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Abstract—In this paper, we study a cooperative vehicle-to-
vehicle (V2V) interference-limited communication system with
decode-and-forward relaying operating over double-Nakagami
(DN) fading channels. This distribution has been proposed as
a fading model for scenarios where both the transmitter and the
receiver are in motion, as is the case in V2V communications.
For the purposes of our analysis, we introduce the bivariate DN
distribution and derive statistical metrics for this distribution,
such as the probability density function, the cumulative distri-
bution function, and the moments. The new expressions have
been employed to model the outdated channel state information
(CSI) that is due to the fast time varying nature of the wireless
medium and the delay naturally existing between relay selection
and data transmission instances. The analysis considers two relay
selection schemes, according to the relay-destination channel
quality, namely the well-known best relay selection (BRS) and a
new one termed as threshold-based relay selection, which offers
lower complexity than BRS. Using our analytical framework,
exact and asymptotic performance results are obtained for the
outage and the average symbol error probabilities, while the
diversity order has been also evaluated. The numerical and
simulation results corroborate our theoretical ones and quantify
the impact of outdated CSI, level of interference, and varying
distances between the relay nodes and the final destination on
the system’s performance.

Index Terms—Best relay selection, co-channel interference,
correlated double-Nakagami (DN) statistics, decode-and-forward,
outdated channel estimates, PDF of the sum of DN RVs, vehicle-
to-vehicle communications.

I. INTRODUCTION

C
OOPERATIVE communications have been considered

as a promising solution for extending coverage and en-

hancing reliability in contemporary communication networks.

The performance of these systems is directly related to the

relaying protocol and the selection mechanism that has been

considered. As far as the employed protocol is concerned, two

major approaches exist, namely decode-and-forward (DF) and

amplify-and-forward (AF). With a small cost on the complex-

ity, DF offers better performance as compared to AF, due to

the decoding process that is employed in the first phase and
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guarantees a minimum good source-to-relay link. Regarding

the relay selection mechanism, best relay selection (BRS)

has been proposed as an efficient technique for improving

performance [2]. In BRS, the relay with the best relay-to-

destination channel quality, among a set of N available ones,

is selected and used for cooperation between the source and

the destination. However, BRS requires increased processing

and feedback load overhead since estimations for the channel

state information (CSI) are necessary for all relay links in

each packet transmission. Moreover, additional relay switching

operations are required that may lead to fast relay switching

rates, which is known to impair system stability and/or lead

to performance loss in ad-hoc networks, e.g., [3], [4].

Vehicular ad-hoc networks represent an integral part of the

intelligent transportation systems (ITSs) that have gained an

important interest by the scientific community and the industry

over the past several years. These systems enable the vehicle-

to-vehicle (V2V) communications and can be applied in a

variety of communication scenarios ranging from road-safety

and energy-saving improvements to comfort and infotainment.

Recently, ITS techniques have been adopted in the envisioned

autonomous driving in road trains, which is implemented via

the concept of platooning [5]. In particular, platoons form

cooperative V2V communication networks, where important

information, e.g., velocity, exact position, is distributed among

vehicles throughout the platoon. However, in contrast to the

traditional cellular-mobile radio link, the V2V propagation

channel is much more dynamic, since it consists of two non-

stationary transceivers, closely located to the ground level.

In this context, the transmitted signal can propagate to the

receiver via a keyhole and thus the envelope of the resulting

narrow-band impulse response is modeled using a cascaded

distribution [6]. Depending upon the propagation environment

characteristics, various statistical (cascaded) models have been

proposed, with the most notable being the double-Rayleigh

(DR), double-Nakagami (DN) [7], and double-Rice [8], with

the first one representing a special case of the other two. It is

noteworthy that the cascaded distributions include as limiting

case the constitute distributions, e.g., the DN distribution con-

verges to Nakagami-m. Thus, using these generic distributions,

it is possible to model various propagation conditions, ranging

from worse than Rayleigh, appearing in V2V communication

scenarios [9], to non-fading conditions [10].

Many works have investigated V2V cooperative commu-

nications, e.g., [11]–[17]. For example in [11], assuming
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DF relaying in a V2V communication scenario, the symbol

error rate performance is evaluated. Moreover, in [16], the

performance of a two-way AF multi-relay cooperative V2V

communication network is analyzed, assuming DR fading

conditions. A common observation in previous works is that

noise limited environments have been assumed. However, in

many practical situations, e.g., in the presence of hidden

terminals [18], the performance of these systems can be sig-

nificantly affected by co-channel interference (CCI), e.g., [19].

Moreover, previous works in this area assume that perfect CSI

is available for relay selection and data transmission. However,

due to feedback delays and the fast time-varying nature of the

fading channels, such an ideal assumption has only theoretical

importance and cannot be established in practice, especially

in vehicular networks [4], [20], [21]. Thus, to the best of

the authors’ knowledge, no other work has considered relay

selection for V2V communications in the presence of outdated

CSI and CCI. The main reason for this, was the absence

of exact expressions for the bivariate statistics of cascaded

distributions until very recently [22].

In this paper, an analytical study of the impact of CCI and

outdated CSI on the performance of a V2V cooperative system

is performed. The analysis is based on the DN distribution for

modeling the V2V channel fading conditions [7]. In particular,

the contributions of the paper are as follows:

• The bivariate DN distribution is introduced and important

statistical metrics of this distribution, namely the joint

probability density function (PDF), cumulative distribu-

tion function (CDF), and the moments are introduced;

• The new expressions are used to model the correlation

between the exact and outdated versions of the received

signal-to-noise ratio (SNR) in a V2V cooperative com-

munication scenario;

• Assuming non-identically distributed fading conditions

and an interference limited scenario, a generic analytical

framework for evaluating the performance of BRS has

been developed, which allows different distances among

the mobile nodes to be considered;

• A new relay selection scheme is adopted, which reduces

feedback load processing, while achieving almost similar

performance to BRS;

• A closed-form approximated expression for the PDF of

the sum of L DN distributed random variables (RVs)

is derived and used to investigate the impact of the

accumulated interference;

• The performance of both relay selection schemes has

been evaluated using the criteria of outage probability

(OP) and average symbol error probability (SEP).

The results are obtained in exact analytical expressions that

allow fast and efficient evaluations of the performance, thereby

avoiding the time consuming simulations.

The paper is organized as follows. In Section II, the bivariate

statistics of the DN distribution are presented. In Section III,

the system and channel model of the cooperative relaying

scheme are presented, while is Section IV a stochastic analysis

is performed for the received signal-to-interference ratio (SIR).

In Section V, this analysis is used to study the OP and the SEP

performances. In Section VI, several numerical performance

results are presented and Section VII provides the conclusions.

II. DOUBLE-NAKAGAMI BIVARIATE STATISTICS

Let Xj , Xj+2, j ∈ {1, 2}, be two correlated Nakagami-m
RVs with joint PDF given by [10, eq. (6.1)]

fXj ,Xj+2(x1, x2) =
4(x1x2)

mj/Γ(mj)

ΩjΩj+2(1− ρj) (ΩjΩj+2ρj)
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Imj−1

[

2
√
ρjx1x2

√

ΩjΩj+2(1− ρj)

]

,

(1)

with mj > 0.5, Ωj = E
〈

X2
j

〉

/mj , Ωj+2 = E
〈

X2
j+2

〉

/mj ,

where E〈·〉 denotes expectation, Γ(·) is the Gamma function

[23, eq. (8.310/1)], and Iv(·) is the modified Bessel function

of the first kind and order v [23, eq. (8.445)]. Moreover, in

(1), 0 ≤ ρj < 1 is the power correlation coefficient defined as

ρj ,
cov

(

X2
j , X

2
j+2
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√
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(

X2
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)
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)

, (2)

where cov(·) and var(·) are the covariance and variance,

respectively. Let Z1, Z2 denote two DN RVs that are defined

as the product of two independent Nakagami-m RVs, i.e.,

Z1 = X1 ×X2

ρDN





y

ρ1





y

ρ2





y

Z2 = X3 ×X4.

