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Abstract Device-to-device (D2D) communication is an emerging technology for improving cellular networks, which plays

an important role in realizing Internet of Things (IoT). The spectrum efficiency, energy efficiency and throughput of network

can be enhanced by the cooperation among multiple D2D users in a self-organized method. In order to limit the interference

of D2D users and load off the energy consumption of D2D users without decreasing communication quality, an interference-

limited multi-user cooperation scheme is proposed for multiple D2D users to solve the energy problem and the interference

problem in this paper. Multiple D2D users use non-orthogonal spectrums to form clusters by self-organized method. Multiple

D2D users are divided into different cooperative units. There is no interference among different cooperative units so as to

limit the interference of each D2D user in cooperative units. When the link capacity cannot meet the requirements of the

user rate, it will produce an interrupt event. In order to evaluate the communication quality, the outrage probability of

D2D link is derived by considering link delay threshold, data rate and interference. Besides the energy availability and

signal-to-noise ratio (SNR) of each D2D user, the distance between D2D users is considered when selecting the relaying D2D

users so as to enhance the signal-to-interference-plus-noise ratio (SINR) of D2D receiving users. Combining the derived

outrage probability, the relationships among the average link delay threshold, the efficiency of energy and the efficiency

of capacity are studied. The simulation results show that the interference-limited multiple D2D users cooperation scheme

can not only help to offload energy consumption and limit the interference of D2D users, but also enhance the efficiency of

energy and the efficiency of capacity.

Keywords device-to-device (D2D) user cooperation, relay selection, efficiency of energy, efficiency of capacity, Internet

of Things (IoT)

1 Introduction

Recent technology advances in wireless mobile

communications, sensor networks, machine-to-machine

communications, and fog computing enable a fog com-

puting based Internet of Things (IoT) paradigm that

may have a significant impact on the development and

utilization of IoT applications[1-2].

Device-to-device (D2D) communication, one of the

important parts of IoT, is widely applied in mobile cel-

lular communication at present, aiming to solve prob-

lems of the coverage, spectrum and energy through

short-range communication among devices directly by

reusing the spectrum of cellular users[3-6]. However,

reusing spectrum leads to co-channel interference in

heterogeneous networks where the cellular users get in-

terference from D2D users and D2D users get interfe-

rence from base station in downlink. Hence, there are

plenty of studies about solving the co-channel inter-

ference among cellular users and D2D users[7-9]. But
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the interference among D2D users is always ignored be-

cause of the short-range communication with the low

transmission power of D2D users[10].

In fact, as multimedia communication is developing,

the traditional cellular communication cannot deal with

the big data and complex communication environment

anymore, while D2D has great potential to adapt itself

to the upcoming complex heterogeneous networks since

D2D communication is flexible enough and D2D users

are active in heterogeneous networks[11-12]. Communi-

cating directly among D2D users is helpful to prompt

the cooperation among multiple D2D users so as to en-

hance the spectrum efficiency, the efficiency of capacity

and the efficiency of energy with providing a better ex-

perience for the users in heterogeneous networks[13-15].

The related work about incentive mechanisms for

D2D communications is introduced below. The work

in [16] proposes a collaborative D2D communication

method. It adaptively selects the D2D users to for-

ward data by multiplexing, opportunistic and dedicated

manners according to parameters such as the channel

quality, which effectively guarantees the data transmis-

sion efficiency. The work in [17-19] pointed out that the

cellular data distribution can be achieved through D2D

opportunistic deliveries, which could reduce the BS load

and enhance the data transmission efficiency. The stu-

dies in [20-22] proposed some multiuser cooperation

methods in wireless networks. However, above work

does not consider the relationship between the num-

ber of cooperative D2D users and the interference and

energy consumption among multiple cooperative D2D

users. On the one hand, as the number of cooperative

D2D users is increasing, the user density within certain

realms is increasing so that the distance between users

is decreasing. The interference among D2D users can-

not be ignored anymore. On the other hand, when the

number of cooperative D2D users is increasing, the en-

ergy consumption for sharing data packet of each D2D

user is increasing. Hence, the energy availability should

be considered when there are multiple cooperative D2D

users.

To solve the problems of D2D users’ energy and in-

terference caused by non-orthogonal reusing the spec-

trum resource in D2D multi-user cooperation com-

munication, outrage probability is proposed in this

paper. Then the relationship between interference

and link outrange probability is analyzed to design

the interference-limited D2D multi-user cooperation

scheme which can not only help to offload energy con-

sumption and limit the interference of D2D users, but

also enhance the efficiency of energy and efficiency of

capacity.

The main contributions of this paper are summa-

rized as follows.

1) The link outrage probability is derived by com-

bining the link delay threshold and the data rate based

on Shannon formula. When the link capacity cannot

meet the requirements of the user rate, it will produce

an interrupt event. Therefore, the link outrage proba-

bility can be exploited to evaluate the communication

quality.

2) An interference-limited multi-user cooperation

scheme is proposed by analyzing the relationship be-

tween interference and link outrange probability. In

particular, each D2D receiving user is interfered by no

more than two D2D users in our paper. The proposed

cooperation scheme takes the energy availability, signal-

to-noise ratio (SNR) and location of D2D users into

account when selecting relaying D2D users to offload

energy consumption and limit the interference of D2D

users.

3) The relationships among the average link delay

threshold, the efficiency of energy and the efficiency of

capacity are analyzed to preserve the quality of the user

experience and improve the network performance.

The rest of this paper is organized as follows. Sec-

tion 2 briefly introduces the cooperation system model

with inter-interference among D2D users. In Section 3,

the link outrage probability is derived and the proposed

cooperation scheme is introduced. Next, Section 4 for-

mulizes the efficiency of energy and capacity according

to the derived outrage probability. In Section 5, the

relationships among the link delay threshold and link

outrage probability, the efficiency of capacity and the

efficiency of energy are analyzed. Finally, some con-

cluding remarks are provided in Section 6. The defini-

tions of main notations are shown in Table 1.

