
 

Abstract—In this paper, a low-complexity closed-form formula 

for the outage probability of the energy-harvested direct and 

decode-and-forward (DF) relay-aided underlay device-to-device 

(D2D) communications in Nakagami fading channel is derived. By 

proposing a new procedure, the power splitting factor in 

simultaneous wireless information and power transfer (SWIPT) 

energy-harvesting system is easily found such that the transmit 

power of the transmitter node in the direct and the relay node in a 

relay-aided D2D communications is fixed in a pre-defined value. 

Using the proposed procedure, the obtained closed-form 

expression is valid for both energy-harvested and non-energy-

harvested scenarios. This formula is based on n-point generalized 

Gauss-Laguerre and m-point Gauss-Legendre solutions. It is 

shown that n is more effective than m for reducing the formula 

complexity. In addition to a good agreement between the 

simulation results and numerical analysis based on normalized 

mean square error (NMSE), it is indicated that (n, m)=(1, 4) and 

(n, m)=(1, 2) are the appropriate choices, respectively for 0.5≤ µ 

<0.7 and µ ≥0.7, where µ is the fading shape factor. As shown in 

this investigation, increasing the average distance between the 

D2D pair and cellular user introduces lower interference, which is 

the reason for decreasing the outage probability. Furthermore, it 

is clear that increasing the Nakagami fading shape factor is the 

reason for decreasing the depth of fading, its fluctuations and the 

outage probability. 

Index Terms—Device to device (D2D) communications, Decode-

and-forward (DF), Energy harvesting (EH), Simultaneous wireless 

information and power transfer (SWIPT), Gauss-Legendre/Gauss-

Laguerre, Nakagami, Outage probability. 

I. INTRODUCTION 

he limitation of radio resources and the rapid growth of 

internet and telecommunication applications, make the 

optimal usage of radio resources essential. One of the main 

strategies for reusing radio resources is the device to device 

(D2D) communications between two nearby users. The D2D 

pairs directly or through relay, overlay or underlay, in-band or 

out-band, transmit and receive the signal [1].  
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In the field of the D2D communications underlaying cellular 

network, first the communications mode should be selected 

between conventional cellular, relay-assisted cellular, direct 

D2D, and relay-assisted (or relay-aided) D2D modes. In the 

cellular mode, using a two-hop link, the cellular user sends its 

signal to the base transceiver station (BTS) in the uplink and 

BTS forwards the enhanced received signal to the target cellular 

user in the downlink. When the transmitter and receiver nodes 

of a link are close to each other, a direct D2D communications 

can be set to improve the throughput and decrease the delay. 

When the distance between transmitter and receiver (TX and 

RX) nodes of a direct D2D link is greater than a predefined 

value depending on the signal to interference plus noise ratio 

(SINR) threshold level, the signal can experience a two-hop 

link, first from the D2D transmitter to the relay and then from 

the relay to the D2D receiver. The relay has a limited coverage 

area much lower than a BTS but it can handle the signals 

between two distant D2D users, which improves the total 

achievable throughput especially for the users near to the cell 

boundary. Several relaying strategies have been proposed, 

including amplify-and-forward (AF) and decode-and-forward 

(DF) [2-6]. In DF, which is mentioned in this research, the relay 

decodes the received signal, re-encodes it, and finally sends it 

to the RX node of the D2D pair [2].  

One of the main procedures for optimizing underlay in-band 

D2D communications is minimizing the outage probability (the 

probability that the received SINR is less than the threshold 

level) considering the impacts of additive white Gaussian noise 

(AWGN), interference and multipath fading components in a 

joint manner. In order to optimize the system performance in a 

low-complexity procedure, it is needed to have low-complexity 

closed-form expressions for the outage probability in the 

optimization problems.  

Research works [2, 3], obtained closed-form formulas for the 

outage probability of direct underlay/overlay D2D 

communications in a Rayleigh channel. In Ref. [7], the exact 

formulas for the outage probability of in-band direct D2D 

communications underlying cellular network in a Rayleigh 

channel were proposed. The proposed model considers two 

radio resources reuse scenarios, one-reuse and two-reuse. The 

authors of [8] exploited stochastic geometry, Laplace 

transforms, and probability density function (pdf) to calculate 

the outage probability in a tractable manner.  
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Ref. [9] considered κ−μ and η−μ distributions for the fading 

behaviour in D2D communications. By using stochastic 

geometry, the spectral efficiency and the outage probability of 

D2D networks under generalized fading conditions were 

investigated. Recently, Ref. [10] derived an expression for the 

outage probability of underlay direct D2D communications in a 

Suzuki channel, which jointly considers multipath Rayleigh 

fading and shadowing components. 

