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Abstract: A scheme combining partial relay selection and beam-
forming in the dual-hop relaying system is proposed. We present the
performance analysis of the scheme in Nakagami-m fading by provid-
ing closed-form expressions for the outage probability and average bit
error probability as well as simple approximations for the two metrics
to quantify the performance in high signal-to-noise ratio regime. In the
numerical results, the correctness of the theoretical results is validated
and the superior performance of the proposed scheme is also shown.
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1 Introduction

Selecting the appropriate relay(s) according to some network parameters to
cooperate can bring in remarkable performance improvements for coopera-
tive communications, which has attracted considerable interest. Among di-
versiform relay selection schemes, the single relay selection scheme known as
partial relay selection (PRS) that only requires the single hop channel state
information (CSI) is a promising solution to significantly minimize the imple-
mentation cost and required complexity, especially in practical ad-hoc and
sensor cooperative networks [1]. In [2], the asymptotic performance analysis
of amplify-and-forward (AF) with PRS in Rician fading is presented. And
in [3], the outage probability (OP) and average bit error probability (BEP)
of the PRS with feedback delay are analyzed. Moreover, the inferior perfor-
mance of PRS is shown in [4], by the performance comparison with oppor-
tunistic relaying. And then, a scheme combining PRS and antenna diversity
in the dual-hop relaying system is proposed to obtain performance improve-
ment [5]. On the other hand, using beamforming at the multi-antenna sink
in the dual-hop relaying system can yield a good performance [6].

This letter proposes a new scheme in the dual-hop AF relaying system. In
the scheme, PRS is used in the first hop to select a relay to cooperate based on
the instantaneous partial channel knowledge, and beamforming is employed
for the multi-antenna destination collecting signals in the second hop. The
performance of the scheme is analyzed in Nakagami-m fading, which often
gives the best fit to land-mobile and indoor-mobile multi-path propagation,
as well as scintillating ionospheric radio links and covers a broad variety of
fading scenarios, including the Rayleigh fading (the fading severity parameter
m = 1), the close approximation for the Rician fading (m = (11—2122 with the
Rician fading parameter K > 0), the nonfading (in the limit as m — +00),
etc. [7]. Closed-form expressions for the OP and average BEP as well as
simple approximations for the two metrics to quantify the performance in the
high signal-to-noise ratio (SNR) regime are derived, of which the correctness
is verified by the comparison with Monte Carlo simulations. The numerical
results indicate the superior performance of the proposed scheme.

Mathematical notations and functions: Vectors are shown with bold let-
ters. [-]7 is the transpose operator, || - || denotes the Frobenius norm, Fx(-)
and fx () represent the cumulative distribution function (CDF) and probabil-
ity density function (PDF) of the random variable X, respectively. I'(-) and
v(+,-) indicate the gamma function [8, Eq. 8.310.1] and incomplete gamma
function [8, Eq. 8.350.1], respectively. K, (-) stands for the vth order modi-
fied Bessel function of the second kind [8, Eq. 8.446] and F'(,-;+;-) denotes
the Gauss hypergeometric function [8, Eq. 9.100].
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2 System and channel model

We consider a dual-hop AF relaying system, where a source S communicates
with a destination D through the help of L relays R; (I =1,2,...,L). The
source and relays are single-antenna devices, and the destination is equipped
with N receive antennas. There is no direct link between S and D due to
the unsatisfactory channel quality. The PRS [1] is used in the system and
the relay Ry with the highest S — R; instantaneous SNR is selected to
cooperate. All nodes in the system are assumed to operate in a half-duplex
mode. Thus, each transmission between S and D contains two phases. In
the first phase, S transmits signals to the relay Rjs. In the second phase, D
knows the perfect CSI and employs beamforming [6] to collect signals relayed
by Ras using the AF protocol.

Let us define {i;}7-, and {g} }n , as the channel coefficients of the chan-
nels from S to R; and from R; to the nth antenna of D, respectively. Then,
the N x 1 channel vector from R; to D is g; = [g}, g7, ..., 9{"]T. We assume
that {h}1_, are subject to independent and identically distributed (i.i.d.)
Nakagami-m fading with the fading severity parameter m; and average fad-
ing power 21. Similarly, {gf}ﬁzl (Il =1,2,...,L) are assumed to be i.i.d.
Nakagami-m fading random variables with the fading severity parameter mo
and average fading power 5. We also assume the average SNRs of the
first and second hops are p; and ps, respectively. Then, the instantaneous
end-to-end (e2e) SNR can be given by

YiMY2M
— (1)

Yend =
- Yim +vem +1

where M = arg r1n2ax p1|hl\ YiM = plth|2 and yopr = p2||gM||§,.

