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Abstract

In this paper, we investigate an opportunistic relaying scheme where the selected relay assists

the source-destination (direct) communication. In our study, we consider a regenerative opportunistic

relaying scheme in which the direct path can be considered unusable, and takes into account the effect

of the possible erroneously detected and transmitted data at the best relay. We first derive statistics

based on exact probability density function (PDF) of each hop. Then, the PDFs are used to determine

accurate closed form expressions for end-to-end bit-errorrate (BER) of binary phase-shift keying (BPSK)

modulation. Furthermore, we evaluate the asymptotical performance analysis and the diversity order is

deduced. Finally, we validate our analysis by showing that performance simulation results coincide with

our analytical results over different network architectures.
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I. INTRODUCTION

In many wireless applications, users may not be able to support multiple antennas due to

size, complexity, power, or other constraints. The wireless medium brings along its unique

challenges such as fading and multiuser interference. Thiscan be mitigated with cooperative

diversity [1]–[3], which is becoming very attractive for small-size, antenna-limited wireless

devices. Opportunistic relaying (OR) technique has been proposed where only the best relay

from a set ofK available candidate relays is selected to cooperate [4]–[7]. With this technique,

the selection strategy is to choose the relay with the best equivalent end-to-end channel gain

which is calculated as the minimum of the channel gains of thefirst and the second hops under

decode-and-forward (DF) protocol or with the best harmonicmean of both channel gains under

amplify-and-forward (AF) protocol. However, some works have chosen the best relay-destination

link as possible selection criteria [5], [8].

Previous works have largely focused on information theoretic aspects of OR and derived outage

performance results of such systems. Some of these analysisare accurate only at high signal

to noise ratio (SNR) [9]–[12]. Particularly in [9], the end-to-end outage probability analysis of

opportunistic relaying without direct link between sourceand destination nodes was presented.

In addition, several works have considered the OR scheme under DF protocol in Rayleigh fading

environment, where only the upper bound for the statistics of the best relay local SNR1 was

obtained [13], [14]. Moreover, performance analysis of single relay selection for DF protocols

were proposed in [15]–[18]. In [15], Michalopoulos and Karagiannidis proposed closed-form

expressions for the outage and bit error probability (BEP).However, the activated relay is

selected from a decoding set, so that the input signal-to-noise ratio (SNR) is compared to a

threshold before forwarding, and the diversity order was not derived explicitly. In [16], Fareed

and Uysal considered a relay selection method in a DF multi-relay network where the selected

relay cooperates only if the SNR of the source-destination (direct) link is less than the minimum

of the channel gains of the first and the second hops. The authors proposed an approximated

closed-form symbol error rate (SER) expression. Recently,Nikjah and Beaulieu in [17] offered

the first exact performance analysis of opportunistic DF relaying. However [17] focused on outage

1The statistic refers to the probability density function (PDF) of the received SNR at the destination, calledγr∗d, from the

best relayr∗.
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probability and ergodic capacity performance metrics and the end results were expressed in

integral forms. However, in [18] , Chenet. al derived only approximate symbol error probability

(SEP) expression in integral form for opportunistic DF relaying.

A. Contributions of this Paper

In this paper we consider a half duplex DF-based cooperativetwo-hop communications where

an opportunistic relaying problem is considered. We state that the objective of this paper is not

to revisit path selection, but to focus on giving valid accurate analysis over all SNR regimes.

In fact, we determine the exact closed-form expressions of the end-to-end bit error rate (BER)

where the source may or may not be able to communicate directly with the destination due

to the shadowing. In particular, we consider the important effect of the possible erroneously

detected and transmitted data at the regenerative relay. Our analytical approach requires that we

determine the probability density function (PDF) of the received SNR by and from the selected

relay, calledγsr∗ andγr∗d, respectively. To the best of our knowledge, such performance analysis

based on exact statistics (explicit form) of each hop has notbeen considered in the literature,

and using the newly derived exact statistics, we investigate the asymptotic error performance

and find the diversity order of these systems.