Recently, Ref. [11] derived two closed-form expressions for 

the outage probability of non-orthogonal in-band AF and DF 

relay-aided D2D communications in Rayleigh channels. 

According to the numerical analyses of this investigation, it was 

indicated that in the low-noise regime, AF outperforms DF 

while they perform very close to each other in the moderate 

noise level and DF outperforms AF in the high-noise power. In 

[12], an exact outage probability expression for DF cognitive 

dual-hop system in Nakagami-m fading channel was derived. 

The authors in [13] derived the exact and asymptotic closed-

form expressions for the outage probability of underlay 

cognitive DF relay network with the Nth best relay selection 

scheme over Nakagami-m fading channels. In [14], the authors 

derived exact closed-form expressions and tight 

approximations for the outage probability of DF relay-assisted 

D2D link under asymmetrical and symmetrical cases. In [15], 

the coverage probability of both the cellular users (CUs) and 

the direct or relay-assisted D2D users was analyzed.  

The theoretical and numerical analyses and formulations for 

the outage probability of the direct D2D communications in the 

Rayleigh channel [2, 3, 7, 8] and in the Suzuki channel [10] are 

not valid for the generalized fading such as Nakagami channel. 

Despite the formulations derived in [9] for the generalized 

fading can be used for the performance evaluation of direct 

D2D communications in Nakagami fading channel, it has 

complex and time-consuming expressions that does not make it 

applicable for solving the outage-based resource allocation 

optimization problems of direct D2D communications. In 

addition, the exact formulas obtained in [12-15], include some 

nonanalytic integrals, which introduce high complexity for 

evaluating the outage probability of underlay relay-aided D2D 

communications. On the contrary, the obtained low-complex 

closed-form expressions are just valid for high-enough SINRs. 

In addition, it is clear that the formulations and results of [11] 

are not applicable for relay-aided D2D communications in 

Nakagami fading channels and does not exist any low-complex 

outage probability expression for the DF relay-aided D2D 

communications appropriate for all SNRs in a Nakagami fading 

channel. 

Energy efficiency as a crucial challenge in the future 

communication systems has become the main design target for 

5G radio access networks. The high operational costs and/or 

impossibility of replacing or recharging wireless device 

batteries call for a new technology by which wireless devices 

can harvest energy from the environment via capturing ambient 

radio frequency (RF) signals, referred as energy harvesting 

(EH) [16, 17, 18]. The concept of simultaneous wireless 

information and power transfer (SWIPT) is gaining momentum 

among other EH approaches [19, 20, 21] and modeling and 

performance evaluation of SWIPT-based direct/relay-aided 

D2D communications, as well as resource allocation and power 

control of these networks in fading channels, have recently 

attracted a lot of attention from the researchers [22-30]. 

The paper [22] investigated the resource allocation problem 

for D2D communications underlaying wireless powered 

communication networks by maximizing the sum throughput 

via joint time scheduling and power control. Ref. [23] focused 

on joint power control and spectrum resource allocation 

problem in SWIPT-based energy-harvesting D2D underlay 

networks. They formulated joint optimization problem as a 2D 

matching between D2D pairs and the cellular user equipment 

and proposed a preference establishment algorithm based on the 

Dinkelbach method and Lagrange dual decomposition. By 

considering the downlink resource reuse and energy harvesting, 

Ref. [24] maximized the sum-rate of the D2D links without 

degrading the quality of service (QoS) requirement of the 

cellular users. The authors of [24] formulated a sum-rate 

maximization problem of the joint resource block and power 

allocation for the D2D links, which resulted in a non-convex 

problem.  

The resource allocation problem in terms of spectrum and 

energy under EH-powered D2D communications underlaying 

cellular network was investigated in [17]. A sum-rate 

maximization problem with consideration of QoS and available 

energy constraints was formulated, which is a non-polynomial 

(NP)-hard non-concave mixed-integer nonlinear programming 

(MINLP) problem. In [25], the authors investigated the trade-

off between the amount of energy used for relaying and the 

energy used for decoding the cellular user data at the relaying 

energy-harvested node. They formulated an NP-hard 

optimization problem to maximize the cellular user rate subject 

to a minimum D2D rate requirement constraint.  