(3)

In (3), ρj denotes the correlation coefficient between the

Nakagami RVs, defined in (2), and ρDN is the correlation

coefficient of the DN RVs. It is noted that the analysis of

the multiplicative fading channel models has received a great

deal of attention during the last years as it is proved by the

numerous of contributions that exist, e.g., [22], [24], [25].

As shown in Appendix A, for non-identically distributed

DN RVs, the PDF of the bivariate DN distribution is given by

fZ1,Z2(x, y) =
∞
∑

h,q=0

16/[Γ(m1)Γ(m2)]

Γ(m1 + h)h!Γ(m2 + q)q!

× ρh1ρ
q
2(xy)

p1−1

(Ω1Ω2Ω3Ω4)
p1
2 (1− ρ1)h+q+m2(1 − ρ2)h+q+m1

×Kp2

(

2x√
Ω1Ω3ρ̂

)

Kp2

(

2y√
Ω2Ω4ρ̂

)

,

(4)

where ρ̂ = (1 − ρ1)(1 − ρ2), p1 = h + q + m1 + m2, p2 =
h−q+m1−m2, and Kv(·) is the modified Bessel function of

the second kind and vth order [23, eq. (8.432/1)]. In Appendix

B, it is proved that the error truncating the infinite series

in (4) converges and thus (4) also converges. Moreover, in

Appendix C, it has been proved that (4) is a valid PDF. It

is worth noting that by setting m1 = m2 = 1, ρ1 = ρ2,

Ω1 = Ω2, and Ω3 = Ω4, (4) simplifies to the joint PDF

of the bivariate DR distribution given in [26, eq. (6.69)].

The joint CDF of Z1 and Z2 is given by FZ1,Z2(x, y) =
∫ x

0

∫ y

0
fZ1,Z2(x, y)dxdy. Substituting (4) in this definition,

representing Bessel function as in [27, eq. (14)], and then using
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[27, eq. (26)], the following generic expression for the joint

CDF can be obtained as

FZ1,Z2(x, y) =
∞
∑

h,q=0
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(5)

In (5), Gm,n
p,q [·|·] denotes the Meijer’s G-function [23, eq.

(9.301)], which is a built-in function in many mathematical

software packages, e.g., Mathematica, Maple, and thus can be

directly evaluated. By setting m1 = m2 = 1, (5) simplifies

to the joint CDF of the bivariate DR distribution given in

[22, eq. (6)]. The joint moments of Z1, Z2 can be derived by

substituting (4) in E〈Zn1

1 Zn2

2 〉 and using [23, eq. (6.561/16)],

yielding to
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2
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)
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(6)

Furthermore, using [23, eq. (9.100)] and after some mathe-

matical analysis, (6) simplifies to the following closed-form

expression
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2
∏
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2
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)

,

(7)

with 2F1(·, ·; ·; ·) denoting the Gauss hypergeometric function

[23, eq. (9.100)]. In order to investigate the relation between

m1,m2, ρ1, ρ2, and the DN correlation coefficient ρDN , (2) is

employed as follows

ρDN =
E
〈

Z2
1Z

2
2

〉

− E
〈

Z2
1

〉

E
〈

Z2
2

〉

√

(

E 〈Z4
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)(

E 〈Z4
2 〉 − E 〈Z2〉4

)

, (8)

with

E
〈

Zn
j

〉

=

(

1

ΩxΩx+1

)−n/2
Γ(m1 + n/2)Γ(m2 + n/2)

Γ(m1)Γ(m2)
,

(9)

where if j = 1 → x = 1 else if j = 2 → x = 3.

Substituting (7) and (9) in (8), using 2F1(a, b; b − 1; z) =
(1−z)−a−1[b+(a−b+1)z−1]

b−1 [28, eq. (07.23.03.0081.01)], and af-

ter some algebra, the following expression for ρDN is obtained

ρDN =
(m1 + ρ1)(m2 + ρ2)−m1m2

(m1 + 1)(m2 + 1)−m1m2
. (10)

In Fig. 1, using (10) and assuming m1 = 0.8,m2 = 1.2, ρDN

is plotted as a function of ρ1 and ρ2. It is clear, that ρDN also

Fig. 1. The DN correlation coefficient ρDN as a function of the correlation
coefficients of the underlying Nakagami RVs ρj , with j ∈ {1, 2}.

ranges between zero and unity. Moreover, in the same figure,

it is shown that as m1,m2 increase, ρDN approaches ρj .

In Fig. 2, assuming the same parameters for the DN RVs,

i.e., mj = m,Ωi = Ω(∀i ∈ {1 − 4}), ρj = ρ, the bivariate

CDF, given by (5), is plotted as a function of x, with y = x,

for different values of ρ. Moreover, simulated results are also

included in this figure, verifying in all cases the agreement

between the analytical and the simulated CDFs. It is noted

that correlated DN RVs have been generated using (3) and the

approach presented in [29]. In addition, the rate of convergence

of the infinite series given in (5) has been also investigated.

More specifically, the minimum number of terms, which

guarantees accuracy better than ±0.5% is presented in the

Table included in Fig. 2, for different values of x,Ω,m, and

ρ. From this Table, it is clear that a relatively small number of

terms is necessary to achieve an excellent accuracy. Moreover,

this number of terms increases as x and/or ρ and/or m increase

as well as with the decrease of Ω. It should be also noted that

similar rate of convergence has been also observed for all the

infinite series expressions presented in this paper.

III. V2V COOPERATIVE RELAYING COMMUNICATIONS:

SYSTEM AND CHANNEL MODEL

We consider a V2V cooperative communication system

with one source (S), N relays Rn = {1, 2, . . . , N}, and

one destination (D). We assume that all nodes are equipped

with a single antenna and the transmission is realized in

two phases. All hops in the scheme under consideration,

including the interfering links, experience DN fading with

fading amplitudes, ZX , having marginal PDF given by [7]

fZx(y) =
2G2,0

0,2

(

y2

Ωx,iΩx,i+1

∣

∣

∣

−
mx,1,mx,2

)

yΓ(mx,1)Γ(mx,2)
. (11)

In this section, the subscript notations of the DN shaping

and scaling parameters have changed. Therefore, in (11),

x ∈ {sn, rn, In, Id}, when referring to S − Rn, Rn − D,
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Fig. 2. CDF of DN for different values of ρ.

interfering source to Rn, interfering source to D, links,

respectively, while i ∈ {1, 3}, which is related with the DN

double-bounce interaction [6]. The DN distribution is adopted

since it provides a realistic description of various V2V channel

conditions, in situations where both the transmitter and the

receiver are moving [11]. In particular by modifying the values

of the distribution’s shaping parameters mx,1,mx,2, different

fading conditions can be described, e.g., lower values of mx,i

correspond to severe fading. In addition, Rns as well as D are

also subject to interfering signals under the assumption that the

level of interference is such that the effect of thermal noise on

system’s performance can be ignored, i.e., interference limited

scenario. In general, in order to simplify the analysis, the

analytical results are derived for the case of single interferer.

Undoubtedly, such a scenario is less generic; however, it

has clear practical interest and importance. More specifically,

in ITS-G5, which is the standard for V2V communications,

simultaneous transmissions are sensed and avoided, based on

the carrier sensing multiple access with collision avoidance

mechanism that is supported. Thus, it is very likely most of

the hidden nodes (if any) will be located outside the sensitivity

range of the receiver, and thus the aggregated interference

can be considered as low enough to be negligible, resulting

to a single dominant interferer. This is the reason why this

assumption has been also adopted by many researchers in the

past, e.g., [30]–[32]. However, for comparison purposes, an

analytical framework has been also developed for the scenario

where L interfering signals are received at the destination D,

as it is shown in Appendix F.

