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Performance of Regenerative Relay-Assisted D2D Communication
in Mixed Fading Channels

Dharmendra Dixit and P. R. Sahu, Member, IEEE

Abstract— Performance of device-to-device communication
using selective decode-and-forward relaying is analyzed in mixed
two-wave with diffuse power and Nakagami-m fading channels.
A relay that successfully decodes the source information forwards
it to the destination. The destination device combines the direct
message signal from the source and its copy via the relay
using maximal-ratio combining. Novel closed-form expressions
for exact and asymptotic average bit error rates are derived.
Furthermore, diversity order, the coding gain, and the optimal
power allocation factor are obtained for better system insights.
The analysis has been verified through Monte Carlo simulations.

Index Terms— Regenerative relay, device-to-device, decode-
and-forward, average bit error rate, mixed fading.

I. INTRODUCTION

FUTURE of mobile communication is tending towards
device-to-device (D2D) centric [1]. D2D communication

assisted by cooperative relaying has received attention as it can
enhance spectral efficiency and energy efficiency needed for
fifth generation (5G) mobile standards [2]. In the regenerative
selective decode-and-forward (DF) protocol based cooperative
communication, the relay device decodes a received signal
from the source device and then encodes and transmits it to
the destination device [3].

Two-wave with diffuse power (TWDP) fading and
Nakagami-m fading are two generalized fading distributions
that model practical fading channels with high accuracy.
The TWDP fading model consists of two line-of-sight (LoS)
multipath components in the presence of diffusely propagating
waves [4]. Analyzing the empirical data from static wireless
sensors, TWDP fading model has been verified to fit to
practical frequency-selective fading and “indoor and outdoor”
LoS environments. The well known Nakagami-m fading model
fits best to land-mobile and indoor-mobile multipath propaga-
tion [5].

A more accurate practical fading scenario model, termed
as mixed fading, can accommodate wide range of wireless
propagation scenarios, suitable to model practical urban micro-
cell and indoor wireless scenarios [6]. It can be viewed as
generalization of the independent non-identically distributed
(i.n.d) symmetric fading channels. Practical D2D links in
urban areas (especially in malls, restaurants, public gatherings
etc.) can be under mixed fading, i.e., one or more links
are dominated by strong LoS components relative to other
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links [6]. Hence, performance analysis of D2D cooperative
communications under mixed fading, has received research
attention [6]. Several works on the performance analysis for
D2D communication assisted by DF relaying over different
fading channels are available in literature; the ones in line
with the perspective of this work are [7]–[14]. The rich
applicability and generality of practical mixed TWDP and
Nakagami-m fading environments for D2D communication,
deserves its performance analysis for DF relaying cooperative
communication scheme, which as per authors’ literature survey
would contribute to reasonably fill the research gap in the
current literature.

In this letter, average bit error rate (ABER) performance of
selective DF relay assisted D2D communication over mixed
TWDP and Nakagami-m fading channels is investigated. Fol-
lowing are the main contributions of the work presented
herewith: a) novel closed-form expressions for both exact
and asymptotic ABER for coherent modulation schemes,
b) expressions for the diversity order, coding gain, and
optimal power allocation factor. It can be noted that the
derived ABER expressions accommodate mixed Nakagami-
m and Rician, mixed hyper-Rayleigh and Nakagami-m, and
symmetric Rayleigh fading channel scenarios as special cases.

The rest of the letter is organized as follows. Section II
includes system and channel model. The performance analysis
is presented in Section III. In Section IV, numerical results and
discussion are presented. The letter is concluded in Section V.

