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Abstract This paper analyzes the performance of oppor-
tunistic relay under aggregate power constraint in Decode-
and-Forward (DF) relay networks over independent, non-
identical, Nakagami-m fading channels, assuming multiple
antennas are available at the relay node. According to
whether instantaneous Signal-to-Noise Ratio (SNR) or
average SNR can be exploited for relay selection, two
opportunistic relay schemes, opportunistic multi-antenna
relay selection (OMRS) and average best relay selection
(ABRS) are proposed. The closed form expressions of
outage probability and error performance for binary phase
shift keying (BPSK) modulation of OMRS and ABRS are
determined using the moment generating function (MGF)
of the total signal-to-noise ratio (SNR) at the destination.
Simulations are provided to verify the correctness of the-
oretical analysis. It is observed that OMRS is outage-op-
timal among multi-antenna relay selection schemes and
approaches the Beamforming (BF) scheme known as the-
oretical outage-optimal very closely. Compared with pre-
vious single-antenna Opportunistic Relaying (OR) scheme,
OMRS brings remarkable performance improvement
obtained from maximum ratio combining (MRC) and
beamforming, which proves that multiple antennas at the
relays could provide more array gain and diversity order. It
also shows that the performance of ABRS in asymmetric
channels is close to OMRS in the low and median SNR
range.
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1 Introduction

User cooperation has emerged as a spatial diversity tech-
nique to provide robustness against channel fluctuations by
utilizing the broadcast nature of the wireless transmission
[1, 2]. Cooperative diversity [3, 4] is an important tech-
nique for achieving spatial diversity and provides perfor-
mance improvements through the use of available
resources in distributed wireless networks. The basic idea
of cooperative networks is that multiple relays assist the
source transmit a message to the destination, thereby the
destination can receive multiple independent copies of the
same signal and achieve diversity.

Although some literatures about cooperative relaying
focus on simultaneous transmissions from multiple relays
[5], it is showed that carefully selected single-relay trans-
mission incurs little performance loss compared to multi-
ple-relay transmissions [6—10]. Bletsas, Lippman and Reed
proposes the concept of opportunistic relaying (OR) and
analyzes the performance of OR scheme in [6-9]. Simple
OR scheme was present in [6], which select the best relay
based on local measurements of the instantaneous channel
conditions. [7] showed that OR scheme achieves the same
diversity-multiplexing tradeoff as distributed space—time
coding by information theoretic analysis. The optimal
selection of a single relay to minimize the outage proba-
bility in Amplify-and-Forward (AF) strategy was given in
[8]. In [9], the outage probability was analyzed under an
aggregate power constraint in AF and Decode-and-Forward
(DF) strategies. The performance of OR schemes in three
different types of channel state information (CSI) scenarios
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was studied in [10]. Prior works on relay selection focus on
the case that all relays have single antenna. However, in
many practical situations, it is feasible that multiple
antennas are deployed at one or more relays.

The impact of multiple antennas on relays in cooper-
ative networks is considered in [11-14]. The performance
of maximum ratio combining (MRC) on receive and
transmit beamforming (TB) methods at multiple relays
with multiple antennas was analyzed in [11] in terms of
diversity-multiplexing tradeoff. Furthermore, [12] studied
the outage performance of the distributed MRC-TB
scheme and prove that distributed MRC-TB scheme could
offer significant power gain over distributed space-time
coding techniques. In [13], the end-to-end error perfor-
mance of threshold maximal ratio combining (T-MRC)
and threshold selection combining (T-SC) in multi-an-
tenna multi-relay cooperative networks was present over
Nakagami-m fading channels. Based on [13, 14] studied
the outage probability of T-MRC and T-SC of multi-an-
tenna multi-relay with beamforming in DF networks
under total sum power constraint (TSPC) of all relays and
maximum per-relay power constraint (PRPC). In these
papers, all decoded relays select one antenna and transmit
simultaneously, which induces large synchronization sig-
naling overheads among relays. However, there are few
investigations on the performance of choosing one relay
with multiple antennas.

Motivated by this, we propose two different centralized
multi-antenna relay selection schemes (Opportunistic
Multi-antenna Relay Selection; Average Best Relay
Selection) and derive the outage probability and error
performance for binary phase shift keying (BPSK) modu-
lation of OMRS and ABRS over independent, non-identi-
cal Nakagami-m fading channels with Decode-and-
Forward (DF) relaying in multi-antenna multi-relay coop-
erative networks. The optimal relay is chosen based on
instantaneous Signal-to-Noise Ratio (SNR) in OMRS,
while ABRS selects relay based on average SNR. In our
proposed scheme, different from OR scheme [5], the
selected relay with multiple antennas decodes the received
signal from the source with MRC and retransmits the
decoded signal to the destination with beamforming. By
comparing the outage probability and error performance of
our proposed schemes with other scheme, we show that
opportunistic relay with multiple antennas can achieve
significant performance improvement.

