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Abstract—Antenna selection schemes offer a good complexity
versus performance tradeoff for amplify-and-forward (AF) relay
network implementation. In this paper, we consider a dual-hop
channel state information assisted AF relay network with a
direct source-destination link and investigate the performance
of two antenna selection schemes (one optimal and another
suboptimal). We derive analytical expressions for the systems’
rate outage probabilities and the average bit error rate (BER)
that match perfectly with simulation based results in the medium
to high signal-to-noise ratio (SNR) regimes. We also investigate
the channel capacity of the two schemes by deriving tight upper
bounds. In order to gain further insights, simple high SNR
approximations for the outage probability and the average BER
have also been developed. Our theoretical analysis shows that the
performance gap between the optimal and suboptimal schemes
largely diminishes in the high SNR regime by increasing the
number of antennas at the source. Since the suboptimal scheme
has a near optimal performance as well as low signaling overhead
compared to the optimal scheme, it seems to be a promising
solution for implementing future cellular networks expecting to
support relay based communications.

Index Terms—Antenna selection, relay networks, amplify-and-
forward, average bit error rate, channel capacity.

I. INTRODUCTION

ELAY based systems can offer significant performance

benefits, including increased spatial diversity, enhanced
throughput and extended coverage [1]. As a result, future
mobile broadband communication networks such as 3GPP
LTE-Advanced, IEEE 802.16j and IEEE 802.16m are expected
to support relay based communications [2]. Amplify-and-
Forward (AF) relaying is one of the simplest techniques and
uses knowledge of the source to relay channel for amplifi-
cation purposes [3]. This kind of relay is widely identified
as a variable gain or channel state information (CSI)-assisted
relay [3], [4], [6].

Manuscript received June 29, 2010; revised December 15, 2010; accepted
February 20, 2011. The associate editor coordinating the review of this paper
was S. Aissa. The area editor approving it for publication was D. I. Kim.

H. A. Suraweera is with Engineering Product Development, Singa-
pore University of Technology and Design, Singapore (e-mail: himal-
suraweera@sutd.edu.sg).

P. J. Smith is with the Department of Electrical and Computer Engineering,
The University of Canterbury, Private Bag 4800, Christchurch, New Zealand
(e-mail: p.smith@elec.canterbury.ac.nz).

A. Nallanathan is with the Center for Telecommunications Research,
King’s College London, London WC2R 2LS, United Kingdom (e-mail:
arumugam.nallanathan @kcl.ac.uk).

J. S. Thompson is with the Institute for Digital Communications, School of
Engineering and Electronics, The University of Edinburgh, Kings Buildings,
Edinburgh, United Kingdom (e-mail: john.thompson@ed.ac.uk).

Digital Object Identifier 10.1109/TWC.2011.040411.101150

The benefits of employing multiple antennas at radio ter-
minals is now well understood. To date, a large number
of papers have appeared on various aspects of multiple-
input multiple-output (MIMO) AF relay systems (see for
example [3], [7]-[9]). However, the improved performance
gains of using MIMO processing in these systems brings a
corresponding increase in hardware complexity since multiple
radio frequency chains must be implemented.

Transmit antenna selection is a practical way of reducing the
system complexity while achieving the full diversity order of
the AF MIMO relay channel [9], [10]. In the existing point-to-
point communication systems, a single transmit antenna which
maximizes the signal-to-noise ratio (SNR) at the receiver
output is selected [11]. However, in relay systems, selecting
a single best antenna at each node (source, relay and the
destination) for maximizing the end-to-end (e2e) SNR is not a
trivial problem to solve[9], [10]. Finding the optimal antenna
configuration that yields the maximum the e2e SNR requires
regular SNR measurements on the source-destination, source-
relay and relay-destination links. These SNR values must be
reported to one terminal (e.g. the destination) to enable a
decision to be made and then the decision must be conveyed
to the source terminal. This antenna selection strategy clearly
requires a significant amount of SNR estimation time slots and
feedback bits.

Dual-hop networks with antenna selection techniques have
been proposed in the prior literature (see for example, [9],
[10], [12]-[15]). In [12], the performance of a dual-hop AF
relay system with transmit antenna selection at the source
and maximal ratio combining (MRC) at the destination has
been investigated. In [13] and [14], a dual-hop AF MIMO
relay network with the best antenna selected at the source and
the destination have been considered. In [15], fast antenna
selection algorithms to maximize the capacity of AF and DF
MIMO relay systems have been proposed. All of the work in
[12]-[15] has ignored the direct link from the source to the
destination. Such an assumption reduces the complexity of the
antenna selection problem in some relay network configura-
tions since maximizing individual link SNRs separately can
maximize the overall received SNR at the destination. To the
best of authors’ knowledge, only a few papers have considered
antenna selection in relay networks those that have direct paths
[9], [10]. In [9] and [10], optimal and suboptimal SNR-based
transmit antenna selection rules at the source/relay nodes for
the AF half-duplex MIMO relay channel have been derived.