II. SYSTEM AND CHANNEL MODEL

We consider classical three-device model which is an appro-
priate model for relay assisted D2D communication [1], where
a source device ‘s’ sends its message in two consecutive time
slots, to a destination device ‘d’ using a single relay device ‘r ’.
In selective DF relaying, if the decoded message at ‘r ’ is cor-
rect, the message is sent to ‘d’ in the second time slot. Correct
decoding at ‘r ’ can be achieved by using cyclic-redundancy-
check codes or threshold-based checking [9]. Here, the device
‘k’ sends its information to the device ‘l’ over kl link, where
k ∈ {s, r}, l ∈ {r, d} and kl ∈ {sd, sr, rd}. When unit
energy symbol x is transmitted from ‘k’, the received signal
at ‘l’ can be given as ykl =

√
P̄k αkl x + nkl , where P̄k is

the transmission power per symbol at ‘k’, αkl is the fading
channel coefficient of kl link which is modeled as either
TWDP or Nakagami-m distribution, and nkl is additive white
Gaussian noise with N0 variance at ‘l’. The instantaneous
signal-to-noise ratios (SNR) of the kl link can be given by
γkl = α2

kl P̄k/N0. At ‘s’, the symbol is transmitted with power
P̄k = Ps . If ‘r ’ successfully decodes the received symbol,
the symbol is re-transmitted with power P̄k = Pr , otherwise
‘r ’ remains idle, i.e. Pr = 0. P = Ps + Pr is denoting
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total end-to-end transmission power per symbol. If decoding
is successful at ‘r ’, the signals at ‘d’ are combined using
maximal ratio combining and hence, the instantaneous SNR
at ‘d’ is γmrc = γsd + γrd .

The compact moment generating function (MGF) expres-
sion of TWDP faded link ‘kl’ can be expressed as [10]

Mγkl (z) = ∑2L
j=1

b̃kl j K̃kl

2(K̃kl+zγ̄kl )
exp

(
− zγ̄kl Ckl j

K̃kl+zγ̄kl

)
, (1)

where z is the Laplace transform variable, b̃kl2i−1 = b̃kl2i =
bkli , K̃kl = 1+Kkl , Kkl is the ratio of the total specular power
to diffuse (scatter) waves, Ckl2i−1 = (1−ρkli )(K̃kl −1), Ckl2i =
(1 + ρkli )(K̃kl − 1), ρkli =�kl cos ((i − 1)π/(2L − 1)) , i =
1, 2, . . . L, �kl represents the relative strength of the two
specular components, L ≥ max{Kkl �kl /2} is the order of
the approximate probability density function, γ̄kl = E[γkl ] =
�kl P̄k/N0 denotes the average SNR of the kl link, E[·] is the
expectation operator, and �kl = E[α2

kl ] is the mean power of
αkl . The values of {bkli }L

i=1 are given in Table II of [4]. The
following are special cases of the TWDP: Rayleigh (Kkl = 0)
and Rician (�kl= 0).

The MGF expression of Nakagami-m faded link ‘kl’ can be
given by [5]

Mγkl (z) =
(

1 + zγ̄kl

mkl

)−mkl

, (2)

where mkl ≥ 0.5 is the Nakagami fading parameter. The
following are special cases of the Nakagami-m: Rayleigh
(mkl = 1) and one-sided Gaussian (mkl = 0.5).

III. PERFORMANCE ANALYSIS

The conditional BER at ‘d’ can be written as [9], [12]

P(e|γmrc, γsr ) = P(e|γsr )P(e|γsd)

+ (1 − P(e|γsr )) P(e|γmrc). (3)

Assuming the input symbol x to be digitally modulated with
coherent detection, the well-known MGF based method can
be employed to do BER averaging, i.e. [5]

Pv (e) = E
[
P(e|γv)

] = a
π

∫ π
2

0 Mγv

(
c2

2 sin2 θ

)
dθ, (4)

where v ∈ {sd, sr, mrc}, a and c are two constants determined
by the coherent modulation scheme, and Mγv (·) denotes the
MGF of γv . The ABER expression in (4) is applicable for a
number of low to higher order coherent modulation schemes
defined by the parameters a and c [5]. Here, the ABER of
three-node D2D communication using selective DF relaying
is analyzed when the three links are subjected to different
fading. One has six combinations of channel links with two
fading types. In this work, we consider that sd and sr links
are TWDP faded and the rd link is Nakagami-m faded.

