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Abstract—In this paper, we propose an output-threshold multi-
ple relay selection scheme for dual-hop multi-branch cooperative
wireless networks. The proposed scheme selects the first L. arbi-
trary ordered relays out of L relays such that the maximal ratio
combined signal-to-noise-ratio (SNR) of the L. relayed paths and
the direct path barely exceeds a preset threshold. Closed-form
expressions are derived for the cumulative distribution function,
the probability density function, and the moment generating
function of an output SNR upper bound for independent and
identically distributed Rayleigh fading. Lower bounds for the
outage probability, the average symbol error rate, and the aver-
age number of selected relays are also derived. Moreover, upper
bounds for the average output SNR and the ergodic capacity are
also derived. The analytical results are verified via the Monte-
Carlo simulation. The performance of our proposed scheme is
compared to that of the existing relay selection schemes. The
proposed schemes provide more flexibility in utilizing bandwidth
and spatial diversity in cooperative wireless networks.

I. INTRODUCTION

Cooperative (relay) wireless networks achieve distributed
spatial diversity, wider coverage, low transmit power and
reduced interference [1], [2]. Selecting a subset of available
relays according to a performance metric can further enhance
the performance of cooperative networks. Relay selection
(RS) schemes can be derived from classical adaptive diversity
combining techniques. In particular, the combiner output is
compared against a threshold, and only the diversity branches
whose signal-to-noise ratio (SNR) exceed a predefined thresh-
old are used for further processing [3]-[7]. We utilize such
an adaptive combining idea to propose a new output-threshold
multiple relay selection (OT-MRS) scheme.

A. Prior related research

The dual-hop multi-branch cooperative network of Lane-
man and Wornell [1] uses all available multiple relays, and,
hereafter, we call this type of cooperation “all-participate
relaying” (APR). APR has a low spectral efficiency due to
the use of multiple orthogonal channels. RS schemes [8]-
[13], which overcome the low spectral efficiency problem, can
be broadly divided into two categories: single relay selection
(SRS) schemes and multiple relay selection (MRS) schemes.

Several SRS schemes have been proposed in the literature.
The selection of the relay whose path has the maximum end-
to-end signal-to-noise ratio (SNR) is the optimal scheme [11],
[13]. This scheme achieves the full diversity while maintaining
a higher throughput [13] than the other schemes. Reference [9]

proposes the nearest-neighbor RS scheme. The best-neighbor
RS scheme [13] is a modification of [9], with the selection
of the relay with the strongest channel to the source or the
destination. It is shown in [13] that this scheme does not
achieve any diversity gain if the direct path is not present.
Otherwise the nearest-neighbor scheme achieves a diversity
order of two. The best-worst channel RS scheme is proposed
for dual-hop multi-branch cooperative networks in [10]. This
scheme selects the relay whose worst channel is the best and
also achieves the full diversity order [13].

n [13], [14] and [15], several MRS schemes are proposed
by generalizing the idea of SRS in order to allow for more
than one relay to cooperate. The selection method of [14]
involves minimizing the error probability under total energy
constraints. Several selection methods of [13] involve the
maximization of the received SNR subjected to per relay
power constraints. However, since the optimal selection rule
of [13] has exponential complexity in the number of relays,
several suboptimal schemes are proposed, which have linear
complexity in the number of relays at the expense of a
performance loss. Recently, in [15], a generalized selection
combining (GSC) based MRS scheme was proposed and
analyzed.

Apart from the RS schemes mentioned above, incremental
relaying [2] achieves higher spectral efficiencies than that of
APR as the former utilizes the degree of freedom of the
channel effectively with the aid of limited feedback from
the destination. Recently, in [16], incremental relaying with
the best relay selection scheme for AF relaying over fading
channels was proposed and analyzed.

B. Motivation and our contribution

Although SRS schemes have higher bandwidth efficiencies
than APR, these schemes suffer a performance loss in terms
of the error rate and the outage probability because they do
not fully exploit the available degrees of spatial diversity.
Moreover, the complexity of the optimal MRS schemes [13]
increases exponentially with the available number of relays.
Although the GSC-based MRS [15] achieves considerable
performance gains, it requires the channel estimation of all
the relayed paths. In addition, the combined SNR sometimes
may far exceed the requirements of the system. Thus, GSC-
based MRS may select more relays unnecessarily. These gaps
in the existing RS schemes have motivated us to seek a MRS
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Source Destination

Fig. 1. System model: The available L relays are arbitrarily ordered and
labeled from R to Ry,.

scheme that offers a better trade-off between error performance
and bandwidth efficiency. Thus, in this paper, we propose
and analyze the OT-MRS scheme for dual-hop multi-branch
cooperative wireless networks. More details of the OT-MRS
scheme can be found in [17], which is under review.