At the first phase, the source transmits a signal to all

potential available relays, which form the set of available

relays. The direct link between S and D is assumed to be

unavailable due to heavy shadowing channel condition. As a

result, the received SIR at the nth relay is given by

γoutsn =
γsn
γIn

, (12)

where γsn = PsnZ
2
sn/N0 is the instantaneous SNR received at

Rn, Psn is the transmit power value, N0 is the power spectral

density of the additive white Gaussian noise (AWGN), and

γIn = PInZ
2
In
/N0 is the instantaneous interference-to-noise

ratio (INR) also received at Rn. Moreover, let C denote the

decoding set of the active relays that have correctly decoded

the source message [33]. This set will form the basis for the

relay which will be selected in the next transmission phase.

A. Relay Selection Schemes

Here, two different relay selection schemes are considered.

1) Best Relay Selection: In the first one, a single relay,

belonging to the decoding set, with the best instantaneous

Rn−D channel quality is selected to forward the information

to the destination. This scheme is called here BRS and its

mode of operation is analytically described in [34]. It is

noted that BRS may be implemented in both centralized and

distributed manner and thus it is a good candidate for ad-

hoc networks. From the mathematical point of view, assuming

non-identically distributed fading conditions, the CDF of the

instantaneous SNR for the link between the selected relay and

D, γ̃sel, given C, can be expressed as

Fγ̃sel|C(x) =

|C|
∏

n=1

Fγrn
(x), (13)

where γrn = PrnZ
2
rn/N0 and Fγrn

(x) is given by

Fγrn
(x) =

G2,1
1,3

(

x
γrn,iγrn,i+1

∣

∣

∣

1

mrn,1,mrn,2,0

)

Γ(mrn,1)Γ(mrn,2)
. (14)

In (14), γrn,i = PtΩrn,i, with Pt denoting the transmit SNR,

which for simplicity is considered to be equal for all relay

nodes, and |C| is the cardinality of C. The corresponding PDF

expression is given by

fγ̃sel|C(x) =

|C|
∑

n=1

fγrn
(x)

|C|
∏

ℓ=1
ℓ 6=n

Fγrℓ
(x), (15)

with fγrn
(x) obtained by employing a change of variables in

(11). For identically distributed RVs, (13) simplifies to

Fγ̃sel|C(x) = Fγrn
(x)|C| (16)

and (15) simplifies to

fγ̃sel|C(x) = |C|fγrn
(x)Fγrn

(x)|C|−1. (17)

2) Threshold-Based Relay Selection: A new relay-selection

scheme, called threshold-based relay selection (t-RS)1, that

aims at reducing complexity and feedback load processing, is

also employed. The mode of operation of the new scheme is as

follows. The relay that was selected in the previous round of

communications (tagged relay), sends a request to send packet

to the destination. From this packet, the destination estimates

the received instantaneous SNR, which is compared with a

predefined threshold, γth, and if it exceeds it, then this relay

is selected and no further processing is required. Otherwise, a

1Part of the analysis related with t-RS is also included in [1].
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flag packet is sent to all relays that successfully received the

original message (including the tagged relay) asking for the

initialization of the BRS mechanism. In particular, all relays

belonging to the decoding set ignite a timer, which is related

to the quality of their second-hop link. The timer of the best

relay, in terms of the estimated SNR, expires first and hence

this relay is selected for the second-hop transmission.

To simplify the analysis, only identically distributed fading

conditions have been assumed for the t-RS. The CDF of the

received instantaneous SNR for the link between the selected

Rn and D, γ̃sel, given C, can be expressed as [35]

Fγ̃sel|C(x) =







Fγrn
(x)−Fγrn

(γth)

+Fγrn
(γth)Fγrn

(x)|C|−1, x ≥ γth
Fγrn

(x)|C|, x < γth.
(18)

The corresponding expression for the PDF of γ̃sel|C is

fγ̃sel|C(x)=







fγrn
(x) + (|C| − 1)Fγrn

(γth)
×fγrn

(x)Fγrn
(x)|C|−2, x ≥ γth

|C|fγrn
(x)Fγrn

(x)|C|−1, x < γth.
(19)

The behavior of the proposed scheme depends on the selected

switching threshold γth, which is related with the instanta-

neous SNR. More specifically, with an increase on γth, its

performance improves, approaching that of BRS, with the cost

of a higher feedback load processing [35].

After the selection is made, the relay forwards the initial

message to the destination and the received SIR at D, given

set C, can be expressed as

γout =
γ̃sel
γId

, (20)

where γId = PIdZ
2
Id
/N0 denotes the received instantaneous

INR at D.

B. CSI Model

In a V2V communication scenario, it is very likely that

the fading behavior changes rapidly. Hence, in this work, the

CSI of the Rn − D links is assumed to be outdated, due to

the delay between the relay selection and data transmission

phases as well as the fast time varying nature of the wireless

channel, similar to many works in the past, e.g., [4], [21], [36].

More specifically, the imperfection between γsn , which is the

actual SNR at the data transmission phase, and γ̃sn , which is

the estimated SNR at the selection phase, is quantified using

correlation coefficient ρDN . In that case, the PDF of the actual

received SNR of the selected relay at the data transmission

instance can be expressed as [36]

fγsel|C(y) =

∫ ∞

0

fγrn ,γ̃rn
(y, x)

fγ̃sel|C(x)

fγrn
(x)

dx. (21)

For evaluating (21), fγrn ,γ̃rn
(y, x) is required. Capitalizing

on the results presented in Section II, making a change of

variables in (4), the following expression for the joint PDF

between γrn and γ̃rn can be obtained

fγrn ,γ̃rn
(y, x) =

∞
∑

h,q=0

4ρh
1 ρ

q
2/[Γ(mrn,1)Γ(mrn,2)]

(
∏

4
i=1 γrn,i)

mrn,1+mrn,2+q+h

2

Γ(mrn,1 + h)Γ(mrn,2 + q)h!q!

× (xy)
mrn,1+mrn,2+h+q

2 −1

(1− ρ1)mrn,2+h+q(1− ρ2)mrn,1+h+q

×Kmrn,1−mrn,2+h−q

[

2x1/2

√

γrn,1γrn,3ρ̂

]

×Kmrn,1−mrn,2+h−q

[

2y1/2
√

γrn,2γrn,4ρ̂

]

.

(22)

Based on the above expression, in the next section, the SIR

statistics for the schemes under consideration will be studied.

IV. V2V COOPERATIVE RELAYING COMMUNICATIONS:

SIR ANALYSIS

In this section, an analytical framework for evaluating the

CDF of the system’s output SIR is derived, for both relay

selection schemes under consideration.

A. Statistics of the 1st Link

The first communication phase is characterized by the

probability that the nth relay decodes the signal incorrectly,

Poffn
, which actually represents the SEP at Rn. In particular,

for both schemes, Poffn
can be evaluated as

Poffn
= a

∫ ∞

0

erfc
(

√

bγ
)

fγoutsn
(γ)dγ, (23)

where (a, b) depend on the employed modulation scheme,

e.g., for binary phase shift keying (BPSK), a = 1/2, b = 1.

Next, in order to simplify the analysis, it is assumed that

|msn,2 − msn,1| = 1/2 and |mIn,2 − mIn,1| = 1/2. Such

an assumption corresponds to a propagation scenario where

quite similar fading conditions exist for the scattering regions

around both S and Rn. Thus, substituting the PDFs of γsn and

γIn , which are of the form given in (D-8), in fγoutsn
(γ) =

∫∞
0

γfγsn
(xγ)fγIn

(x)dx, using [28, eq. (07.34.03.0606.01)]

as well as [23, eq. (3.326/2)], the PDF of γoutsn is given by

fγoutsn
(γ) =

Γ (2(msn,1 +mIn,1)) 2
1−2(msn,1−mIn,1)

Γ(msn,1)Γ(msn,2)Γ(mIn,1)Γ(mIn,2)

× π





2
∏

j=1

(

1

γsn,j

)msn,1
(

1

γIn,j

)mIn,1



 γmsn,1−1

×
(

√

γ

γsn,1γsn,2

+

√

1

γIn,1γIn,2

)−2msn,1−2mIn,1

,

(24)

where γsn,j = PtΩsn,j and γIn,j = PIΩIn,j , with PI

denoting the transmit INR. Moreover, substituting (24) in (23),

using [27, eq. (10)], [28, eq. (06.27.26.0006.01)], and [27,

eq. (21)], the following closed-form expression for Poffn
is

obtained

Poffn
=

aG4,2
3,4

(

bγsn,1γsn,2

γIn,1γIn,2

∣

∣

∣

1−2msn,1
2 ,1−msn,1,1

0, 12 ,mIn,1,
2mIn,1+1

2

)

Γ(msn,1)Γ(msn,2)Γ(mIn,1)Γ(mIn,2)
√
π
.