Ref. [26] proposed a SWIPT-based cooperative D2D 

network, where the D2D pairs are distributed in a circular area. 

Expressions for the ergodic rates of single-hop and dual-hop 

scenarios in a Rayleigh fading channel were derived. Ref. [27] 

considered a D2D network with time-splitting protocol, where 

a D2D transmitter first harvests energy from a multiple-antenna 

power beacon and ambient RF sources and then uses the 

harvested energy to transmit data to the D2D receiver. The 

authors of [27] derived analytical expressions for the average 

harvested energy, power outage probability, and the outage 

probability of the information transfer link, considering the 

effect of co-channel interference from homogeneous Poisson 

distributed interferes and the short-range propagation model for 

the path loss. Authors in [28] studied the outage performance of 

an AF-relay aided underlay D2D communications. Each relay 

node harvests the energy from the received RF signal and 

utilizes this energy to transfer the signal from one D2D user to 

the other D2D user. A power splitting-based relaying protocol 

was used at the relay to harvest the energy and to process the 

information. In particular, an exact outage probability 

expression under Rayleigh fading channels was derived, while 

an asymptotic outage expression was deduced in the high 

signal-to-noise ratio (SNR) regime. In [29], the authors 

investigated the outage probability of a SWIPT-based DF-
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relaying system in the presence of Nakagami fading. The 

derived closed-form outage expression was based on an infinite 

summation on Gamma and Hypergeometric regularized 

functions [30]. 

The above-mentioned research works show that joint 

resource allocation and power control in an energy-harvested 

direct/relay-aided D2D communications underlaying cellular 

network is an NP-hard problem. Most of these research works 

consider a Rayleigh channel and add a complexity for finding 

the power-splitting factor in the SWIPT scenario. Just Ref. [29] 

derived an SNR-based high-complex outage probability 

expression for a system consisting of three nodes in a Nakagami 

fading channel, which is not applicable for underlay D2D 

communications. It means that a low complexity closed-form 

expression for the outage probability (or throughput) of an EH-

based underlay D2D communications in a general fading 

channel and a simple procedure to power saving and power 

splitting are needed. 

In this research, first by considering a one-cell structure, a 

low-complexity closed-form outage probability formula for the 

direct underlay D2D communications is derived which is based 

on a combination of Gauss-Legendre quadrature and 

generalized Gauss-Laquerre quadrature numerical solutions. 

This solution has been used for solving non-analytic integrals, 

especially in works [10, 11, and 31]. Then, by proposing a new 

idea for the energy harvested-based DF-relay-aided D2D 

communications in Nakagami channel, a low-complexity 

outage probability expression is extracted which is valid for 

both EH-based and non-EH-based scenarios. In summary, the 

following items are investigated in this research: 

 

 Deriving a closed-form formula for the outage probability of 

the direct D2D communications in Nakagami channel. 

 Extending the closed-form formulation of direct scenario for 

the DF-relay-assisted D2D communications. 

 Proposing an idea to find a unique formulation for energy-

harvested and non-energy harvested scenarios. 

 Suggesting a simple and low-complex procedure for power 

splitting in the SWIPT scenario applicable for both active and 

idle nodes.  

   

The remainder of this paper is as follows. The system model 

for D2D communications underlaying cellular system is 

presented in Section 2. Section 3 founds a closed-form formula 

for the outage probability of underlay direct D2D 

communications in Nakagami channel. After power splitter 

design, Section 4 derives a closed-form expression for the 

outage probability of DF relay-aided scenario, which is valid 

for both energy-harvested and non-energy-harvested relay-

aided D2D communications. In Section 5, by obtaining the 

proper number of points in Gauss-Laguerre and generalized 

Gauss-Legendre solutions, low-complexity formulas are 

derived. Moreover, a comparative study between numerical 

analyses and simulation Monte-Carlo results are made. Finally, 

Section 6 concludes the paper. 

II. SYSTEM MODEL FOR UNDERLAY D2D COMMUNICATIONS 

According to Fig. 1, an omnidirectional BTS covers a 

circular cell. M active and M idle cellular users and M D2D pairs 

are uniformly distributed throughout the cell. Each D2D pair 

can reuse only one radio resource of one active cellular user in 

the direct D2D communications between nearby TX and RX 

nodes of a D2D pair or with the help of a relay using an idle 

cellular user. As depicted in this figure, each active or idle 

cellular user and D2D pairs are equipped with an RF energy-

harvesting unit.  