In this paper, we consider the performance of transmit
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antenna selection for an AF relay system with a source-
destination direct link. The system considered employs mul-
tiple antennas at the source while both the relay and the
destination are equipped with a single antenna. This scenario
can be directly applied to current cellular networks where the
use of multiple antennas in a base station is reasonable, but the
use of multiple antennas at mobile terminals and or relays may
be prohibitive due to the terminal size and power constraints.
Among possible antenna selection schemes in the network,
we select and analytically study the rate outage probability of
the optimal scheme along with another suboptimal scheme. In
this suboptimal scheme, antenna selection is performed based
only on the source-to-destination link channel reducing the
signaling overhead compared to the optimal scheme. It should
be mentioned that in this network, a suboptimal selection
strategy based only on the source-relay link performs much
worse than selection based only on the source-destination
link, since the former has a much lower diversity order [16].
Furthermore, this also shows that not all possible suboptimal
antenna selection schemes provide near optimal performance.
Both the optimal and the source-destination based selection
schemes achieve the highest possible diversity order of the
system. To gain insights into their performance, we also derive
high SNR approximations for both the optimal and the near
optimal schemes. In [10], the rate outage performance of dif-
ferent antenna selection schemes has also been studied using
a simulation based methodology. In contrast, our approach
is analytically based and has the advantage of being able
to show how the outage probability is affected by system
and network parameters. Additionally, using the cumulative
density function (cdf) expressions derived for the total received
SNR, we have developed expressions for other performance
measures such as the system’s average bit error rate and the
channel capacity. Using exhaustive Monte Carlo simulations
we have confirmed the correctness of our analysis.

The rest of the paper is organized as follows. In Section
II, the system model is presented. To investigate the rate
outage probability, in Section III cdf expressions and high
SNR approximations are derived. In Section IV, numerical
results supported by simulations are presented. Finally, we
conclude in Section V.

II. SYSTEM DESCRIPTION

In the cooperative wireless network of Fig. 1, a single
source, S, employs a relay, R, for information transmission to
a destination, D. We assume that a direct path between S and
D is also available. Thus at D, the signals received via the
direct (S— D) and the relayed (S— R— D) paths are combined
and spatial diversity gains can be obtained. We assume that
S is equipped with N; antennas while both R and D are
equipped with a single antenna. This model is reasonable for a
downlink mobile communication system, since the base station
can be equipped with more than one antenna while the mobile
stations may not be equipped with more than one antenna due
to size constraints [17]-[19].

Transmission in this network is accomplished in two phases:
In the first phase, S transmits its zero mean and unit variance
signal = towards R and D. In the next phase, R forwards
an amplified version of its received signal, yr, to D. If S
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Fig. 1. System model. The source selects a single antenna, k, to communicate
with the destination.

transmits using the ith antenna, ¢ = 1,..., Ny, the received
signals at D from the direct and relayed links are given by

yp1 =V Pihsp,ix + np1, (D)
yp2 = hrpGYR + npa, (2)

where P; is the source transmit power, hgp ; is the channel
between the ith source antenna and D, hgrp is the channel
between R and D and G is the relay gain. All links are
assumed to be subject to independent Rayleigh fading, there-
fore we model the channels between the ith source antenna
and D, hgp,, for ¢ = 1,...,N; as mutually independent
and identically distributed (i.i.d) complex Gaussian random
variables (RVs) with zero mean and average power, (lsp.
Similarly the channels between the ¢th source antenna and
R, hspry, for i@ = 1,..., N, are modeled as mutually i.i.d
complex Gaussian RVs with zero mean and average power,
Qsr. Moreover, we model hrp as an independent complex
Gaussian RV with zero mean and average power, 2zp. The
assumption that the coefficients hgp; for ¢ = 1,...,N;
are identically distributed and hggr; for 7 = 1,..., N, are
identically distributed is reasonable since all antennas are
located at the source. We denote the additive white Gaussian
noise (AWGN) at D, np, as complex Gaussian RVs with zero
mean and variance 0%. The received signal at R during the
first time slot, yg, is given by

yr =V Pihsgx 4+ nr, 3

where the complex AWGN at the relay is denoted by nr with
zero mean and variance, 0%. In this paper we employ the so
called CSl-assisted relay gain. Therefore, GG is given by [4],

[5]
Py
ey p—— T 4
Pilhsnil® + 0%’ “4)

where P, is the relay transmit power.
The destination has two observations containing x and

assuming that it employs a minimum mean squared error

(MMSE) receiver, the e2e instantaneous SNR at D can be

written as [9]

YSR,iYRD

LR 5
YsRr,i +VrD + 1 ©)

Yi =7YsD,i +
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2’ YRD =
5—22|h rp|?. The e2e SNR at the destination is the summation
OF the direct link SNR, ~p, and the relayed link SNR, .

Unfortunately (5) is not mathematically tractable. No
closed-form cdf or probability density function (pdf) expres-
sions for the e2e SNR exist. These are required to analytically
study the system performance'. As a solution, previous litera-
ture has adopted a tight upper bound to (5) given by [4], [21]
as

_ P 2 _ P
where vspi = ZFlhspil®, ysri = SFlhsn,

(6)

Our subsequent analysis relies on this upper bound and using
this bound, the statistics of 7; can be evaluated conveniently.
Moreover, in Section IV we provide extensive simulation
results to complement the analysis.