(25)
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1) Asymptotic Analysis: The exact expression for Poffn

does not provide a clear physical insight of the system’s

performance. In order to provide a simplified expression, we

derived an asymptotic closed-form expression for Poffn
. Using

the same approach as the one for deriving (25), together with

an asymptotic expression for the modified Bessel function,

i.e., Kv(z) ≃ 1
2Γ(v)

(

1
2z
)−v

[37, eq. (9.6.9)] as well as [23,

eq. (6.561/16)], [28, eq. (06.27.21.0132.01)], the following

simplified approximated expression has been obtained

Poffn ≃
(

γIn,1γIn,2

bγsn,1γsn,2

)msn,1

aΓ (msn,2 −msn,1)

× Γ (msn,1 +mIn,1) Γ (msn,1 +mIn,2)

Γ (msn,1) Γ (msn,2) Γ (mIn,1) Γ (mIn,2)
.

(26)

B. Statistics of the 2nd Link

For the second communication phase, the statistics of BRS

scheme are derived first and then the corresponding ones of

t-RS.

1) Best Relay Selection: The CDF of the output SIR given

C, γout|C , can be expressed as

Fγout|C(γ) =

|C|
∑

n=1







|C|
∏

ℓ=1
ℓ 6=n

√
πΓ (2mrℓ,1) 2

1−2mrℓ,1

Γ (mrℓ,1) Γ (mrℓ,2)







∞
∑

h,q=0

|h− 1
2−q|− 1

2
∑

g1,g2=0

π3/2A1
ρh1ρ

q
2(1− ρ2)

1/2Γ (p4,2 + 2mrn,1)

h!q!Γ(mrn,1 + h)Γ(mrn,2 + q)p4,2

×
(

γId,1γId,2

)p4,2
22−p4,2−2mrn,1 (D1 + B1D2)

Γ(mrn,1)Γ(mrn,2)Γ (mId,1) Γ (mId,2)
γp4,2/2

× 2F1

(

p4,2, p4,2 + 2mrn,1; p4,2 + 1;−
(

γγId,1
γId,2

γrn,2γrn,4ρ̂

)
1
2

)

.

(27)

where

A1 =

2
∏

j=1

(

gj +
∣

∣h− q − 1
2

∣

∣− 1
2

)

!

gj!
(

−gj +
∣

∣h− q − 1
2

∣

∣− 1
2

)

!

× 1/(1− ρj)
h+q+mrn,1−(g1+g2)/2

22gj
(

γrn,jγrn,j+2

)

p4,j
2 Γ (mrn,j)

,

B1 =

|C|−1
∑

k=1

(−1)k
|C|−k+1
∑

ℓ1=1
ℓ1 6=n

|C|−k+2
∑

ℓ2=ℓ1+1
ℓ2 6=ℓ1

· · ·
|C|
∑

ℓk=ℓk−1+1
ℓk 6=ℓk−1

2mℓ1,1−1
∑

dk,1=0

2mℓ2,1−1
∑

dk,2=0

· · ·
2mℓk,1−1
∑

dk,k=0

k
∏

t=1

(

2
√
p5,t
)dk,t

dk,t!
,

D1 = f

(

p4,1
2

− 1,
1

√

γrn,1γrn,3ρ̂

)

,

D2 = f

(

k
∑

t=1

dk,t + p4,1
2

− 1,

k
∑

t=1

p
1/2
5,t +

1
√

γrn,1γrn,3ρ̂

)

,

with f (x, y) = Γ(2+2x)

22x+1y2(x+1) , p4,j = 2mrn,1 + h+ q− gj , and

p5,t =
1

γℓt,1
γℓt,2

. The proof for (27) is given in Appendix D.

2) Threshold Based Relay Selection: The CDF of the output

SIR given C, γout|C , can be expressed as2

Fγout|C(γ) = π2Γ(2mr,1)

∞
∑

h,q=0

|h− 1
2−q|− 1

2
∑

g1,g2=0

A2

×





2
∏

j=1

(1− ρj)
mr,j21−p4,j−mId,1+gj

Γ(mId,j)γ
mId,1

Id,j





× ρh1ρ
q
22Γ (2mId,1 + p4,1)

Γ(h+mr,1)Γ(q +mr,2)h!q!p4,1
B2

(

γ

γr,1γr,3ρ̂

)

p4,1
2

×
2F1

(

1,2mId,1 + p4,1;1 + p4,1,

√
γ√

γr,1γr,3ρ̂
√

γ√
γr,1γr,3ρ̂

+
√

1
γId,1γId,2

)

( √
γ√

γr,1γr,3ρ̂
+
√

1
γId,1γId,2

)2mId,1+p4,1
,

(28)

where

A2 =

2
∏

j=1

(

gj + |h− 1
2 − q| − 1

2

)

!

gj!
(

−gj + |h− 1
2 − q| − 1

2

)

!Γ(mr,j)2
,

and B2 is given in (29) (shown at the top of the next

page). Moreover, in (29), p6,ℓ,i =
ℓ√

γr,2γr,4ρ̂
+ ℓi

√

1
γr,1γr,3

,

γId,j
= PIΩId,j , γ(., .) and Γ(., .) denote the lower and

the upper incomplete gamma functions [23, eqs. (8.350/1-2)],

respectively. The proof for (28) is given in Appendix E.

3) Asymptotic Analysis: Assuming ρ = ρ1 = ρ2, higher

values of γr,i, the modified Bessel function appearing in

(4) can be approximated as Iv(z) ≃ 1
Γ(v+1)

(

z
2

)v
[23, eq.

(03.02.06.0004.01)]. Based on this approximation and using

the approaches presented in Appendices A and E, a closed-

form asymptotic expression for the CDF of γout|C, for the t-RS

scheme, is obtained in (30) (shown at the top of the next page),

where p7 = γr,1γr,3ρ̂. Moreover, since for higher values of

γr,i the second (summation) term in (30) has a negligible effect

on the performance, while for γth ≃ γr,i ⇒ Γ(n, z) ≃ Γ(n)
(since z → 0) [28, eq. (06.06.06.0006.01)], (30) can be further

simplified to

Fγout|C(γ) ≃





2
∏

j=1

γ
mr,1

Id,j

Γ(mId,j)

Γ (mr,1 +mId,j)

Γ(mr,j)2





× π21−2mr,1Γ (2mr,1) γ
mr,1(1− ρ)1/2

mr,1
γ−mr,1 ,

(31)

with γ = γr,1γr,3.

V. V2V COOPERATIVE RELAYING COMMUNICATIONS:

PERFORMANCE EVALUATION

In this section using the previously derived results, an-

alytical expressions for important performance metrics are

obtained, such as the OP and the SEP.

2Since the analytical results presented for the t-RS hold only for identically
distributed statistics, the relay index n will be omitted.
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B2 =
Γ(mr,1)Γ(mr,2)√

πΓ(2mr,1)
Γ

(

p4,2,
2
√
γth

√

γr,2γr,4ρ̂

)

+
2
∑

t=1

21−2mr,1 (|C| − t+ 1)
(

γr,2γr,4ρ̂
)

p4,2
2

|C|−t
∑

i=0

(|C| − t

i

)

i
∑

n1,...,n2mr,1
=0

n1+···+n2mr,1
=i

2mr,1−1
∏

ℓ=1

1
(

(γr,1γr,3)
ℓ/2

ℓ!
)nℓ+1

p
p4,2+

∑2mr,1−1

ℓ=1
ℓnℓ+1

6,1,i

× i!(−1)i

n1! · · ·n2mr,1 !