Each node can harvest the energy either it is in an active 

mode in a direct D2D/relay-assisted D2D/cellular mode or not. 

For the later one, the gathered energy can be saved in a battery 

useful for the times that the node is active. When it is active in 

 

 

Fig. 1. The system model for energy-harvested direct/relay-aided D2D 

communications in a cell 
 

a communications link, a part of the received energy goes to the 

energy harvesting section and the remaining part goes to the 

information processing and communications part. It means that 

when a node is not active, it harvests energy completely, while 

it uses most of the received signal including the desired RF 

signal, interference co-channel signal, and noise for the 

processing of information not for converting it to the electrical 

energy. In the not active case, the power-splitting unit 

completely connects the receiver to the energy harvesting part 

and saves the total received RF energy in the battery, which can 

be simply performed by a switch. In the active case, by fixing 

the transmit power of the relay node in the second hop, the 

complex optimization problem to find the optimum value for 

power splitting can be removed by a simple procedure as 

 If the received signal in the relay node is greater than a 

switching threshold value, which depends on the required 

transmit power plus the power required for decoding and 

regenerating the signal by considering the efficiency of the 

energy harvesting system, it will be divided into two parts. 

According to this power-splitting scheme, someone can 

receive the acceptable signal in the decoding part, regenerate 

it, and manage both the signals to be received in the desired 

receiver and the co-channel interference induced in the 

cellular user in a joint manner.  

 If the received signal in the relay node is lower than the 

above-mentioned switching threshold value, the total 

received signal goes to the information part and the saved 

energy in the battery helps the relay to process the signal and 

transmit it in the second hop with a pre-defined transmit 
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power. In most of the times, this case occurs except the 

situation that the direct link between the nearby transmitter 

and receiver nodes of a D2D pair experiences a deep 

shadowing while the relay node has a strong line of sight links 

to both of them.  

In order to have all parameters at a glance, symbols used in this 

paper and their descriptions are summarized in Table 1.  

 

Besides noise and path loss, Nakagami fading exists as (1) 

[6]. 
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Where 
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( ) exp( )
0

t t dt



 

    is a Gamma function for 

0.5≤µ<∞. The fading can be controlled by µ value, so the lower 

the µ equals to the deeper fading. For µ=0.5, 1,

2
1 / (2 1)k k  [32], Nakagami distribution respectively can 

be changed to one-side Gaussian, Rayleigh, and Rician 

distributions.   , equals to a no fading channel with 

constant gain and no fluctuations [5]. Clearly, outage 

probability formula for Nakagami channel is a generalized form 

applicable for above-mentioned models. 

 

III. OUTAGE PROBABILITY OF DIRECT SCENARIO 

In order to have a similar procedure for both energy 

harvested and non-energy harvested TX/RX nodes, it is 

assumed that there exist or harvested enough energy in the 

batteries to transmit and receive modes. SINR in the ith D2D 

pair, which reuses the jth cellular user’s frequency channel, is 
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Where
2

.
d d

P P rii d


  and .
c dj i

P P rcij


  are receiving powers 

in a D2D-RX node, respectively due to D2D-TX node and 

cellular user. P
d  and Pc are respectively the transmit powers of 

D2D-TX node and cellular user, 
2

r
d d

 is the distance between 

TX and RX nodes of a D2D pair, 
c dj i
r is the distance between 

i-th D2D pair and j-th cellular user, 
2

hdi
 and 

2
hc j

are the 

power gains of channels related to D2D pair and cellular users, 

  is the path loss, and N is the noise power. Supposing

/Z X Y , so that
2

X P hdii i  and
2

Y P h Ncij j  by 

considering [33 (equation 4-5)] and [33 (equation 5-8)], pdfs of 

non-negative random variables X and Y are as (3) and (4), 

respectively. 