2 System Model

In the heterogeneous network which consists of cel-

lular and D2D communication, when the number of

D2D users is larger than that of cellular users, the situa-

tion that multiple D2D users reuse the same spectrum

of one cellular user is inevitable. Hence the D2D users

who reuse the same spectrum will interfere with each

other, increasing the link outrage probability. In mesh

type D2D service, multiple D2D users who want to re-

ceive the same data from the base station form a cluster

and one of them is chosen as the head. At present, D2D
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Table 1. Definitions of Main Notations

Notation Definition

RS
m-max Maximum data rate of link S-to-Um

Rm
j-max Maximum data rate of link S-to-Um and link Um-

to-Uj

Bx
y Bandwidth of the link between Ux and Uy

Powx
y Transmitting power of Ux sending data packet to

Uy

XUx,Uy Distance between Ux and Uy

|hx
y |

2 Channel gain of link Ux-to-Uy

PT
R-out Outrage probability of link UT -to-UR

τR-th Link delay threshold

τTR-min Minimum link delay

SINRT
R

Signal-to-interference-plus-noise ratio (SINR) of
link UT -to-UR

fx(x) Probability density function of x

Fz(z) Probability distribution function of z

fxy(x, y) Joint probability density function of x

ES
i-t Energy consumption of S for transmitting Ud-to-

Ui

Dd Length of each piece of data

EE Energy efficiency

EC Efficienly of capacity

can discover neighbor devices and information by two

modes: network-assisted mode and ad hoc mode[23]. In

the network-assisted mode, the cellular base station as-

sists the neighbor discovery process among D2D users.

But in the ad hoc mode, users proactively send the

discovery signal to detect the potential neighbors and

information. Due to the precision, rapidness and flexi-

bility, the ad hoc mode is the major research trend. The

head of the cluster has responsibility to receive data

and share data with cluster members. For instance,

20% of the popular videos in top video streaming sites

have 80% of the click-through rate (CTR). Obviously,

local users are very likely to request same video services

and the resulting repeated multimedia data transmis-

sion consumes massive network resources in the tradi-

tional cellular network, which notably affects the delay

performance and efficiency of the transmission process.

Therefore, it is critical to improve the efficiency of the

same video-on-demand transmission by such a system

model. If all the D2D users within the cluster reuse the

same spectrum, the communication model is showed

in Fig.1. S is the head of the cluster, Ti is the D2D

transmitting user and Ri is the D2D receiving user,

i = {1, 2, 3}.

It can be seen from Fig.1 that all the D2D receiv-

ing users will be interfered by all the D2D transmitting

users. If there areK D2D users and one head within the

cluster and S firstly sends data packets to x D2D users

who will relay data packets to the rest of K − x D2D

users, each relaying user will be interfered by at least

x − 1 D2D transmitting users and each non-relaying

user will be interfered by S and x − 1 D2D relaying

users. The link between S and D2D users can be ex-

pressed as S-to-Um and the link between D2D users can

be expressed as Um-to-Uj, m = {1, . . . , x}, j = {x+ 1,

. . . , K}. Hence, S-to-Um is interfered by at least x− 1

D2D transmitting users and Um-to-Uj is interfered by

at least x D2D transmitting users.

Communication Link Interfering Link

T

T

R

RR T

S

Fig.1. Interference model of a cluster where all D2D users use
the same spectrum.

According to the Shannon formula and some

work[24], channel fading obeys Rayleigh distribution

and the maximum data rate of link S-to-Um and link

Um-to-Uj can be described in (1) and (2) respectively:

RS
m-max = BS

m log2









1 +
PowS

m × |XS,Um |
−ε
∣

∣hS
m

∣

∣

2

x
∑

i=1

Powi
m × |XUi,Um |

−ε
|hi

m|
2
+N0BS

m









, i 6= m, (1)

Rm
j-max = Bm

j log2(1 + (Powm
j ×

∣

∣XUm,Uj

∣

∣

−ε
×
∣

∣hm
j

∣

∣

2
)/(

x
∑

i=1

Powi
j ×

∣

∣XUi,Uj

∣

∣

−ε ∣
∣hi

j

∣

∣

2
+

Pows
j ×

∣

∣XUS ,Uj

∣

∣

−ε
×
∣

∣hs
j

∣

∣

2
+N0B

m
j )), m 6= j, (2)
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where N0 refers to noise power spectral density, Bx
y is

the bandwidth of link between Ux and Uy, Powx
y is the

transmitting power of Ux sending data packets to Uy,

XUx,Uy is the distance between Ux and Uy, |h
x
y |

2 is the

channel gain of link Ux-to-Uy and follows the indepen-

dent exponential distribution[25], and ε is the path loss

exponent.

Since the transmitting power of each D2D user has

the same order of magnitude, the power of interference

signal is x times bigger than that of desired signal. If

x keeps increasing, the signal-to-interference-plus-noise

ratio (SINR) will be very small, which will decrease

the capacity seriously. Hence, it is necessary to design

the cooperation scheme to limit the interference of each

D2D user so as to reduce link outrage probability.

3 Outrage Probability and Cooperation

Architecture

3.1 Link Outrage Probability

Both links S-to-Um and Um-to-Uj can be regarded

as the link between the transmitter and the receiver UT -

to-UR. hT
R is the channel gain, BT

R is the bandwidth,

PowT
R(J/s) is the transmitting power and XUT ,UR is the

distance between the transmitter and the receiver[26].

The maximum data rate of link UT -to-UR can be shown

in (3).

Link UT -to-UR will not interrupt only when the data

rate RT
R is less than the maximum data rate RT

R-max

and the minimum link delay τTR-min is less than the

link delay threshold τR-th. Hence, the probability of

uninterrupted link can be expressed, namely in (4).

The minimum link delay τTR-min can be described in

(5), where τTRt-min is the minimum transmitting delay,

τTRr-min is the minimum receiving delay and τp is the

propagation delay. We suppose τTRt-min = τTRr-min and

ignore the propagation delay τp because of the short dis-

tance between the transmitter and the receiver. Hence,

the minimum link delay τTR-min can be expressed as (6).

The outrage probability of link UT -to-UR can be

shown in (7).

The SINR of link UT -to-UR can be described in (8).

Obviously, the key of deriving the outrage proba-

bility is to derive the probability distribution function

of SINR, namely, FSINR(x) = P (SINR < x). It can be

shown in (9) and (10).

RT
R-max = BT

R log2 ×









1 +
PowT

R × |XUT ,UR |
−ε
∣

∣hT
R

∣

∣

2

x
∑

i=1

Powi
R × |XUi,UR |

−ε
∣

∣hi
R

∣

∣

2
+N0BT

R









, (3)

PT
R-pass =

{

RT
R 6 RT

R-max, τ
T
R-min 6 τR-th

}

, (4)

τTR-min = τTRt-min + τTRr-min + τp, (5)

τTR-min = 2τTRt-min =
2Dd

RT
R-max

, (6)

PT
R-out

= 1− P
{

RT
R 6 RT

R-max, τ
T
R-min 6 τR-th

}

= P















2
RT

R
BT

R − 1 6
PowT

R |XUT ,UR |
−ε
∣

∣hT
R

∣

∣

2

x
∑

i=1

Powi
R |XUi,UR |

−ε
∣

∣hi
R

∣

∣

2
+N0BT

R

, 2
2Dd

BT
R

τ
R-th − 1 6

PowT
R |XUT ,UR |

−ε
∣

∣hT
R

∣

∣

2

x
∑

i=1

Powi
R |XUi,UR |

−ε
∣

∣hi
R

∣

∣

2
+N0BT

R















,

Ui 6= UR, (7)

SINRT
R =

PowT
R × |XUT ,UR |

−ε
∣

∣hT
R

∣

∣

2

x
∑

i=1

Powi
R × |XUi,UR |

−ε
∣

∣hi
R

∣

∣

2
+N0BT

R

, (8)

P (SINR > x) = 1− P (SINR < x) = 1− FSINR (x) . (9)

Hence,

PT
R-pass =



















P

{

SINRT
R > 2

RT
R

BT
R − 1

}

, if RT
R > 2Dd

τR-th
,

P

{

SINRT
R > 2

2Dd
BT

R
τ
R-th − 1

}

, if RT
R 6

2Dd

τR-th
.

