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Abstract: In this paper, a bit error ratio (BER)-based relay se-
lection strategy is investigated under opportunistic relay selection.
The challenging problem is to design the relay selection rule so
that the relay is able to measure the performance of the coopera-
tive system at the destination exactly with low computation costs.
This paper derives a closed-form expression of the end-to-end bit
error rate firstly. Then, an approximate BER expression based on
the relationship between the instantaneous signal-to-noise ratio
(SNR) of the relay-to-destination link and the probability of error
propagation is derived. Finally, a simplified relay selection formula
is proposed. Simulation results prove that the proposed relay se-
lection rule can reflect the BER of each relay properly as well.
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1. Introduction

In the cooperative communication, the destination receives
the signal not only through the source but also through re-
lays. However, the number of relays participating in the
cooperative communication in the literature is always con-
structive [1]. Therefore, an efficient relay selection stra-
tegy that provides no performance loss from the perspec-
tive of diversity multiplexing gain without increasing hard-
ware complexity plays an indispensable role in the coope-
rative communication. Each relay estimates the channel
quality of the source and the destination it communicates
with, and selects the relay that provides the best perfor-
mance at the destination. Relay selection strategies can be
classified into two categories: partial relay selection (PRS)
[2] where only the channel state information (CSI) of the
source-to-relay (S-R) link is considered at each relay, and
opportunistic relay selection (ORS) [3,4] where the CSI of
both the S-R link and the relay-to-destination (R-D) link
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is considered at each relay. Since the CSI of the S-R link
cannot sufficiently represent the end-to-end (E2E) perfor-
mance of the cooperative communication system, PRS is
severely bounded compared with ORS [5].

The performance analysis of ORS has many results in-
cluding outage probability and error probability [6—16].
Nikjah et al. [8] derived the exact outage probability and
ergodic capacity of decode-and-forward (DF) ORS over
Rayleigh fading channels. Soleimani-Nasab et al. [9] de-
rived the probability density function (PDF) of the signal-
to-noise ratio (SNR) of each link, and then derived the
moment generation function (MGF) and the bit error ra-
tio (BER) in the closed-form at high SNRs. Kundu et al.
[10] derived the outage probability of the system and pro-
posed three schemes. A predefined SNR threshold is set at
relays to ensure the candidate relays are those for which
only correctly decoded signals could be forwarded to the
destination.

However, the above studies only focus on analyzing
the outage probability and ergodic capacity of the sys-
tem. Moreover, they also assume that each relay forwards
correctly decoded signals to the destination. To consider
a more practical scenario and further improve the per-
formance, in [17—-21], several BER-based relay selection
strategies were proposed. Ikki et al. [17] derived the BER
and output SNR at the destination. Tourki et al. [18] in-
vestigated the BER of an opportunistic relaying. Then they
derived the PDF of the R-D link while considering the er-
ror propagation of the relay. Nagarajan et al. [19] derived
the BER of threshold-based relay networks and obtained
the optimum value of the relay-threshold. However, the
closed-form solution of the threshold cannot be derived.
Moreover, the performance analysis of previous research
is quite complicated, which increases the computational
complexity at the relay.

Recently, a few other selection strategies combining in-
cremental relays were proposed [18,19,22—27]. For incre-
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mental relay selection, an SNR-based threshold is set at
the destination for the direct link. When the instantaneous
SNRs of the direct link are less than the thresholds, sym-
bols received from the source and the best relay will be
combined at the destination. However, for incremental re-
lay selection strategies, the best relay selection strategy
still depends on the traditional method, which can be fur-
ther improved.

Motivated by recent works on the relay selection strate-
gies, we propose a BER-based relay selection strategy. In
the proposed strategy, the relay that can minimize the BER
at the destination is selected. In order to analyze the perfor-
mance, we firstly derive the BER expression of the system.
Then, we derive the approximate BER expression based on
the relation between the SNR of relay-to-destination link
and the error propagation. Finally, a simplified closed-form
relay selection formula is proposed, which is proportional
to the BER. In the proposed strategy, relays only have the
knowledge of SNR in terms of the S-R link and the R-D
link by opportunistic relaying, and then the best relay will
be determined without the knowledge of SNR in terms of
the direct link.

The reminder of this paper is organized as follows. In
Section 2, we introduce the system model. In Section 3,
the closed-form expression of BER and the relay selection
formula are derived. In Section 4, simulation results are
obtained that validate the analysis of our proposal. Finally,
conclusions are given in Section 5.