We now describe the transmit antenna selection schemes in
detail.

Scheme (a) Optimal Antenna Selection: The optimal trans-
mit antenna selection scheme maximizes the instantaneous
post-processing SNR at D by selecting a single best antenna
at the source. Mathematically, transmit antenna k is selected
according to

¥ < vsp,i + min{ysr.i, YrD }-

(N

and the e2e SNR under the optimal antenna selection scheme
is given by

k = argmax{y;},

®)

Using (6), the e2e SNR given in (8) can be tightly upper
bounded as

7= Vk-

€))

This scheme can achieve the maximum possible diversity
order of this system which is equal to N; + 1.

Scheme (b) Antenna Selection Based on the S — D Link: A
simple solution to reduce the signaling overhead is to employ
an alternative antenna selection scheme whose operation is
based on maximizing vp [10]. In other words, we can select
a single antenna at the source, based only on the S— D channel
information.

Consider the selection strategy based only on the S — D
link. Transmit antenna k is selected according to

Yubl = YSD,k + Min{Ysr x, YRD }-

k = argmax{vsp,}- (10)
Therefore, the e2e SNR at D is given by
Y= s+ et D (a

Ysrk +YrD + 1

Now the e2e SNR given in (11) can be tightly upper bounded
as

Yab2 = YD,k + min{ysr x, YD} (12)

Note that the diversity order of this scheme is also N; + 1.
This motivates us to analytically compare the performance of
the system under Schemes (a) and (b).

'Exact closed-form cdf/pdf expressions for yp and vy can be found.
However, no closed-form expressions for the cdf/pdf of the total e2e SNR,
¥ =vp + YR, are known to exist [4], [20].
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Scheme (a): An antenna selection decision can be made at
D. A decision made at D needs 2N time slots and [log, (V)]
bits. This results from each of the NV; source antennas requiring
two time slots to signal and D requiring [log,(Ny)] bits, to
convey the selected antenna index to S.

Scheme (b): D implements an antenna selection decision
using N; time slots and [log,(NV:)] bits. This results from
each of the IV, source antennas requiring a single time slot to
signal and D requiring [log,(V;)] bits, to convey the selected
antenna index to S.

In both schemes, the required feedback from D to S can
be efficiently implemented in practice. For example, in many
wireless systems, such as 3GPP HSPA, LTE etc use high rate
feedback of CSI for selecting data transmission rates and also
for identifying handover opportunities. Also, IEEE 802.16m
and LTE Advanced standards address relay networks, hence
signaling mechanisms established there could be exploited.

III. PERFORMANCE ANALYSIS

In this section we investigate important performance mea-
sures when transmit antenna selection Schemes (a) and (b)
are implemented. This includes the outage probability, average
BER and the channel capacity. We also present simple high
SNR approximations.

A. Outage Probability
The instantaneous mutual information of the considered

system is given by

1
I= §log2(1+’y). (13)

Note that the pre-log factor % is due to the two time slots

employed in the relay protocol. The outage probability can be
defined as the probability that Z falls below the required rate,
Ry. Mathematically, the probability, Pr(Z < Ry), is given by

P, =F, (2°f —1), (14)

where F, () is the cdf of the e2e SNR. In order to derive the
outage probability, next we will develop cdf expressions for
Schemes (a) and (b).
Scheme (a): Consider the cdf of the e2e SNR, F,(z), given
by
YSR,kVRD
Ysr.k +7YrD +1

Conditioned upon ygp = v, the cdf in (15) can be rewritten

as
< z)] . (16)

F,(2)=E, {Pr <'YSD,k +
where FE,[] denotes the expectation operator with respect to
the RV v. Using the upper bound in (9) gives the correspond-
ing version of (16) as

Pry <z]=Pr |:'YSD,k + < z} GE))

YSR,kV
Ysrk +U+1

Fo i (2) = By [Pr(yspx +min(ysre,v) < 2)]  (17)
= E, |Pr(ysp,; + min(ysg,:, v) < Z)Nt} :

To proceed further, we define X = ~gp,, ¥ = 7sr;
and Z = X + min(Y,v). Also the pdfs of vsp,i,Vsr,i
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and yrp are given by f,., . (r) = —=—e 7SJD,j”A,SR,i(:lc) =

VgD
1 ~5em _ 1
=€ WISJR and fWRD(P)Q— Tmp€ FP, r;)asgectwely where
~/ — 1 SD ~/ — 1 SR 2°%LRD
Ysp = VSR = and Ypp = —L.