(10)
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When x = 1, the SINR of link UT -to-UR can be

described in (11):

SINRT
R =

PowT
R × |XUT ,UR |

−ε
×
∣

∣hT
R

∣

∣

2

Pow1
R × |XU1,UR |

−ε
× |h1

R|
2
+N0BT

R

, (11)

which means that link UT -to-UR is just interfered by

only one D2D user and additive white Gaussian noise

(AWGN). We suppose that

PowT
R × |XUT ,UR |

−ε
= α, Pow1

R × |XU1,UR |
−ε

= β,

N0B
T
R = δTR, x = α×

∣

∣hT
R

∣

∣

2
, y = β ×

∣

∣h1
R

∣

∣

2
+ δTR.

Hence, z = SINRT
R = x/y. The probability density

functions of x and y can be shown in (12) and (13)

respectively:

fx (x) =
1

α
f|hT

R|
2

(x

α

)

=
1

α
exp

(

−
x

α

)

U (x) , (12)

fy (y) =
1

β
f|h1

R|
2

(

y − δTR
β

)

=
1

β
exp

(

−
y

β
+

δTR
β

)

U
(

y − δTR
)

, (13)

where U(·) is the Heaviside step function. (12) and (13)

can be got with the help of (5)∼(18) of [16].

The probability distribution function of z can be

described in (14):

Fz (z) = 1−
α

α+ βz
exp

(

−
zδTR
α

)

, z = SINRT
R. (14)

Proof. The proof is presented in Appendix A.1. �

The probability of uninterrupted link can be shown

in (15):

PT
R-pass

=



















1− Fz

(

2
RT

R
BT

R − 1

)

, if RT
R > 2Dd

τR-th
,

1− Fz

(

2
2Dd

BT
R

τ
R-th − 1

)

, if RT
R 6

2Dd

τR-th
.

(15)

When i = 2, the SINR can be described in (16):

SINRT
R = (PowT

R × |XUT ,UR |
−ε × |hT

R|
2)/

(Pow1
R × |XU1,UR |

−ε × |h1
R|

2 +

Pow2
R × |XU2,UR |

−ε
×
∣

∣h2
R

∣

∣

2
+

N0B
T
R). (16)

We suppose that

PowT
R × |XUT ,UR |

−ε = α, Pow1
R × |XU1,UR |

−ε = β,

Pow2
R × |XU2,UR |

−ε
= ω,N0B

T
R = δTR, x = α

∣

∣hT
R

∣

∣

2
,

y = β
∣

∣h1
R

∣

∣

2
+ ω

∣

∣h2
R

∣

∣

2
+ δTR.

According to the above analysis, the probability

density function of x can be shown in (17):

fx (x) =
1

α
f|hT

R|
2

(x

α

)

=
1

α
exp

(

−
x

α

)

U (x) . (17)

As for y = β|h1
R|

2 + ω|h2
R|

2 + δTR, the probability

density function will be analyzed in two situations:

1) β = ω:

fy (y) =
1

βω

∫ y

δTR

exp

(

δTR
ω

−
y

β

)

dn

=
y − δTR
βω

exp

(

δTR
ω

−
y

β

)

. (18)

Proof. The proof is presented in Appendix A.2. �

The joint probability density function of x, y can be

described in (19):

fxy (x, y) = fx (x)× fy (y)

=
1

α
exp

(

−
x

α

)

×
y − δTR
βω

exp

(

δTR
ω

−
y

β

)

=
y − δTR
αβω

exp

(

−
x

α
+

δTR
ω

−
y

β

)

. (19)

Hence, when β = ω, the probability density function

of z can be shown in (20):

fz (z) =

∫

∞

y=δTR

yfxy (yz, y) dy

=

∫

∞

y=δTR

y ×
y − δTR
αβω

exp

(

−
yz

α
+

δTR
ω

−
y

β

)

dy

=
1

αβω







2
(

z
α
+ 1

β

)3 +
δTR

(

z
α
+ 1

β

)2






×

exp

(

−δTR

(

z

α
+

1

β

)

+
δTR
ω

)

, β = ω. (20)

The probability distribution function of z can be

described in (21) and (22):

Fz (z) =

∫ z

0

fz (x)dx

=
1

αβω

∫ z

0







2
(

x
α
+ 1

β

)3 +
δTR

(

x
α
+ 1

β

)2






×

exp

(

−δTR

(

x

α
+

1

β

)

+
δTR
ω

)

dx, β = ω.

(21)
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2) β 6= ω:

fy (y) =
1

βω

∫ y

δTR

exp

(

n

(

1

β
−

1

ω

)

+
δTR
ω

−
y

β

)

dn

=
1

ω − β

(

exp

(

δTR
ω

−
y

ω

)

− exp

(

δTR
β

−
y

β

))

,

y > δTR. (22)

Proof. The proof is presented in Appendix A.2. �

Hence, the joint probability density function of x, y

can be shown in (23):

fxy (x, y) = fx (x)× fy (y)

=
1

α (ω − β)
×

(

exp

(

−
x

α
+

δTR
ω

−
y

ω

)

−

exp

(

−
x

α
+

δTR
β

−
y

β

))

, y > δTR. (23)

The probability density function of z is described in

(24):

fz (z) =

∫

∞

y=δTR

yfxy (yz, y) dy

=
1

α (ω − β)





δTR

( z
α+ 1

ω )
−

δTR

( z
α+ 1

β )
+

1

( z
α+ 1

ω )
2 − 1

( z
α+ 1

β )
2



×

exp

(

−
zδTR
α

)

, β 6= ω. (24)

Hence, when β 6= ω, the probability distribution

function of z can be shown in (25):

Fz (z) =

∫ z

0

fz (x) dx

=

∫ z

0

1

α (ω − β)





δTR

( x
α+ 1

ω )
−

δTR

( x
α+ 1

β )
+

1

( x
α+ 1

ω )
2 − 1

( x
α+ 1

β )
2



×

exp

(

−
xδTR
α

)

dx, β 6= ω. (25)

If i > 3, the SINR can be described in (26):

SINRT
R

= (PowT
R × |XUT ,UR |

−ε
×
∣

∣hT
R

∣

∣

2
)/

(Pow1
R × |XU1,UR |

−ε
×
∣

∣h1
R

∣

∣

2
+ · · ·+

Pown
R × |XUn,UR |

−ε |hn
R|

2 +N0B
T
R), n > 3. (26)

We suppose that:

x = PowT
R × |XUT ,UR |

−ε ×
∣

∣hT
R

∣

∣

2
,

y = Pow1
R × |XU1,UR |

−ε ×
∣

∣h1
R

∣

∣

2
+ · · ·+

Pown
R × |XUn,UR |

−ε
|hn

R|
2
+N0B

T
R.