The rest of this paper is organized as follows. In Section
II, the system and the channel model is presented. Section
IIT describes the mode of operation of the proposed OT-MRS
scheme. Section IV presents a performance analysis. Section
V contains the numerical results and Section VI concludes the
paper.

Notations: T'(z) is the Gamma function [18, 8.310.1].
v(@, 2) is the Incomplete gamma function [18, 8.350.1]. Q(z)
is the Q-function [19, 26.2.3]. £x{-} denotes the expected
value over random variable A.

II. SYSTEM AND CHANNEL MODEL

Our analysis considers a cooperative wireless network with
L + 2 terminals that include one source S, one destination
D, and L AF relays Rl|lL=1 (see Fig. 1). Only single antenna
terminals are considered. As usual, source-to-destination com-
munication takes place in two phases. In the first phase (the
broadcast phase), S broadcasts its signal to L relays and D.
In the second phase (the relaying phase), relay selection is
applied; i.e., only L. (1 < L. < L) relays out of L relays are
selected to forward the amplified version of the source signal
to D. To facilitate the orthogonal transmission in two phases, a
time-division channel allocation scheme with L. time-slots is
used [2]. The channels S — R; and R; — D are independent
and identically distributed (i.i.d.) and undergo flat-Rayleigh
fading. Moreover, our model contains an independent flat-
Rayleigh fading direct channel from S — D.

The instantaneous output SNR Fi|f:1 at D with ¢ active
channel-assisted AF (CA—AF) relays can be written as [20]

L —vsd+z

where Ysq, Vsr,» and 7.4 are instantaneous SNR of the
channels S — D, S — R;, and R; — D, respectively. For
Rayleigh fading channels, vsq4, Ysr, and 7,4 are independent

Ysr; Vrid

(L
’Ysrl + Yrid + 1’

exponential random variables with means 7sg4, Js» and 4,
respectively.

In order to analyze the system performance, statistics of I';
(1) is required. However, the distribution of (1) is not mathe-
matically tractable. To facilitate a comprehensive performance
analysis, we express I'; in a more mathematically tractable
form by approximating I'; by a tight upper bound T'¥® [15],
(21], [22]

L <Try =%d+2m, )
=1
where ; = min (Ysr,, Vr,4). In particular, the performance
metrics derived by using (2) serve as benchmarks or lower
bounds for systems with practical relays.

III. PROPOSED RELAY SELECTION SCHEME

The proposed scheme selects the first L. (1 < L. < L)
arbitrary ordered relays such that the combined SNR of the
first L. relayed paths and the direct path barely exceeds a
preset threshold ~4p,.

First, D receives the signal transmitted by S during the
broadcast phase. Thus, the combiner output ~, is set to vsq.
Then, the first relay (labeled as R;) forwards the amplified
version of the source message to D in the first time-slot of
the relaying phase. The combiner at D combines this signal
with the signal received via the direct path, and the output
SNR is given by 7. = vsq + 71- Next, 7. is compared with
the preset threshold ~;. If 7. exceeds v:4, no more relays
are selected, and . is set as the output SNR. Otherwise,
the remaining relays Ro, ..., R are selected in subsequent
time-slots until the output SNR exceeds the threshold. If the
combined SNR of the first L—1 relays and the direct path does
not exceed 7, then all L relays are selected, and this event
corresponds to the worst case. However, in the best case, only
one relay is selected arbitrarily. A desired feature of OT-MRS
scheme is that D only needs to estimate L. relayed paths.
Further, the destination does not need to perform any ordering
of relays according to their channel conditions. In contrast, the
best relay and GSC-based MRS schemes require the channel
knowledge of all L relayed paths and relay ordering.

IV. PERFORMANCE ANALYSIS

In this section, the statistics of the output SNR of the
OT-MRS scheme is derived and it is used to derive various
performance metrics.