In order to obtain an expressmn for F,,, (z), we will first
derive an expression for the cdf of the RV, Z. The cdf of Z,
Fy(z), can be written as

Fz(z) =Pr(X < z —min(Y,v)) (18)
1 o v
=— Pr(X < z—min(y,v))e TSR dy.
VSR

To simplify the integral in (18) let us define the two domains,
D; = {min(y,v) > z} and Dy = {min(y,v) < z}. In Dy,
v>zand y > z. In Dy, v < 2z or y < z. Note that if v > z,
Dy ={y>z}tand Dy = {y < z}. f v < 2, Dy = {0} and
Dy = {y > 0}

First consider the case of v < z; Fz(z) can be written as

(z—min(y,v))
YsD

Fz(z):; oo(1—6_

- )e TRy, (19)
SR

Equation (19) can be re-expressed as

1 Yoz

Fy(z )_1—— ¢ 7sbe 7SR dy (20)
VSR
1 R _z2=v
- — e dspe “fsn dy
VSR
Simplifying (20) yields
o 1— e_(ifS;DDZ;SRR)
Fz(z) =1—A4spe 7sp - _ QD
YSD — VSR
— (3_;;; ~ swE
= Flv, 2).

Next consider the case of v > z; Since Pr(X < 0) = 0, we
have y < z and min(y,v) = y. Now using (18), Fz(z) is
given by

1 # _(omin@e)\  __y
Fz(z) = — (1 —e 7D ) e Tsrdy (22)
VSR
1 Z 1 z —zty vy
= — e TR dy — — e7sp e TSR dy.
VSR VSR

Equation (22) can be re-expressed as

/Ze (’Y’:?SDD'YSR )ydy (23)
0

Simplifying the integral in (23) we get

__z
e 7sp

Fz(z)=1- e 7SR — om

. Y¥sD (eiﬁ —ei”Y;R>
Fz(z)=1—¢ 7sr —

— - (24)
YSD — VSR
=6(2).
Since F,, (2) = E, {Pr (Z < z)Nt}, the cdf of the e2e SNR
can be written as

—__v
Nt e~ 3mp du

(25)

—__v
‘e rD duv.
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Equation (25) can be simplified as

1 # PR
Fry(z)=— [ (p+qe")" e Trodv  (26)
YRD
+(G(2)"" e,
where
_ 7sD =
p=1———————¢ 7sp, (27)
VSD — VSR
— ISR -5p, (28)
YSD — VSR
and
_ Jsp — sk (29)
YSDVSR
We can rewrite (26) using the binomial theorem as
o (2) = (G(2))™" €™ TR0 (30)
N, -
LS (W) [
YRD =0 J 0

After simplifying the integral, the cdf of the e2e SNR in
Scheme (a) can be expressed as

Fy(2) > Py (2) = (G(2))™
LSS (V) v
- YRrD jgo (j )p !

Finally, the outage probability of Scheme (a) can be obtained
from (31) by substituting z = 22f — 1.

Scheme (b): We now derive an expression for £, (z) which
is a tight lower bound to outage probability of the system
when Scheme (b) is implemented. Let X = vsp,k and Yy =
min{ysr.k, Yrp}. First we will obtain an expression for the
e2e SNR pdf. Since X and Y are independent, the pdf of
the e2e SNR given by their sum, can be obtained using the
convolution integral as

f 'YubZ

__z
e 7RD
1—e (’YRD +gw)z

1/ArD + jw

€1y}

/ fxW)fy (2 = y)dy, (32)
where f5 () and fy(-) denote the pdfs of X and Y respec-
tively. The pdf of X can be found using the cdf expression of
[22, Eq. (9.344)] and is given by

N —1\ _nt1
I G

In Scheme (b) selection of k leads to a random selection of
the S — R channel and therefore, ysp ; is an exponential
RV. Noting that the minimum of two exponential RVs is also
another exponential RV, Y is distributed as

N Ni—1
fely) = — (33)
YSD

n=0

Y¥sr + YRD —(W,SRWRD )y

YSRYRD (34)
fy( )= YSRYRD
We rewrite (32) after substituting (33) and (34) as
N, 0 0 _(3srtIRDY),
P (2) = Tt (M) . (WWSSRRWWRRDD 35)
YsD YSRYRD

Nl ISRTIRD
<2 -

YSRYRD ) ydy

(N [t
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Simplifying the integral in (35), the pdf can be expressed in
closed-form as

Ny (Ysr+YrD
S (2) = — <7 - (36)
YsD YSRYRD
Ni—1 (_l)n(Ntr;l) <6 (% 2 e ;L;Dlz>
X n+l  ¥sr+YRrD :
n=0 YsD YSRYRD
Now it is easy to obtain the cdf, F,, (= fo Frywe (2)dz. The
cdf of yypp is given by
F ( ) > F’Yubz( ) (37)
Ne—=1 o \n(N;—1 _ -
— & Z M 1 — ei(w’:YgSRRthfDD )Z
YsD ntl _ YSrR+IRrD
n=0 7sp YSRYRD

(L) (o)),
n+1\Vsr 7rD

The outage probability of Scheme (b) can be obtained from
(37) by substituting z = 22f — 1.