 

 

TABLE I 

A SUMMARY OF SYMBOLS AND THEIR DESCRIPTIONS 

Symbol Description 

iiP  Received power in the i-th D2D-RX due to the i-th D2D-TX 

ijP  Received power in the i-th D2D-RX due to the j-th CU 

'

iiP  Received power in the i-th relay due to the i-th D2D-TX 

'

ijP  Received power in the i-th relay due to the j-th CU 

' '

iiP  Received power in the i-th D2D-RX due to the i-th relay 

' '

ijP  Received power in the i-th D2D-RX due to the j-th CU 

dP   Transmit power of the D2D pair 

cP  Transmit power of the CU 

rP  Transmit power of the relay 

rEP  Electrical energy part of the received power of the relay 

rIP  Information part of the received power of the relay 

2
hdi

 

Channel power gain of the i-th D2D pair 

2
hri

 Channel power gain of the i-th relay 

2

ch j

 

Channel power gain of the j-th CU 

dr  The distance between TX and RX nodes of a D2D pair 

i idt rr  The distance between the D2D-TX node and relay 

i ir drr  The distance between the relay and D2D-RX node 

j ic drr  The distance between the CU and D2D-RX node 

j ic rr  The distance between the CU and relay 

2  The variance of white noise 

0 / 2N

 
White noise power spectral density  

N  Noise power 

BW  Radio link bandwidth 

th  Receiver threshold level 

  Path loss exponent 

M  Number of  the active CUs, idle CUs and D2D pairs 

m   Number of Gauss-Legendre points 

n  Number of generalized Gauss-Laguerre points 

   
Nakagami fading shape factor 

   Nakagami fading scale factor 

   Power splitting factor 

   Energy conversion efficiency 

K  Number of Monte-Carlo simulation runs 
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pdf of Z can be attained by converting variable 
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This non-analytic integral is in the form of  
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Laguerre method using  

 

( )
1

( ) exp( )
0

n
S f tt f t t dt  








                        (7) 

( 1)
( )

!0

n n
L x x
n n

  



 
  

 
                        (8) 

( 1)

2 2!( 1) ( ( ))
1

n x
S

n n L x
n

 
 



  





                            (9) 

In (7),  x  is the root of the generalized Gauss-Laguerre 

quadrature equation ( ( ) 0)
n

L x



 , which is given in (8), and n 

is the number of points. The weights can be attained based on 

(9) [34]. Finally, (6) is given as (10) and general formulation for 

outage probability is as (11). 
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Supposing 2 / 1,q z
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Where, rq is the root of the Legendre quadrature equation 

( ( ) 0),
m

P q  given in (14), and m is the number of points. The 

weights can be calculated as follows [35]:  
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Finally, the outage probability is given as 
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IV. OUTAGE PROBABILITY FOR SWIPT-BASED DF RELAY-

AIDED SCENARIO 

One of the main objectives in energy-harvested relay-aided 

D2D communications is optimum resource allocation, power 

control of D2D transmit nodes and selection of power splitting 

(PS) factor of relay nodes in a joint manner by minimizing the 

outage probability. Achieving a low-complexity closed-form 

expression for the outage probability helps us to do the 

optimization problem in an acceptable processing time. 

According to the results of the previous section, the outage 

probability of the energy-harvested SWIPT-based DF-relaying 

D2D communications underlaying cellular network in 

Nakagami fading channel can be found.  

Consider the power splitting module at the relay, which splits 

the received signal in the relay node (17) by a PS factor, 𝜌, to 

two parts as (18) and (19), respectively for the energy 

harvesting and information modules [29],    

22' '
. .P P h P h Nr crr i jii ij

                              (17) 

.
Er rrP P                                          (18) 

(1 )
Ir rrP P                                       (19) 

 

It is assumed that the transmit power of the relay node is fixed 

to a pre-defined value as (20) at the second time slot. 
22' '

. . . . ( . . )P P P h P h N Pr cr rr ri jii ijE
                   (20) 

𝜂 is the energy conversion efficiency of PS. Finally, yields 

 
22' '

. .( )

r

P h P h Nr ci jii ij

P


  

                        (21) 

 

In order to achieve the following features, the transmit power 

of the relay is fixed: 

 Making it possible for the signals in the second hop to have 

the same power at all times in different states, whether the 

received signal in the first hop is strong or weak. When the 

signal received at the first hop is weak, the relay uses more 

energy stored in the battery, while the relay uses less battery 

energy for a strong received signal. Where the received signal 

in the relay is weak and no energy or low energy can be 

obtained, the quality of the signal in the second hop is such 

that the received signal in the first hop is strong. This ensures 

service uniformity and causes the first and second links to 

have a similar SINR. In this way, the final throughput will be 

increased, because it is determined by the weaker hop in the 

two-hop DF relay channels. 