Although the probability density function of x can be

derived according to above analysis, the probability

density function of y is hard to derive when i > 3.

Besides, when i > 3 the power of interference signal

is three times bigger than that of desired signal, which

deduces the SINR seriously. Hence, in order to simplify

the computational complexity and ensure high SINR, it

is necessary to limit the interference of each D2D user.

In other words, each D2D receiving user is interfered

by no more than two D2D users.

3.2 Interference-Limited Multi-User

Cooperation Scheme

In order to enhance the spectrum efficiency, there

should be D2D users as many as possible to reuse the

same spectrum. However, the inter-interference will

become serious and reduce the quality of communica-

tion badly because of too many D2D users who reuse

the same spectrum. Hence, the proposed cooperation

scheme divides multiple D2D users into different coope-

rative units. The D2D users in different cooperative

units reuse orthogonal spectrums, and thus D2D users

in different cooperative units will not interfere with each

other so as to limit the interference of each D2D user.

Moreover, the D2D users within the same cooperative

unit reuse the same spectrum. In order to ensure that

each D2D user is interfered by no more than two D2D

users, the number of D2D transmitting users who reuse

the same spectrum should not be bigger than 3. The

proposed cooperative architecture is shown in Fig.2.

As shown in Fig.2, the specific cooperative processes

are as follows.

1) The head of cluster S uses a separate spectrum

f0 to share data packet to x D2D relaying users.

2) D2D user U1 uses spectrum f1 to share data

packet to two D2D users (if so) U11 and U12. After

receiving data packet, D2D users U11 and U12 use spec-

trum f1 to share data packet to two D2D users (if so)

respectively, namely, U111, U112, U121, U122.

3) If there are other D2D users who have not re-

ceived data packet yet, these D2D users will get data

packet from the cooperative units which U2, . . ., Ux be-

long to and the spectrums used by U2, . . ., Ux are f2,

. . ., fx respectively.

4) If there are other D2D users who have not re-

ceived data packet yet, these D2D users will get data

packet from the cooperative units which U111, U112,

U121, U122, . . . , Ux11, Ux12, Ux21, Ux22 belong to.
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Fig.2. Cooperative architecture of multiple interference-limited D2D users.

5) If there are other D2D users who have not re-

ceived data packet yet, these D2D users get data packet

from the cooperative units who do not have full mem-

bers so as to save spectrum resources. Besides, the D2D

users who have more energy, better channel quality and

closer distance are more likely to be chosen as the relay

to share data packet.

It can be seen from Fig.2 that D2D users share data

packets with each other in the manner of multi-lop com-

munication. Besides receiving their own data packet,

the D2D users who are chosen as relays need to relay

data packets to others as well. Thus, the relay selection

is the key of cooperation, including selecting D2D users

as relays by S and selecting D2D users as next hops by

D2D relaying users.

1) As for selecting D2D users as relays by S, since

the power of S is bigger than that of other cluster mem-

bers, S has enough power to broadcast data packets to

multiple D2D users as many as possible with a separate

spectrum f0 so as to enhance the efficiency of spectrum.

In order to ensure that the chosen D2D relaying users

have enough power to share data packets to at least

one D2D user, S firstly chooses v D2D users whose

powers are bigger than the power threshold I from K

D2D users and these v D2D users form set V , namely

in (27):

V = {Uj|Bj > I, 1 6 j 6 v, x 6 v 6 K}, (27)

where Bj is the power of D2D user Uj.

Then, S will choose x appropriate D2D users as

relays according to the energy availability itself and

channel qualities which are represented by SNRs be-

tween S and candidate D2D relaying users. Since S

uses separate spectrum to broadcast data packets to

D2D relaying users, these broadcasting links are un-

interrupted by other D2D users. Hence, there is no

need to consider the distances between S and candi-

date D2D relaying users when selecting relays. Suppose

that the SNRs (signal-to-noise ratios) of D2D users in

V are SNR1, · · · , SNRv, bit error rates (BERs) are

P 1
b , · · · , P

v
b and the powers consumed to transmit data

packet D (bits) are E1
d , · · · , E

v
d . After sorting these

powers from small to large, we get the power sequence

E1, E2, · · · , Ev. The sum of the first x powers can be

described in (28):

Ex-sum = E1 + · · ·+ Ex, 1 6 x 6 v. (28)

If Ex-sum 6 Bs, where Bs is remaining energy of

S, x D2D relaying users who are corresponding to

E1, · · · , Ex are chosen as D2D relaying users.

2) As for selecting D2D users as next hops by

D2D relaying users, considering limiting the inter-

interference among D2D users, saving energy of D2D

users and ensuring good communication quality, the

rules that have to be observed when selecting the next

hops are summarized as follows.
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a) Each D2D user shares the same data packet with

up to two other D2D users so as to save energy and

limit interference.

b) The D2D user who belongs to the cooperative

unit where there are not full members has priority to

choose the next hop so as to save spectrum resource.

c) If there are the cooperative units where there are

not full members and there are some D2D users who

have not received data packet yet, as shown in Fig.2,

the D2D users who belong to the upper layer coopera-

tive units have higher priority to select the next hop.

As for the D2D users who belong to the cooperative

units who are on the same layer, the D2D users belong-

ing to the left cooperative unit have higher priority to

select the next hop.

d) If multiple D2D users belonging to the same co-

operative unit select the same D2D user as the next

hop, the upper layered D2D user has higher priority to

select the next hop. If multiple D2D users belong to

the same cooperative unit and are on the same layer,

the candidate D2D user will choose the closest one as

the relay.