B. High SNR Outage Approximations

Although the outage expressions of Schemes (a) and (b)
given by (31) and (37) are valid for arbitrary SNR, it is
difficult to obtain further insights. For example, it is interesting
to know how system and network parameters such as Ny
and SNR imbalances among 7Ysp, Yrs and yrp influence
the system’s outage performance. Such information can not
be directly obtained from (31) or (37). Along these lines,
we have developed simple high SNR approximations, whose
derivations can be found in the Appendix.

Scheme (a): At high SNR, the system’s outage probability
is given by’

1 92Ro _ 1\ Mt
> = 38
ol mpa (N + 1) ( Ysp ) o9
92Ro _ | Ny+2
(2,
YSD
where 111 = :IS—R and po = WRD
Scheme (b): At high SNR the system’s outage probability
is given by
- 14+ L2 <22R0 _ 1>Nz+1 (39)
o papa(Ne+1) \ Asp

( 92Ro _ | Ni+2
+o (7_ ) > .

YSD

Clearly, (38) and (39) show that both Schemes (a) and (b)
achieve the same diversity order of Ny + 1. The reason for
this is that the relay-destination link in the relayed path acts
as the bottleneck. In other words, in Scheme (a), although the
best source-relay link is selected, due the single antenna relay-
destination link, the relayed path does not provide a diversity
gain (i.e., diversity is one). In Scheme (b), we totally ignore the
relayed path meaning that the diversity is again one. However,
in both schemes, the source-destination direct path offers the

2A function of x, f(z), is represented as o(z) if lim, 0 fiz) =0.
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full spatial degrees of freedom and is equal to the total number
of transmit antennas (since the destination employs a single
antenna). As a result combining the relayed and direct paths,
both schemes provide the same diversity order.

When the outage probability is plotted on a log scale against
~sp in dB, the high SNR penalty, 9, of Scheme (b) compared
to Scheme (a) can be expressed as>

5= A log (14 p2) dB. (40)
To see this, for Schemes (a) and (b) we write
log (P;’/oa) = log (é) 41)
prapiz(Ne + 1)
— (N¢+1)log <22257D_1) ,
and
log( O/b) log <7M1M12(_|]_V!:j‘ 1)) (42)
— (N¢+1)log <22257D_1> ,
respectively. Now equating (41) and (42), simplifying

and noting that what we require is an expression for
10(10g(’$’SD‘Scheme (@ — log(’?sp|scheme (b)) yields the desired
result in (40).

The high SNR performances of both schemes are governed
by Ny, p1 and peo. Clearly, in both schemes, we see that
increasing these parameters has a positive effect on the outage
probability. On the other hand, (40) shows that § depends on
Ny and po. We see that the performance loss for large N, and
small po is marginal.

C. Average BER

In this subsection we analyze the average BER of Schemes
(a) and (b). For many modulation formats used in wireless
applications, the average BER can be expressed as [23]

P.= E[aQ(/by)] . 43)
t2 ¢
- \/C;_W F, <?> e~ T dt
where Q(z) = \/% I e_%dy is the Gaussian Q-function

and a,b > 0 are determined by specific constellations. Some
example modulation schemes for which (43) apply include
binary phase shift keying (BPSK) modulation, a = 1, and b =
2, and Quadrature phase shift keying (QPSK), a =1 and b =
1. Our results also provide the approximate BER for M-ary
phase-shift keying (M-PSK), a = 1, and b = 2sin? (7/M)).
Moreover, the following BER derivations can also be trivially
extended to square/rectangular M-QAM, for which P, can be
written as a weighted sum of a ) (\/ﬁ) terms [24].

3Throughout the paper, the logarithm of z to the base 10 is written as
log(z).
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Scheme (a): By substituting (31) into (43) system’s average
BER can be tightly lower bounded as

P> Pe/a (44)
42 42 Nt
e bisp e Yisr
/ _Jsk 1 _ 2sp
2 ’752 ”Ys];
X ei(ﬁ+%)t2dt
2 Ni—j
T
WYSR
e (b ]SD+ )t2 1—e (’YRDJFJW)
X — dt.
(wysp)? 1+ jwyrD

Next, we apply the binomial expansion to simplify (44) and
obtain

Ny Ny t—J .
P - Z ( ) Zj (Nt—J) (_l)k
o/ V2 (w¥sp)? o k (wYsr)*

(oo} . +2
X/ ei(’YSRJr’YEl’,DJr’YSkD%F%)Tdt
0
(N‘)
1+ jwYrD)
Ny
(Y )7”
P (W¥sr)*
o0 J t2
x/ (1—@ ("fRDJrjw) ) _(%+% b dt.
0
Finally, using the following integral result from [25]

Ji = /Oo e dr = YT,
0 2q

(45)

a all
\/_ Z (wysp)?