2. System model

In this paper, a dual-hop DF relay system, with a single
source node S, a single destination node D and K relays
are used, as depicted in Fig. 1. Each node is equipped with
only one antenna. We assume that only one relay is se-
lected to forward signals to the destination.

- —— : Time slot 2.

—— : Time slot 1;

Fig.1 System model of DF relay system with the best relay selection

The transmission is divided into two time slots. In the
first time slot, the source broadcasts signals to both the des-
tination and relays. Signals received at the destination and
relays are expressed as follows:

Tsd = hsdTs + Nsa (1)
Tor(k) = Nor()Ts + Nor(k) 2
where z; € {£1} is the symbol under the binary phase
shift keying (BPSK) modulation; nsq and ng,. ) are com-
plex additive white Gaussian noise (AWGN) signals with
variances agd and afr( k) ber dimension, respectively; hgq
and h,. (1) are the coefficients of the channels between two
nodes. We denote the coefficient as E{|;;|*} = d;;*,
where d;; is the distance between the nodes ¢ and j. «
is the path-loss exponent. Therefore, the instantaneous re-
ceived SNR between the source and the destination can be
expressed as vsq = |hsa|?/202,. The average SNR be-
tween the source and the destination can be expressed as
Toa = dyg' /202, [28].

In the second time slot, each relay measures the perfor-
mance at the destination based on the instantaneous SNRs
of the S-R link and the R-D link. Only the relay that can
achieve the best performance at the destination will be se-
lected as the best relay r. to forward signals received from
the source. The received signals at the destination can be
expressed as follows:

Tr.d = hr*dxr* + Nr.d (3)

where z,., is the decoded and remodulated symbol at the
relay 7.

In order to obtain the best relay r. efficiently, we pro-
pose the following rule as the best relay selection strategy:

r, = arg mkin{Pe(Ed(k))} ~

arg min min{vs, k), Yr(ya + (1 +7,0)F @)

where P (g4(1)) is the BER at the destination when the kth
relay is selected as the best relay to forward the received
signals from the source. min{~s,(x), Vr(xya +1n(14+7,4)}
is an effective method for measuring the BER at the desti-
nation proposed in this paper.

In the proposed strategy, the destination will combine
both signals received from the source and the best relay by
the maximum ratio combining (MRC).

Moreover, we assume that the relays are closed to each
other. Therefore, the relays and the destination will receive
the same average SNR 7,1y and 7,4, respectively. By
this way, we denote 7, = Y,y and 3,4 = 7, (x)q for all
relays.

3. Performance analysis

The E2E BER of the proposed strategy can be expressed
as follows:

Pe(gd(k)) = Pe(gsr(k))Pe(Eprop)+
(1- Pe(fsr(k)))Pe(Ecooz)) (5)
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where P.(e,.1)) is the BER between the source and the
kth relay which can be expressed as follows:

PE(ES’I‘(]C)) = Q( 2757‘(/6)) (6)

where P (eprop) is the conditional BER at the destination
when the kth relay forwards error symbols, which can be
expressed as follows:

Ve Ve
Pe(acoop) = exp <ﬂ) [GXP (_ﬂ) Q( 2’77‘(/6)11)_

Vsd Vsd

_S 1+_S
\/#%MQ (\/QW(k)d 73 d) ] = Q(v/2Vr(k)a)—

Vr(k)d) 75(1 1+ 75d
ex — — 27, — - (D
P < Vsd 1+ FstQ < K ()d Y

sd

P.(¢coop) is the conditional BER at the destination
when the kth relay forwards correct symbols, which can
be expressed as follows:

Yr(k)d

P.(eprop) ®1—e Tsa . )

By substituting the result of (6), (7) and (8) into (5), the
BER at the destination can be obtained by

Pu(a) = Puleurge) [1 — exp (—%)] n
sd

(1 - Pe(gsr(k))) |:Q( V 2’7’r(k)d)_

Yr(k)d Ysd 1+744
o ( Tod > \/1 7. <\/2%<’“’d Tod ) } '
€))

However, due to the presence of exponential terms
exp(-) and Q-function terms () in expressions, the
cost of hardware implementation in the system increases.
Therefore, we reanalyze and derive the BER expression of
the system, and then derive a simplified expression of the
BER. Finally, we get a new simplified opportunistic relay-
ing selection strategy.