(2 − t)γ



p4,2 +

2mr,1−1
∑

ℓ=1

ℓnℓ+1, p6,2,i
√
γth



+ (t − 1)Fγx (γth)Γ



p4,2 +

2mr,1−1
∑

ℓ=1

ℓnℓ+1, p6,2,i
√
γth







 .

(29)

Fγout|C (γ) ≃
{

Γ

(

2mr,1,
2
√
γth√
p7

)

+
2
∑

i=1

(|C|+ 1− i)

( √
π/mr,1

Γ(mr,1)Γ(mr,2)

)|C|−i
[

(2 − i)

(

2

p7

)2(|C|−1)mr,1

γ

(

2|C|mr,1,
2
√
γth√
p7

)

+(i− 1)Fγx (γth)

(

2

1− ρ

)2(2−|C|)mr,1

Γ

(

2mr,1(|C| − 1),
2
√
γth√
p7

)

]}





2
∏

j=1

γ
mr,1

Id,j

Γ(mId,j)

Γ
(

mr,1 +mId,j

)

Γ(mr,j)2γ
mr,1

r,3−j





π(1 − ρ)1/2γmr,1

mr,12
2mr,1−1

.

(30)

A. Outage Probability

The OP is defined as the probability that the instantaneous

received SIR falls below a predetermined threshold γT.

1) Best Relay Selection: According to the theorem of total

probability, the OP, which is related with the unconditional

CDF of the output SIR, can be evaluated as

Pout=
N
∏

n=1

Poffn
+

N
∑

b=1

N
∑

n1:b

b
∏

i=1

(1− Poffi
)

×
N
∏

ℓ=1
ℓ 6=n1,...,nb

Poffℓ
Fγout|C(γT),

(32)

where
∑N

n1:b
=

∑N
n1=1

∑N
n2=n1+1 · · ·

∑N
nb=nb−1+1 and

Rn1 , Rn2 , · · · , Rnb
⊆ C. In (32), the first summation term

refers to the probability that all relays decoded incorrectly,

while with the multiple sums, which follow the first term, the

probability of outage of all possible combinations of relays is

evaluated.

2) Threshold-Based Relay Selection: As far as t-RS scheme

is concerned, under the assumption of identical distributed

fading, the OP can be evaluated as

Pout = PN
off +

N
∑

k=1

(

N

k

)

PN−k
off (1− Poff)

k
Fγout|C(γT). (33)

3) Asymptotic Analysis: In the high SNR regime, the OP in

(33) is reduced to Pout ≃
∑N

k=1

(

N
k

)

Fγout|C(γT). Substituting

(31) in (33), an asymptotic expression for the OP can be

obtained. Based on this expression, and under the assumption

γsn,j = γrn,j = γ, msn,j = mrn,j = m, useful outcomes

can be extracted. More specifically, assuming that the average

INR remains constant, as the average SNR increases, the total

diversity order is equal to m. Moreover, assuming that the

average INR increases in the same level as the average SNR

does, then the diversity order is zero, resulting to error floor.

In any case, when outdated CSI is present, the diversity order

does not depend on the number of relays, which agrees with

previous outcomes derived in the past, e.g., [36], [38]. On the

other hand, assuming ρ = 1, i.e., no feedback delay exists, and

an interference free scenario, employing (18) in (33), using

the approach presented in [35], it can be concluded that the

system’s diversity order is equal to mL. Thus, the full diversity

order can be only realized when perfect CSI is available.

B. Symbol Error Probability

The SEP is one of the most important performance mea-

sures, the minimization of which is the main objective in

designing wireless communication systems.

1) Best Relay Selection: The SEP can be evaluated as

Pse=
N
∏

n=1

Poffn
+

N
∑

b=1

N
∑

n1:b

b
∏

i=1

(1− Poffi
)

N
∏

ℓ=1
ℓ 6=n1,...,nb

Poffℓ
Pse|C ,

(34)

where

Pse|C =

|C|
∑

n=1







|C|
∏

ℓ=1
ℓ 6=n

√
πΓ (2mrℓ,1) 2

1−2mrℓ,1

Γ (mrℓ,1) Γ (mrℓ,2)







∞
∑

h,q=0

|h− 1
2−q|− 1

2
∑

g1,g2=0

×A1
ρh1ρ

q
2(1 − ρ2)

1/2 (p4,2 + 2mrn,1 − 1)

h!q!23/2Γ(mrn,1 + h)Γ(mrn,2 + q)p4,2

2mrn,1−1
∑

k=0

(−1)k

×
(1− 2mrn,1)k a

√
b
(

ρ̂γrn,2γrn,4

)

p4,2+1

2

Γ (mId,1) Γ (mId,2) (p4,2 + 1)k

D1 + B1D2
(

γId,1
γId,2

)
1
2

×G3,2
2,3

(

bγrn,2γrn,4ρ̂

2γId,1γId,2

∣

∣

∣

−p4,2−k

2 ,
1−p4,2−k

2

0,
2mrn,1−k−2

2 ,
2mrn,1−k−1

2

)

.

(35)

For deriving (35), the following procedure was

followed. First, (28) is substituted in Pse|k =
∫∞
0

a
√
b

2
√
2π

√
γ
exp

(

− bγ
2

)

Fγout|C(γ)dγ. Then, a simplified

expression for 2F1(·) [28, eq. (07.23.03.0142.01)] is used,

followed by [27, eqs. (10 and 11)]. Finally, using [27, eq.

(21)] and after some mathematical manipulations yields (35).
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Fig. 3. Communication scenarios that have been used in Figs. 4-5.

2) Threshold-Based Relay Selection: For t-RS, the SEP can

be evaluated as

Pse = PN
off +

N
∑

k=1

(

N

k

)

PN−k
off (1− Poff)

k
Pse|C , (36)

where

Pse|C = Γ(2mr,1)

∞
∑

h,q=0

|h− 1
2−q|− 1

2
∑

g1,g2=0

ρh1ρ
q
2

h!q!





2
∏

j=1

(1− ρj)
mr,j

Γ(mId,j)γ
1/2
Id,j





× Γ (2mId,1 + p4,1) a
√
bB2

Γ(h+mr,1)Γ(q +mr,2)p4,1

2mrn,1−1
∑

k=0

A2

√

2πγr,1γr,3ρ̂/k!

2p4,1+3g1+g2+2mId,1−k

× (1 − 2mId,1)k(p4,1)k
(p4,1 + 1)kΓ(p4,1 + k)

G3,2
2,3

(

bγr,1γr,3ρ̂

2γId,1γId,2

∣

∣

∣

−p4,1−k

2 ,
1−p4,1−k

2

− 1
2 ,0,0

)

.

(37)

For deriving (37), a similar procedure as the one used for

deriving (35) has been followed.

VI. NUMERICAL RESULTS

In this section, we present numerical and simulation results

to verify the preceding analysis. In the following, we assume

an 1D dimensional network topology, where the location

of all nodes is determined by their coordinates in an one-

dimensional space (x) [39]. In particular, Figs. 4-5 consider

different scenarios regarding the locations of the relay nodes,

as depicted in Fig. 3. Moreover, the average link SNRs are

determined based on the Ptd
−α rule, where d represents the

distance between two arbitrary nodes and α corresponds to

the path loss exponent, which is assumed equal to 3. Such

a topology, which results to different distances between the

various nodes, can only be explored by a non-identically

distributed-based analysis, as it is done in this paper.