Since the D2D users who are chosen as the next

hops by D2D relaying users will have chance to relay

data packets to other D2D users, the remaining energy

and channel quality have to be considered when D2D

relaying users select the next hops. For example, when

D2D relaying user Ui selects two D2D users as the next

hop from K−x D2D users, v D2D users whose remain-

ing energies are bigger than energy threshold Bth are

chosen firstly. Secondly, v′ D2D users whose SNRs are

bigger than SNR threshold γth are chosen from v D2D

users, v′ 6 v. SNR threshold γth is designed to ensure

that the received data packet can be decoded correctly

with two interferences. Lastly, Ui will choose two clos-

est D2D users from v′ D2D users as the next hop.

4 Efficiency of Energy and Capacity

According to the analysis in Section 3, there are two

kinds of links including link S-to-Ui and link Ui-to-Uj.

The link S-to-Ui which will not be interfered by others

is named zero-layer link. The links Ui-to-Uj which will

be interfered by one D2D user or two D2D users are

named one-layer link or two-layer link. Combing the

derived link outrage probability and considering two

kinds of links, the efficiencies of energy and capacity

are studied in this section. Before studying the energy,

the total energy needs to be studied firstly.

1) As for the energy consumption of S for broadcast-

ing data packets to D2D relaying users, suppose that

S will share data L with K D2D users. Data L is di-

vided into n pieces and the length of each piece of data

is Dd, namely, L =
n
∑

d=1

Dd. When sharing each data

packet Dd, S will use separate spectrum f0 to broad-

cast packets to xd D2D relaying users. Bandwidth is Bs
i

and the delay threshold of each link is τi-th. According

the analysis in Section 3, the maximum capacity of link

S-to-Ui can be shown in (29):

RS
i-max = BS

i log2

(

1 +
PowS

i |XS,Ui|
−ε
∣

∣hS
i

∣

∣

2

N0BS
i

)

. (29)

The uninterrupted probability of link S-to-Ui can

be described in (30):

PS
i-pass

=











exp
(

− 2R
S
i /BS

i −1
r̄Si

λS
i

)

, if RS
i >

2Dd

τi-th
,

exp

(

− 22Dd/τ
i-thBS

i −1
r̄Si

λS
i

)

, if Ri 6
2Dd

τi-th
,

(30)

where d ∈ (1, · · · , n), i ∈ (1, · · · , xd) and

r̄Si =
PowS

i |XUS ,Ui |
−ε

N0BS
i

.

Hence, the energy consumption of S for transmit-

ting Dd to Ui can be shown in (31):

ES
i-t =

Dd × ES
i-bit

PS
i-pass

, (31)

where ES
i-bit is the energy consumption of S for trans-

mitting one bit to Ui. Since the total energy consump-

tion for sharing Dd involves transmitting, receiving and

processing energy, namely, ES
i-t, E

S
i-r and Eip, and we

suppose ES
i-t = ES

i-r, the total energy consumption for

sharing of S for sharing Dd to xd D2D relaying users

can be described in (32):

dES→U =

xd
∑

i=1

ES
i =

xd
∑

i=1

(

2Dd × ES
i-bit

PS
i-pass

+ Eip

)

. (32)

2) As for the total energy consumption of D2D re-

laying users for sharing data packets with the rest of

D2D users, since there two types of links, one-layer link

and two-layer link are studied separately to analyze the

efficiency of energy and capacity.

As for the one-layer link, such as link U1-to-U11, ac-

cording to the analysis in Section 3, the SINR can be

shown in (33):

SINR1
11 =

Pow1
11 |XU1,U11

|
−ε
∣

∣h1
11

∣

∣

2

Pow12
11 |XU12,U11

|
−ε

|h12
11|

2
+N0B1

11

, (33)
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where Pow1
11 and Pow12

11 are the transmission power of

users U1 and U12 respectively. h
1
11 and h12

11 are the chan-

nel gain of links U1-to-U11 and U12-to-U11 respectively.

B1
11 is the channel bandwidth.

When the link capacity cannot meet the require-

ments of the user rate, it will produce an interrupt

event. Such an event is following the probability distri-

bution, and depends on the link of the average SINR

and its channel fading distribution model. In particu-

lar, the probability distribution function of SINR1
11

can be described in (34):

Fz (z) = 1−
α

α+ βz
exp

(

−
zδ111
α

)

,

z = SINR1
11, (34)

where Pow1
11|XU1,U11

|−ε = α, Pow12
11 |XU12,U11

|−ε = β,

N0B
1
11 = δ111. Hence the uninterrupted probability of

link U1-to-U11 can be shown in (35):

P 1
11-pass

=



















1− Fz

(

2
R1

11

B1
11 − 1

)

, if R1
11 >

2Dd

τ
11-th

,

1− Fz

(

2
2Dd

B1

11
τ
11-th − 1

)

, if R1
11 6

2Dd

τ
11-th

,

z = SINR1
11, (35)

where τ11-th is the delay threshold of U11.

As for the two-layer link, such as link U11-to-U111,

the SINR can be described in (36):

SINR11
111

= (Pow11
111 |XU11,U111

|
−ε
∣

∣h11
111

∣

∣

2
)/

(Pow1
111 |XU1,U111

|
−ε
∣

∣h1
111

∣

∣

2
+

Pow12
111 |XU12,U111

|
−ε
∣

∣h12
111

∣

∣

2
+N0B

11
111), (36)

where Pow11
111 |XU11,U111

|
−ε

= α, Pow1
111 |XU1,U111

|
−ε

=

β, Pow12
111 |XU12,U111

|
−ε

= ω, N0B
11
111 = δ11111. Hence

the probability distribution function of z = SINR11
111

can be shown in (37) and (38):

Fz(z) =

∫ z

0

fz(x)dx

=
1

αβω

∫ z

0







2
(

x
α
+ 1

β

)3 +
δ11111

(

x
α
+ 1

β

)2






×

exp

(

−δ11111

(

x

α
+

1

β

)

+
δ11111
ω

)

dx,

β = ω, (37)

Fz(z) =

∫ z

0

fz(x)dx

=

∫ z

0

1

α (ω − β)





δ11
111

( x
α+ 1

ω )
−

δ11
111

( x
α+ 1

β )
+

1

( x
α+ 1

ω )
2 − 1

( x
α+ 1

β )
2



×

exp

(

−
xδ11111
α

)

dx, β 6= ω. (38)

Hence, the uninterrupted probability of link U11-to-

U111 can be described in (39):

P 11
111-pass =



































1− Fz

(

2
R11

111

B11

111 − 1

)

,

if R11
111 >

2Dd

τ
111-th

,

1− Fz

(

2
2Dd

B11
111

τ
111-th − 1

)

,

if R11
111 6 2Dd

τ
111-th

,

z = SINR11
111. (39)

Suppose that K − xd = 6a + b, 0 6 a < ∞ and

0 6 b < 6. According to Fig.2, there are xd zero-layer

links in the cluster and there are up to two one-layer

links and four two-layer links in each cooperative unit.