[q > 0] (46)

ﬁe /a can be evaluated in closed-form as
ot (F)
(_1)k(Ntk7j)
(wYsr) k\/l + b%R + bﬁfw + b;YQfD
() N‘i (Nt - j) (-1
'(1+ jwYrD) ko) (wysr)*

Py = (47)

Ni—j

<D

k=0

a
+§Z

WVSD

Jj= k=0
1
2(j+k) 2 2jw | 2(j+k)
\/1+ “bYsp \/1+ bYrD + b + b¥sp

Scheme (b): Substituting (37) into (43), the average BER of
Scheme (b) can be expressed as

Ne—1 N—1
. N, O ()
P, > Pe/b = 295D Z nt+l _ :YSR:L’:YRD (48)
S n=0 7sp YSRYRD
__aN, NZ =y (™)
/o~ +1 Isr+7y
ZTFYSD n=0 ”%S—D o %
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- ]
x / o~ (BEREE+E)2 | JsD (;+;)
0 n+1\%Ysr 7rD

(1o [t )dt>

The integrals in (48) can be evaluated in closed-form using
(46). Finally, a lower bound on the average BER of Scheme
(b) is given by

N¢—1 Ny—1

2 ()
n+l _ YSRHIRD

n=0 7Ysp YSRYRD

1
X (1 — = )
YSRHTYRD
1+ b¥srYRD
o 1 1 1
2o (o) [ e )
n YSR  YRD n+
1+ b¥sp
D. Average BER at High SNR
We now analyze the BER in the high SNR regime in order
to derive the array gain. Using a general single-input single-
output (SISO) result from [26], the BER can be approximated
in the high SNR regime by considering the first order ex-
pansion of the e2e SNR pdf around the origin. Therefore,

employing (38) and (39), the average BER in the high SNR
regime can be closely approximated as

2Nt F(Nt + %)a

aNt
295D

(49)

Pe/b

0~ 20 (bygp) V), 50
e/a \/E,UJLUJQ(N)&—FI)( ’YSD) ( )
and
oo 9N (N, + %)(1 +p2)a —(Nu+1)
e/b ™ (bysp)~ T, (51

Vrpipe(Ne 4+ 1)

for Schemes (a) and (b) respectively. From (50) and (51) we
see that the array gains of Schemes (a) and (b) are given by

2V T(N; + 2)a

Ni+1
Gura=b|——"""="— , 52
/ (ﬁ#lﬂz(NH'l)) 62
and
__1
Gopp=b (2Nt LN+ 5)( +“2)“) s
o/t Vpap2 (N + 1) ’
respectively.

E. Mean Channel Capacity
The mean channel capacity is defined as the expected value
of the instantaneous mutual information between S and D.
The mean capacity C' (in bits/second) per unit bandwidth can
be expressed as [27]-[29]
1
C=E, {5 logy (1 + 7)} . (54)
Scheme (a): Using the pdf of v, fr,, (), the exact C can
be tightly upper bounded by solving the following integral
1 oo

C, = 713 In(1+ ) fr, (z)d.

(55)
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() N (Bt e ) (e
f%bl(z) _ (7J ) - Z :YSR . YRD YsD 6_(WsR+‘7RD+WSD)Z (56)
— (wysp)! 4 (wYsr)
J=0 k=0
Ny (]jt) Ni—j (—1)k71 (Ntkfj)
* Z J(1 o)k
= Wysp) (L +jwirp) = (WIsr)
w (1 () (_ fiws I k) e(ﬂ,};D+jw+%)z).
YSD YRD YsD
Ne o (Ney o Ne—j (—1)k=1 (N (L L L)
c<C, = 1 Z (7]) ‘ Z ( k ) 7’YSR . YRD Ysp (57)
21n(2) = (wysp)? pard (wysr)
N, N,
> (i1 ok 1 ¢ ( )
X In(1 4+ x)e (WSR+WRD+WSD)xdx_|_ _ A
/o ( ) 2In(2) ]Z:g (w¥sp)? (1 + jwYrp)
Ne—j k—1(Ni—j - oo )
—1 k (iR ),
y Z (-1) _ ( kk ) J,+ / In(1 +2)e (#5) dx
= (wysr) Ysp Jo
. k (oo} _ i itk N
- (— + jw + jj_ ) In(1 4 2)e (WI;D I +stp) dx) )
YRD VSD 0
In order to derive the capacity we first need an expression i AN ‘—Apalytical‘
for the pdf of ~up1. This can be easily obtained using the cdf ‘\\\:\ . ﬂg:t:NCZno smulation

of 1 given in (31). Therefore, by differentiating (31) with
respect to z we obtain the pdf of vy as (56). Now substituting
(56) into (55) we write (57). Using the closed-form expression
for the integral*

o0 B
T :/ In(1 + Ba)e™*%dz = B, <f> (58)
0 S B
given in [25], where F;(z) = fzoo %dt is the exponential

integral function of order one, the mean capacity can be tightly
upper bounded as (59) where

_ 0>
=1L
Scheme (b): We substitute (36) into (55) and express the

upper bound for the mean channel capacity as (60). The
integrals in (60) can be evaluated in closed-form using (58)

j=k=0,
else.