In Fig. 4, based on the scenarios depicted in Fig. 3, the

OP of BRS is plotted as a function of the outage threshold

γT . To obtain this figure the following assumptions have been

made: Pt = 0dB, for the first link, msn,1 = 1, mIn,1 = 1.5,

PIE
〈

Z2
In

〉

= PIE
〈

Z2
Id

〉

= 4dB, ρ1 = ρ2 = 0.85, mrn,1 = 1,
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Fig. 4. OP vs γT of BRS for different communication scenarios.
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Fig. 5. OP vs γT of BRS for different communication scenarios and
correlation coefficients.

mId,1 = 1. In this figure, it is shown that as the set of relays

approaches the final destination, the performance improves

with an increased rate. Moreover, it is interesting to note

that for lower values of γT , a performance floor appears

due to the effect of interference. In Fig. 5, for the same

parameters, the OP of BRS is also plotted as a function

of γT for different scenarios and values of the correlation

coefficients. It is shown that the performance improves as

ρj increases, i.e., the estimated SNR at the selection instance

approaches the exact one at the reception instance. Moreover,

as it is also shown in this figure, the performance gap between

the two correlation coefficients decreases as the set of relays

approaches the destination. This means that the performance

gain obtained by the relay selection mechanism is higher when

all relays are closer to the source. Moreover, the performance

floor is more clearly observed.

In Fig. 6, the SEP of BRS is plotted as a function of
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transmitted SNR Pt for different scenarios regarding the

number and the location of the relay nodes as well as the

values of the correlation coefficients. More specifically, the

following scenarios have been assumed, i) N = 2, with

R1(0.333) and R2(0.666), ii) N = 3, with R1(0.25), R2(0.5),
and R3(0.75), and iii) N = 4, with R1(0.2), R2(0.4),
R3(0.6), and R4(0.8). To obtain this figure, the following

assumptions have been made: msn,1 = 1, mIn,1 = 1.5,

PIE
〈

Z2
In

〉

= PIE
〈

Z2
Id

〉

= 5dB, mrn,1 = 1, mId,1 = 1.5.

It is shown that the performance improves with an increase

on the number of relays, with, however, a decreased rate. It is

also shown that the performance gap for the different values of

ρj increases as N decreases, i.e., the influence of the outdated

CSI is higher for higher values of N . Moreover, in the same

figure, the corresponding performance when the relay selection

is random is depicted. From these results, it can be easily

verified the performance improvement induced when BRS is

used, even in cases where ρDN is low.

For obtaining Figs. 7 and 8, identical fading conditions

have been assumed and thus the network topology approach

presented previously will be omitted. In Fig. 7 and based

on the BRS scheme, the OP is plotted as a function of

γT . To obtain this figure the following assumptions have

been made; Pt = 0dB, msn,1 = 1.5, E
〈

X2
j

〉

= 8dB,

mIn,1 = 1.5, PIE
〈

Z2
In

〉

= PIE
〈

Z2
Id

〉

= 5dB, mrn,1 = 1.5,

mId,1 = 3.5. The scope of this figure is to compare the

negative consequences of i) outdated CSI, with ii) increased

number of interfering signals at the destination. It is noted that

the corresponding analysis for the CDF of the output SIR for

the latter case, i.e., the scenario in which the final destination

operates in the presence of L interfering signals (and under

ideal CSI), is given in Appendix F. In particular, in this

Appendix an approximated expression for Fγout|C is derived,

i.e., (F-4), which can be included in (33) in order to directly

evaluate the OP. In Fig. 7, it is shown that the performance

worsens as L increases with a decreased rate. Moreover,

it is shown the close agreement between the approximated

expression derived in (F-4) with the exact one obtained with

simulations. Another interesting observation is that the impact

of outdated CSI is much more severe, as compared to the

increase on the number of interfering signals L, especially

for lower values of γT and even for large values of ρ, i.e.,

ρ = 0.9. Therefore, the system designer, in addition to the

interference countermeasures that should adopt, he/she should

also investigate techniques that take into account the impact

of outdated CSI, since in many cases outdated CSI may have

more negative consequences to the system’s performance.

In Fig. 8 and based on the t-RS scheme, the OP is

plotted as a function of γr,j . The number of relays is

N = 4, shaping parameter of the desired link ms,1 = 1.5,

mean values γs,j = 10
10
10 /ms,j , mI,1 = 1.5, average INR

PIE
〈

Z2
Id

〉

= 4dB, while mr,1 = 1.5, mId,1 = 1, average

INR PIE
〈

Z2
Id

〉

= 4dB. Moreover, the processing complexity

of the proposed scheme is also evaluated based on the ap-

proach provided in [35]. More specifically, as a performance

indicator for the complexity, the average number of active

relays (NAR) (Nout) is adopted. It is obvious that as the NAR
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correlation coefficients.
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Fig. 7. OP vs γT for BRS and different values of ρ and L.

increases, the processing and feedback load will also increase.

In the proposed scheme, NAR has been evaluated as Nout =
PN
off +

∑N
k=1

(

L
k

)

PN−k
off (1− Poff)

k [
1 + (k − 1)Fγrn

(γth)
]

.

Therefore, in Fig. 8, assuming γT = 10dB, γth = 20dB, the

OP of t-RS is plotted as a function of γr,j , for different values

of ρj as well as for the scenario of random relay selection. In

this figure, it is depicted that a gap among performances exists

for γr,j < γth, with the random relay selection having always

the worst performance. This behavior is due to the mode of

operation of the new scheme, since for γr,j > γth, it is very

likely that all second hop links satisfy the switching threshold

and thus the number of switching operations is expected to

decrease, resulting to a reduced diversity gain. Moreover, the

asymptotic curves, which are also included in the same figure,

approximate quite well the exact ones for higher values of

the average SNR, i.e., γr,j > 25dB, while the approximation

improves for lower values of ρj . In addition, the average NAR
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Fig. 8. OP vs the average SNR of the 2nd hop, assuming t-RS and different
values of ρj .

is also evaluated for both t-RS and BRS and presented in the

Table included in Fig. 8. In the same Table, the OP of BRS

is also presented. It is shown that for lower values of γr,j ,

the proposed scheme offers an excellent compromise between

performance and complexity as compared to BRS. Finally,

simulation performance results are also included in all figures,

verifying the validity of the proposed theoretical approach.

VII. CONCLUSIONS

In this paper, we investigated the impact of interference

and outdated CSI on the performance of a V2V cooperative

relaying system. To this aim, the bivariate DN distribution

has been presented for the first time and used to model the

correlation between the channel gains of the received signals at

the selection and the data transmission instances. The analysis

considered the DF protocol and two relay selection schemes,

namely, the BRS and a new threshold-based relay selection,

which reduces the overhead processing of the conventional

BRS approach. The performance of these systems has been

evaluated using well known performance metrics, namely the

OP and the SEP. The analytical exact and asymptotic expres-

sions quantified the degradation on the system performance

due to outdated CSI and interference. It was shown that the

system performance improves as the relays get closer to the

destination for both relay selection schemes. In many cases,

the new scheme outperforms BRS in terms of the performance

versus complexity trade-off. Finally, based on an approximated

expression for the PDF of the sum of DN RVs that has been

also derived, it is shown that the impact of outdated CSI to

the system’s performance is more severe as compared to the

accumulated interference.

APPENDIX A

PROOF FOR EQUATION (4)

Based on (3), the joint PDF of Z1 and Z2 is given by

fZ1,Z2(x, y)=

∞
∫

0

∞
∫

0

fX1,X3(z, q)

zq
fX2,X4

(

x

z
,
y

q

)

dzdq.

(A-1)

Substituting (1) in (A-1), results to an integral representation

for the bivariate DN distribution. In addition, employing the

infinite series representation of the Bessel functions [23, eq.

(8.445)], i.e., Iv(z) =
∑∞

h=0 = 1
h!Γ(v+h+1)

(

z
2

)v+2h
, making

a change of variables of the form z2 = y and using [23, eq.

(3.471/9)], yields the final expression for the joint PDF of Z1

and Z2 given in (4) and also completes the proof.

APPENDIX B

ERROR IN TRUNCATING THE INFINITE SERIES IN (4)

The error in truncating the infinite series in (4) is given by

EP =

∞
∑

h=P

∞
∑

q=P

16/[Γ(m1)Γ(m2)]

Γ(m1 + h)h!Γ(m2 + q)q!