Chiani et al. [29] proposed a simple approximation for
the Q-function

1 _22

Q(x) ~oe 2 )

5 z 2= 0. (10)

Therefore, by substituting the approximation relation-
ship of the Q-function into (6), we will obtain an approxi-
mate expression as follows:

1
Pe(Esr(k),appT) = Q( 2757‘(19)) ~ 5 exp(_’YSr(k))'
11

Similarly, when the kth relay forwards error symbols,
the BER at the destination can be approximated as follows:

P (Ecoonappr) =

Foo ]_ _Jsd
J Q( 2(%(1+%(k)uz))7 e Teddysg &

0 sd
J'-‘roo ( ) 1 e d 1 e Vrik)d
= €XP(Vsd + Vr(k)d) =—€ 74 dAVsd = = p—
0o 2 O 21T+7,4
(12)

Moreover, when the channel gain of the S-R link in-
creases to some extent, there exists

1- Pe(ssr(k)) ~ 1. (13)

Therefore, the approximate BER at the destination can
be expressed as follows:

Pe (Ed(k),appr) ~

Pe(sr(k),appr) Pe(Eprop) + Pe(Ecoop,appr) =

Yr(k)d

—Vr (k)
%e_’YST(k) (1 _ e_ﬁ) + ]. e k)d

21474

Although (14) is significantly simplified compared with
(9), there still exists exponential terms. Therefore, we pro-
pose a method for further simplification in combination
with the characteristics of the cooperative communication
system.

According to whether the relay correctly detects the re-
ceived symbol, the BER can be expressed as a piecewise
function as follows:

(14)

Yr(k)d

1 _
56—757‘(1 —e Tsd ), .Ir(k) 7é Tg
P, (Ed(k),appr) TN 1e e
— , Tp =T
2147, 0
(15)

Further, considering a cooperative communication sys-
tem with the instantaneous SNR of the S-D link is 10 dB,
we set the instantaneous SNR of the S-R link as 1, 6, 11
and 16, respectively. By this way, we can plot the BER as
a function of the ,(x)q under different vy, (1) in Fig. 2.
Firstly, it shows that the value of the BER decreases
when the value of ()¢ increases. In addition, there
are obvious differences between Pe(£q,qppr) and Pe(eq)
when the value of s, is relatively small, and P.(€q,qppr)
matches well with P.(¢4) when the value of ~;, is rela-
tively large. Secondly, Pe(€d,appr) and Pe(€coop,appr)
are closely approximated when the value of 7,4 is rela-
tively small. P.(€q,qppr) and Pe(€sr appr)Pe(€prop) are
closely approximated when the value of v,4 is relatively
large. Meanwhile, there exists a common intersection point
Yrd—est for two curves, and the value of ;.45 increases
with the increase of 7s,.. This can be explained by the fact
that the BER is determined by the channel quality of the
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R-D link when the value of +,.4 is smaller than the value of
~sr- When the value of v,.4 is greater than the value of s,
the error propagation caused by the relay will directly af-
fect the performance of the system, especially when the
value of 7,4 is large enough, Pe(spmp) ~ 1. Thirdly,
the BER firstly decreases and then increases when ~,.4 in-
creases in Fig. 2, and the corresponding v, 4 approaches s,
when the system obtains the optimal performance. This il-
lustrates that the system can achieve the best performance
when the quality of the S-R link is similar to that of the
R-D link.

10° .
T Yoy~
Sz &
. Yorhy=0
107} G R B B 1
. - Yool
0 Se
M Toriy 16
10710
101 : : :
0 5 10 15 20
Yiod
el Pg(‘gd(]()); T Pe( ysr(k),appr)Pe(gpmp); B P(»( gd,appr);

: Pe( g«:aop,appr); o min{Pe(gd(k))}; X

: yrd*é’sl .

Fig. 2 Theoretical BER with respect to -, (x)q under different
Ysr(k)

According to the analyses above, we denote the
corresponding SNR for the intersection point of
P.(esr.appr)Pe(eprop) and Pe(€coop,appr) as Trq. Then
(15) can be expressed as follows:

%e_’Ysr(k) (1 _ e_ V%(Sk;d )

Yrkyd > Tra . (16)
1 e Vrk)d
21474

Pe (Ed(k),appr) =

y Tr(k)d < Tha

The intersection point 7.4 can be obtained by

1 1
21+ 7944

1 —
e~ Tra — Ee—’vsm@)(l — e m/’st). )

Applying natural logarithms to both sides of (17), we
obtain

- rd_ln(1+75d) =Y+ 72 (18)

where we denote

Z—=1n (1 —exp (—W)) . Z<0. (19
Vsd

Due to the Rayleigh fading channel [30], the PDF of Z
can be derived as

7511 2\Vsa/7 1 z
P = 541 — Ysd/Vrd ,
Fo(2) = T - el T e

z<0. (20)

We denote the mean of Z as C'. Especially, the PDF of
Z can be further simplified as the exponential distribution
when v, ,; = 7,4 Therefore, the intersection point ;.4 can
be obtained by

Tra=vsr — C —In(1 + 7). 20

By substituting the result of (21) into (16), the BER ex-
pression can be further simplified as follows:

In P.(eqd,appr)

—Yra—I(14+75,4), = Ysr+C < —=yra— In(147,4)

—Yrd + Ca — Yor + c> —Yrd — ln(l + ﬁsd) .