&2

to yield
C%_____QE___6¥¥2%§?ZQ<VSR4—VRD) oh

21In(2)¥sp VSRYRD

Ni—1 n(N¢— _ _

. Z (=1 (Nn 1) _ Ny (’YSR+'YRD)
nt+1 Isr+Yy ~ ~
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(=D (%, Desn

1
3 1ﬁ<”+ ).
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n=0 \ F5p YSRYRD

IV. NUMERICAL RESULTS AND COMPARISONS

This section presents the numerical and simulation results
for the system’s rate outage probability, average BER and the
mean channel capacity.

4Note that F1(x) = —Ei(—z).

Outage Probability
3
T

10 15 20 25 3
S-D Link Average SNR (dB)

Fig. 2. Scheme (a): Outage probability versus ysp for different N¢. 1 =
1.25 and pg = 0.5.

Figs. 2 and 3 show the outage probability for Scheme (a)
and Scheme (b) respectively. The target rate, Ry = 1 bit/s/Hz.
The analytical results are plotted using Eqs. (31) and (37)
respectively, while the high SNR approximations correspond
to Eqgs. (38) and (39). In order to verify our analytical results,
we have also plotted simulation based results. We see that
the analytical results obtained by employing the tight bound
match perfectly with the simulations in the medium to high
SNR regimes. Furthermore, it is observed that the high-SNR
approximation curves converge to the analytical ones in the
medium to high SNR regimes. As expected, increasing the
number of antennas has a positive effect on reducing the out-
age probability. However, the reduction of outage probability
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Outage Probability
T

25 3C
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Fig. 3. Scheme (b): Outage probability versus g p for different Ny. p1 =
0.5 and pp = 1.25.

decreases for higher N;. Since in practice, adding an extra
antenna element attracts extra system costs, this number of
antennas/performance tradeoff is useful in selecting a desirable
value for NV;.

In Fig. 4 we compare the theoretical rate outage perfor-
mance of Scheme (a) and Scheme (b) by varying the number
of antennas, Ny, with p; = po = 1.5. The plots are based
on Egs. (31) and (37) respectively. To avoid clutter, we have
not plotted the high SNR and simulation based results. In all
cases, as expected, Scheme (a) has a better outage performance
in all SNR regimes. However, the performance gap between
Schemes (a) and (b) is marginal and decreases when N; is
increased as predicted by our analysis. Thus, in this network,
if a small performance loss is tolerable, Scheme (b) which
has a low signaling overhead can be employed to realize the
cooperative diversity gains. In Fig. 4,  values obtained using
(40) an outage probability of ~ 1076 are also shown. These
values perfectly matched simulated system outages (not shown
here). When N, is increased from 2 to 5, we see that the
relative performance difference between the schemes drops

Scheme (a)
— — —Scheme (b)

Outage Probability

25

10 15
S-D Link Average SNR (dB)

Fig. 4. Outage probability versus ysp of Schemes (a) and (b) for different
N, p1 = p2 = 1.5.

from 1.3 dB to 0.66 dB.

Figure 5 shows the average BER of Scheme (a) with 4-
QAM modulation and N; = 2. Four different values of
and s have been considered to illustrate the impact of SNR
imbalance on the system’s error probability. In addition to
the simulated BER, analytical and high SNR results are also
shown in Fig. 5. We observe that the analytical results from
(47) match the simulations very well except at low SNRs given
by ¥sp < 5 dB. High SNR results calculated from (50) are
also useful to predict system’s error performance accurately
in the regimes of 7sp > 15 dB and in some cases, as low as
Ysp > 10 dB. High values of p; and po improve the BER
as expected. However, relative performance gains become
marginal as p; and pg are increased. This can be seen from
plots for [1 = p2 = 1.5 and 5] and |1 = p2 = 5 and 10].

Figure 6 compares the average BER of Schemes (a) and
(b) for N, = 2 and N, = 3 respectively. As expected, in
both schemes increasing the number of antennas, Ny, has a
positive effect on the error performance since the achievable
diversity order is increased from three to four. For both values
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Fig. 5. Scheme (a): Average BER versus ysp with 4-QAM modulation,
N; = 2 antennas.

10 T
Analytical
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® Monte Carlo simulation

Bit Error Rate
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S-D Link Average SNR (dB)

Fig. 6. Average BER versus ygp of Schemes (a) and (b) with 4-QAM
modulation. g1 = po = 1.5.

of N, Scheme (a) compared to Scheme (b) only shows a slight
performance advantage.

Fig 7 shows the mean channel capacity of Scheme (a).
As expected, when ysp and N, are increased, the capacity
improves. For example, when ygp is increased from O dB
to 40 dB, in the case of Ny = 4 the mean capacity is
increased from 1 bit/s/Hz to 7.4 bit/s/Hz. However, capacity
improvement when N, is increased from two to four is
marginal at all SNR. Also by comparing plots for N; = [2, 3]
and N; = [3, 4] we see that the relative capacity gains reduces.
Simulation results shown in Fig. 7 again confirm the tightness
of the derived capacity bounds.