The remainder of this paper is structured as follows: In
Sect. 2, we introduce our system model. The performance
of proposed schemes are analyzed and presented in Sect. 3.
In Sect. 4, some simulation results are given. Finally, we
draw some conclusion in Sect. 5.
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2 System Model

As illustrated in Fig. 1, we consider a two hop network
model, where a source (S) communicates with a destination
(D), via a direct path as well as N relays using DF relaying.
Supposed that relay i is deployed with n; antennas, while S
and D have only one antenna. The channels are assumed to
be mutually-independent and reciprocal. This condition is
fulfilled in time division duplexing systems where the
round-trip duplex time is much shorter than the coherence
time of the channel, or in frequency division duplexing
systems where the frequency duplex separation is smaller
than the coherence bandwidth [15]. We also assume that all
additive white Gaussian noise (AWGN) terms have zero
mean and equal variance N,.

The date transmission is over two time slots using two
hops. In the first hop, the source broadcasts the signal to D
and all the relays. The received signal at relay i in the first
hop can be written as
]T

YS,[ = [hil hi2 hini ]Ts —+ [nil N - R

:h,»s—&—ni (1)

where y, ; is the m; x 1 receive signal vector, and s is the
transmitted symbol. The vector h; is the n; x 1 channel
transfer vector from source to the relay i, and h; is the
channel coefficient from S to the jth antenna of relay i,
which follows Nakagami-m distribution with the shape
fading parameter mg; and average power fading parameter
;. The vector n; is the m; x 1 complex circular additive
white Gaussian noise (AWGN) vector at relay 7 and n;
follows CN (1, 00).

The received signal at D in the first hop can be
expressed as

Vsd = hsas + nsq (2)

where y; 4 is the receive signal, A, is the channel coeffi-
cient from S to D following Nakagami-m distribution with

First hop L Second hop

S: Source
R: Relay
D: Destiantion

Fig. 1 Multi-antenna multi-relay networks
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the shape fading parameter my, and average power fading
parameter Q.

Since each relay combines its received signal with MRC
technique, the instantaneous SNR at relay i and D in the
first hop can be obtained as following, respectively

1o = oo ilP= oy 3 [yl (3)
=

Vsd = P1|hsd\2 (4)

where 7y, ; is the instantaneous SNR at relay i, 7, is the
instantaneous SNR at D. p; = P;/Ny is the transmit SNR
on the source, since n; follows CN(7,00), then p; = P,
and P; is the source transmission power.

In the second hop, the relay i, which successfully
decodes the received signal, is using its corresponding
beamforming weight, w;, to forward the signal. For the
relay is assumed to have perfect CSI, we can obtain its
beamforming weight as w; = g;/||g;||. The received signal
at D from relay i in the second hop is

Via = &1 & 8in; ]T[Wn Wiz Win, |7 + nig

= gW'r + nig (5)

where g; represents the 1 x m; channel transfer vector from
relay i to the destination, and g;; is the channel coefficient
from the jth antenna at relay i to D, which follows Nakagami-
m distributed with the shape fading parameter m;; and
average power fading parameter ;. r is the decoded signal
at the relay. n;4 is the AWGN at D which follows CA (7, c0).

Then the instantaneous SNR at D in the second hop can
be obtained as

ni
”/i,d:,ozﬂgin: P22|gij’2 (6)
=

where p, = P, /Ny is the transmit SNR on relay, since the
n;g follows CN(1,00), then p, = P,, and P, is the relay
transmission power.

We further consider the total end-to-end transmission
power P,y constraint, then Py = (P, Pr = (1— O Prorar-
Note that {e(0,1] and (1-{)denote the fractions of the total
end-to-end power allocated to the source transmission and
overall relay transmission, respectively.

3 Performance Analysis

The set of the available relays is defined as R,.,y = {R1,
R,,..., Ry}. C denotes the decoding set which constitutes all

subset of R4y For simplicity, we assume that the ele-
ments of C is O, O,,..., O, defined as

1
0, A{Rrj € @Rrelay : Elogz(l + ys,R,j) >R,

!
erjl:”—l,rﬁérﬁé'“#n}
=

where n = 1,2,---,L, L = 2V represents the size of C and
[ represents the total relay number in ©,. Relay R, is
defined to successfully decode the transmitted signal from
S if %logz(l +ys,R,f) >R, i.e., no outage event happens
during the first hop. R is the end-to-end spectral efficiency.
Then we note y,, = 2>%-1 as the threshold SNR.