A. Exact ABER Analysis

Assuming independent faded links and averaging (3) over
the PDF of instantaneous SNRs γsr , γsd , and γmrc, we obtain

P(e) = Psr (e)Psd(e) + (1 − Psr (e)) Pmrc(e), (5)

where

Pw(e) = a

π

∫ π
2

0
Mγw

(
c2

2 sin2 θ

)
dθ, w ∈ {sr, sd} (6)

Pmrc(e) = a

π

∫ π
2

0
Mγsd

(
c2

2 sin2 θ

)
Mγrd

(
c2

2 sin2 θ

)
dθ. (7)

The closed-form solutions of Pw(e) and Pmrc(e) are given
in following subsections. The ABER expressions obtained
in the following and subsequent subsections are in terms of
the confluent Lauricella’s hypergeometric function, which is
defined as [15]

�
(n)
1 (m; p1, p2 . . . pn−1; q; z1, z2, . . . zn) = 	(q)

	(m)	(q − m)

×
∫ 1

0
vm−1(1 − v)q−m−1

n−1∏

i=1

(1 − v zi )
−pi exp(v zn)dv.

(8)

1) A Closed-Form Solution of Pw(e): Putting (1) into (6)

and using two successive substitutions u = 2K̃wCw j sin2 θ

2K̃w sin2 θ+c2 γ̄w
and

v =
(

2K̃w+c2 γ̄w

2K̃wCw j

)
u, respectively and with the definition of two

variable confluent Lauricella’s hypergeometric function �
(2)
1 (·)

for n = 2 in (8), we derive the closed form solution of Pw(e)
for TWDP faded link given as

Pw(e) = 0.25acλ1.5
w K̃w

√
γ̄w

2L∑

j=1

b̃w j exp
(−Cw j

)

× �
(2)
1

(
1.5; 1; 2; 2λwK̃w, 2λw K̃wCw j

)
, (9)

where λw = (
2K̃w + c2γ̄w

)−1
.

2) A Closed-Form Solution of Pmrc(e): Putting (1) and
(2) into (7) and and using two successive substitutions u =

2K̃sd Csd j sin2 θ

2K̃sd sin2 θ+c2 γ̄sd
and v =

(
2K̃sd+c2 γ̄sd

2K̃sd Csd j

)
u, respectively and

with the definition of three variable confluent Lauricella’s
hypergeometric function �

(3)
1 (·) for n = 3 in (8), we obtain

the closed form solution of Pmrc(e) for mixed fading scenario
such as TWDP faded sd link and Nakagami-m faded rd link
given as

Pmrc(e)

= ac(2γ̄sdλsd)m+1.5 K̃sd	(mrd + 1.5)

γ̄sd (γ̄rd/mrd )mrd 	(mrd + 2)

2L∑

j=1

b̃sd j exp
(−Csd j

)

× �
(3)
1

(
mrd + 1.5; 1, mrd; mrd + 2;

2λsd K̃sd , 2λsd
(
K̃sd − mrd γ̄sd/γ̄rd

)
,

2λsd K̃sdCsd j

)
. (10)

B. Asymptotic ABER Analysis

In asymptotic analysis, we assume that the average SNR
values for three links are sufficiently large i.e., γ̄kl >> 1.
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In case of TWDP fading, the MGF in (1) is approximated as

M∞
γkl

(z) =
2L∑

j=1

0.5b̃kl j K̃kl exp
(−Ckl j

)
(γ̄kl z)

−1 , (11)

and similarly for Nakagami-m fading, the MGF in (2) is
approximated as

M∞
γkl

(z) = (γ̄kl z/mkl )−mkl . (12)

Under the high SNR assumption, we can use
1 − Psr (e) � 1 and with the aid of (11) and (12),
the asymptotic ABER represented as P∞(e) can be given by

P∞(e) = P∞
sr (e)P∞

sd (e) + P∞
mrc(e), (13)

where

P∞
w (e) = a

π

∫ π
2

0
M∞

γw

(
c2

2 sin2 θ

)
dθ, w ∈ {sr, sd} (14)

P∞
mrc(e) = a

π

∫ π
2

0
M∞

γsd

(
c2

2 sin2 θ

)
M∞

γrd

(
c2

2 sin2 θ

)
dθ.