A. Statistical characterization of the output SNR

The instantaneous output SNR 7. of the OT-MRS scheme
can be written as follows:

Vsd+ VR, 5 Ysd + YR, = Ytk

B VedF L YRy Vsd + 1 VR S Vi

o and 0 < veq + S0 VR, < Yo
’ysd+ZlL:1 YR,, otherwise,

where vg, = % is the arbitrarily ordered SNR of the

relayed path via the [-th relay R;. The cumulative distribution

3)
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function (CDF) of the output SNR ~y. can be written by using
(3) as follows:

x)zZPrq mﬁZm] %Sx])

=Pr(yn <T1 <)

+ZPF([%}L <T; <zlN0<Ti—1 < val)
i=2

+Pr(0<Tp <zlN[0<Tp_1 <ywl), €]

where Pr () is the probability assignment, and T'; is the
combined SNR of the first ¢ relayed paths and the direct path,
defined in (1).

After some manipulations, we simplify (4) into a more
mathematically tractable form

Fr, (z), T <n
FF1( ) FFI ('Vth)—’_
F, (x)= o z—T (@)
K ( ) Zz_ R %,L_Frl llfFi—L'YRi(]‘—‘i*l?,yRi)C}.yRi dliy

'
+f(%ﬁ e, TR by, AT, 2,

where FT,(z) is the CDF of the combined SNR of the first
i relayed paths and the direct path, and fr, 4, (I'i,VR,) is
the joint probability density function (PDF) of I'; and 7g,. To
evaluate the CDF of 1., one needs to find fr, . (I'i,Vr,)-
This can easily be obtained by using (1) and identifying the
statistically independence of I'; and g, as follows:

fFifl(Fifl)f"/R- (ﬁYRi)'

The probability density function (PDF) of I'#?
written in closed-form [22]

(6)

1 in (2) can be

Jriovm, (Lic1,7R,) =

ﬁll 1

Frye, () = Beire Tes +Z o e, ()
=1
-1
whete fuap = gt i = s e and 5 =
Dsrrd

. The CDF of T'¥*; can be easily evaluated as

Fruw (2) = Bsa,i- 175d(1 e "*d) Z ( >(8)

By using (5), (7), and (8), the CDF of an upper bound of the
output SNR ~“?, which is obtained by replacing 7. with %
in (3) is derived in closed-form

_ —=% L N
Bsd,LVsd (l—e ”st)"_Zl:l (?i%!’yl

Vsr+Yrd

ﬁlz 1 71

Y <la %)7 0§x<7th

__Jth _w
F’ygl’( ) B@d 179(16 Ysa (1 —e Vsd
_Jth _(==ven)
+Xe” A (l—e 5 ).;_,g’ T > Ve
where L
_ YVsd _n(I=ea)
A=Pa7+ Y (5sd,i1(_8_><1 — e e )
i=2 Y — Vsd
i-1
ﬁl,z 1 7
+ Z 1 V:r| and
=1

_ Jth _ _Jth
de Ysd — e A

k= Bsd,.—1Vsd (1 + -

L-1
+Y B (
=1

The PDF of y%b
as follows:

fryu ()= {BSd . 7<d+2l 1

— (5 ))

Y Yth Jth
() -G ) o

can easily be obtained by differentiating (9)

l
Tih -
T

BiL ,1-1,—%
=it e 7, 0
T

ﬁsd 1€ %d_" € ;7
(10)
Moreover, the moment generating function (MGF) of ~“?
derived by using (10) as

M, ub

g{ 751’} 6s‘d L+ (ﬁs‘d 1 — ﬂgd L) 77th<s+ﬁ)

S+'Y<d

L

ey (o (++3))
+y —————7\ s+—
Eu—l)!u TS
ée—’hh(s-‘r%)
E— 11
+ 8+% (11)

B. Outage probability

The outage probability is defined as the probability that
the instantaneous output SNR ~, falls below the preset SNR
threshold ~;,. Thus, a lower bound for the outage probability
P,,+ can immediately be obtained by using (9) as follows:

Pl =Pr(0 <42 < yu) = Fyun(1n)- (12)