B. Organization of this Paper

The remainder of this paper is organized as follows. In section II, we introduce the system

model and the statistics of each hop. In section III, the accurate closed form for the end-to-end

BER is derived and the diversity order of each scheme is determined. Finally, the simulation

results for symmetric and linear networks are depicted in section IV while some concluding

remarks are given in section V.

II. SYSTEM MODEL

In this section, we describe our proposed cooperative diversity scheme in which the source

may or may not be able to communicate directly with the destination, and we note that only

a selected relay from a cluster is targeted to cooperate. Thesource, destination, and relays are

denoted as S, D andrk wherek ∈ {1, ..., K}. We assume that each terminal is equipped with

one antenna. We denotehsrk , hsd andhrkd as the coefficients of the channels between the source
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(S) and thekth relay, the source and the destination (D), and thekth relay and the destination,

modeled as flat fading and Rayleigh distributed with variancesσ2
srk

, σ2
sd andσ2

rkd
, respectively.

A. Fixed Selection Cooperative Relaying (FSCR)

The source broadcasts the symbolss(n) which are received by (D) and each relayrk as

yd(n) =
√
Eshsds(n) + nd(n) (1a)

yrk(n) =
√
Eshsrks(n) + nrk(n), (1b)

respectively, wherend(n) andnrk(n) are the additive-noise symbols at the destination and thekth

relay, respectively, with the same varianceN0, andEs is the symbol energy. Hence, we denote

γsd = Es|hsd|2/N0 (resp. γsrk = Es|hsrk|2/N0) and γrkd = Es|hrkd|2/N0 the instantaneous

received SNR at the destination (resp. at thekth relay) from the source and thekth relay,

respectively, and̄γsd = σ2
sdEs/N0, γ̄srk = σ2

srk
Es/N0 are the average received SNR at the

destination and thekth relay, respectively. We assume that the relays are close to each other and

forming a cluster2 and we assume that the relays and the destination receive thesame average

SNRs γ̄srk and γ̄rkd from the source and the relays, respectively. Thus, we denote γ̄rd = γ̄rkd

and γ̄sr = γ̄srk for all k.

During the second hop, only a selected relayr∗ will transmit using the DF protocol,

yd(n+ 1) =
√

Eshr∗ds̃(n) + nd(n+ 1), (2)

wheres̃(n) is the decoded and retransmitted signal by the best relayr∗ which is selected following

the rule

r∗ = argmax
k

min (γsrk , γrkd) , (3)

wheremin (γsrk , γrkd) represents a bottleneck in term of end-to-end capacity [14]. Therefore,

the destination combines the received signals from (S) andr∗ using a maximum ratio combining

(MRC) detector as

yc = (hsd)
∗ yd(n) + (hrd)

∗ yd(n+ 1). (4)

2We assume short distances between the relays compared to thedistances (S)-cluster, and cluster-(D), respectively.
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pβ(β) =
K∑

i=1

(
K
i

) (−1)i−1

γ̄sr

iγ̄

iγ̄rd − γ̄

[
γ̄rd

γ̄sd − γ̄rd

(
e−β/γ̄sd − e−β/γ̄rd

)
− γ̄

iγ̄sd − γ̄

(
e−β/γ̄sd − e−iβ/γ̄

)]

+

K∑

i=1

(
K
i

) (−1)i−1

γ̄rd

iγ̄

iγ̄sd − γ̄

(
e−β/γ̄sd − e−iβ/γ̄

)
(8)

Hence, the combined SNR at the destination, calledβ, is the sum of the two independent SNRs

γsd andγr∗d with the corresponding PDFspγsd(.) andpγr∗d(.) where

pγsd(y) =
1

γ̄sd
e−y/γ̄sd , (5)

and the PDF ofγr∗d may be shown to be given by (see Appendix A),

pγr∗d(x) =
K∑

i=1

(
K
i

) (−1)i−1

γ̄sr

iγ̄

iγ̄rd − γ̄

(
e−x/γ̄rd − e−ix/γ̄

)
+

K∑

i=1

(
K
i

) (−1)i−1

γ̄rd
i e−ix/γ̄ (6)

whereγ̄ = γ̄sr γ̄rd
γ̄sr+γ̄rd

and iγ̄rd 6= γ̄ ∀i = 1, 2, · · · , K. Therefore, the PDF ofβ = γsd + γr∗d can be

obtained by the convolution of the PDF ofγsd andpγr∗d , as

pβ(β) =

∫ β

0

pγsd(x)pγr∗d(β − x)dx (7)

which is expressed in (8).

B. Distributed Selection Combining (DSC) Scheme

In this scheme, the destination chooses whether to receive from the direct link S-D or the

relayed branch according to the instantaneous SNRsγsd and γr∗d, respectively. Otherwise, the

instantaneous SNR at the output of the selection combining (SC) detector is given by:

γDSC = max (γsd, γr∗d) . (9)

It can be noted that the statistics ofγDSC depends on statistics ofγsd andγr∗d. In particular, the

cumulative density function (CDF) ofγDSC is given by

FγDSC
(x) = Fγsd(x) Fγr∗d

(x), (10)

where the CDFs ofγsd and γr∗d, denoted asFγsd(.) andFγr∗d
(.), respectively, can be derived

using the PDFs ofγsd andγr∗d in (5) and (6), respectively, as

Fγsd(x) = 1− e−x/γ̄sd , (11)
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and

Fγr∗d
(x) =

K∑

i=1

(
K
i

) (−1)i−1

γ̄sr

iγ̄

iγ̄rd − γ̄

[
Ψ 1

γ̄rd

(x)−Ψ i
γ̄
(x)

]
+

K∑

i=1

(
K
i

) (−1)i−1i

γ̄rd
Ψ i

γ̄
(x), (12)

where

Ψa(x) =
1

a

(
1− e−ax

)
. (13)

C. Selection Relaying (SR) Scheme

In this scheme, it is assumed that the direct link is in deep fading. Hence onlyr∗ will receive

the information reliably from the source during the first phase given by (1b), and the destination

decodes only the message coming fromr∗ as given by (2).

III. BER ANALYSIS

A. Fixed Selection Cooperative Relaying

The destination combines the received signals such as the relay can retransmit an erroneously

decoded message. The end-to-end probability of error can beexpressed as

Pe,FSCR = PpropPsr∗ + (1− Psr∗)Pmrc (14)

wherePprop denotes the error propagation probability which can be tightly approximated for a

BPSK modulation by

Pprop ≈
γ̄r∗d

γ̄r∗d + γ̄sd
, (15)

whereγ̄r∗d, the expected value ofγr∗d, can be easily verified to be expressed as

γ̄r∗d =

K∑

i=1

(
K
i

) (−1)i−1

γ̄sr

iγ̄

iγ̄rd − γ̄

[
γ̄2
rd −

( γ̄
i

)2
]
+

K∑

i=1

(
K
i

) (−1)i−1

iγ̄rd
γ̄2, (16)

andPsr∗ is the probability of error for the communication link between the source and the relay

which is derived by

Psr∗ =

∫
∞

0

1

2
erfc(

√
x)pγsr∗ (x)dx (17)

wherepγsr∗ (.) can be derived as in (6) by replacingγr∗d with γsr∗ anderfc(.) is the complementary

error function. Hence performing the integration in (17), and using the following identity

l(α) ,
1

2

∫
∞

0

erfc(
√
β)e−αβdβ =

1

2α

[
1− 1√

1 + α

]
, (18)
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Psr∗ =
K∑

i=1

(
K
i

) (−1)i−1

γ̄rd

iγ̄

iγ̄sr − γ̄

[
l

(
1

γ̄sr

)
− l

(
i

γ̄

)]
+

K∑

i=1

(
K
i

) i(−1)i−1

γ̄sr
l

(
i

γ̄

)
. (19)

Pmrc=
K∑

i=1

(
K
i

) (−1)i−1

γ̄sr

iγ̄

iγ̄rd − γ̄

[
γ̄rd

γ̄sd − γ̄rd

(
l

(
1

γ̄sd

)
− l

(
1

γ̄rd

))
− γ̄

iγ̄sd − γ̄

(
l

(
1

γ̄sd

)
− l

(
i

γ̄

))]

+

K∑

i=1

(
K
i

) (−1)i−1

γ̄rd

iγ̄

iγ̄sd − γ̄

(
l

(
1

γ̄sd

)
− l

(
i

γ̄

))
(21)

Psr∗ is found to be expressed as in (19). In (14), we need alsoPmrc which is the error probability

of the combined direct and opportunistic paths, given by

Pmrc =

∫
∞

0

1

2
erfc(

√
β)p(β)dβ, (20)

which is given in (21). Finally, with (15), (16), (19) and (21), the end-to-end probability of error

can be easily evaluated.