577

3 Performance analysis

Assuming m; to be an integer and with the help of [8, Eq. 3.351.1], [8,
Eq. 1.111] and [8, Eq. 0.334], the CDF of 1) can be written as

F L I L
v) = I I my, myy
’YIM( 1) Pr (p1|hl|2 < ’Yl) = [M]

I'(my)
k(mq1—1) .
= 1+Z<) Yexp(—=mim) D af(mim)' ()
i=0
where m} = =1, aF 1 and af Z phtp=i  k , With
1= plgl k(mi—1) — |T(m1) Tapt Y-

g = min(i,m; — 1) and 1 <i<k(m;—1)—1. And the PDF of yops is given

in [6] as

mlszz Nmo—1
I'(Nmg)

where mb = N—Zf@. Then, the CDF of instantaneous e2e SNR can be ex-

Fron (12) = exp(—my7y2) 3)

pressed as

YiMY2M
F = Pr|—MMMM— <
Yend (7) (fylM _|_ '72M _|_ 1 7)
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Fyou( +/ LY ( — +,yl)) Jrons ()de (4)

/

11

Substituting Eq. (2) and Eq. (3) into Eq. (4), we have

L k(mi-1) )kak,}/zm mlszz
I =
! Frau( +Z Z ma) exp(km)y + mby)

00 k 1 t 1)i(¢t Nma—1
X/o exp<_ mwiﬁ )_mlzt) (t+v+ );_Jrv) &t

2

(5)

Assuming an integer Nmg and using [8, Eq. 1.111] and [8, Eq. 3.471.9], after
some algebraic manipulations, we can obtain that

Nma+j—1 . ’ poitl
Nmg+j—1)\ (kmiy(y+1)\ 2
woen () S () ()

pn=0 H

~~

Ip)

XV (24 b (1)) ()

Substituting Eq. (5) and Eq. (6) into Eq. (4), the CDF of ~enq can be deter-
mined as

L k(mi—1) i Nmo+j—1 . .
L\({i\[Nmgos+j—1
F’Yend(7) = ]‘+ E : § : § : <k> (])( 2'“ )
=0

k=1 7=0 n=0

<km'1)y_2ﬂ QmQNmz(—l)kakm iy Nmatitj—p—1
X —_—

msy I'(Nmg) exp(km}y +mjyy)

<+ D) F K (2o (4 1)) (")

3.1 Outage Probability
OP is defined as the probability that the instantaneous e2e SNR falls below
the given threshold ~¢,. Therefore OP of the system can be calculated as

POP = F’Yend (Pyth)‘

3.2 OP in the high SNR regime
In the high SNR regime (p; ', p; ' — 0), OP can be approximated as

Pop =~ Pr(min(vyia,y2m) < Yth)
= F’YlM ('Yth) + F’YZM (Vth) - F’YlM ('Vth)szM ('Yth) (8)

Since (o, u) with u — 0 can be approximated by using [8, Eq. 8.354.1] as

—1,,«

v(a,u) ~ o~ u®, in the high SNR regime, we have

Fyp () = [W]L ~ [F(:;—il) (zz—tj‘)mlrp;ml (9)

and

'y(ng,m'z%h) [ ™M2%h Nma Pz_Nmz 1
~ FvmT 0

F. =
T2 (’Yth) F(ng) NQQ T Nm2 + 1)
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Assuming py = &p; and using Eq. (8), Eq. (9) and Eq. (10), the OP in the
high SNR regime can be expressed as

POP p— - mln(Lml 7Nm2)fy;lﬁln(Lm1,Nm2) (11)
where
my L
[W} g Lmy < Nmsy
m L Nm
N . mp _ 12
ﬁ |:1"('m1-|-11)ﬂ1 1:| + F(Nm2+1)2(N§QZ)Nm2 , Lmy = Nmy ( )
mNm2
F(Nm2+1)2(N§QQ)NM2 ’ Lmy > Nmo