C. Average symbol error rate

The average symbol error rate (SER) is one of the most
widely used performance metrics of wireless systems. A lower
bound for the average SER can be derived by integrating
the conditional error probability (CEP) P.|y over the PDF
of the output SNR ~“?. The CEP of coherent binary fre-
quency shift keying (C-BFSK) and M-ary pulse amplitude
modulation (PAM) can be expressed as P.|y = (Q (\/ﬂ)
[23], where ¢ and 7 are modulation dependent constants. For
example, (¢ 1,y = 2) and (¢ = 1,7 1) represent
coherent binary phase shift keying (C-BPSK) and C-BFSK,
respectively. Further, the SER of M-ary PAM is obtained by
using (( = 2(M — 1)/M) and (n = 6log,M/M? —1). A
lower bound of the average SER is given by the following
closed-form expression:

PP =0.5¢Bsa,07sa(1 — ptsa) + € (Bsan — Bsd.r) Vsd
< (QUvmm) e = paQ (Varaa) )

+O (e Qvimm) - 1@ (Vav) )

Yth
- 7(1, 4)

(-1

L
+> By % = Q(Vmyen)
=1
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where (g = \/m, H= \/7 %7 Vsd = tsz, and

y = Jth (22+7W)
b

; 13)

D. Average output SNR

The moments of the output SNR . is useful as signal qual-
ity indicators. They can be used as an alternative performance
measure to error-rate analysis. The n-th moment of v** can
be obtained as

()" = e{ ()"} = (=1

an,ng (S)

14
dsn (14

s=0

Among these moments, the average output SNR 7, is one
of the most commonly used performance metrics. Thus, an
upper bound for 7. is obtained by substituting (10) into (14)
and letting n = 1:

= n\ —2th
’ng = 'de <ﬂsd,L + (Bsd,l - ﬁsd7L) ( + gl ) w‘”)

’st

BuL <1, Vth
S b 1
+ -1’ L+ 5

E. Average number of selected relays

15)

The number of selected relays L. by the OT-MRS scheme
fluctuates with the channel fading states. Thus, L. may
change in subsequent time-slots during the relaying phase.
Accordingly, L. is a discrete random variable with the range
1 < L. < L. When L. is less than L, higher bandwidth
efficiency and lower power consumption can be achieved. In
contrast, a low L. results in a weaker output signal and leads
to considerable performance degradation. The average number
of selected relays L. can be obtained as follows:

L
Le=) IPr(L.=
=1

where Pr(L. = 1) is the probability that the selected number
of relays is [. In order to obtain L., we first derive Pr(L. =)
by using the definition of v, given in (3) as follows:

(16)

Pr (Yea + YR, > Vtn) s I=1

Pr ([’st + Zﬁzl YR; > 'Yth}

Pr (’st + 30 YR <), L=L.

By substituting (7), (8) into (17) and after some manipula-
tions, we obtain Pr(L. = [) in closed-form

N |:’st + Zi;i YR, < ’-Yth:| ) le {27 7L - 1}

Jth

o v
Bsd,1Ysde T=d +P1,17e” 7, I=1
Bsd,i—1 ( Sl )67%
_’Ym("f Vsd)
1—e VVsd
Pr(L.=1)= . 1 Jon 17)
P B oo g2, L-1)
Jth
Bsd,L—17sd (1—6 “d)
L-1 B, - n
+Zz 1 B(le)ll’y ’Y( ’Y“)a =L

By substituting (17) into (16), a lower bound of the average
number of selected relays L. can be obtained as

Jth _ Jth

=L0sq 1—17sd+ (Bsa1—LBsa,L—1) Ysae =4 +0117e 7

s LB g -« gl
+ .“L—ww(i,th)+ (lﬂ.dl_l( = )
; (i—1) gl 2 (s ¥ — Tsd

=2

_unG=e)\ IBig-1 —ath
% <1€ TVsd >6 k] Zl il Ven€ -(18)

F. Ergodic Capacity

The channel capacity is defined as the maximum rate at
which information can be transmitted across a noisy channel
with arbitrary reliability. The ergodic capacity C' is defined
as the expected value of the instantaneous maximum mutual
information / between the source and the destination. For
a cooperative relay network operating with an orthogonal
TDMA channeling, [ is given by; I = ﬁlogz(l + Ye)s
where L. is the number of selected relays, and 7. is the
instantaneous output SNR at the destination [2]. We express
C as a joint expectation of I with respect to v, and L.:

1
C= 5%,LC{LC+1 (logy (1 + ’Vc))} .

Since the analytical evaluation of (19) is tedious, we present
an approximation of C' as follows. First, the dependency of
L. in the expectation operation given in (19) is removed by
replacing L. by its expected value L. given in (18):

1
Cr SWC{LH (10g2(1 ""ng))} .

Then, by knowing that log,(-) is a concave function and by
using the Jensen’s inequality [18], C' can be approximated as

C= = log2 (L+E&{}),

where & {’y b} is the average output SNR defined in (15).