Finally, we make some remarks on optimal and suboptimal
antenna selection performance when all terminals have multi-
ple antennas, i.e., R and D are also equipped with N, and Ny
antennas respectively. In [9] it has been shown that the diver-
sity order of such a system equals, Ny Ny + N, min(Nt, Ny).
First assume that Ny = 1; This situation may be the case in
some infrastructure based networks with fixed relays where

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 10, NO. 6, JUNE 2011

Channel Capacity (bit/s/Hz)

Analytical
® Monte Carlo Simulation

L L L L L
° 15 20 25
S-D Link Average SNR (dB)

30 35 40

Fig. 7. Channel capacity versus ygp of Scheme (a). 11 = p2 = 1.5.

the relay has the functionality of a mini base station. The
optimal scheme achieves a diversity order of N; + N,.. Under
this configuration, the suboptimal antenna scheme can only
achieve a same diversity order of N, = N,, if R deploys
hybrid signal processing techniques such as MRC/antenna
selection [12] or MRC/transmit beamforming. Suboptimal
antenna selection is only capable of achieving a diversity
order of N; + 1. This is because selecting a single antenna
at S only based on the S — D link will yield a random
selection of the S — D link and thus would not yield any
diversity gains in the relayed link. The diversity order of
the system when Ng > 1 with suboptimal antenna selection
and antenna selection/diversity combining is N;N; + 1 and
N¢Ng4+ N,. Therefore, the performance of these schemes will
be very much inferior to the optimal antenna selection scheme,
especially for a “square” S — D link, i.e, large min(Ny, Ny).

V. CONCLUSIONS

Antenna selection is a simple way of improving the per-
formance of AF relaying while maintaining a low hardware
complexity. In this paper, we analytically investigated and
compared the performance of two transmit antenna selection
schemes in a dual-hop AF relay network. Using a tight
upper bound, we derived expressions for the SNR cdf. These
expressions were next utilized to study important performance
measures such as the outage probability, average BER and
the mean channel capacity of the two schemes. In order to
gain further insights, we also developed simple high SNR
outage approximations. From the developed expressions, it
is easy to see that when a large number of antennas at
the source are deployed or pe is small, the performance
gap between the suboptimal and optimal antenna selection
schemes is marginal. Since the suboptimal scheme also has
a low feedback overhead, it seems to be a promising solution
for implementing future cellular networks expecting to support
relay based communications.
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APPENDIX
HiGH SNR ANALYSIS

Scheme (a): To obtain a first order expansion of F,(z) we
note that at high SNR

F’Y(Z) :F’Yubl(z)' (62)

Therefore, consider the cdf F, (z) given in (31). To proceed,

we substitute p; = % and pg = 1’;@ in (31) which gives

N =z Ny
(e ISD — e #ﬁsp)
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Employing the Maclaurin series for the exponential function
we obtain (64) where (65). We simplify (65) to obtain (66).
Now as A(z) contains higher powers of z than (N; + 1), w
see that B(z) will accurately describe the behavior of F,,, (= )
around z = 0.

Consider B(z) given by
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Since the summation in (68) is the binomial expansion of

(p+ )™, we get
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We apply the binomial theorem to yield
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Once again, after several manipulations (70) can be written as

e
= | — ol [ — .
pape(Ne +1) \Asp sD

(71)
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We see that B(z) accurately describes the behavior of F,, (2)
around z = 0 and therefore F,(z) around z = 0. Now
substituting z = 220~ into (38) yields the desired result.
Scheme (b): At high SNR, the outage probability of Scheme
(b) can be obtained by deriving a first order expression for
F,(z). To this end, we begin by finding an exact expression
for F,, (z). Conditioned on the RV, yrp, Fy, (2) is given by

F VSR, kW

TR (Z) = /0 Pr (m < Z) f’YRD (w)dw (72)
:/ Pr ('VSR,Ic > M) f’YRD (w)dw
0 w=

z
i z(w+1
+/ Pr (’7537k < Q) Fyan (w)dw.
- w—z
After some manipulations it can be shown that
22+z
’YR _1_/ Pyspi < >f’YRD(Z+w)dw7

(73)

where P, (z) = 1—F,,, () denotes the complementary
cdf of VSR, k-
Simplifying (73) we get

67(55R+’7};D)z OO 224
F’YR(Z):l__—/ e TRDW
YRD 0

2 2
=1-2 7_27 —fz ((ﬁ*ﬁ)z]{l 2 7_27 —fz ,
YSRYRD YSRYRD

where we have used [25, Eq. (3.471.9)] and K (z) is the first
order modified Bessel function of the second kind [30, Sec.
(9.6)]. When v > 0 is fixed and z — 0, using the following
approximation,

no dw (74)

2v-1p
K, (z) ~ %”) (75)
X
it can be shown that at high SNR
Fop(2) = 1o (irtmp)? (76)
(i) () ()
=1+ — — | t+o p— .
M2 VSR VSR
Similarly consider F,, () given by
N.—1
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Fop(2)=1-N, ; U ) (77)
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(&) ()"

Finally, employing [31, Lemma 1] it can be shown that the
high SNR cdf of v = g +~vp in terms of ysp can be written

as
1 Ny+1 Ny+2
winlin) 6 )
) YSD YSD

- (N +1
(78)

(2
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