Hence, the energy consumption of each cooperative unit

can be analyzed by combing with the derived outrage

probabilities. For example, in a cooperative unit which

U1 belongs to, the energy consumption for sharing data

packet Dd of a one-layer link such as link U1-to-U11 can

be shown in (40):

E1
11-d =

2Dd × E1
11-bit

P 1
11-pass

+ E11p. (40)

The energy consumption of links U11-to-U112, U12-

to-U121, U12-to-U122 can be got in the same way,

namely, E11
112-d, E

12
121-d and E12

122-d respectively. Hence,

if the cooperative unit has full members, the total en-

ergy consumption for sharing data packet Dd can be

described in (41):

E1
d = E1

11-d + E1
12-d + E11

111-d + E11
112-d +

E12
121-d + E12

122-d. (41)

If there are just b members in a cooperative unit,

0 6 b < 6 and suppose that this cooperative unit is

the (a+ 1)-th one, the total energy consumption Ea+1
d

of sharing data packet Dd needs to be studied in three

situations:

1) b = 0, Ea+1
d = 0;

2) 1 6 b 6 2, namely, there are b one-layer links:

when b = 1, Ea+1
d = Ea+1

a+1,1-d;
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when b = 2, Ea+1
d = Ea+1

(a+1)1-d + Ea+1
(a+1)2-d;

3) 3 6 b < 6, namely, there are two one-layer links

and b− 2 two-layer links:

when b = 3, Ea+1
d = Ea+1

(a+1)1-d + Ea+1
(a+1)2-d +

E
(a+1)1
(a+1)11-d;

when b = 4, Ea+1
d = Ea+1

(a+1)1-d + Ea+1
(a+1)2-d +

E
(a+1)1
(a+1)11-d + E

(a+1)1
(a+1)12-d;

when b = 5, Ea+1
d = Ea+1

(a+1)1-d + Ea+1
(a+1)2-d +

E
(a+1)1
(a+1)11-d + E

(a+1)1
(a+1)12-d + E

(a+1)2
(a+1)21-d.

Hence, the total energy consumption of sharing data

packet Dd with K D2D users can be shown in (42):

Ed = dES→U +

a+1
∑

i=1

Ei
d. (42)

The total energy consumption of sharing data L with

K D2D users can be described in (43):

EL =
n
∑

d=1

Ed. (43)

The energy efficiency can be shown in (44):

EE = E′

L/EL, (44)

where E′

L represents the energy consumption of sharing

data packet L among K D2D users with zero outrage

probability.

As for the capacity, since the maximum capacity of

links S-to-Ui and Ui-to-Uj is RS
i-max and Ri

j-max re-

spectively, the efficiency of capacity can be described

in (45):

EC =

xd
∑

i=1

RS
i-max × PS

i-pass +

K−xd
∑

j=1

Ri
j-max × P i

j-pass. (45)

5 Simulation Results

The relationships among link delay threshold and

link outrage probability, the efficiency of capacity and

the efficiency of energy are analyzed in this section.

In simulation, the channel has additive white Gaus-

sian noise (AWAN) and the quadrature amplitude

modulation (QAM) is adopted. The bandwidth is

10 MHz, and the single sideband power spectral den-

sity is −174 dBm/Hz. The distance between the inter-

fering user and the receiving user is 15 m∼25 m and

the distance between the transmitter and the receiver

is 10 m∼20 m. Other simulation parameters are shown

in Table 2.

Fig.3 shows the relationships between the communi-

cation distance X and the ratio of desired signal power

to interfering signal power in different communication

environment with different fading factors. The inter-

fering user and transmitter have the same transmitting

power. The distance between the interfering user and

the interfering transmitter is 15 m and the distance be-

tween the transmitter and the receiver is 5 m∼20 m. It

can be seen that asX is increasing, the ratio is deducing

obviously and the higher fading factor leads to a faster

decline. Hence, if the remaining energy and SNR are

qualified, the closest D2D user should be chosen when

D2D relaying users choose the next hop, especially in

bad communication environment.

Table 2. Simulation Parameters

Parameter Value

Communication distance (m) 10∼25

Transmission power (dBm) 15∼30

White Gaussian noise density (dBm/Hz) −174

Total length of data L (bit) 256, 512, 1 024

Constant overhead of data packet (bit) 10

Link delay threshold (µs) 1, 3, 6

Number of D2D users 10∼200

Number of data packets 6

Variance of channel gain 1

Path loss factor ε 4
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ε/3
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Fig.3. Relationships between the communication distance X

and α/β.

Fig.4 shows the relationships between outrage

probability and delay threshold for three types of links.

The length of data packet is constant Dd = 128 bits

and β = ω. It can be seen that the outrage proba-

bility of zero-layer link is lower than that of one-layer

and two-layer links. This is because that S uses sepa-

rate spectrum to broadcast data packets, which brings
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no interference to zero-layer link. Besides, the outrage

probability is reducing with the increase of delay thresh-

old and interference has more obvious effect on outrage

probability with a more demanding delay threshold.

Fig.5 shows the relationships among the number of

D2D relaying users chosen by S, the average link delay

threshold and the energy efficiency, namely, x, τth and

EE respectively. K = 100, n = 6, L = 512 bits. It

can be seen that as x is increasing, EE will increase

gradually and stay stable finally. This is because when

x is smaller than a constant number and the number

of D2D users is constant, that x becomes bigger means

that less D2D users will be interfered, which enhances

EE. Besides, it is obvious that a more demanding de-

lay threshold leads to lower EE and more D2D relaying

users are needed to be chosen by S so as to reach the

highest EE. This is because the shorter delay thresh-

old leads to higher outrage probability and has a serious

effect on outrage probability. Hence, in order to reach

higher EE, less D2D users should be interfered, which

has higher requirements on the remaining energy of S

and the communication environment.

20
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Fig.4. Relationships between outrage probability and delay
threshold for three types of links.
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Fig.5. Relationships among the number of D2D relaying users
chosen by S, average link delay threshold and energy efficiency.

Fig.6 shows the relationships among the number of

D2D users, the average delay threshold and the energy

efficiency, namely, K, τth and EE. n = 6, L = 512

bits, x = 50, SINR = 8 dB. It can be seen that when

K is smaller than about 50, EE is increasing with K

increasing. But when K is bigger than about 50, EE

will reduce with K increasing and will reduce faster

with a more demanding delay threshold. This is be-

cause when K is smaller than 50, S has enough energy

to broadcast data packets to all D2D users and these

D2D users will not be interfered. But when K keeps

increasing, the number of cooperative units is increas-

ing, which leads to more interfered D2D users so as to

reduce EE. Besides, if delay threshold is more demand-

ing, the interference has more obvious effect on outrage

probability, which leads EE to reduce faster.
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Fig.6. Relationships among the number of D2D users, the ave-
rage delay threshold and the energy efficiency.