 Removing the complex optimization problem for jointly 

finding the optimum value of power splitting factor and 

controlling the transmit power of the relay using a simple 

procedure.  

 Simplifying the power control process and choosing the 

splitting power factor in this way does not add any additional 

complexity to the computational complexity of the mode 

selection and resource allocation phases, which are time-

consuming enough.  

 In the previous research works [36, 37], assuming the similar 

channel gains for the transmitter-relay and the relay-receiver 

links, it was concluded that the best relay is located between 

them in the middle. On this basis, the maximum throughput 

can be achieved when the relay power is at the same level as 

the transmit power of the D2D transmitter is. It is assumed 

that the selected relay provides both a lower delay and a 

higher throughput. 

 In many studies, mode selection and resource allocation are 

performed while the transmit power of the transmitters are the 

same, and no power control is performed. In this way, without 

increasing the computational complexity for finding the 

proper power and splitting factor, the proposed method for 

previous non-energy harvested studies is valid, and the results 

of this research can be extended to the energy-harvested 

scenarios. 
For the first time slot, 𝜌 value has no effect on the SINR and 

consequently the outage probability, because both the desired 

(signal from D2D transmit node) and non-desired (interference 

plus noise) parts are multiplied by (1 ) as  

22' '
. .(1 ) (1 ). (1 ).( )rI rr P h P h Nr ci jii ij

P P            (22) 

In addition, the 𝜌 and 𝜂 values have no effect on the second 

time slot, because in accordance with the proposed idea 

mentioned above the transmit power of the relay node is fixed 

by using adaptive 𝜌 value in the first time slot.  

In the DF relay-based D2D communications, the total SINR 

value depends on the minimum SINR of the first and second 

links, because the lowest SINR introduces the transmission rate. 

Considering a two-phase (two-hop) transmission scenario that 

the first phase is established between the D2D transmitter and 

the relay node and the second one is between the relay node and 

the D2D receiver, the achievable throughput can be easily 

modeled by the SINR value of the worst-case link, referred as 

the minimum SINR. If the first link supports the higher quality, 

it introduces higher throughput that cannot be transmitted 

correctly in the second link. Hence, the total achievable 

throughput in the final receiver (D2D RX) is equal to the 

achievable throughput in the second link. On the contrary, when 

the second link has a higher SINR than the first link, just the 

relay node receives, decodes and regenerates the data in the 

level of the first link’s throughput, which is the maximum 

achievable throughput in the final receiver. Hence, the effective 

SINR in DF relaying scenario is as (23) including the SINRs of 

the first and second time slots as (24) and (25). 

1 2 1 2( , ) min( , )tot tot DFZ SINR f Z Z Z Z               (23) 
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S. SHIRVANI MOGHADDAM: OUTAGE ANALYSIS IN NAKAGAMI CHANNEL 307



 

Where, 
'

.
ii dt ri i

P P r
d


  and

'
.

ij c rj i
P P rc


   are receiving powers 

in the relay node, respectively due to the TX node of the D2D 

pair and the cellular user. 
' '

.
ii r r dri i

P P r


  and
' '

.
ij c drj i

P P rc


   are 

receiving powers in the D2D RX node, respectively due to the 

relay node and cellular user. ,P
d ,Pc  and Pr are transmit powers 

of the D2D TX node, cellular user, and relay node, respectively. 

,
dt ri i
r ,

r dri i
r ,

c rj i
r and

c drj i
r  are respectively the distance 

between ith D2D TX node to ith relay, ith relay to ith D2D RX 

node, jth cellular user to ith relay, and jth cellular to ith-D2D 

RX node. 
2

rh i
and 

2
hc j

are respectively the power gains of 

D2D-relay and cellular-relay (or cellular-D2D) channels,  is 

the path loss, and N is the noise power.  