19)

(20)

2n

V. NUMERICAL RESULTS AND DISCUSSION

In this section, the numerical results are presented to
show the performance of the proposed OT-MRS scheme. The
Monte-Carlo simulation results are presented as an indepen-
dent verification of our analytical results.

Fig.2 shows the average BER of BPSK against the normal-
ized average SNR per branch (37* = 7 /~,,) for 4-relay, 8-relay,
and 12-relay cooperative networks. In very high SNR regime,
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Fig. 2. The average BER of BPSK vs. the normalized average SNR per

branch ¥* = /4.
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Fig. 3. The average number of selected relays vs. the normalized average
SNR per branch ¥* = 7 /~;p,

all three OT-MRS schemes perform identically regardless of
the available number of relays, since the they select one relay
arbitrarily. In the low-to-moderate SNR regime, the OT-MRS
scheme with higher number of relays performs better than
the others. The figure shows that the analytically derived
lower bound for the average BER is tight in the high SNR
regime. Moreover, Monte-Carlo simulation points verify the
correctness of our analytical results.

Fig.3 plots the average number of selected relays L. against
~* for 4-relay, 8-relay, and 12-relay cooperative networks. The
average number of selected relays is highly dependent on both
~Y¢n and . As 4* increases from low SNR regime to high SNR
regime, L. decreases from L to 1 as expected. In moderate
4* regime, L. changes dramatically.
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Fig. 4. The Ergodic capacity vs. the normalized average SNR per branch
¥* =3/vn- L = 10.
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Fig. 5. A comparison of the average BER of BPSK of several relay selection
schemes. L = 10 for OT-MRS. The GSC-based MRS scheme selects best
four relays out of 10.

Fig.4 shows the ergodic capacity C' against 4*. The rate of
increase of C is low in the low SNR regime whereas in the
moderate-to-high SNR regime, it shows a steep increase with
~*. The approximated C' given in (21) is closer to its exact
value in the low SNR regime than in the high SNR regime.

In Fig.5, the average BER of BPSK is compared with
that of the best relay selection, GSC-based MRS scheme
(which selects best 4 out of 10 relays) and APR. As ex-
pected, the proposed scheme performs better than the best
relay selection in the low-to-moderate SNR regime. The OT-
MRS scheme has a poor BER performance in the high SNR
regime because only one relay is selected arbitrarily in the
very high SNR regime. However, this scheme has additional
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Fig. 6. The outage probability comparison of several relay selection schemes
against normalized output threshold ~}; = ¢ /7. The GSC-based MRS
scheme selects best four relays out of 10. ¥ = 3dB, 79 = 6dB and L = 10.

advantages in terms of less channel estimation requirements,
lower power consumption and no relay ordering compared to
other schemes. The GSC-based MRS scheme outperforms the
OT-MRS scheme in the high SNR regime, since the GSC-
based scheme selects the best four relays always. However,
this performance gain in the high SNR regime is achieved
at the cost of additional bandwidth, channel estimation and
power requirements compared to the OT-MRS scheme.

In Fig. 6, the outage probability of several relay selection
schemes is plotted against the normalized output threshold
vin = en/7. This figure shows the dependence of the outage
probability of the OT-MRS scheme on +};,. In the very high v},
regime, the OT-MRS scheme selects all L relays and perform
identically to APR. As expected, in very low ~;; regime, only
one arbitrary relay is selected and thus, OT-MRS exhibits a
high average BER. However, in low-to-moderate v}, regime
the number of selected relays varies adaptively. Fig. 6 clearly
reveals that the OT-MRS scheme utilizes the wireless resources
adaptively to improve the system performance.

VI. CONCLUSION

An adaptive OT-MRS scheme for dual-hop multi-branch
cooperative networks was developed. Numerical results and
Monte-Carlo simulation results were provided. The numerical
results showed that the proposed scheme outperforms the
corresponding optimal single relay selection scheme and GSC-
based MRS scheme for low-to-moderately high SNRs. The
proposed relay selection method provides flexibility to utilize
system resources adaptively in fading environments.
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