From Eq. (11), we can see that the diversity order of the system is d =
— lim log P&

p1—00 log p1 =mln(Lm1,Nm2)‘

3.3 Average BEP
The average BEP can be evaluated as the expectation of the conditional BEP,
which is obtained as

P, = 2\/%/ exp( )F%nd (%) tadt (13)

where a and c¢ are constants determined by the modulation format as in [3]
(eg., for the quadrature phase shift keying (QPSK) modulation, a = 1 and
¢ =1). Though Eq. (7) is complicate, we use the tractable form of it in the
high SNR regime (y ~ v+1) instead. Substituting Eq. (7) into Eq. (13) with
v~ v+ 1 and using [8, Eq. 6.621.3], a closed-form approximate expression
for the average BEP can be derived as follow:

L k(mi—1) i Nmo+j—1

n e e R R OO

k=1 i=0 j=0 =0 H
r(Nm2—i+j+u+§)r(Nm2+z+j—u—%)( 1)kakm/ftt

X . .

T(Nmg + j + 1)4i-pki-p—1gNme—ititn—3

L 3 .3 .
><F(Nm2—z+g+u+§,u—z+§;Nm2+y+1;§) (14)

where ¢ = km) +mb + § — 2y/kmim} and ¢ = ¢ + 4\/kmm}.

3.4 Average BEP in the high SNR regime
By using Eq. (11) and Eq. (13), the average BEP in the high SNR regime
(1, p3 ' — 0) can be evaluated as

P> — af /00 exp (_E) tmin(Lml,Nmz)—%dt (15)
b 92 /27T(cp1)min(Lm1,Nm2) 0 2

With the help of [8, Eq. 3.326.2], we can express the average BEP in the high
SNR regime as

a/@zmin(Lml,NmZ)_l:[‘ (min(Lml, Nm2) + %)
by = ﬁ(cpl)min(Lml,Nm2)

[o.°]

(16)
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4 Numerical results

In this section, Monte Carlo simulations are performed to validate our the-
oretical results. Without the loss of generality, the situation of ; = 0.5,
Qo = 0.2 and p; = po is considered here. The theoretical and simulated
curves of the OP and average BEP are plotted in the following figures for
several values of the fading severity parameters m; and meo, the number of
relays L, and the number of destination antennas V.

Fig. 1 shows OP versus the average first hop SNR p; for several values
of my1, mo, L and N with v, = 5dB. The exact expression and high SNR

Outage Probability

m1=2, m2=2, L=2, N=2

Exact
= = =High SNR
O Simulations
107 ‘ ‘ L D
5 10 15 20 25 30
p1,dB

Fig. 1. OP versus p; for several values of my, meo, L and
N with v, = 5dB.

Average BEP
IS

| | == Approximation (14)
= = =High SNR

O Simulations
s ‘

Il
0 5 10 15 20 25 30
p1,dB

Fig. 2. QPSK modulated average BEP versus p; for sev-
eral values of my1, ms, L and N.
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approximation for OP are calculated by using Eq. (7) and Eq. (11), respec-
tively. In Fig. 2, the QPSK modulated average BEP versus p; for several
values of my, mg, L and N is depicted. The high SNR approximation for
the average BEP is calculated by using Eq. (16). It can be seen that the
theoretical results match well with the simulation results. As observed from
the figures, the diversity order of the system is min(Lmy, Nms) (eg., d = 1
for the case of mi = mo = 1, L = 2 and N = 1; d = 4 for the case of
my =mg =2 and L = N = 2), and larger min(Lm1, Nmg) results in better
performance. Specifically, in Rayleigh fading (m; = mg = 1), our proposed
scheme in the case of L = 2 and N = 2 can achieve more than 10dB SNR
gain over the conventional two relays dual-hop relaying with PRS (L = 2 and
N = 1) while guaranteeing Pop = 1072 or P, = 1073,

5 Conclusions

In this letter, a scheme combining PRS and beamforming in the dual-hop
relaying system is proposed. The performance analysis of the scheme is
presented in Nakagami-m fading. Closed-form expressions and high SNR
approximations for the OP and average BEP are derived. Our theoretical
results are verified by Monte Carlo simulations. And, withal, the numerical
results demonstrate that the proposed scheme can achieve better performance
than the conventional dual-hop relaying with PRS.
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