× ρh1ρ
q
2(xy)

p1−1

(Ω1Ω2Ω3Ω4)
p1
2 (1 − ρ1)h+q+m2(1− ρ2)h+q+m1

×Kp2

(

2x√
Ω1Ω3ρ̂

)

Kp2

(

2y√
Ω2Ω4ρ̂

)

.

(B-1)

Assuming h+m1 > q +m2, (B-1) is bounded by

EP ≤
∞
∑

h=P

∞
∑

q=P

16/[Γ(m1)Γ(m2)]

Γ(m1 + h)h!Γ(m2 + q)q!

× ρh1ρ
q
2(xy)

p1−1

(Ω1Ω2Ω3Ω4)
p1
2 (1 − ρ1)h+q+m2(1− ρ2)h+q+m1

×Kh+m1

(

2x√
Ω1Ω3ρ̂

)

Kh+m1

(

2y√
Ω2Ω4ρ̂

)

,

(B-2)

which holds due to the fact that Kv(x) is an even function,

with respect to its order, while Kv(x) < Kv+1(x) for

real positive x, [40]. Moreover, making some mathematical

manipulations and using the bound xvKv(x) < 2v−1Γ(v),
derived in [41], (B-2) can be bounded as

EP ≤ 4(xy)m2−1(1− ρ1)
m1−m2

Γ(m1)Γ(m2) (Ω1Ω2Ω3Ω4)
m2
2

∞
∑

h=P

∞
∑

q=P

ρh1
h!

×
(

ρ2xy√
Ω1Ω2Ω3Ω4ρ̂

)q
Γ(h+m1)

Γ(m2 + q)q!
.

(B-3)

Finally, based on the definition of the generalized hypergeo-

metric function pFq (·) [23, eq. (9.14)], (B-3) is bounded by

EP ≤ 4(xy)m2−1(1− ρ1)
m1−m2

Γ(m1)Γ(m2) (Ω1Ω2Ω3Ω4)
m2
2

pFq (m1; ; ρ1)

× pFq

(

;m2;
ρ2xy√

Ω1Ω2Ω3Ω4ρ̂

)

,

(B-4)

which in our case converges for all values. Since Kv(x) is

an even function, with respect to its order, the same approach
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can be followed for the case when h +m1 < q +m2, while

for h+m1 = q+m2, using also [23, eq. (9.14)], a similar to

(B-4) bound for the error can be extracted.

APPENDIX C

VALIDITY OF (4)

Since Kv(x) > 0 for all real v, it can be easily verified

that fZ1,Z2(x, y), in (4), is a non-negative function. Moreover,

substituting (4) in I0 =
∫∞
0

∫∞
0 fZ1,Z2(x, y) dxdy, using

[23, eq. (6.561/16)] and after some mathematical manipulation

yields

I0=(1−ρ1)
m1(1−ρ2)

m2

∞
∑

h=0

∞
∑

q=0

ρh1ρ
q
2(m1)h(m2)q

h!q!
, (C-1)

in which (a)n denotes the Pochhammer symbol [23, p. xliii].

Moreover, based on the definition of the generalized hyper-

geometric function, i.e., [23, eq. (9.114)], (C-1) can be re-

expressed to the following closed-form expression

I0 = (1 − ρ1)
m1(1− ρ2)

m2
PFQ (m1; ; ρ1) PFQ (m2; ; ρ2) .

(C-2)

Finally, using [28, eq. (07.19.02.0002.01)] in (C-2), it is

straight-forward to show that I = 1. Therefore, fZ1,Z2(x, y)
in (4) represents a valid PDF [42].

APPENDIX D

PROOF FOR EQUATION (27)

Firstly, a convenient expression for
∏|C|

ℓ=1 Fγrℓ
(x) is pro-

vided. In this context and based on (14), by employing [28,

eq. (07.34.03.0732.01)] as well as [23, eq. (8.352/1)], the

following mathematically tractable expression is derived

|C|
∏

ℓ=1

(

Fγr,ℓ
(x)
)

=

|C|
∏

ℓ=1

√
π21−2mrℓ,1Γ(2mrℓ,1)

Γ (mrℓ,1) Γ (mrℓ,2)
[1

− exp

(

−
√

4x

γrℓ,1γrℓ,2

) 2mrℓ,1
−1

∑

j=1

x
j
2 2j/j!

(

γrℓ,1
γrℓ,3

)

j
2





(1)
=





|C|
∏

ℓ=1

√
πΓ (2mrℓ,1) 2

1−2mrℓ,1

Γ (mrℓ,1) Γ (mrℓ,2)





×
[

1 + B1x
∑k

t=1

dk,t
2 exp

(

−2

k
∑

t=1

√
p5,tx

1/2

)]

,

(D-1)

where (1) holds due to the following useful identity

L
∏

k=a

(1− tk) = 1 +

L
∑

k=a

(−1)k−a+1

L−k+a
∑

λa=a

L−k+a+1
∑

λa+1=λa+1

· · ·
L
∑

λk=λk−1+1

k
∏

n=a

tλn .

(D-2)

Moreover, assuming |mrn,2 − mrn,1| = 1/2, using [23, eq.

(8.468)], and after some mathematical manipulation, an alter-

native expression for the bivariate PDF of the DN distribution,

given in (22), is obtained as

fγrn ,γ̃rn
(x, y)=

∞
∑

h,q=0

|h− 1
2−q|− 1

2
∑

g1,g2=0

πA1ρ
h
1ρ

q
2(1 − ρ2)

1/2/(h!q!)

Γ(mrn,1 + h)Γ(mrn,2 + q)

× (xy)
2mrn,1+h+q

2 −1

xg1/2yg2/2
exp

(

− 2x1/2

√

γrn,1γrn,3ρ̂
− 2y1/2
√

γrn,2γrn,4ρ̂

)

.

(D-3)

Substituting (15), (D-3), and (D-1) in (21), integrals of the

following form appear

I1 =

∫ ∞

0

xa1 exp
(

b1x
1/2
)

dx (D-4)

where a1, b1 ∈ R
+. These integrals can be solved with

the aid of [23, eq. (8.310/1)] and after some mathematical

manipulations, the following expression for the PDF of γsel
given C is obtained

fγsel|C(y) =

|C|
∑

n=1







|C|
∏

ℓ=1
ℓ 6=n

√
πΓ (2mrℓ,1) 2

1−2mrℓ,1

Γ (mrℓ,1) Γ (mrℓ,2)







∞
∑

h,q=0

|h− 1
2−q|− 1

2
∑

g1,g2=0

A1
πρh1ρ

q
2(1− ρ2)

1/2/(h!q!)

Γ(mrn,1 + h)Γ(mrn,2 + q)
y

p4,2
2

× exp

(

− 2y1/2
√

γrn,2γrn,4ρ̂

)

(D1 + B1D2) .

(D-5)

The corresponding CDF expression can be derived as

Fγsel|C(y) =

|C|
∑

n=1







|C|
∏

ℓ=1
ℓ 6=n

√
πΓ (2mrℓ,1) 2

1−2mrℓ,1

Γ (mrℓ,1) Γ (mrℓ,2)







∞
∑

h,q=0

|h− 1
2−q|− 1

2
∑

g1,g2

A1
πρh1ρ

q
2(1− ρ2)

1/2 (D1 + B1D2)

Γ(mrn,1 + h)Γ(mrn,2 + q)

×
(

γrn,2γrn,4ρ̂
)

p4,2
2

2p4,2−1h!q!
γ

(

p4,2, 2

√

y

γrn,2γrn,4ρ̂

)

.