We now use the moment generating function (MGF) as
My(s) = E(e*X) (where E is the statistical average oper-
ator) to find the distribution of y,; in (3). Since each lh;l is
Nakagami-m random variable (RV), then the probability
density function (PDF) of |h;l can be written as [16]

’fl m“.,‘)

According to (7), we can derive the PDF of |h,-j|2 as
following

£, p(r) —1 mi\"™ mi—1 _—mgr/Q
r) = st pnsi—1 g=msir/Qsi
|h’7|2 F(msi) Qi

r M
= Qsi y M (8)
We notice that ]h,»j|2 is gamma distributed RV with

parameters my;/Q; and my;, its MGF can be obtained as
M, () = (U Qui/mas) ™ )

Because of the independence of ’h,-j 2,j = 1,2,...,n;, the

MGEF of y,; can be obtained as

M, = T[M,, 0(019) = (1+ p1@ufmas) ™™ (10)
j=1

Taking into account that the fading parameter my; is
considered to be integer, we can get the cumulative dis-
tribution function (CDF) of y;; as

0. —n;my;
«IJZE_l(Sil(l‘l‘Pl—szS) )
n;

i—1 k
niMyi my; yk i,
=1- E e %irl
= \Qup,) k!

where £7'(-) denotes the inverse Laplace Transform.

Fy () = £7 (7'M, (9))

y

(11)
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Then, the probability of ®, can be written as

Pr{®,} = <H (1 - F%(Vm))) H Fv_w(“/m>

i€, j€o,

( (nimﬂl ( My )k”/k >>

= il th ,=prlh
(s T (12)
i€, k=0 Q.vipl k!

nimg—1 o k”))kh ng
X 1 — S Le—wm
(-3 () e

J€O, k=0

where ©, and ®, denote the sets composed of correctly
decoded relay and incorrectly decoded relay respectively. i
and j represent the index of relays in set ®, and ©,.

In this paper, according to which type of SNR can be
exploited for relay selection, two opportunistic relay
schemes are proposed: OMRS and ABRS. We now
describe the steps for the transmission of both OMRS and
ABRS schemes in detail.

1. OMRS scheme

Step 1 the source broadcasts the signal and all relays
listen.

Step 2 the relays, which decode the signal from the
source successfully, send training sequence to the desti-
nation in Time-Division-Duplex (TDD) mode or Fre-
quency-Division- Duplex (FDD) mode. This enables the
destination to estimate the instantaneous SNR and CSI
from the relays to the destination. Notice that the acquisi-
tion of the instantaneous SNR with training sequence
requires additional signaling overhead, thus inducing time
inefficiency in TDD mode or reducing the spectral effi-
ciency in FDD mode. Therefore, the training sequence
should be carefully designed to minimize the signaling
overhead.

Step 3 based on the instantaneous SNR, destination
selects a “best” relay with the best instantaneous SNR to
the destination. Then the destination broadcasts the selec-
ted relay’s identity (ID) to all relays and feeds back the
required CSI to the selected relay.

Step 4 the selected relay sends the decoded signal to the
destination by beamforming.

2. ABRS scheme

Step 1 the source broadcasts signal to all relays.

Step 2 the successfully decoding relays send flag mes-
sage to the destination in TDD mode or FDD mode so that
the destination knows the decoding relay subset ®,. Note
that the signaling overhead of flag message in ABRS
scheme is obviously lower than that of training sequence in
OMRS scheme.

Step 3 the destination, which is assumed to obtain the
average SNR from all relays to the destination by using
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statistical CSI achieved previously, selects a “best” relay
with the best average SNR. Then the destination broadcasts
the selected relay’s ID to all relays and sends training
sequence to the selected relay. Since all channels are
assumed to be reciprocal, the selected relay can obtain the
required CSI by training sequence.

Step 4 Finally, the selected relay beamforming the
decoded signal to the destination.

We assume that the transmission strategies described
above can be implemented correctly, so the outage prob-
abilities of OMRS and ABRS schemes are derived as
follows.

3.1 Performance Analysis of OMRS Scheme

1. Outage Probability of OMRS scheme

In OMRS scheme with DF protocol, the “best” relay i,
in the decoding subset ®, is chosen to maximize the
instantaneous SNR at D for all ie®,;:

Ise = arg max{yi’d} (13)
€0,

The MGF and CDF of y; , can be obtained as

Qid —niMmiq
M, (s) = (1 + pzm'd s) (14)
nimig—1 Mg k'}/k my
R =1 Y () Fe (15)
! ; P2%2a) k!

Given ©,, the conditional probability of y; ,=
max{yivd} can be achieved as

Pr{“/f“,,,d <7|©,} = H Fy, ()

€0,
nimig—1 kok
miq Y lid
= H 1 — E —'e %4
ico, = \p2Qa) K!

(16)

The MGF of y; , ;, can be calculated with the help of [12,
Eq. 3.381.4] as (17), where [ is the total relay number in
®,, and t=1,2,...,] is the index of relay i in ®,,

t t

m, _ . .

=D 1’)29;‘“’ u=> 1k,,, I'(+) is Gamma function defined
n= n=

in [12, Eq. 8.310].