The outage probability can be derived as follows: 

1 2

1 2

1 2

1 2 1 2

2 1

1 1 2 2

1

2 1

) (min( )

P( , ) P( , )

P( , )

P( ) ( ) P( )(1 P( ))

P( )(1 P( ))

P( ) P( )P(

)

) P( )

P( )P

P( ,th th

th th th th

th th

th th th th

th th

th th th t

h

ou

h

t tot

t

P Z Z Z

Z Z

Z Z

Z Z Z Z

Z Z

Z Z Z Z

Z

P

Z Z

P

 

   

 

   

 

   





   



  

 

 

  

 

 

   

 

    



1 2 1 2

2 1 2

1 2 1 2

( ) ( ) ( ). ( )

( ) P( ) ( )

P( ) P( ) P( )P( )

th th th

th th th th

Z th Z th Z th Z th

Z Z Z

Z Z Z Z

F F F

P

F

  

   

   



  





 







 

(26) 

Where
1 1( )ZF z and

2 2( )ZF z are the cumulative distribution 

functions of the first and second time slots. For each time slot, 

there exists a direct mode. It means that equation (16) can be 

used for the outage probabilities of these paths. 

V. NUMERICAL ANALYSIS 

Herein, the proposed formulas (16) and (26) are analysed 

numerically and the results are compared to associated 

simulation results considering the parameters summarized in 

Table 2. All MATLAB simulations are run on a PC with 4GB 

RAM, Processor: Intel (R) Core ™ iS-2400 CPU at 3.10GHz 

on a 64-bit system. 

In order to find a low-complexity formula or equivalently the 

appropriate number of points in Gauss-Laguerre and Gauss-

Legendre expansions, respectively n and m in (7) and (14), the 

normalized mean square error (NMSE) defined as (27) is used. 
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1
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K
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P k
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
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

                   (27) 

Where, ( , )P m nout
GL GL

is the outage probability obtained 

from (16), ( )P kout
sim

is the outage probability by kth run of 

simulation, and K  is the total number of simulation runs. It is 

clear that the lower number of coefficients in both Gauss-

Laguerre and Gauss-Legendre solutions introduces the lower 

number of multiplications and additions, which means the 

lower computational complexity for the derived outage 

probability formulas. 

In Fig. 2, NMSE between simulation results and numerical 

analyses for µ=0.5 is plotted, where n and m are lower than 7. 

It is clear that NMSE for (n=1, m=4-7) is lower than that for the 

other cases with an NMSE lower than 5%. It means that n is 

more effective than m for reducing the formula computational 

complexity. 

    In Fig. 3, NMSE is plotted in terms of µ and m, when n=1, 

which demonstrates that (n, m) = (1, 4) for 0.5 ≤µ<0.7 and (n, 

m) = (1, 2) for µ≥0.7 are appropriate choices with an NMSE 

lower than 5%.   

 
TABLE II 

SIMULATION PARAMETERS 

Parameter Value 

Path loss exponent ( )  4 

Cell radius ( )R  1000m 

Number of D2D pairs ( )M  10 

Number of active cellular users ( )M  10 

Number of relays ( )M  10 

Noise power spectral density ( / 2)0N  
-159dBm/Hz 

Pre-determined protection ratio ( )
th
  

-30 dB 

Transmit power of cellular user ( )
c

P  
20dBm 

Transmit power of relay node ( )
r

P  
20dBm 

Transmit power of D2D TX node ( )
d

P  
10dBm 

Signal bandwidth ( )BW  180kHz 

The average distance between the D2D nodes ( )2rd d  35m 

Number of Monte-Carlo simulations ( )K    5000 

 

 

 

Fig. 2. NMSE of the outage probability for different (m, n).   
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Fig. 3. NMSE of the outage probability for different (m, µ) 

In Fig. 4, considering the results of Fig. 3, the outage 

probabilities of the direct D2D communications for appropriate 

values of m and n in µ=0.5 and µ=1 are plotted. As depicted in 

Fig. 4, the results are valid for all distances between D2D pair 

and cellular user. Furthermore, increasing the average distance 

between the D2D pair and the cellular user is the reason for 

decreasing the outage probability. In other words, increasing the 

average distance between the D2D pair and the cellular user 

introduces lower interference between them which means the 

probability that signal to interference plus noise ratio is above 

the threshold level is increased or equivalently the outage 

probability is decreased.  

Thus, according to Figs 2-4, in the direct mode, equation (16) 

can be simplified as (28). In the DF-relay aided scenario, 

applying the equation (28) for both time slots 1 and 2, concludes 

the closed-form expression for the outage probability as 

equation (26), where
1 1( )ZF z and

2 2( )ZF z  are as 
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In Fig. 5, the outage probabilities of direct and DF-relay 

aided scenarios are plotted in two cases, (n, m, µ) = (1, 4, 0.5) 

and (n, m, µ) = (1, 2, 1). As shown, there exists a close 

agreement between the results of numerical analyses (eqs. 16, 

26) and associated simulations for different average distances 

between transmit and receive nodes of a D2D pair. It is clear 

that direct D2D communications is the best mode if the TX-RX 

distances are smaller than 120m and 140m, respectively in the 

cases of µ=1, µ =0.5. For distances greater than 120m and 

140m, DF relay-aided scenario offers lower outage probabilities 

with respect to the direct one. Finally, it is clear that increasing 

the Nakagami fading shape factor is the reason for decreasing 

the outage probability. Figures 4 and 5 show that in a dynamic 

range of 80dB for the outage probability, the numerical values 

extracted from the derived Gauss-Laguerre/Gauss-Legendre 

formulas are close to the simulation results. By increasing the 

fading shape factor, the fluctuations of the signal strength 

reduce which means the lower fading depth compared to that 

for the lower values of µ. Increasing the fading shape factor 

makes narrower probability density function concentrating 

around the peak value and shifting the pdf peak value to the 

larger power values which both of them directly decrease the 

depth of fading and the probability that the received signal goes 

under a threshold value, referred as outage probability.  

 

 

Fig. 4. The outage probability vs. the D2D-CU distance 

 

 

Fig. 5. The outage probability vs. the average distance between the transmit-

receive nodes of a D2D pair 

 

This investigation is focused on the underlay D2D 

communications when the traffic load of the cellular users is 

high and the base station is not able to support the requests by 

cellular mode. Hence, the cellular users use all the assigned 

frequency channels and the D2D links in an interference-

controlled scenario can be made to handle the requests. In other 

words, the maximum number of D2D users in the one-reuse 

scenario (as mentioned in the system model) equals the number 

of active cellular users. If the number of D2D users is lower 

than this value, some frequency channels are not reused with 

any impact on the outage probability of D2D users, which are 

active in the other reused frequency channels because the 

frequency channels are orthogonal. Therefore, the extracted 

outage probability formula of this research work is valid for the 
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case that the number of D2D requests is lower than or equal to 

the number of active cellular users. For the case that the number 

of D2D requests is greater than the number of active cellular 

users, there are two solutions as follows: 

 For the one-reuse scenario, investigated in this paper, up to M 

D2D pairs will be served and the extra ones will be blocked. 

For this case, the outage probability just evaluates the 

performance of active links and the performance analysis for 

all D2D requests may be evaluated by blocking probability 

and/or successful probability.  

 The extracted outage probability formulas for the one-reuse 

scenario are not valid for more than one reuse scenario (not 

considered in this research), because the effect of more than 

one interference for each D2D user should be considered. 

VI. CONCLUSIONS 

Based on the Gauss-Legendre/Gauss-Laguerre solutions, a 

closed-form formula for the outage probability of underlay DF 

relay-aided D2D communications in Nakagami fading channel 

was obtained. By designing the power splitter module such that 

the transmit power of the relay node is fixed to a pre-defined 

value, it was shown that the closed-form expression for the 

outage probability of DF relay-aided D2D communications in 

the case of SWIPT-based energy-harvested relaying scenario is 

the same as non-harvested one. Numerical analyses indicated 

that in higher n (number of generalized Gauss-Laguerre points) 

and m (number of Gauss-Legendre points), the proposed 

models for the outage probability show an excellent agreement 

with the associated simulation results. It was concluded that (n, 

m) = (1, 4) for 0.5 ≤µ<0.7 and (n, m) = (1, 2) for µ≥0.7, offer 

the best approximations. It should be noted that for optimizing 

the resource (frequency channel and power) allocation and 

mode selection problem, it is needed to minimize the outage 

probability subject to some constraints. By the results of this 

research and using the proposed low-complexity formulations 

of the outage probability for the Nakagami fading channel, the 

optimization problem will be solved in a time-efficient manner.  

In this investigation, we assumed that the required energy for 

a node can be completely delivered by a rechargeable battery or 

it can be harvested in an active communications based on a 

SWIPT method. The average harvested power and total saved 

energy in the battery depends on the physical (the number and 

density of active transmitters, background noise), propagation 

(the type of channel in the view of path loss and fading 

components), and traffic (the number of requests and the 

average time for a communications) conditions. These 

parameters affect the quality of service and network lifetime, 

which can be investigated as a future work.   
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