(15)

The closed-form solutions of P∞
w (e) and P∞

mrc(e) are given in
following subsections

1) A Closed-Form Solution of P∞
w (e): Putting (11) into (14)

and using substitution u = cos2 θ with the property of Beta
function B(x, y) = ∫ 1

0 ux−1(1 − u)y−1du, we derive the
closed-form solution of P∞

w (e) for TWDP faded link given
as

P∞
w (e) = 0.25aK̃wc−2γ̄ −1

w

2L∑

j=1

b̃w j exp
(−Cw j

)
. (16)

2) A Closed-Form Solution of P∞
mrc(e): Putting (11) and

(12) into (15) and using substitution u = cos2 θ with the
definition of Beta function, we derive the closed form solution
of P∞

mrc(e) for mixed fading scenario such as TWDP faded sd
link and Nakagami-m faded rd link given as

P∞
mrc(e) = 0.5aK̃sdπ−1c−2γ̄ −1

sd

(
2mrd c−2γ̄ −1

rd

)mrd

× B (0.5, mrd + 1.5)

2L∑

j=1

b̃sd j exp
(−Csd j

)
. (17)

With the aid of (16) and (17), the asymptotic ABER expres-
sions in (13) can be expressed by substituting Ps = σ P and
Pr = (1 − σ)P for 0 ≤ σ ≤ 1, as

P∞(e) = �
−mrd
rd (P/N0)

−(1+mrd )

β−1
2 σ(1 − σ)mrd �sd

+ β1�
−1
sr

σ 2�sd

(
P

N0

)−2

, (18)

where σ is power allocation factor, β1 = 0.0625a2c−4 ×
K̃sr K̃sd

∑2J
j=1 b̃sr j exp

(−Csr j

)∑2J
j=1 b̃sd j exp

(−Csd j

)
, and

β2 = aK̃sd
2πc2

(
2mrd

c2

)mrd
B (0.5, mrd + 1.5)

∑2L
j=1 b̃sd j ×

exp
(−Csd j

)
.

C. Diversity Order and Coding Gain

The asymptotic ABER can be written as P∞(e) =(
Gc

(
P

N0

))−Gd
, where Gd and Gc are the diversity order

and the coding gain, respectively. It can be noticed from (18)
that the diversity order of the considered system is given by
Gd = 1 + min{1, mrd}, whereas the coding gain Gc is equal

to

(
β1�

−1
sr

σ 2�sd
+ β2�

−mrd
rd

σ(1−σ)mrd �sd

(
P
N0

)−(mrd −1)
)− 1

2

, mrd > 1 or

(
β1�

−1
sr

σ 2�sd

(
P

N0

)−(1−mrd ) + σ−1β2�
−mrd
rd

(1−σ)mrd �sd

)− 1
(1+mrd )

, mrd < 1.

D. Optimal Power Allocation

It can be shown that the second derivative of P∞(e) w.r.t σ
is always grater than or equal to 0. Hence P∞(e) is a convex
function w.r.t. σ . The optimization problem is stated as [9]
min

σ
P∞(e), s.t. 0 < σ < 1. Substituting σ = σopt in the ‘first

derivative of P∞(e) w.r.t. σ ’ and equating the same to zero,
we get the relation

−2β1�
mrd
rd (1 − σopt )

mrd +1 (P/N0)
(mrd −1)

= β2�srσopt (1 − (mrd + 1)σopt). (19)

It can be observed from (19) that the σopt does not depend
on �sd , rather it depends on �sr , �rd , and P/N0. Moreover,
the following are the range of allocated powers: P/(1+mrd ) ≤
Ps ≤ P , 0 ≤ Pr ≤ mrd P/(1 + mrd ). It means that we should
always allocate more power to ‘s’ and less power to ‘r ’.

