioned before, the above derivation is based on the assumption that both R, and R,

are of full rank (See Section II). Actually, this assumption can be relaxed. Using extensive simulations,

we found that even when R, and R, aresingular, the criterion is also applicable if we substitute
L, and L, in(27) by rank(R, ) and rank(R, ), respectively. In other words, when the number

of antennas to be selected, L, is larger than rank(R, ), the selected L, set of antennas should

rank(Ry, )
include those who maximize rj q" . Selection at the receiver sideis similar.
-

IV. Antenna Selection Algorithms for Correlated Channels

We describe here a selection process according to Proposition 1, which we shall denote by

Correlated Selection Algorithm (CSA). This algorithm consists of creating al possible C (Cy)
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antennas sets A, (A,) with L, (L,) out of M transmit (N receive) antennas. The corresponding

Ef‘ (ffr) are computed and the one with the best measure, as described in Proposition 1, is selected.

For simplicity, we only take the example of transmit selection. The description of CSA for receive

sdlection is similar.

ALGORITHM |
CORRELATED SELECTION ALGORITHM (CSA)

Given L, let K=C},and generate all possible A,'s: AY, AP, ..., A%,
Initialization:
=0, A =0, ,,
Recursion:
For m=1:K
Compute &y, for each A™,
If ,(\:;rm >£°  Then
A=A, & =80
End if.
End loop

Output A,

Clearly, transmit and receive antenna selection are decoupled with CSA. Therefore, only
Cy +Cy comparisons are needed with CSA instead of C, xC\ with the full exhaustive search
algorithm. The latter consists of considering al possible antenna sets at both ends simultaneously in
couples, (A,, A, ). Nevertheless, at either communication end, CSA employs an exhaustive search for
the optimal antenna set, which will incur prohibitive computational complexity for alarge M (or N).
For instance, assume that M = 20 and L, =8, then a total of C,; =125970 comparisons are needed,

which is still considerably computationally high.
To further reduce the complexity, we propose to apply a sub-optimal sequential selection
approach instead of the exhaustive one used in CSA. Thisis briefly described as follows in the case of

transmit selection. We begin by considering all the M transmit antennas. Antenna selection is then

performed in stages. In the i stage, all possible antenna subsets A’ (i) are obtained by removing

only one antenna each time from the origina set A,(i—1) of the previous (i -1)"™ stage. For each
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AP (i), we compute its corresponding determinant given by

‘A(J)(I)

A(J) QM ﬂ qt(k) (28)

For ease of reference, we will refer to the above determinant as the metric of each antenna subset

AP (i). Then, the optimal antenna subset with the highest metric, A;(i), is selected. All other
sub-sets are then removed and the search will continue as described above until only L, antennas are

left. For instance, consider transmit selection with L, =2 and M =6, as shown in Fig. 1. We |abel the

transmit antennas as 1, 2, ... , 6. In particular, the notation {i, |, ..., k} represents the selection of
Antennai, j, and k from the set of the M transmit antennas. It can be seen that four stages of search are
required. In the 1% stage, 5 transmit antennas are selected according to the metric as described in (28).
In the 2" stage, the best 4 antennas are chosen out of the already selected optimal antenna subset in

the first stage. This process is continued until we obtain the best selected transmit antenna set with
L, =2 antennas. This sequentia search algorithm shall be referred to as low-complexity correlated
selection algorithm (L-CSA) and is described below in the case of transmit selection.

ALGORITHM 11
LOW-COMPLEXITY CORRELATED SELECTION ALGORITHM (L-CSA)

Let Af(i) denote the optimal selected antenna set at the i-th stage, and label the transmit
antennasas 1, 2, ..., M.
Initialization:
L=M, i=0, A(0)={1,2, ..., M}
Recursion:
While (L>L,)
a) i=i+1;
b) For j=1:L

|A<“(i)|

ADG) = ALG-D- ik &5, = ] q" .

End
c) A (i)=agmax &S

A () A(”(I)

L=L-1.

End While.
Output A, (i).
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The optimal selected receive antenna set A, can be obtained in a Similar way. Clearly, L-CSA
M N
requires much fewer comparisons than CSA. Specifically, only > i+ ) j comparisons are
i=L, +1 j=L #
needed instead of C.; +Cy with CSA. To further demonstrate the amount of complexity reduction

obtained with L-CSA, we provide in Table | the number of required comparisons to find the optimal
antenna set using both CSA and L-CSA. For instance, to select 8 out of 20 transmit and 12 out of 30

receive antennas, CSA needs about 8x10”" comparisons, while with L-CSA only 561 comparisons

are needed. Nevertheless, despite its low complexity, L-CSA may not provide the optimal set that
maximizes the capacity. As shown in Fig. 1, two sets in the first stage have the same value of the
largest metric. That is, the sets inside the solid and dashed line boxes. In this case, L-CSA chooses the
first found set. However, note that a better capacity may be obtained if the other set is considered. In
this paper, we consider the simplest form of L-CSA, which aways selects the first found set that
maximizes the metric as described in (28) at any given stage, to provide the lowest possible

complexity.

V. Simulation Results and Discussions

In this section, we present simulation results that validate the selection criterion derived previously.
We also compare the performance of CSA with both ISA and the conventional system. Performanceis
evaluated in terms of capacity averaged over 50000 frames. We consider uplink transmission and
adopt the correlated channel model described in [11,12]. Linear arrangement of the antenna array is
assumed at both the receiver (base station side) and transmitter (mobile side) with the antenna

separation being 4 and 1/2 wavelengths, respectively. We also assume the “broadside” case as defined

in [11], and that the incoming waves are uniformly distributed in the angular spread A, (4A,) [12].

A. Theoretical Results Validation

To confirm the optimality of our criterion, we compare the CSA selection to the exhaustive search

one. The latter is obtained by using Monte Carlo smulations to find the best L, (L, ) antennas that

should be selected on the transmitter (receiver) side. To do so, we compute the corresponding capacity
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for each possible antenna subset A, (A, ), and choose the one with the best performance. Table Il

presents a sample of the comparison results for receive selection under different receive angular

spreads A, and different number of selected receive antennas L, . Correlation is assumed to be

existent only at the receiver side. We note that in some cases, two different A” and A" could

have &5, =¢&7, , suchisthe case with AY ={1, 2,6} and A” ={1,5, 6} when A, =10° and

A
L, =3. Inthis particular case, both subsets are optimal in terms of capacity maximizationand A_ is
thus not unique. We evaluated their corresponding capacity using Monte Carlo simulations and found
a difference of the order of 1%. As a result, both selections are assumed optimal and we list both of
them in the fourth column of Table Il. Similar results are also obtained for the transmitter side.
However, we do not include them for space limitations. Based on these results, it is obvious that the

CSA selection results coincide very well with the simulation results. Thus, we conclude that our

selection criterion, as derived in Section 111, isindeed optimal.
B. Selection Gain

We compare the capacity of our proposed CSA and the random selection a gorithm which we refer

to as RSA so as to see how much gain can be obtained with the optimal selection. In particular, with

RSA, werandomly select L, receive antennasor L, transmit antennas for each channel realization.

Fig. 2 shows the comparison results under different valuesof L., L, A, and A,. Wefirst consider

the capacity gain at the receiver side. Particularly, we assume that correlation only exists at the
receiver and for asystem of N = 6 and M = 2, we select 3 receive antennas randomly or according to

our proposed CSA. From Fig. 2, it can be seen that the optimal receive antenna selection using CSA
can achieve a gain of at least 1 bit/s/Hz for 90% outage capacity when A, =35° and SNR = 20dB.

As for the transmit antenna selection, we consider a system of M = N = 6 and assume that correlation

only exists at the transmitter side. A gain of 3 bit/s/Hz at 90% outage capacity is observed with CSA

when A, =90° and SNR = 20dB.

We further investigate in what follows the capacity gain achieved with CSA compared to RSA

with different values of L and A, . To do so, we evauate here such gain as

T
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(Cesa = Cren )/ Crea X100%, where Cg, and Cg, denote the 90% outage capacity obtained by CSA

and RSA, respectively. Fig. 3 provides the gain results for A [O[5°,75°] and L, =2,3 and 4. A
closer observation of this figure indicates that CSA exhibits significant gain compared to RSA only
for an angular spread, i.e., A, J[10°,60°]. In fact, when A, is relatively small, i.e., A, <10°, the
correlation matrix tends to be singular with a unit rank. No matter what antennas are selected, there is
only one independent dimension for the whole channel and thus the capacity gain obtained with CSA
isvery low. A similar observation is also noticed for arelatively large angular spread, i.e., A, >60°.
In this case, however, the correlation between different antennas tends to be zero implying that
R, =1, - Antenna selection does not, hence, affect the capacity. As a result, we can conclude that
CSA presents a significant gain compared with RSA when the channel links are neither independent

nor severely correlated. Besides, Fig. 3 indicates that such gain decreases with anincreasing L, . This

is because the larger the antenna set to be selected, the higher the chances that RSA would select the
same antenna set as CSA. Similar results can be obtained for transmit selection. However, we do not

include them here for space limitation.
C. Performance Comparison with I nstantaneously Selected System

We compare here the capacity performance of CSA and ISA. Recall that antenna selection in ISA

is performed according to the exact channel state information per channel instance. For every
realization of the channel matrix H, a complete set of al the possible matrices H is created by

eliminating al possible permutations of N-L, rows (and/or M —L, columns) from the matrix.

Capacity is then computed for each possible H and the antenna set corresponding to H that
maximizes the capacity is selected.

In Fig. 4, we consider antenna selection at the transmitter side. Capacity cdf results of both CSA
and ISA for L,=2and 4, A =60°and 120° with an SNR of 20 dB are provided in this figure. The
number of receive antennas is fixed to be 6, and correlation is assumed to only exist at the transmitter

side. It can be seen that CSA can adways achieve nearly the same capacity as ISA even for large

angular spreads. Recall that our proposed CSA is based on LT-CS provided by the correlation matrices.
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With an increasing angular spread which implies a more and more uncorrelated channel, CSA will
incur some performance degradation compared with 1SA since capacity in this case is affected by

IC-SI rather than by LT-CS. Nevertheless, from Fig. 4 it can be observed that this degradation is rather
slight. Even for an angular spread of 120°, 90% outage capacity of CSA isonly 0.4 bit/s/Hz less than
that of ISA with L, =4. As aresult, we conclude that in correlated channels, antenna selection can be

based on LT-CS instead of IC-SI with very slight capacity loss and significant complexity reduction.
Similar results are aso obtained for the receiver side, but we do not present them here due to limited

space.
D. Performance Comparison with the Conventional System

We compare the capacity achieved with CSA and the conventional system without selection (i.e.

L, =M and L, =N) to highlight the importance of antenna selection in correlated channels. Fig. 5
shows the capacity cdf curves of CSA and the conventional system. It can be observed that using less
receive antennas will lead to a decrease of capacity. The capacity cdf curve of CSA with L, =2, L, =6
is aways on the right side of those of CSA with L =2, L =3 or 5. However, using less transmit
antennas may actually increase the capacity in some high correlated scenario. As Fig. 5 shows, when
A, =60° and A, =30°, the capacity of CSA with L =2, L =6 (or 5) is larger than that of the
conventional system (L, =6, L, =6)! Whilewith increasing A, and A, , the conventional system can
achieve more capacity than CSA. For instance, with a A =120° and A, =60°, the conventional

system gains about 4 bit/s’'Hz more than CSA with L, =2, L, =6.

To show the effect of transmit selection and receive selection more clearly, Fig. 6 and Fig. 7
present the capacity of receive selection and transmit selection, respectively. In Fig. 6, we assume that
no correlation exists at the transmitter and the number of transmit antennas is fixed to be 6. Clearly,

the conventional system always outperforms CSA with receive antenna selection. Moreover, the
capacity loss increases with a decreasing L, . This is explained by the fact that when less receive
antennas are selected, the overall diversity order decreases and so does the system capacity. Such a

lossis also observed to decrease with adecreasing A, . In fact, a closer observation of Fig. 6 indicates
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that when A, =30°and L, =2, CSA presents around a 4 bits/'s/Hz loss compared with the conventional

system at 90% outage capacity. With the same selected number of receive antennas, only aloss of the
order of 1 bit/s/Hz is observed when A, =10°. Thisis explained by the fact that when A, decreases,
the channel links becomes severely correlated. The capacity of the conventional system does not
hence present much improvement compared to CSA. As a result, we conclude that CSA with receive
antenna selection presents capacity degradation compared with the conventional system. In other

words, receive selection aways introduces performance degradation. Such degradation will increase

with adecrease in the number of selected receive antennas and an increase of angular spread.
On the other hand, using less transmit antennas may boost the capacity. In order to show the effect

of L,’s and angular spreads on capacity more clearly, we plot the curves of 90% outage capacity
versus A, with different L,’s. Similarly, here no correlation is assumed to be at the receiver and the
number of receive antennas is fixed to be 6. As Fig. 7 shows, under a highly correlated channdl, i.e.
A, <£60°, CSA with L, =2 provides the highest capacity. As the angular spread increases, the capacity
with L, =2 will converge to a constant quickly, while the capacity with more selected transmit
antennas till go on climbing. Finally, when A, increases to 180°, the conventiona system

(L, =M=6) achieves the best capacity performance. This phenomenon is coincident with what

observed in [19]. Actually, if the number of transmit antennas exceeds the rank of the channel matrix,

capacity will decrease with an increase of L,. The highest capacity is always achieved when the

number of transmit antennas is equal to the rank of the channel matrix. From Fig. 7, it is clear that
only for high values of A, (i.e, A, =160°, which implies a nearly uncorrelated channel), the
conventional system outperforms CSA. As a result, we conclude that in correlated channels, the

conventional system does not always provide the best capacity performance. In particular, optimal

transmit antenna sel ection can bring capacity gain.

So far, we have shown that the optimal receive antenna selection presents some capacity

degradation compared with the conventional system. The optimal transmit antenna selection, on the

other hand, may enhance the capacity. Therefore, in correlated channels CSA with a proper L, and
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L, can actually achieve more capacity than the conventional system. Proper antenna selection can not

only be used to decrease the number of RF chains, but also as an effective means to improve the

performance.
E. Performance Comparison of CSA with L-CSA

In Section 1V, it has been shown that with L-CSA the complexity can be reduced dramatically. We

further present the performance comparison of L-CSA and CSA in the case of receive selection. Their

90% outage capacity versus A, curvesfor different valuesof L. areplotted in Fig. 8. It can be seen

that L-CSA provides nearly the same capacity as CSA. In particular, it was found that the selection
results using L-CSA are usually the same as those using CSA. As a result, we conclude that L-CSA

can perform closely to CSA but with much lower complexity.

V1. Conclusions

In this paper, we derived the capacity maximization criterion for transmit and receive antenna
selection according to LT-CS. We showed that in correlated channels, our agorithm, which we refer to
as the CSA scheme, can achieve nearly the same capacity as the ISA scheme while dramatically
decreasing the complexity since only the correlation matrix is needed for selection instead of the
instantaneous channel state information. It was also shown that with optima transmit antenna
selection, CSA can even achieve performance gain over the conventional system. Finally, we proposed
a low-complexity selection algorithm L-CSA which can achieve very close performance to CSA but

with much lower complexity.

Appendix I. Proof of Lemma 1

Assume that X and Y are both nxn non-negative definite Hermition matrices. Then, from [18] we

know that

Aax SAPAY, =10, (1.1)
Applying (1.1) with X=B" and Y=A"A, wehave

20, SAYAD, i=1.n, (1.2)

BI/ZA*ABI/Z -
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Furthermore, using the fact that A0. =A© i =1,..,m, we know that

A'A’
AU = AL e TE1,m, (1.3)
Asaresult, we get
ASQADSAS’AA]S), i=1..,m. O
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TABLE |
COMPLEXITY COMPARISON BETWEEN CSA AND L-CSA
Algorithm | Complexity | M =6, N =6 M =10, N=15 M =20, N =30
L,=3,L, =3 L=2,L =4 L,=5,L, =8 L,=3,L, =6 L, =8,L, =12
CSA L L 40 1410 6687 594910 86619000
Cy +Cy
L-CSA M N 30 162 124 648 561

Z i+ z j

i=L +1 j=L, 1
TABLE I

RECEIVE SELECTION RESULTS USING THE PROPOSED SELECTION SCHEME AND MONTE CARLO SIMULATION
WHEN N=6 AND M =2

Angular Spread | Number of Selected CSA sdlection Monte Carlo Exhaustive
A, Antennas L, Simulation
(SNR=20dB)
2 {1, 6} {1, 6}
10° 3 {1,2,6} or{1,5, 6} {1,2,6} or{1,5, 6}
4 {1, 2,5, 6} {1, 2,5, 6}
2 {1, 6} {1, 6}
50° 3 {1,3,6} or{1, 4, 6} {1,3,6} or {1, 4, 6}
4 {1,3,5,6} or{1, 2, 4, 6} {1,3,5,6} or{1, 2,4, 6}
2 {2, 6} {2, 6}
70° 3 {1,2,6} or{1,5, 6} {1,2,6} or{1,5, 6}
4 {1, 2,5, 6} {1, 2,5, 6}
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Fig. 1: Different stages of selection with L-CSA at the transmitter sidefor L =2 and M =6.
The bold box represents the selected set at a given stage.
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Fig. 2: Capacity cdf curves of CSA and RSA for different valuesof L , L, A, and A, for SNR=20dB
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Fig.3: Capacity gain due to optimal receive selectionvs. A for different valuesof L .
N =6, M =2, and SNR = 20dB. No correlation exists at the transmitter.
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Fig. 4. Capacity cdf curves of CSA and ISA with different valuesof L, and A, whenN=M =6,
and SNR = 20dB. No correlation exists at the receiver.
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Fig. 5. Capacity cdf curves of CSA and the conventional system (with L, =M=6, L, =N=6) for different values of
A, A, L,and L .SNR=20dB. The capacity cdf curves of the conventional system are drawn in dash-dot lines.
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Fig. 6: Capacity cdf curves of CSA for receive selection and the conventional system. N =M = 6, and SNR=20dB.
No correlation exists at the transmitter. The capacity curves of the conventional system are drawn in dash-dot lines.
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Fig. 7.  90% outage capacity vs. A, curvesof CSA for transmit selection and the conventional system, for N =M
= 6, and SNR=20dB. No correlation exists at the receiver. The curve of the conventional system is marked with “+”".
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Fig. 8: 90% outage capacity vs. A, curvesof CSA and L-CSA for receive selection with different valuesof L, ,
for N=6, M =2, SNR=20dB. No correlation exists at the transmitter.
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