Fig.7 shows the relationships among the number of

D2D users, the average delay threshold and the effi-

ciency of capacity, namely, K, τth and EC. n = 6,

L = 512 bits, x = 50, SINR = 8 dB. It can be seen

that as K is increasing, EC will increase and keep sta-

ble finally. This is because when K is smaller, S has

enough energy to broadcast data packets to most of

D2D users, which means that less D2D users are inter-

fered so that EC increases obviously with K increasing.

However, when K keeps increasing, most of D2D users

will be interfered by at least one D2D user, which leads

the capacity to reduce. But EC keeps stable finally

with K increasing because of the increasing coopera-

tive links. Besides, the more demanding delay threshold

leads to lower maximum capacity and this is because of

the higher outrage probability.
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Fig.7. Relationships among the number of D2D users, the ave-
rage delay threshold and the efficiency of capacity.

Combing Fig.6 and Fig.7, it is can be seen that the

average delay threshold has obvious bad effect on both

EE and EC, especially when the number of D2D users

is big. This is mainly because of the high outrage proba-

bility which is led by interference, especially when the

delay threshold is severe.

6 Conclusions

In this paper, an interference-limited multi-user co-

operation scheme was proposed for multiple D2D users

to solve the energy problem and the interference prob-

lem. These multiple D2D users use non-orthogonal

spectrums to form a cluster by a self-organized method.

Considering link delay threshold, data rate and inter-

ference, the outrage probability of D2D link is derived

based on Shannon equation. Multiple D2D users are

divided into different cooperative units. There is no

interference among different cooperative units so as to

limit the interference of each D2D user. Besides the

energy availability and SNR of each D2D user, the dis-

tance between D2D users is considered when selecting

the relaying D2D users so as to enhance the signal-to-

interference-plus-noise ratio (SINR) of D2D receiving

users. Combining the derived outrage probability, the

relationships among a average link delay threshold, the

system efficiency of energy and the system efficiency of

capacity were studied. The simulation results showed

that the interference-limited multiple D2D users coope-

ration scheme can not only help to offload energy con-

sumption to the D2D users and limit the interference of

D2D users but enhance the system efficiency of energy

and the system efficiency of capacity.

References

[1] Zhang W W, Wen Y G, Wu D P. Collaborative task exe-

cution in mobile cloud computing under stochastic wireless

channel. IEEE Transactions on Wireless Communications,

2015, 14(1): 81-93.

[2] Wu D P, He J, Wang H G, Wang C G, Wang R Y. A Hierar-

chical packet forwarding mechanism for energy harvesting

wireless sensor networks. IEEE Communication Magazine,

2015, 53(8): 92-98.

[3] Sambo Y A, Shakir M Z, Qaraqe K A et al. Energy ef-

ficiency improvements in HetNets by exploiting device-to-

device communications. In Proc. the 22nd European Sig-

nal Processing Conference (EUSIPCO), Sept. 2014, pp.151-

155.

[4] Bagheri H, Katz M. A resource allocation mechanism for

enhancing spectral efficiency and throughput of multi-link

D2D communications. In Proc. the 25th Annual Interna-

tional Symposium on Personal, Indoor, and Mobile Radio

Communication (PIMRC), Sept. 2014, pp.1391-1396.

[5] Yang L, Zhang W, Jin S. Interference alignment in device-

to-device LAN Underlaying cellular networks. IEEE Trans-

actions on Wireless Communications, 2015, 14(7): 3715-

3723.

[6] Wu D P, Zhang P N, Wang H G, Wang C G, Wang R

Y. Node service ability aware packet forwarding mecha-

nism in intermittently connected wireless networks. IEEE

Transaction on Wireless Communications, 2016. DOI:

10.1109/TWC.2016.2613077. (to be appeared)

[7] Kim H, Na J H, Cho E. Resource allocation policy to avoid

interference between cellular and D2D links/and D2D links

in mobile networks. In Proc. the International Conference

on Information Networking (ICOIN), Feb. 2014, pp.588-

591.

[8] Swain S N, Mishra S, Murthy C S R. A novel spectrum

reuse scheme for interference mitigation in a dense over-

lay D2D network. In Proc. the 26th Annual International

Symposium on Personal, Indoor, and Mobile Radio Com-

munications (PIMRC), Aug. 2015, pp.1201-1205.

[9] Wang L, Peng T, Yang Y et al. Interference constrained

D2D communication with relay underlying cellular net-

works. In Proc. the 78th Vehicular Technology Conference

(VTC Fall), Sept. 2013.

[10] Shalmashi S, Slimane S B. Cooperative device-to-device

communications in the downlink of cellular networks.

IEEE Wireless Communications and Networking Confer-

ence (WCNC), Apr. 2014, pp.2265-2270.

[11] Ryu S, Park S, Park N H et al. Development of device-

to-device(D2D) communication based new mobile proxim-

ity multimedia service business model. In Proc. the Inter-

national Conference on Multimedia and Expo Workshops

(ICMEW), July 2013, pp.1-6.

[12] Han S, Din I, Lee B C et al. An efficient spectrum shar-

ing for throughput enhancement in heterogeneous networks.

In Proc. the 18th IEEE International Symposium on Con-

sumer Electronics (ISCE), June 2014.

[13] Mastronarde N, Patel V, Xu J et al. Learning relaying

strategies in cellular D2D networks with token-based in-

centives. IEEE Globecom Workshops (GC Wkshps), Dec,

2013, pp.163-169.

[14] Ngo T H, Kim Y. Using timing advance to support prox-

imity discovery in network-assisted D2D communication. In

Proc. the 7th International Conference on Ubiquitous and

Future Networks (ICUFN), July 2015, pp.926-928.



1108 J. Comput. Sci. & Technol., Nov. 2016, Vol.31, No.6

[15] Ryu S, Park S K, Park N H et al. Development of device-

to-device (D2D) communication based new mobile proxim-

ity multimedia service business models. In Proc. the Inter-

national Conference on Multimedia and Expo Workshops

(ICMEW), July 2013, pp.1-6.

[16] Cao Y, Jiang T, Wang C. Cooperative device-to-device

communications in cellular networks. IEEE Wireless Com-

munications, 2015, 22(3): 124-129.

[17] Han B, Hui P, Kumar V, Marathe M V, Pei G, Srinivasan A.

Cellular traffic offloading through opportunistic communi-

cations: A case study. In Proc. the 5th Workshop on Chal-

lenged Networks (CHANTS), Sept. 2010.

[18] Wang X, Chen M, Kwon T, Jin L, Leung V. Mobile traffic

offloading by exploiting social network services and leverag-

ing opportunistic device-to-device sharing. IEEE Wireless

Communications, 2014, 21(3): 28-36.