Lemma 1: For a source-destination pair withK potential relays in Rayleigh fading channels,

the end-to-end BER of the fixed selection cooperative relaying scheme in the high-SNR regime,

is

Pe,FSCR ≈ Pprop

Γ(K + 1
2
)

2
√
π

1

γ̄sr

(
1

γ̄

)K−1

+
Γ(K + 3

2
)

2
√
π(K + 1)

1

γ̄sd

1

γ̄rd

(
1

γ̄

)K−1

, (22)

Proof: See Appendix B.

B. Distributed Selection Combining Scheme

The destination selects the best coming path and the end-to-end BER is found to be

Pe,DSC = PpropPsr∗ + (1− Psr∗)PDSC , (23)

wherePprop andPsr∗ are detailed above andPDSC is the probability of error for the selected

link communication to the destination. Based on a general result in [19, Eq. 32], we can derive

PDSC for a BPSK modulation as

PDSC =
1

2
√
π

∫
∞

0

e−z

√
z
FγDSC

(z)dz, (24)
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I1 , Pr∗d =
K∑

i=1

(
K
i

) (−1)i−1

γ̄sr

iγ̄

iγ̄rd − γ̄

[
l

(
1

γ̄rd

)
− l

(
i

γ̄

)]
+

K∑

i=1

(
K
i

) i(−1)i−1

γ̄rd
l

(
i

γ̄

)
, (26)

I2 =
K∑

i=1

(
K
i

) (−1)i−1

γ̄sr

iγ̄

iγ̄rd − γ̄

[
Θ 1

γ̄rd

−Θ i
γ̄

]
+

K∑

i=1

(
K
i

) i(−1)i−1

γ̄rd
Θ i

γ̄
, (28)

which can be rewritten as

PDSC =
1

2
√
π

∫
∞

0

e−z

√
z
Fγr∗d

(z)dz

︸ ︷︷ ︸
I1

− 1

2
√
π

∫
∞

0

e−z(1+1/γ̄sd)

√
z

Fγr∗d
(z)dz

︸ ︷︷ ︸
I2

. (25)

It should be noted thatI1 defines the probability of error for the communication link betweenr∗

and D, which can be expressed as in (26) andI2 can be derived with the help of the following

identity

Θa ,
1

2
√
π

∫
∞

0

e−z(1+1/γ̄sd)

√
z

Ψa(z)dz =
1

2a

[√
1

1 + 1
γ̄sd

−
√

1

1 + a+ 1
γ̄sd

]
. (27)

and be given by (28).

Finally, with (15), (16), (19), (26) and (28), the end-to-end probability of error can be easily

evaluated.

Lemma 2: For a source-destination pair withK potential relays in Rayleigh fading channels,

the end-to-end BER of the distributed selection combining scheme in the high-SNR regime, is

Pe,DSC ≈ Pprop

Γ(K + 1
2
)

2
√
π

1

γ̄sr

(
1

γ̄

)K−1

+
Γ(K + 3

2
)

2
√
π

1

γ̄sd

1

γ̄rd

(
1

γ̄

)K−1

. (29)

Proof: See Appendix C.

C. Selection Relaying

In this form of relaying it is assumed that the direct path is unusable due to the deep fade

instances or heavy shadowing [14]. Therefore the end-to-end BER is found to be

Pe,SR = Psr∗ + Pr∗d − Psr∗Pr∗d, (30)

wherePsr∗ was already defined by (19), andPr∗d is the probability of error for the communication

link betweenr∗ and D which can be expressed by (26).
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Lemma 3: For a source-destination pair withK potential relays in Rayleigh fading channels,

the end-to-end BER of the selection relaying scheme in the high-SNR regime, is

Pe,SR ≈ Γ(K + 1
2
)

2
√
π

(
1

γ̄

)K

. (31)

IV. PERFORMANCE RESULTS

A. Network Geometry

We anticipate that cooperation will perform differently asfunction of the positions of the

mobiles with respect to the destination. Hence we study anasymmetric or linear network (LN)

where we model the path-loss, i.e. the mean channel powersσ2
ij , as a function of the relays

cluster positiond by

σ2
sd = 1, σ2

srk
= d−ν , σ2

rkd
= (1− d)−ν, (32)

where ν is the path loss exponent and0 < d(= distances−cluster) < 1. The distances are

normalized by the distancedsd. In these coordinates, the source can be located at (0,0), the

destination can be located at (1,0), without loss of generality, and the relays are located at (d,0).

B. Simulation Results

In this section, we evaluate the performance of our schemes in terms of the end-to-end BER at

the destination as function of the SNR= Eb/N0 for a number (K) of potential relays in phase II.

All schemes were simulated assuming BPSK modulation. It is also assumed that the amplitudes

of the fading from each transmit antenna to each receive antenna are uncorrelated in the case of

cooperative selection relaying scheme and Rayleigh distributed. Furthermore, we assumed that

all receivers have the same noise properties. This implies that in all depicted figures, the noise

power of all paths is the same. Further, we assumed that the receiver has perfect knowledge of

the channels.

Figures 1-3 depict the end-to-end error-rate performance and the corresponding asymptotic curves

in LN networks as function of SNR for FSCR, DSC and SR schemes,respectively, where a

relays cluster is located at different distancesd from the source. Figure 4 shows performance

comparison between FSCR and DSC schemes. All figures comparethe analytical and simulation

results forK = 2 andK = 4, respectively.

Figures 1 and 2 depict the end-to-end BER as function of the SNR for the FSCR and DSC

November 7, 2018 DRAFT
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schemes, respectively, where the relays cluster is locatedat d = 0.1 andd = 0.5, respectively. It

could be noted that the diversity order isK when the relay cluster is located at the mid-distance

to the destination. This is due to the fact that the error propagation probability,Pprop, is becoming

close to 1. The full diversity order is recovered whend = 0.1. In addition, It may be noted that

the gap, between FSCR and DSC cures, is shrinked whend = 0.5. Therefore, DSC scheme

could be considered as appropriate since its BER penalty is minor as shown in figure 4, and it

is considered as the less complicated than MRC [20].

Figure 3 depicts the end-to-end BER as function of the SNR forthe SR scheme for the same

network architectures. We note that the SR scheme do better when the relay cluster is located in

the middle between the the source and the destination, and the full diversity order is achieved

as expected by (31). Our proposed analysis is well confirmed by the simulation results.

V. CONCLUSIONS

In this work, we studied three opportunistic cooperation protocols namely fixed selection coop-

erative relaying, distributed selection combining and selection relaying, based on DF transmission

in a Rayleigh fading environment. We provided exact statistics, and as result, we presented the

BER performance analysis as well as the asymptotic analysis. We performed several simulations

to confirm our theoretical analysis.

APPENDIX

A. Derivation of Eq. (6)

Based on our problem formulation we can write the PDFpγr∗d(x) as follows

pγr∗d(x) =

∫
∞

0

pγrid/Zi=z(x).pmax(Zi)(z)dz, (33)

whereZi = min(γsri, γrid).

Using the Bayes rule, it is well known that the conditional probability density function can be

expressed as

pγrid/Zi=z(x) =
pγrid,Zi

(x, z)

pZi
(z)

. (34)

Now, we can show that the cumulative density function (CDF) of Zi can be expressed as

FZi
(z) = 1− Pr[γsri ≥ z]Pr[γrid ≥ z] = 1− e−z/γ̄ , (35)
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whereγ̄ = γ̄sr γ̄rd
γ̄sr+γ̄rd

, and the joint CDFFγrid,Zi
(x, z) can be expressed as

Fγrid,Zi
(x, z) = Pr[γrid < x,min(γsri, γrid) < z]

=





Fγrid
(x)−

(
Fγrid

(x)− Fγrid
(z)

) (
1− Fγsri

(z)
)
, x ≥ z

Fγrid
(x), x < z

(36)

We note that the joint CDFFγrid,Zi
(x, z) is not continuous along thex direction atx = z.