(22)

Finally, we obtain the rule of the relay selection as fol-
lows:

yr = max{—ys, +C, —yra —In(1 +744)} =

min{ye, — G, ya+ (1 +7,0)}  @23)

Moreover, when the SNRs of the S-D link and the R-D
link are large enough, (23) can be further simplified as fol-
lows:

Yr = Inin{FYSTa Yrd + hl(l + 75(1)}' (24)

We can clearly see that the proposed rule of the relay
selection in (24) can estimate the performance of the des-
tination node without increasing the computational burden
of the relay. As described in (4) and (24), only the relay
with the minimum BER, which is equivalent to the mini-
mum 7, can be selected as the best relay and forwards
signals to the destination.

4. Simulation results

In this section, we evaluate the performance of our pro-
posed scheme.

In Fig. 3, we consider the scenario dgg =dgr =dq=1.
We observe that the proposed relay selection strategy
achieves better performance than the traditional relay se-
lection. The simulation results based on (24) approximate
to that of the relay selection strategy based on the mini-
mum BER. It illustrates that the proposed approximation
formula can effectively reflect the E2E BER at the destina-
tion.
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Fig.3 E2E BER performance for the case d;q = dsr = d.q = 1,
N, =4

Next, as depicted in Fig. 4, we compare the E2E BER
performance for different relays under dsg = ds = 0.5,
d,q = 1. We observe that the proposed scheme can achieve
a better performance than the traditional relay selection
under different relays. Moreover, with the increase of the
number of the relays, the system can achieve a better per-
formance.

10725

0 2 4 6 8 10
Ey/Ny/dB
—+— : N,=4, proposed relay selection;
—©—: N,74, traditional relay selection;

:N,

4

4

3, proposed relay selection;
— 8- : N,=3, traditional relay selection;
—#— : N,=2, proposed relay selection;
: N,=2, traditional relay selection.

Fig. 4 E2E BER performance for the case dgq = dsr = 0.5,
drg=1

Finally, the simulation results of the proposed scheme
under the scenariodsg = 1, dsr = 1 — d,qg aty,4, = 10 dB
is shown in Fig. 5. With the increase of dy,, the perfor-
mance of the proposed strategy firstly decreases and then
increases. When dg,. = 0.4, the proposed strategy achieves
the best performance. Moreover, the proposed strategy also
achieves a better performance than both the traditional re-

lay selection and the SNR-based relay selection [18]. How-
ever, when the location of the relay is closed to the source
or the destination, the performance improvement by the
proposed strategy is less significant. This can be attributed
to the fact that, when relays are closed to the source or the
destination, the impact of the noise of the R-D link and the
error propagation will be more pronounced, respectively.
In this case, an effective improvement of the system perfor-
mance cannot be obtained by improving the relay selection
method only. Otherwise, when relays are far away from the
source and the destination, the noise of the R-D link and
the error propagation will influence the performance of the
system simultaneously. In this case, through the effective
relay selection method, the performance of the system will
be significantly improved.

107
01 02 03 04 05 06 07 08 09
d.YI‘
—6— : Traditional relay selection; —=— : Proposed relay selection;
—— : SNR-based incremental relay selection.

Fig.5 E2E BER performance for thecase dsg = 1,dsr = 1—d,.g
at¥y,; =10dB, N, =4

5. Conclusions

In this paper, we propose a BER-based relay selection
strategy for the cooperative communication system. A re-
lay selection rule is applied at each relay to measure the re-
liability of the source-relay-destination link. Only the relay
that can minimize the BER at the destination is selected as
the best relay. In order to simplify the relay selection stra-
tegy, we derive the E2E BER expression of the system
firstly. By analyzing the relationship between the SNR of
the relay-to-destination link and the probability of error
propagation, we derive the approximate BER expression.
Finally, a simplified closed-form relay selection formula is
proposed. Simulation results show that the performance of
the proposed relay selection strategy is closed to the the-
oretical relay selection strategy and it clearly outperforms
other relay selection strategies.
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