® I l—t+1 1—142

M"'"f.\-ez,dl(an (s) :S/Fv,m_d (x)e Fdx=1 +SZ Z

0 =1 h=1 Ah=A+1

1 my —lmy, =1 my —1

3 D (—1)fr(u,+1)(ﬂ+s>ml

hmi+1 k=0 k=0 k=0 P2

t m];n
(T (17)
<r[[1 ky !Pgn Q?Z)
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Note that the equality in (17) is obtained from the fol- P 8¥Rs(outage Z POMRS{/S,?ZfS <Vzh|®n} Pr{®,}
lowing multinomial expansion O,
! L=+l 1142 ‘ (25)
[[a-B)=14> > > - Z [[-5.)

t=1 t=1 Li=1 h=A+1 =A-1+1 n=1

Assuming the received signals from S in the first hop
and relay i in the second hop are combined with MRC at D,
thus the total SNR at D is obtained as

. OMRS
Y total

(18)

Since lh,,l is Nakagami-m random variable (RV), then
the PDF of |kl can be written as

Mgq
2 <m5d> p2msa—1 p=sa %/ Qs
r (msd) Qsd

Based on (2), the PDF and CDF of y, , can be derived as
following

=Vsd T Vid

ﬁh.rdl(r) = (19)

Ml N g
P =1- 3 () e @
Then the MGF of 7, ; can be obtained as
M, (s) = (14 pyQsa/myas) ™ (22)

Furthermore, y; , and y; , , are independent, so the MGF

OMRS
of Vtotal

Moms g, (s) = My, (s)M,, e, (s)

By substituting (17) and (22) into (23) we obtain a
closed form expression of M, ours|g, (s).

Ytotal

can be written as
(23)

PIO)I;IRS{VS)%;“<H};‘®11} / HPr{/l d <Vth 7x}f, d

i€,
m I l=t+1 =142 !
— A Mg t
7F7.r.d(/th)+ leﬂlarm § : E : E (71)
d t=1 J1=1 Jp=A;+1 h=A1+1
nymy, —1ng,m;,—1 nj,my—1 t mk“
oy Msd s I B 1
X .. Vi W (msd,u,-‘r )1
=0 k=0 k=0 n=1Kn:P3 3¢,
MsdVn OtV
Fy (u, + mgg +u + 1 ——F — —=
P P2

(24)

Then the conditional outage probability of OMRS
POYRS{OMRS <,1©,} can be achieved with the help of
[17, Eq. 3.383.1] as (24) where B(-,-) is Bata function
defined in [17, Eq. 8.38],®(:,;-) is confluent hypergeo-
metric function defined in [17, Eq. 9.210].

Based on (12) and (24), the outage probability of OMRS
in DF protocol can be obtained as

2. Error Performance of OMRS scheme

Given ©,, the conditional error rate at D can be eval-
uated based on (23) for a wide variety of M-ary modula-
tions (such as M-ary phase-shift keying (M-PSK) and M-
ary quadrature amplitude modulation (M-QAM)) [18]. For
instance, the average symbol error rate (SER) for M-PSK
can be written as [18, Eq. 8.23]

(M=1)n/M
8PSk
Mo do
/ Votal 19 (sin2(9)>

where gpsx = sin® (Z).

Then the conditional bit error rate (BER) for binary
phase shift keying (BPSK) modulation can be obtained
with the help of [17, Eq. 3.211] and [17, Eq. 9.182] as (27),
where ,F;(-,+;+;-) is Gauss hypergeometric function
defined in [17, Eq. 9.10].

8PSK
M o do
/ Vot 1@y ( (g))

1 Mgy "MB 1 n 1
I L O
21\ p185a8Psk 2T )

1
X Fl (msdamsd +§;msd+ l;_

ed\@ (26)

OMRS
e de, —

Mgq >
P1825a8psk
1 =142 my —lmz)—

SO zz-~

t=1 =1 =A+1 =A-1+1 k=0 k=
1

_ Msq d
"sd (w41 < >
k= ( ' ) pIQsd
714,77}’!;117% t mkn
() (e
P28pPsk w1 knlpa Q27
XB

1
(2 Uy +m3d+2>

1 Qsdvt — PrMsq >
XFy | uy +mgg + =, mgg; u, +mgg + 1
( t sd 2 sdy Ut sd (ngPSK T Uz)pIQ

(27)

m/;r -

x (*1)’g;;’

The overall end-to-end (E2E) error rate POY%S for BPSK
in OMRS scheme with DF protocol can be obtained as

POMRS (28)

e,E2E — ZPY{®n}P£%g)i
CA
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3.2 Performance Analysis of ABRS Scheme

1. Outage Probability of ABRS scheme

In contrast to our single-relay optimal rule, we consider
selection of the relay that maximizes the average SNR at
the destination among the decoding set:

Iseln = arg maXE{))l d} arg max{pZn de} (29)

i€®, i€®,

Then the MGF of y; , can be obtained as

Qi 4 T pp y Mige) pd
g — 1 sel,n 30
Thus the total SNR at D is obtained as
Veonn® = Vsd + Vi (31)

Based on (22) and (30), we can obtain a closed form
expression of Mses|g, (s) as following

~sd gy My d
p Q'd ng,‘ nd sel " sel,n
M},AHRS‘G)” (S) = (] + F1%%sa 1+ st
total msd miw[.n Yd_

(32)
According to (32), the conditional outage probability
can be achieved as following

PiERS Loutage|®,} = (s M. s, (s)) [V (33)

total

The closed form of PR {yiB8S <, 1©,} can also be
derived as (34) where B(-, -) is Bata function defined in [17,
Eq. 8.38],&(-,;-) is confluent hypergeometric function
defined in [17, Eq. 9.210].

PRI (/A0S <310, } = L7 (s Mopmssio, ()

total

mal o kyk Mg 1 m Msd
:1_2( sd)l,em_ ( sd)
k=0 pled k! F(msd) pled

Mgty Migep d 1 1 k
_mgavg SR m;
gtk iser.nd
X e P19 g E/th’ (7) B(msd,k—k 1)
k=0 : P> ‘leel.nd

MsdVey,  Mig,,dVih
XOlk+1,my+k+1; 7)
( plQ pZleln

(34)

Based on (12) and (34), the outage probability can be
obtained as

P ERS Loutage} = Z P loutage|®,} Pr{®,} (35)

O,

2.  Error Performance of ABRS scheme

Given O,, the conditional error rate at D in ABRS
scheme for BPSK can be derived with the help of [17,
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Eq. 3.211] as (36), where Fy(-,-,-,-;-, ) is Hypergeometric
function of two variables defined in [17, Eq. 9.180].
/2

BRS __ 8PSK
d®, = /Mh(fj |@,,(. (9))619

1 < Mgy >m3d< m,-_,l d >niselm’sel.n-d
2 \ p125a8Psk 028i.,,,.48PsK

1 1
x B (5 s Mg =+ Nigy nMiyy, d + 5)

1
X Fl (de + nixel;nmiseljnd + 5 y Misd nixelmiseljx:d’ Myq

+n;  ,m + 1 Msd fsetnd )
iset, 7 Viger n,d - -
el T p1Qugesk’ P2, d8pPsk
(36)
The overall end-to-end (E2E) error rate PA583 for BPSK
in ABRS scheme with DF protocol can be obtained as

PSE = _Pr{O}PU (37)

3.3 Performance Analysis of BF Scheme

1. Outage Probability of BF scheme

Compared with relay selection methods, we consider
beamforming scheme, where all the relays in the decoding
subset ®, are chosen to transmit the signal together. For
the relay i € ©,, its corresponding beamforming weight is
changed as:

, 1
W, = 7& (38)

> lgl’
Jj€O,

The signal received at D from all the relays in ®, is
obtained as

Ynd = Z giW:Ht +pg = Z ngHZt + Mg (39)
€O, V Jj€O®,

Then the SNR at D in the second hop can be expressed

as
n = P2 Z ngH2 = ZVj,d (40)

j€O, JEO,

Because of the independence of y; 4, j € ©,,, the MGF of
¥, can be obtained as
—hiMmiq
s> (41)

5) = HM>y,(1(S) = H (1 JF%ZM

Jj€B, JjEOB,
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Assuming the received signals from S in the first hop
and the decoded relays in the second hop are combined
with MRC at D, thus the total SNR at D is obtained as

= Vs,d + ‘ynvd (42)

BF
Vtotal
Because of the independence of y, , and y, 4, j€©®,, the
MGF of 9BF  can be written as
—himiq
s)

Q~ Tsd Ql‘
M}BF”@H(S) = (1 —i—us) H (1 +M
total de jee” mld
(43)

Then the conditional outage probability can be achieved
as following

P <val®n} =L (s

Q,
_ —1<S—1(1+p1 d
Mgq

where £71(-) denotes the inverse Laplace transform. The
inverse Laplace transform can be done analytically or using
simple numerical techniques as in [19].

Finally, the outage probability for beamforming can be
written as

Pg?{outage} = Z ( F{ytotal<yth|®"} Pr{®n})

0,

-3 ([ 0 ™ e
9,

Jj€B,

71M7n (S)) |V/h
—Msq szld ) —nimiq

1 ,

S) jg)[" ( +— Mig ) }/xh

(44)

(45)

2. Error Performance of BF scheme
Given O,, the conditional error rate at D in BF
scheme for BPSK can be obtained as

/2
1 8PSK
Ped\(% n/ My o, <sin2(0) do
0

The overall end-to-end (E2E) error rate P, for BPSK
in OMRS scheme with DF protocol can be obtained as