Therefore, the result of the derivative (i.e the joint PDFpγrid,Zi
(x, z)) involves an impulse at the

positionx = z. Specially, the joint PDFpγrid,Zi
(x, z) is given by

pγrid,Zi
(x, z) =





pγrid(x)pγsri (z) + pγrid(x)
(
1− Fγsri

(z)
)
δ(x− z), x ≥ z

0, x < z
(37)

It follows the PDF ofγr∗d is given by

pγr∗d(x) =

∫ x

0

pγrid(x)pγsri (z)

pZi
(z)

pmax(Zi)(z)dz +
pγrid(x)

(
1− Fγsri

(x)
)

pZi
(x)

pmax(Zi)(x) (38)

where

pZi
(z) =

1

γ̄
e−z/γ̄ , (39)

It can be easily shown thatFmax(Zi)(z) be expressed as

Fmax(Zi)(z) =
K∏

i=1

Pr [Zi < z] =
(
1− e−z/γ̄

)K
(40)

Therefore after taking the derivative, we have

pmax(Zi)(z) =
K

γ̄
e−z/γ̄

(
1− e−z/γ̄

)K−1
=

K∑

i=1

(
K
i

)
(−1)i−1 i

γ̄
e−iz/γ̄ . (41)

where the second equality holds from the binomial expansion.

Substituting (39) and (41) in (33), Eq. (6) is derived by performing the integration.

B. Derivation of Eq. (22)

It is easy to note thatPe,FSCR could be approximated by

P∞

e,FSCR = PpropP
∞

sr∗ + P∞

mrc (42)
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whereP∞

sr∗ andP∞

mrc are the approximated expressions ofPsr∗ andPmrc, respectively.

To this end, we needed the approximated expressions of the PDFS pγsr∗ (.) andpβ(.) which are

given by

pγsr∗ (x) ≈
K

γ̄sr

(
1

γ̄

)K−1

yK−1, y > 0, (43)

and

pβ(β) ≈
1

γsd

1

γ̄rd

(
1

γ̄

)K−1

βK , β > 0 (44)

Based on (43) and (44), it becomes easy to deriveP∞

sr∗ andP∞

mrc by using integrations in (17)

and (20).

C. Derivation of Eq. (29)

It is easy to note thatPe,DSC could be approximated by

P∞

e,DSC = PpropP
∞

sr∗ + P∞

DSC (45)

wherePprop andP∞

sr∗ are already given, andP∞

DSC is the approximated expressions ofPDSC

which can be derived by integrating the approximated expression of FγDSC
(.). For this end, let

us start by approximatingFγsd(.) andFγr∗d
(.), given by

Fγsd ≈
z

γ̄sd
, z > 0, (46)

and

Fγr∗d
(z) ≈ 1

γ̄rd

1

γ̄
zK , z > 0. (47)

Using the following identity
∫

∞

0

zK+ 1

2 e−zdz = Γ

(
K +

3

2

)
, (48)

and substituting (46) and (47) in (24), Eq. (29) is derived byperforming the integration.
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Fig. 1. End-to-end bit error rate versus SNR of the FSCR scheme using a DF transmission in the LN case forK = 2 and

K = 4.
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Fig. 2. End-to-end bit error rate versus SNR of the DSC schemeusing a DF transmission in the LN case whenK = 2 and

K = 4.
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Fig. 3. End-to-end bit error-rate versus SNR of the SR schemeusing a DF transmission in the LN case whenK = 2 and

K = 4.
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Fig. 4. Comparisons of error performance versus SNR of the FSCR and DSC schemes using a DF transmission in the LN

case whenK = 2 andK = 4..
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