(D-6)

Moreover, based on (20), the CDF of γout|C can be evaluated

by

Fγout|C(γ) =

∫ ∞

0

Fγsel|C(yγ)fId(y)dy. (D-7)

Substituting (D-6) and the PDF of Id, i.e.,

fId(y) =
2
(

1
γId,1γId,2

)

mId,1+mId,2

2

Γ (mId,1) Γ (mId,2)

× y
mId,1+mId,2

2 −1KmId,2−mId,1

(

2

√

y

γId,1γId,2

)

,

(D-8)

in (D-7), using first [23, eq. (8.469/3)], then [23, eq. (6.455/2)]

and after some mathematical manipulation, yields (27) and

also completes this proof.
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APPENDIX E

PROOF FOR EQUATION (28)

Firstly, a convenient expression for
(

Fγrn
(x)
)|C|

is pro-

vided. In this context and based on (14), by employing [28,

eq. (07.34.03.0732.01)] as well as [23, eq. (8.352/1)], the

following mathematically tractable expression is derived

(

Fγrn
(x)
)|C|

=

{√
π2

3
2−mr,1−mr,2Γ(2mr,1)

Γ (mr,1) Γ (mr,2)

×
[

1− exp

(

−2

√

x

γr,1γr,2

) 2mr,1−1
∑

ℓ=0

2ℓ

ℓ!

(

x

γr,1γr,2

)
ℓ
2

]}|C|

(1)
=

√
π2

3
2−mr,1−mr,2Γ(2mr,1)

Γ (mr,1) Γ (mr,2)

|C|
∑

i=0

(|C|
i

) i
∑

n1,...,n2mr,1=0

n1+···+n2mr,1=i

(−1)ii!

×

2mr,1−1
∏

ℓ=1

(

2

(γr,1γr,2)
ℓ/2

ℓ!

)nℓ+1

n1! · · ·n2mr,1!
x

2mr,1−1
∑

ℓ=1

ℓnℓ+1
2

exp

(

−2i
√
x

√

γr,1γr,2

)

,

(E-1)

where (1) holds due to the use of the binomial and the multi-

nomial identities. Moreover, based on (E-1) and by substituting

(19), (22) in (21), the following type of integrals appear

I2 =

∫ γth

0

xa1 exp
(

b1x
1/2
)

dx

I3 =

∫ ∞

γth

xa2 exp
(

b2x
1/2
)

dx.
(E-2)

These integrals can be solved with the aid of [23, eqs. (8.350/1-

2)] and after some mathematics, the following expression for

the PDF of γsel given C is obtained

fγsel|C(y)=π
3
2Γ(2mr,1)

∞
∑

h,q=0

|h− 1
2−q|− 1

2
∑

g1,g2=0

ρh1ρ
q
2

(

γr,1γr,3

)

p4,1
2 h!q!

×





2
∏

j=1

(

gj + |h− 1/2− q| − 1
2

)

!(1− ρj)
g1−h−q

2

gj!
(

−gj + |h− 1
2 − q| − 1

2

)

!Γ(mr,j)2



B2

× 21−2g1−2g2−p4,2(1− ρ2)
1
2

Γ(h+mr,1)Γ(q +mr,2)
y

p4,1
2 −1 exp

(

− 2y1/2
√

γr,1γr,3ρ̂

)

,

(E-3)

with the corresponding CDF given by

Fγsel|C(y) = π3/2Γ(2mr,1)

∞
∑

h,q=0

|h− 1
2−q|− 1

2
∑

g1,g2=0

ρh1ρ
q
2

h!q!

×





2
∏

j=1

(

gj + |h− 1/2− q| − 1
2

)

!(1− ρj)
g1−h−q

2

gj!
(

−gj + |h− 1/2− q| − 1
2

)

!Γ(mr,j)22p4,j





× (1− ρ2)
1/2ρ̂

p4,1
2 /22(g1+g2−1)

Γ(h+mr,1)Γ(q +mr,2)
B2γ

(

p4,1,
2
√
γ

√

γr,1γr,3ρ̂

)

.

(E-4)

Moreover, substituting (E-4) and (D-8) in (D-7), using first

[23, eq. (8.469/3)], then [23, eq. (6.455/2)], and after some

analysis yields (28) and also completes this proof.

TABLE I
ADJUSTMENT FACTOR VALUES

mId,1 mId,2 ǫ
1 1.5 0.7

1.5 2 0.32
2 2.5 0.25

2.5 3 0.17
3 3.5 0.11

3.5 4 0.08
4 4.5 0.05

APPENDIX F

OUTAGE PROBABILITY UNDER L INTERFERING SIGNALS

We consider a communication system with N relays, in

which all relays are subjected to one interfering signal. This

system employs a BRS mechanism to forward the signal

to the final destination, which is subjected to L interfering

signals. This OP can be evaluated by substituting (25) and

(D-7) in (33). However, for the scenario of L interfering

signals, in order to evaluate the integral in (D-7), the PDF

of Id =
∑L

i=1 γIi should be evaluated, in which γIi follow

the DN distribution with PDF given by (D-8). To the best of

the authors’ knowledge, an exact closed-form expression for

the PDF of Id does not exist. An alternative approach, which

is also adopted here, is to use an approximated expression

for this PDF, based on the framework proposed in [43]. In

particular, assuming that Z is a Gamma distributed RV, the

PDF of Z is given be

fZ(γ) =
γk−1

Γ(k)θk
exp

(

−γ

θ

)

, (F-1)

where k, θ are the shaping and scaling parameters of the distri-

bution, respectively. Based on the moment matching method

and more specifically by equating the first two moments of

the Gamma and the DN distributions, the following relation

among the parameters has been obtained

k =
mId,1mId,2

mId,1 +mId,2 + 1−mId,1mId,2ǫ

θ =(mId,1 +mId,2 + 1−mId,1mId,2ǫ) γId,1
γId,2

.
(F-2)

In (F-2), ǫ denotes an adjustment factor that is added for

improving the approximation in the lower and the upper tail

regions of the PDF [43]. More specifically, in Table I, assum-

ing different scenarios regarding the DN shaping parameters,

the corresponding values of the adjustment factor are provided.

Additionally, based on the fact that the sum of L Gamma RVs,

with parameters k, θ, is also a Gamma RV with parameters

kL, θ, the PDF in (F-1), with Z ∼ G (kL, θ), can accurately

approximate the PDF of Id. Therefore, substituting (E-1) and

(F-1) in (D-7), an integral of the following type appears

I3 =

∫ ∞

0

γa−1 exp
(

−Aγ1/2
)

exp (−Bγ) dγ, (F-3)

where a,A,B ∈ R
+. This integral can be solved by making

a change of variables of the form x =
√
γ and using [23,

eqs. (3.462/1) and (9.240)]. Based on this solution and after
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some mathematical simplifications, the following approxi-

mated closed-form expression for the CDF of γout|C is derived

Fγout|C (γ) ≃
√
πΓ(2mr,1)

Γ (mr,1) Γ (mr,2)

|C|
∑

i=0

(|C|
i

) i
∑

n1,...,n2mr,1=0

n1+···+n2mr,1=i

×(−1)ii!

2mr,1−1
∏

ℓ=1

(

2

(γr,1γr,3)
ℓ/2

ℓ!

)nℓ+1

n1! · · ·n2mr,1 !2
mr,1+mr,2− 3

2

θ
1
2 (γθ)

2mr,1−1
∑

ℓ=1

ℓnℓ+1
2

Γ(k)

×
[

1

θ1/2
1F1

(

2mr,1−1
∑

ℓ=1

ℓnℓ+1

2
+ k;

1

2
;

i2γb

γr,1γr,3

)

× Γ

(2mr,1−1
∑

ℓ=1

ℓnℓ+1

2
+ k

)

− Γ

(2mr,1−1
∑

ℓ=1

ℓnℓ+1

2
+ k +

1

2

)

×
(

4i2γ

γr,1γr,3

)

1
2

1F1

(2mr,1−1
∑

ℓ=1

ℓnℓ+1

2
+ k +

1

2
;
3

2
;

i2γb

γr,1γr,3

)}

,

(F-4)

with 1F1 (·; ·; ·) being the confluent hypergeometric function

[23, eq. (9.210/1)]. Nevertheless, substituting (F-4) and (25)

in (33), results to the requested OP.
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