IV. NUMERICAL AND SIMULATION RESULTS

Numerical and Monte Carlo simulation results are presented
and the impact of mixed TWDP and Nakagami-m fading
parameters on the ABER performance is illustrated. In the
evaluation and simulation, the power is equally allocated to
the source device and the relay device and the mean power of
each link is assumed to be unity, i.e., �sd = �sr = �rd = 1,
unless stated otherwise. Numerical evaluation of the functions
�

(2)
1 (·) and �

(3)
1 (·) are numerically computed by their finite

integral representation.
Fig.1 shows the ABER for BPSK modulation (a = 1,

c = √
2) in five different practical fading scenarios: Case 1

(Hyper Rayleigh - One-Sided Gaussian): Ksd = Ksr =
10,
sd = 
sr = 1 (hyper-Rayleigh), mrd = 0.5
(One-Sided Gaussian), Case 2 (Rayleigh - Rayleigh): Ksd =
Ksr = 0 (Rayleigh), mrd = 1 (Rayleigh), Case 3 ( Rayleigh -
Nakagami) Ksd = Ksr = 0 (Rayleigh), mrd = 2 (Nakagami-
m), Case 4 (TWDP-Nakagami-m): Ksd = Ksr = 4,
sd =

sr = 0.5 (TWDP), mrd = 2.5 (Nakagami-m), Case 5
(Rician-Nakagami-m): Ksd = Ksr = 4,
sd = 
sr = 0
(Rician), mrd = 2.5 (Nakagami-m). It can be observed from
Fig.1 that for all the cases there is a steady improvement of
ABER with the increase of P/N0. Case 1 performs worst and
Case 5 performs the best among five cases. It can be explained
by the fact that the Case 1 represents the worst fading scenario
that can be modeled by mixed TWDP and Nakagami-m fading
combinations. Case 5 outperforms Case 4 for fixed K and m.
It is due to the closeness of the amplitudes of the two specular
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Fig. 1. ABER of BPSK for D2D communication using DF relaying in five
different practical fading scenarios.

Fig. 2. ABER of BPSK for D2D communication using DF relaying with
equal and optimal allocation.

TABLE I

σopt IN (19) FOR BPSK, WITH �sd = �sr = 1, AND P/N0 = 40 d B

waves to each other, with increase in 
. We notice from Fig. 1
that the exact analytical results match precisely with the Monte
Carlo simulations and asymptotic ABER curves match closely
with exact ABER curves at high SNR region. On examination,
the ABER curves also confirm that the diversity order Gd is
1 + min{1, mrd} (i.e., 1.5 ≤ Gd ≤ 2).

Table I tabulates the σopt to the source device s for BPSK
as a function of �rd , Ksd = Ksr , 
sd = 
sr , and mrd at
P/N0 = 40dB. The values of σopt for any value of channel
parameters of mixed TWDP and Nakagami-m fading channels
can be obtained by solving (19) using MATHEMATICA

software. It can be observed from Fig. 2 and Table I that
when fading parameters and mean powers of links are highly
unbalance, an optimal power allocation is of advantageous.
This is useful from application point of view in a limited
power scenario, as in sensor network transceivers, where it
is required to maintain a desired ABER. Nodes can covey
information through feedback paths to modify the transmitted
power suitably and hence optimize on battery consumption.
This technique, if used adaptively would improve the average
life of sensors.

V. CONCLUSION

The performance of D2D communication using selective
DF relaying in mixed TWDP and Nakagami-m fading chan-
nels is analyzed. New closed-form expressions for exact and
asymptotic ABERs are derived. Besides, the diversity order,
the coding gain, and the optimal power allocation factor is
obtained. The diversity order of the system has been obtained
to be in the range 1.5 to 2. The derived analytical results
include various practical fading scenarios as special cases.
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