Pfng = Z Pr{®,}P ﬁz\(% o

3.4 Numerical Results

In this section, we show numerical results of the analytical
outage probability and BER for BPSK modulation. We
consider DF cooperative network with multiple antennas
multiple relays. The end-to-end spectral efficiency R is set

7
10’88
10"}
= 10°F
=
8 0
g 10°}
° =
(o]
s .
3 10°f O simulated BF
A Simulated OMRS
10°k *  Simulated ABRS i
O  Simulated RRS
. Theoretical
10- 1 1 1 1 1

0 2 4 6 8 10 12 14 16
SNR (dB)

Fig. 2 Outage probability comparison of OMRS, BF, ABRS and
RRS as a function of total SNR p, mg; = m;; = 1l and Q; = Qiy = 1,
i=123

as R = 1bit/s/Hz. For simplicity, the fading parameters of
direct link are set to be my; = 1 and Q;y = 1.

Figure 2 shows the outage probability as a function of
total SNR (dB) with power allocation £ = 0.5 for the DF
protocol with three 2-antenna relays (N = 3,m; = M=2,
i = 1,2,3) in symmetric channels, where the links of first
hop and second hop are assumed to share the same shape
fading parameters and the same average power fading
parameters of Nakagami-m distribution, ie., my; = -
myg=1,Q; = Qiy = 1,i = 1,2,3. In this figure, we show
the performance of (1) OMRS DF relaying, (2) ABRS DF
relaying, (3) BF transmission. In contrast to the schemes
mentioned above, one can consider random relay selection
(RRS), in which a relay is chosen before transmission in
equal probability.

10
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A Simulated OMRS
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O  Simulated RRS
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Fig. 3 BER comparison of OMRS, BF, ABRS and RRS as a function
of total SNR p, mj; =m;y=1and Q; = Q;y =1,i= 1,23
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Figure 2 shows that the analytic results are well matched
with the corresponding Monte Carlo simulations, which
verifies the correctness of theoretical analysis. It also shows
that BF is optimal in all the methods, and OMRS is sub-
optimal and provides 1 ~ 2 dB loss in outage probability
relative to BF transmission with DF protocol, while OMRS
is simpler than BF. It is therefore beneficial to select the
“best” one, for that it is less complex and less expensive to
implement. We notice that both BF and OMRS outperform
ABRS and RRS significantly especially in median and high
SNR range, while ABRS has about 8-12 dB gains in out-
age probability compared with RRS in symmetric
scenarios.

Figure 3 compares the BER performance for BPSK
modulation in the same scenarios as in Fig. 2 in symmetric
channels. Again, the curves obtained by the analytical and
Monte Carlo simulations match very well. We can draw the
similar conclusions in terms of BER as the outage proba-
bility illustrated in Fig. 2. While Fig. 3 shows that ABRS
has about 15 ~ 20 dB gains in BER performance com-
pared with RRS in symmetric scenarios.

Figure 4 plots the outage probability of OMRS, BF,
ABRS and RRS in the same scenarios (as in Fig. 2) in
asymmetric ~ channels  with mg;=m;; =1 and
{Q5} = {Qis} = {45, 05,04}, i =1, 2, 3. It illustrates
similar results as Fig. 2. Besides, we can also find that the
performance of ABRS in asymmetric channels scenario is
close to the outage-optimal scheme in the low and median
SNR range and much better than that in symmetric sce-
nario. This is due to the fact that ABRS always chooses the
relay with the largest average channel gain in asymmetric
scenario, while remove potential selection diversity bene-
fits in symmetric channels.

Outage probability
IS

10 O  Simulated BF
A simulated OMRS |
10° *  Simulated ABRS
0  Simulated RRS
. Theoretical
10 ! L g L L

Fig. 4 Outage probability comparison of OMRS, BF, ABRS and
RRS as a function of total SNR p, {Q;} = {Qis} = {4.5, 0.5, 0.4},
i=1,23
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Fig. 5 BER comparison of OMRS, BF, ABRS and RRS as a function
of total SNR p, {Q} = {Qiu} = {4.5,0.5,04},i=1,2,3

10°

1 0-2 ________________

1 0'4 ___________________

10° p-----\-

Outage probability

10° p--mmm---

|

|

| |

| |
|

| !

______ (g ) S —

| |
|

T |

|

| |

| |

L 1

10
0 0.2 0.4 0.6 0.8 1
percentage

Fig. 6 Outage probability of OMRS as a function of power allocation
C for OMRS, p = 10, 12, 14, 16, 18, and 20 dB

Figure 5 compares the BER performance in the same
scenarios as in Fig. 4 in asymmetric channels with
my; = miy; = 1 and {Qg} = {Qiz} = {4.5,05,04},i =1,
2, 3. The similar conclusions can be obtained in terms of
BER as the outage probability illustrated in Fig. 4. It
therefore can be concluded that OMRS is optimal among
multi-antenna relay selection schemes; and ABRS is
optional scheme in asymmetric scenario, for that the outage
probability and BER performance of ABRS are approxi-
mate to OMRS especially in median and high SNR range.

Figure 6 plots outage probability of OMRS as a function
of power allocation { for various SNR levels in the sym-
metric scenario with my; =m;; =1 and Q; = Q;y = 1,
i =1, 2, 3. It shows that { = 0.6 is optimal in symmetric
scenarios for different SNR levels. When the total end-to-
end power is constrained, the optimal power allocation is
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Fig. 7 Outage probability comparison of OMRS, BF, ABRS and
RRS as a function of relay number N for two antenna levels
{m}=Mi=123M=1,2

that the source transmission power is allocated as 60 per-
cents of the total power, while overall relay transmission
power is allocated as 40 percents of the total power. The
reason for the unequal power allocation is that the direct
link between the source and destination is considered. It is
observed that when { = 1, the outage probability of OMRS
is that of the direct link from the source transmitting with
all the total power to the destination.

Figure 7 compares the outage probability of the four
schemes for two antenna levels (M = 1, 2) and relay
number N ranging from 1 to 8 in the symmetric scenario
with p = 10 dB and £ = 0.5. We notice that when the

10°

BER
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Simulated BF
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108 | e Theoretical, M=1
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o
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[«2)
~
©

Fig. 8 BER comparison of OMRS, BF, ABRS and RRS as a function
of relay number N for two antenna levels {m;} = M, i =1, 2, 3;
M=1,2

number of antenna in relay is only one, OMRS is degraded
to OR [4] scheme.

It is observed that the outage probability of OMRS and
BF schemes decreases exponentially to the number of
relays, while the performance of ABRS gets little
improvement with the increasing number of relays and
RRS gets no improvement at all. Comparing the outage
performance between OMRS and OR, it is clear that an
increase in the number of antennas at each relays brings
remarkable performance gain in the outage probability,
since the performance gain is obtained by using MRC and
beamforming in single multi-antenna relay. In other words,
OMRS achieves more diversity gain and array gain than
OR. It should further note that as the number of relays
increases, OMRS provides more performance improvement
than OR.

Figure 8 compares the BER performance in the same
scenarios as in Fig. 7 in symmetric channels. The similar
conclusions can be obtained in terms of BER as the outage
probability illustrated in Fig. 7.

Figure 9, we can obtain that the performance of OMRS
and BF and ABRS and RRS schemes, especially OMRS, is
better than that of RRS scheme. This is because that in
RRS, relays with the best channel gains obtain less
resource than that with worst channel gains. The channel
capacity is not fully exploited. Whereas, in OMRS, users
with the best channel gains can obtain a larger amount of
capacity. Unlike RRS and ABRS, OMRS scheme selects a
subset of relays by selecting best instantaneous SNR to the
destination in the transmission. And system performance is
greatly improved since subcarriers are not distributed to the
relay with bad channel gain. We also find that with higher
transmit power, the performance advantage of the proposed

—+— Simulated RRS
—*— Simulated ABRS
—&— Simulated BF
—o— Simulated OMRS|

The total capacity(bits/Hz)

The total power(dB)

Fig. 9 The total capacity comparison of OMRS, BF, ABRS and RRS
as a function of total power, {m;} = M,i=1,2,3; M=1,2
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Fig. 10 The total capacity comparison of OMRS, BF, ABRS and

RRS as a function of relay number N for two antenna levels
{m}y=M,i=1,2,3;M=1,2
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Fig. 11 The required total power comparison of OMRS, BF, ABRS
and RRS as a function of relay number N for two antenna levels
{fm}y=M,i=123M=1,2

schemes becomes more significant and the total throughput
increases more quickly. In addition, the strategies with best
instantaneous SNR method achieve larger capacity than
that with the best average SNR.

From Fig. 10 we can obtain similar conclusions with
that illustrated in Fig. 9. We also find that the obtained
total capacity of the proposed schemes increases with more
relays. This is because the possibility of the selecting
suitable relay for the destination increases when the num-
ber of relays rises.

From Fig. 11 we can obtain similar conclusions with
that illustrated in Fig. 10. We also observe that the required
total power of all schemes decreases with more available

@ Springer

relays, because the possibility of the distributing subcarrier
to suitable relay increases when the relay number rises. As
the number of relay increases further, the required total
power tends to be stable. When the number of relay
reached 16, the required total power of BF is basically the
same as that of OMRS.

4 Conclusion

In this paper, we have derived the closed form expressions
of outage probability and error performance for BPSK
modulation of OMRS and ABRS in DF protocol under an
aggregate power constraint in Nakagami-m fading chan-
nels. The analytical derivations for the outage probability
and BER performance have been verified by simulation
results. Simulation results prove that the proposed OMRS
is outage-optimal among single-relay selection schemes
and the outage performance of OMRS is close to BF, in
addition that it is less complex and less expensive to
implement. By comparing the performance of OMRS with
OR scheme, we find that OMRS achieves lots of perfor-
mance improvement, which results from the fact that the
chosen relay with multiple antennas may decode the
received signal with MRC and retransmit it with beam-
forming technique. It means that OMRS can provide more
array gain and diversity order than OR when MRC and
transmit beamforming are adopted in the selected multi-
antenna relays. It is also observed that in symmetric
channels scenarios ABRS performs much worse than
OMRS, but in asymmetric channels scenarios the outage
performance of ABRS is close to OMRS in low and
median SNR range. Finally, we demonstrate that equal
power allocation between the source and opportunistic
relay gives optimal performance.

Spatial correlation properties may strongly affect the
performance of multi-antenna systems. Future work should
take this problem into consideration and provide more
insightful perspectives.
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Appendx 1

Proof of Equation (17): Given ©,, the CDF of y, , is
given as (16). The MGF of y;, , can be derived as
following
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Proof of Equation (24): Given ©,, the CDF of y; , is
given as (16), and the PDF of y,, is given as (20). The
conditional outage probability of OMRS scheme can be

derived as following
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where
t
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Proof of Equation (27): Given ©,, the MGF of yOMRS jg
given as (23). The conditional error rate for BPSK at D can
be derived as

POMRS _ 8PSK
P e, / M,m% ( (0)> do
1 i3 Q —Msq
:7/ ((1+ sdP1 .gI;SK )
n msq sin”(0)

gPSK ZLil Liz 21‘: ”’/2]: m’ii mil (( )t (ﬁ mﬁ” ) ( ) Ut 8PSK —u,—l>) )
: —1)'x — | T(u, + 1 <—+ : ) do
SlH t:l Ji=1 Jo=Ai+1 J=h1+1 ki=0 k=0 k=0 =1 k ".Qk” ! 12 s]nz(())

1 L Lol L2 L my —=1mg,—1 my,—1
t
22 D DED DI DD DN (Cab
=1 =1 Jp=/i+1 Ji=li_1+1 k=0 k=0 k=0
/2

t i 8PSk
Py + 1) | T —o / ( !
nl:[l k!5 Qlj’/’l ) sin?(0)

><<1 +Qfdp.71gz”’()_mm (ﬂ+ -gleK >_”'_1d0
mq sin”(0) py  sin’*(0)

L—t+1 L—t+2 o —1my,—1 m;,—1

ST SO D SDS ZZ 2 (-

=1 hi=1 =i+l M=y +1 k=

t mlfn
I(u +1) —2— 5L
,,Hlkn!pé"ﬁ’z';

@ Springer



Int J Wireless Inf Networks (2018) 25:1-14

13

Here, the closed form expression of [ is derived as
n/2

11=0/(1+

Qs —Mgq
dP1 .gl;SK ) 40
mgq sin”(0)

Qsapy gpsk
Mgy t

Mg 1
> 2,/1(1 —t)dt

1
,Q —Msq
/t’"fd (1 —1)” (t+7xdp1gm(> dt
0 Msq

()1 Msq s 1 1>
= — —_— B -, ms + —
2 (Pl QsngSK) (2 )

1 Mg
X oF1 | mgg, mgg + = smgg + 15 — ——
2 P1825a8psk

I
o _
g
+

l\.)l'—‘

Then, the closed form expression of I, is derived as

/2
63 :/ <1 —+

0
1 —ngy —u;—1

:/ <1+Qsdp1gPSK> ’ <&+gPSK> ' 8Pk
/ Mgt 12 t 2t4/t(1 — 1)

:1 ~li=my [ _Msd "
2% \pQu)

Mt i t il
(—“’ + 1) ( LA 1) dr
01825a8pPsk 028PSK

(e) 1 B —— LT " 1 1
—my B(=.1 o+ =
zgmk p]Qxd 2’ t+md+2

1
X F1(<I,+mﬂ1+2 Mgg, b+ 1,1+ mgg + 1;

Ny Msa ] 1
D2 gtimma ( Msd N g (2 s
L o Solitma 3

1 P1925aVr — pyMisa )
X oF | uy + mgg + = ,mggsuy +mgg + 1, ——m8m—————
211 ( t sd 2 sdy Ut sd (pQgPSK + U,)plQ

QsdplgPSK> o (& 8psK > ! gpsk
g sin®(0) py  sin®(0) sin®(0)

1

(tm.wl,f%(l —1)?

o _

—Mgq —U )>
bl
Quap18psk’ P28PSK

where (a) denotes that the multinomial equality expansion
as

! I i=i1 =142
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(b) denotes the equality expansion as
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(c) follows from [12, Eq. 3.381.4]
(d) follows from [17, Eq. 3.383.1]
(e) follows from [17, Eq. 3.211]
(f) follows from [17, Eq. 3.182]
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