[19] Li Y, Qian M, Jin D, Hui P, Wang Z, Chen S. Multiple mo-

bile data offloading through disruption tolerant networks.

IEEE Transactions on Mobile Computing, 2014, 13(7):

1579-1596.

[20] Liang Z. Mobile device-to-device video distribution: Theory

and application. ACM Transactions on Multimedia Com-

puting, Communications and Applications, 2015, 12(3):

1253-1271.

[21] Liang Z, Hu R, Qian Y. Energy-spectrum efficiency trade-

off for video streaming over mobile ad hoc networks. IEEE

Journal on Selected Areas in Communications, 2013, 31(5):

981-991.

[22] Min H, Seo W, Lee J et al. Reliability improvement using

receive mode selection in the device-to-device uplink period

underlying cellular networks. IEEE Transactions on Wire-

less Communications, 2011, 10(2): 413-418.

[23] Wang R, Yang H, Wang H, Wu D. Social overlapping

community-aware neighbor discovery for D2D communica-

tions. IEEE Wireless Communications, 2016, 23(4): 28-34.

[24] Xu C, Song L, Han Z, Zhao Q, Jiao B. Efficiency resource

allocation for device-to-device underlay communication sys-

tems: Reverse iterative combinatorial auction based ap-

proach. IEEE J. Sel. Areas Commun., 2013, 31(9): 348-

358.

[25] Papoulis A, Pillai S U. Probability, Random Variables and

Stochastic Process (4th edition). McGraw-Hill Education,

2002.

[26] Xu C, Song L, Han Z, Li D, Jiao B. Resource allocation us-

ing a reverse iterative combinatorial auction for device-to-

device underlay cellular networks. In Proc. IEEE GLOBE-

COM, Dec. 2012, pp.4542-4547.

Hong-Cheng Huang is currently a

Ph.D. student at Chongqing University,

Chongqing. He received his M.S. degree

in information and communication

engineering from Chongqing University

of Posts and Telecommunications,

Chongqing, in 2006. He is currently

also an associate professor in the

School of Communication and Information Engineering at

Chongqing University of Posts and Telecommunications,

Chongqing. His major research focuses on opportunistic

sensor networks, social computing, and fog computing.

Jie Zhang is currently a Master

student in the School of Communi-

cation and Information Engineering

at Chongqing University of Posts and

Telecommunications, Chongqing. His

main research interests include mobile

communication networks and social

networks.

Zu-Fan Zhang received his M.S.

degree in electromagnetic field and

microwave technology from Chongqing

University of Posts and Telecommu-

nications, Chongqing, in 1997 and his

Ph.D. degree in communication and

information system from the University

of Electronic Science and Technology of

China, Chengdu, in 2007. He is currently a professor in the

School of Communications and Information Engineering at

Chongqing University of Posts and Telecommunications,

Chongqing. His research interests focus on wireless and

mobile communication networks, radio resource manage-

ment and social computing.

Zhong-Yang Xiong received his

Ph.D. degree in computer science and

technology from Chongqing University,

Chongqing. He is currently a professor

and Ph.D. supervisor in the College of

Computer Science at Chongqing Uni-

versity, Chongqing. His main research

interests include big data mining and

cloud computing.

Appendix

A.1 Proof of (14)

Sicne x and y are independent, the joint probability

density function of x and y can shown in (A1) and (A2):

fxy (x, y) = fx (x)× fy (y)

=
1

α
exp

(

−
x

α

)

×
1

β
exp

(

−
y

β
+

δTR
β

)

=
1

αβ
exp

(

−
x

α
−

y

β
+

δTR
β

)

. (A1)

Hence,

fxy (yz, y) =
1

αβ
exp

(

−
yz

α
−

y

β
+

δTR
β

)

,

y > δTR. (A2)
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Since x and y are bigger than 0, the probability

density function of z can be described in (A3):

fz (z) =

∫

∞

y=0

yfxy (yz, y) dy

=

(

δTR
(zβ + α)

+
αβ

(zβ + α)
2

)

exp

(

−
zδTR
α

)

.(A3)

From the probability distribution, function of z can

be shown in (A4):

Fz (z) =

∫ z

0





δTRe
−

xδTR
α

(xβ + α)
+

αβe−
xδTR
α

(xβ + α)2



dx. (A4)

Using the integration by parts, the right term in

(A4) can be described in (A5):

∫ z

0

αβe−
xδTR
α

(xβ + α)
2 dx

=
−αe−

xδTR
α

α+ βx

∣

∣

∣

∣

∣

∣

z

x=0

−

∫ z

0

e−
xδTR
α × δTR

α+ βx
dx

= 1−
αe−

zδTR
α

α+ βz
−

∫ z

0

e−
xδTR
α × δTR

α+ βx
dx. (A5)

By substituting (A5) into (A4), the desired result

(14) can be obtained. �

A.2 Proof of (18) and (22)

As for y = β|h1
R|

2 + ω|h2
R|

2 + δTR, we suppose that

m = β|h1
R|

2 and n = ω|h2
R|

2+δTR. Since the probability

density functions of m and n are shown in (A6) and

(A7):

fm (m) =
1

β
f|h1

R|
2

(

m

β

)

=
1

β
exp

(

−
m

β

)

U (m) , (A6)

fn (n) =
1

ω
f|h2

R|
2

(

n− δTR
ω

)

=
1

ω
exp

(

−
n

ω
+

δTR
ω

)

U
(

n− δTR
)

. (A7)

Since m, n are independent, the joint probability

density functions of m and n can be described in (A8)

and (A9):

fmn (m,n) =
1

β
exp

(

−
m

β

)

×
1

ω
exp

(

−
n

ω
+

δTR
ω

)

=
1

βω
exp

(

−
m

β
−

n

ω
+

δTR
ω

)

. (A8)

Hence,

fmn (y − n, n) =
1

βω
exp

(

−
y − n

β
−

n

ω
+

δTR
ω

)

.(A9)

Since y = m+ n and both m and n are bigger than 0,

the probability density function of y can be shown in

(A10):

fy (y) =

∫ y

δTR

fmn (y − n, n) dn

=

∫ y

δTR

1

βω
exp

(

−
y − n

β
−

n

ω
+

δTR
ω

)

dn

=
1

βω

∫ y

δTR

exp

(

n

(

1

β
−

1

ω

)

+
δTR
ω

−
y

β

)

dn

=
1

ω − β

(

exp

(

δTR
ω

−
y

ω

)

− exp

(

δTR
β

−
y

β

))

,

y > δTR. (A10)

(18) can be got when β = ω and (22) can be got

when β 6= ω. �


