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Abstract
Device-to-device (D2D) communication underlaying cellular networks is considered

a promising technology to enhance network throughput, spectral efficiency, and per-

formance of next generation networks. However, these potential gains hinge on the

exploiting mechanism for resource sharing between cellular users (CUs) and D2D

pairs. In this paper, we analytically formulate the problem of resource sharing as

an optimization problem to maximize network throughput while guaranteeing the

required quality-of-service (QoS) for both cellular and D2D users. We propose a

low-complexity four-step resource allocation algorithm to address the optimization

problem. We exploit a distance-based method to derive a resource reuse candidacy

graph (RCG) and three exclusive regions (ERs) to evaluate the suitability of resource

sharing between each CU and D2D pair. Then, we use a paring mechanism to find

the optimal set of D2D pairs for spectrum sharing with each CU to maximize net-

work throughput. The performance of the proposed algorithm is investigated in terms

of network throughput, outage probability, and computational complexity. Numeri-

cal results show that the proposed algorithm provides high throughput and spectrum

utilization with low complexity while efficiently guaranteeing QoS for CUs and

D2D pairs.

1 INTRODUCTION

The increasing penetration of smart handheld devices coupled

with the widespread use of bandwidth-hungry applications

such as video streaming and multimedia content sharing have

generated a drastic increase in mobile data traffic. This mas-

sive growth in traffic volume already pushed the limits of the

current wireless technologies particularly from the spectrum

resources standpoint and opened up a new field of research

for next generation (5G) wireless communication technology.

The recently introduced concept of spectrum sharing–based

device-to-device (D2D) communications is being touted as

a promising enabling technology for 5G networks. D2D

communications improve quality-of-service (QoS) of users

and network performance, as well as utilization in oper-

ators’ radio resources.1-4 Although D2D communications

offer plenty of benefits, as the result of spectrum shar-

ing between cellular and local communications, there are

a number of technical challenges that need to be tackled.

Resource allocation and interference management are con-

sidered as the two most critical technical challenges for this

technology. In fact, mutual interference between cellular and

D2D communications can significantly decrease the net-

work performance. Therefore, an efficient resource-sharing

algorithm and interference coordination mechanism must

be formulated to achieve higher spectrum utilization and

guarantee target performance levels for both cellular and

D2D users. Fodor et al5 have introduced the concept of

network-assisted D2D communications and discussed the

general technical challenges of D2D communications such

as peer and service discovery, physical layer design, mode

selection, power control, and interference management. D2D
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communications underlay of a cellular network are studied

as an efficient mechanism to reduce traffic on licensed cel-

lular network in Doppler et al.6 Huang et al7 and Hakola

et al8 have proposed the concept of mode selection to deter-

mine the optimum transmission mode and spectrum sharing

for D2D communications. Xu et al9 have adopted exclusion

regions and open-loop fraction power control method to mit-

igate the D2D to cellular user (CU) interference in multicell

uplink spectrum-sharing scenarios. Lin et al10 and Lee et al11

propose power control mechanisms to manage the mutual

interference between cellular and D2D communications. To

mitigate the interference from CUs to D2D communication

links, a distance-constrained uplink resource-sharing method

is proposed in Wang and Chu.12 An interference-limited area

(ILA) control scheme has been proposed in Min et al13 to

manage the interference between cellular and D2D commu-

nications. By driving the coverage of ILA, a CU is selected

to share its uplink resources with a D2D pair that can lead to

system capacity improvement. Golrezaei et al14,15 have intro-

duced an attractive concept for utilization. The idea is to

exploit D2D communications and distributed caching net-

work for content delivery among mobile devices. In Bagheri

et al,16 we exploit the concepts of full-duplex D2D com-

munications to improve the throughput and spectral effi-

ciency of the network. To date, numerous resource allocation

algorithms have been developed for concurrent communi-

cations of multiple D2D links. Zulhasnine et al17 proposed

a greedy heuristic algorithm to address a mixed integer

nonlinear programming resource allocation problem, and

Kaufman et al18 proposed a fixed power margin scheme to

manage the mutual interference between cellular and D2D

pairs. In Ni et al,19 a sector-based geometrical method is

applied for uplink resource allocation and to improve net-

work throughput with multiple D2D communications. In

Bagheri and Katz,20 we proposed an efficient mechanism to

coordinate the intracell interference and enhance the over-

all system sum-rate when a group of D2D pairs communi-

cate by reusing the resources of a CU. Xu et al21 and Li

et al22 addressed the D2D resource allocation using reverse

combinatorial auction (R-ICA) mechanisms. Authors have

considered spectrum resources as a set of resource units auc-

tioned off by groups of D2D pairs in sequence. Kebriaei

et al,23 Song et al,24 and Li et al25 consider the D2D com-

munication from a game-theoretic approach. Research work

in previous studies26-28 have studied joint power control

and resource allocation for multiple D2D pairs commu-

nication. Joint mode selection and power control mecha-

nisms have been developed in Yu et al29 and Jung et al30

to address the resource allocation problem and improve the

overall throughput for D2D communications underlaying

cellular networks.

To the best of our knowledge, the vast majority of the exist-

ing work has restricted the spectrum sharing between CUs and

only one D2D pair to prevent co-channel interference among

different D2D pairs. In fact, this limitation results in being

unable to exploit the actual potential of resource sharing for

spectrum utilization. However, some recent research has tack-

led the problem of resource allocation for multi-D2D link

aiming at maximizing network throughput. The main problem

with the recent proposed algorithms is that they cannot main-

tain QoS for cellular and D2D communications. From another

perspective, a great deal of research has focused on power

control mechanisms to reduce the transmitting interference

to CUs and D2D pairs. One can speculate that the inter-

ference level does not depend only on transmit power but

also the use of an effective resource allocation mechanism

can reduce the interference level on users. Besides, although

related studies are rich in addressing interference manage-

ment between cellular and D2D communications, they mainly

concentrate on uplink resources. Moreover, they suffer from

high computational complexity.

The objective of this paper is to effectively address the

simultaneous communications of multiple D2D pair by shar-

ing spectrum resources of each CU with multiple D2D pairs

and providing high throughput and spectrum efficiency while

guaranteeing QoS for both cellular and D2D communica-

tions. We analytically model and formulate the problem of

resource allocation for D2D pairs as an optimization problem

to maximize network throughput and guarantee the required

QoS for CUs and D2D pairs. Furthermore, we derive a

closed-form expression for the outage probabilities of CUs

when it shares its spectrum resources with multiple D2D

pairs. To attain the aforementioned goals, we propose a novel

and low-complexity QoS aware heuristic resource allocation

algorithm (QARA), which is constructed in four consecutive

steps. In Step 1, we adapt a QoS aware admission control

mechanism by developing a weighted resource reuse candi-

dacy graph (RCG) to determine which D2D pairs can reuse

spectrum resources of a CU without violating the predefined

QoS requirement for CUs. Step 2 describes a mechanism to

choose an optimal D2D pair for paring with each active CU

to maximize the achievable throughput. In Step 3, we derive

and use three exclusive regions (ERs) to investigate the candi-

dacy and admission control of multiple D2D pairs for resource

sharing for each active CU. Step 4 investigates an optimal

pairing strategy for finding the optimal set of D2D pairs for

resource sharing with each active CU to maximize the overall

network throughput. To evaluate the proposed algorithm, we

compare performance of QARA algorithm with R-ICA,21 the

Hungarian algorithm,31,32 and conventional random resource

allocation in terms of network throughput, outage probability,

and computational complexity. The derived results show that

QARA provides near optimal network throughput with low

computational complexity. Moreover, QARA can efficiently

guarantee QoS for CUs and D2D pairs and also significantly

improves spectrum utilization.
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The remainder of the paper is organized as follows. Section

2 describes the system model of D2D communications

underlaying cellular network. In Section 3, the optimization

problem is analytically formulated. Section 4 outlines the

proposed resource allocation algorithm. Section 5 demon-

strates the numerical results and discusses the performance

of the proposed algorithm. Finally, conclusions and further

discussions are given in Section 6.

2 SYSTEM MODEL DESCRIPTION

In this paper, we consider downlink resource sharing in an iso-

lated cell, where N CUs represented by C = {c1, c2, … , cN}
and M D2D pairs denoted by D = {d1, d2, … , dM} are dis-

tributed all over the cell and spectrum resources of a CU can

be shared with one or multiple D2D pairs, as illustrated in

Figure 1. Each D2D link is made up of a D2D transmitter

(D2D-Tx) and a D2D receiver (D2D-Rx). We investigate the

spatial distribution of CUs and D2D pairs to determine which

CU and D2D pair(s) can share the same spectrum resources

without violating the QoS constraints defined for CUs and

D2D pairs. The key idea for throughput maximization is to

minimize the mutual interference between cellular and D2D

communications generated due to spectrum sharing. As we

will discuss in Section 4, the expected outcome of QARA

algorithm will be a set of disjoint resource-sharing groups

(RSGs) showing D2D pairs that are admitted to reuse spec-

trum resources of each particular CU. The RSGs are denoted

by Gi = {dk}, where Gi ⊆ D,
⋃N

i=1 Gi = D, i ∈ {1, 2, … ,N},

and k ∈ {1, 2, … , k}. For instance in Figure 1, G1 = {d1, d2}
means that D2D pairs d1 and d2 are admitted to reuse spec-

trum resources of the CU c1. The other resource-sharing

groups in this example are G2 = {d3}, G3 = {d4}, and

G4 = {d5, d6}.

In this paper, we are primarily interested in a loaded

D2D network where the number of D2D pairs is larger than

CUs. An application of this scenario is a cooperative con-

tent delivery where users can exchange their content on

D2D links. We have discussed D2D communications tech-

nologies in Bagheri et al.4 The network throughput is mea-

sured by the system sum-rate, and QoS is measured by the

signal-to-interference-plus-noise ratio (SINR) on CUs and

D2D-Rxs. We would like to distinguish between active and

other CUs. We define a CU as active if it can share its

resources with D2D pair(s) without violation of its QoS

requirement.

We assume that the cellular communications takes place

underlay orthogonal frequency division multiple access

(OFDMA) downlink system and under control of the serving

base station (BS). As each CU is allocated with independent

orthogonal frequencies, there will be no interference between

CUs in the cell. It is assumed that the BS is the principal

FIGURE 1 A system model of resource sharing between CUs and

D2D pairs.

decision maker for resource allocation, and it is perfectly

aware of channel state information of all the involved links.

We use a simple transmit power adaption method30 on the BS

for cellular communications.

Interference Problem Formulation
When a CU shares its allocated downlink resources with a

D2D pair, the CU is exposed to interference by the D2D-Tx,

while the D2D-Rx is victim of severe interference from the

BS. Accordingly, when a CU and several D2D pairs commu-

nicate on shared spectrum of the CU simultaneously, interfer-

ence management becomes more complex, and one needs to

deal with 3 types of intracell interference as follows: (1) inter-

ference from D2D-Txs to the CU, (2) interference from the

BS to D2D-Rxs, and (3) interference from D2D-Tx of each

pair to D2D-Rxs of other pairs in a same RSG. Note that in

a more realistic scenario, intercell interference should also be

taken into account. All these interference types have to be lim-

ited to obtain the predefined QoS for the CU and D2D pairs.

To get a better insight into the problem, let us consider a sce-

nario in which D2D-Tx 1 and D2D-Tx 2 transmit by reusing

the downlink spectrum resources of c1 while the BS transmit

to c1, as illustrated in Figure 2. Since the BS and D2D-Txs

transmit at the same time on a shared medium, the BS cre-

ates severe interference to both D2D-Rxs, and each D2D-Tx

transmits interference to the CU c1 as well as the other

pair’s D2D-Rx.

Let us assume that spectrum resources allocated to the i-th
CU is shared with K D2D pairs in Gi = {dk}, where k ∈
{1, 2, … , k}. During the downlink period, the BS transmits

data xc
i to the i-th CU, and K D2D-Txs transmit their data
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FIGURE 2 Interference problem when a CU and two D2D pairs

communicate on shared downlink resources.

content such as xd
k to their corresponding D2D-Rxs at the

same time, using the same spectrum resource. The received

signal at the i-th CU, yc
i , and the k-th D2D-Rx, yd

k , can be

written as

yc
i =
√

Pbc
i

(
dbc

i

)−𝛼hbc
i xc

i

+
∑

dk∈Gi

√
Pd

k

(
ddc

ki

)−𝛼hdc
ki xd

k + Pn.
(1)

yd
k =
√

Pd
k

(
ddd

kk

)−𝛼hdd
kk xd

k +
√

Pbd
k

(
dbd

k

)−𝛼hbd
k xc

i

+
∑

dl∈Gi−{dk}

√
Pd

l

(
ddd

lk

)−𝛼hdd
lk xd

l + Pn,
(2)

where Pbc
i and Pbd

k are the transmit power of the BS to the

i-th CU and k-th D2D-Rx; Pd
k and Pd

l are transmit power of

k-th and l-th D2D-Txs; Pn denotes the power spectral density

of additive white Gaussian noise. 𝛼 stands for path-loss expo-

nent. hbc
i , hbd

k , hdc
ki , hdd

kk , and hdd
lk represent channel coefficients

of the links between the BS to the i-th CU and k-th D2D-Rx,

k-th D2D-Tx to the i-th CU, corresponding D2D-Rx of the

same pair, and D2D-Tx of a pair to D2D-Rxs of the other

pairs, respectively. We assume Rayleigh fading channels, and

for simplicity, E|hbc
i |2 = 1, E|hbd

k |2 = 1, E|hdc
ki |2 = 1,

E|hdd
kk |2 = 1, E|hdd

lk |2 = 1. dbc
i , and dbd

k are the distances of

the BS to the i-th CU and k-th D2D-Rx; ddc
ki and ddd

kk denote

the distances of the k-th D2D-Tx to the i-th CU and D2D-Rx

of the same pair, while ddd
lk denotes the distance from l-th

D2D-Tx to k-th D2D-Rx. Note that Gi−{dk} denotes all D2D

pairs in Gi except k-th D2D pair.

3 OPTIMIZATION PROBLEM
FORMULATION

In this section, we analytically model and formulate the

problem of resource allocation for D2D pairs as an opti-

mization problem to maximize network throughput while

guaranteeing the QoS for CUs and D2D pairs. Finally, we

derive and discuss the outage probability of the sharing CU

analytically. We aim to maximize network throughput when

a CU shares its spectrum resources with multiple D2D pairs.

We argue that increasing the number of D2D pairs admitted

to reuse spectrum resources of each CU can increase spec-

trum utilization as well as network throughput, if the mutual

interference between the CU and admitted D2D pairs is man-

aged effectively. Assuming sharing of resources of the i-th
CU with K admitted D2D pairs in Gi, throughput can be com-

puted by sum-rate of traditional cellular link and all D2D

pairs. Accordingly, the achievable throughput can be writ-

ten as Rc
i +
∑

dk∈Gi
Rd

k , where using Shannon theorem Rc
i =

log2(1+𝛾c
i ) and Rd

k = log2(1+𝛾d
k ) are the achievable through-

put for the i-th CU and k-th D2D pair, respectively. 𝛾c
i and

𝛾d
k represent the SINR at the i-th CU and k-th D2D pair,

respectively, and can be written as

𝛾c
i = E

⎛⎜⎜⎜⎜⎝
Pbc

i
|||hbc

i
|||2(dbc

i

)−𝛼
∑

dk∈Gi

Pd
k
|||hdc

ki
|||2(ddc

ki

)−𝛼 + Pn

⎞⎟⎟⎟⎟⎠
,

=
Pbc

i

(
dbc

i

)−𝛼∑
dk∈Gi

Pd
k

(
ddc

ki

)−𝛼 + Pn
.

(3)

𝛾d
k = E

(
Pd

k
|||hdd

kk
|||2(ddd

kk
)−𝛼∕(Pbd

k
|||hbd

k
|||2(dbd

k
)−𝛼

+
∑

dl∈Gi−{dk}
Pd

l
|||hdd

lk
|||2(ddd

lk
)−𝛼 + Pn

))

=
Pd

k

(
ddd

kk

)−𝛼
Pbd

k

(
dbd

k

)−𝛼 + ∑
dl∈Gi−{dk}

Pd
l

(
ddd

lk

)−𝛼 + Pn
,

(4)

where
∑

dk∈Gi
Pd

k (d
dc
ki )

−𝛼 represents the sum of transmitting

interference from all the D2D pairs in Gi to the i-th CU

and
∑

dl∈Gi−{dk}
Pd

l (d
dd
lk )

−𝛼 represents the sum of transmitting

interference of D2D-Txs in Gi to the k-th D2D-Rx.

To maximize the overall network throughput where N CUs

share their resources with M D2D pairs, we formulate the

overall network throughput maximization problem as

max

⎧⎪⎨⎪⎩
∑
ci∈C

Rc
i +
∑
dj∈D

∑
ci∈C

𝛽cd
ij Rd

j

⎫⎪⎬⎪⎭ (5)

s.t. C1 ∶ 𝛾c
i ≥ 𝛾c

min
, (6)

C2 ∶ 𝛾d
j ≥ 𝛾d

min
, (7)
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where 𝛾c
min

and 𝛾d
min

denote the minimum required SINR on

each CU and D2D-Rx, respectively. 𝛽cd
ij is a binary variable

as the resource reuse indicator in which 𝛽cd
ij = 1 when D2D

pair dj is admitted to reuse spectrum resources of ci, otherwise

𝛽cd
ij = 0. In addition, we need to ensure that each D2D pair

is assigned with spectrum resources of one of the active CUs.

The constraints C1 and C2 represent the QoS requirements

for CU and D2D pairs, respectively, and imply that to achieve

the maximum throughput, the instantaneous SINR of each CU

and D2D pairs in its resource-sharing group should be higher

or equal than the predetermined SINR targets.

It can be seen that the maximization problem formulated

in Equation 5 is a kind of NP-hard combinatorial optimiza-

tion problem. It is generally difficult to obtain a globally

optimal solution for such a problem. Hence, the solution for

Equation 5 can be mapped to a heuristic algorithm to find the

best set of paired CUs and D2D pairs that maximize network

throughput and satisfy the constraints of the problem. The key

issue of the solution is to exploit an efficient mechanism to

investigate which CU and D2D pairs can be properly paired

up to maximize the overall throughput while guaranteeing the

required QoS at each CU and D2D-Rx. Next, on the basis of

the constraints of the optimization problem, we investigate the

outage probability of the sharing CUs.

Outage Probability
Interference management is the key challenge for resource

sharing and throughput improvement in D2D communica-

tions. As discussed earlier, with downlink resources sharing

between a CU and multiple D2D pairs, the CU and D2D-Rxs

are exposed to interference, and hence, increasing the num-

ber of D2D pairs will increase the level of interference.

Accordingly, increasing in the number of sharing D2D pairs

can decrease the SINR of the CU dramatically, if no effec-

tive mechanism for resource sharing is implemented. Thus,

we introduce Definition1 to consider outage probability of

a CU when it shares its spectrum resources with multiple

D2D pairs.

Definition 1. We define the outage probability of the CU ci
as the probability that its instantaneous SINR falls below a
predetermined threshold denoted by 𝛾c

min

POut,c
i = Pr

⎛⎜⎜⎜⎜⎝
Pbc

i
|||hbc

i
|||2(dbc

i

)−𝛼
∑

dk∈Gi

Pd
k
|||hdc

ki
|||2(ddc

ki

)−𝛼 + Pn

≤ 𝛾c
min

⎞⎟⎟⎟⎟⎠
. (8)

We introduce Lemma 1 to compute the outage probability

of the i-th CU.

Lemma 1. If we assume Zbc
i = Pbc

i |hbc
i |2(dbc

i )−𝛼 and Zdc
ki =

Pd
k |hdc

ki |2(ddk
ki )

−𝛼 are independent exponentially distributed

random variables with mean values Z̄bc
i and Z̄dc

ki , respectively,
then the outage probability in Equation 8 can be rewritten as

POut,c
i = Pr

⎛⎜⎜⎜⎝
Zbc

i∑
dk∈Gi

Z dc
ki + Pn

⎞⎟⎟⎟⎠ . (9)

The outage probability of the i-th CU can be written in a
closed-form expression as

POut,c
i = 1 − e

−
𝛾 c
min

Pn
Z̄bc

i
∏

dk∈Gi

⎛⎜⎜⎜⎝
1

1 + 𝛾c
min

Z̄ dc
ki

Z̄ bc
i

⎞⎟⎟⎟⎠ . (10)

The proof of Lemma 1 is presented in the Appendix.

4 QUALITY-OF-SERVICE AWARE
HEURISTIC RESOURCE
ALLOCATION ALGORITHM

The QARA algorithm is conducted in 4 steps that are sum-

marized in Table 1. It is obvious that network throughput

and spectrum utilization is highly dependent on efficiency

of the algorithm for interference mitigation and number of

concurrent D2D communications. Before diving into detail

explanation of the algorithm, let us introduce some concepts

involved in the proposed algorithm.

Definition 2. A resource reuse candidacy graph (RCG) is
a weighted bipartite graph G = (VC,VD,ER) that has 2
sets of vertexes of active CUs and D2D pairs represented by
C = {c1, c2, … , cN} and D = {d1, d2, … , dM}, respectively.
Each edge of graph shows the achievable throughput with
pairing a CU and a D2D pair.

TABLE 1 Main steps of the QARA algorithm

Step 1: Quality-of-service aware admission control for single D2D

pairs. For each active CU, find a list of candidate D2D

pairs that can share the same spectrum without violating

constraint C1 of the problem.

Step 2: Paring strategy for a single D2D pair. For each active CU,

consider all available candidate D2D pairs and choose the

pair that maximizes throughput.

Step 3: Quality-of-service aware admission control for multiple

D2D pairs. Determine D2D pairs that can join a RSG

without violating QoS constraints.

Step 4: Resource allocation for multiple D2D pairs. For each RSG,

choose the D2D pair that maximizes throughput (if any).

Steps 3 and 4 are applied iteratively until no more pairing is possible.
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FIGURE 3 An example of RCG (reuse candidacy graph).

Definition 3. For each active CU, using RCG, we derive a
set of admissible D2D pairs showing by Ci =

{
dj
}

where
i ∈ {1, 2, … ,N} and j ∈ {1, 2, … ,M}.

Step 1: Quality-of-service aware admission control for
D2D pairs
In this step, we construct and exploit an RCG to investigate

which CU and D2D pair(s) can communicate on shared spec-

trum without violating the required QoS at the CU. The RCG

can be seen as an admission control algorithm to indicate

whether dj is admitted to reuse spectrum resources of ci or not.

Before discussing the RCG construction, we introduce propo-
sition 1 to consider the criterion that determines which D2D

pair can reuse spectrum resource of a CU.

Proposition 1. The D2D pair dj is a candidate to reuse spec-
trum resources of the CU ci if ddc

ji ≥ ddc
min,i, where ddc

min,i is the
minimum separation distance of D2D pairs to the CU ci to
guarantee its required QoS and given by

ddc
min,i =

(
Pd

j 𝛾
c
min

Pbc
i

(
dbc

i

)−𝛼 − 𝛾c
min

Pn

) 1

𝛼

. (11)

It is straightforward to derive Equation 11 using constraint

(Equation 6). Proposition 1 implies that dj is admissible for

resource sharing with ci if the actual distance between ci and

the D2D-Tx of dj is larger than ddc
min,i. In other words, a CU

and a D2D pair can be paired up only if the D2D pair does

not cause QoS violation at the CU. To construct the RCG and

with respect to proposition 1, we use an association indicator

cij as

cij =
{

1, if proposition 1 is satisfied
0, otherwise

(12)

cij = 1 implies that there is an edge between ci and dj in RCG,

and cij = 0 signifies ci and dj do not communicate on shared

spectrum. Using RCG and for each CU, we can obtain the

D2D pair candidates to reuse spectrum resources of each CU

ci denoted by Ci = {dj|cij = 1}. Ci = ∅ implies that ci does

not share its resources with any D2D pair. On the basis of the

constructed RCG, an edge of the graph is established between

a CU and D2D pair if Equation 12 is satisfied. Hence, if an

edge between ci and dj is established, the weight of the edge

can be computed by

Rcd
ij = Rc

i + Rd
j , (13)

where Rcd
ij is the total achievable throughput when ci and a

single D2D pair dj communicate on shared spectrum, Rc
i and

Rd
j are achievable throughput of CU ci and D2D pair dj when

they share the same spectrum resources. It should be noted

that different distribution of CUs and D2D pairs may lead to

different RCG formation. An example of RCG is presented

in Figure 3.

Step 2: Paring strategy for a single D2D pair
In this step, based on the constructed RCG, for each CU, we

consider which D2D pair in its candidate list provides higher

throughput if it will be paired up with that CU. The D2D pair

maximizing the total throughput is called the optimal D2D

pair and can be chosen by

dj∗ = argmax
dj

(
Rcd

ij

)
, (14)

where j* is the index of the admitted D2D pair to be added

to Gi. This means that for each CU ci, we consider all D2D

pairs in its candidates list Ci and choose D2D pair with the

highest Rcd
ij . If two D2D pairs have the same values for Rcd

ij ,

we choose the one that has larger distance to that CU. By this

step, we obtain the optimal solution of Equation 5 for a single

D2D pair and Gi for all active CUs has exactly one member.

Step 3: Quality-of-service aware admission control for
multiple D2D pairs
When a new D2D pair accesses to spectrum of a CU that

already has shared its spectrum resources with some other

D2D pairs in Gi, because of the shared medium, it may gener-

ate interference to the CU and D2D-Rx(s) in the Gi. We argue

that for each active CU, there should be a minimum separa-

tion distance between D2D-Txs and the CU that guarantees

the required QoS for the CU. Moreover, to ensure the QoS for

a D2D-Rx, there should exist a minimum separation distance

between the D2D-Rx and the BS and interfering D2D-Txs. In

this step, we derive the above mentioned minimum separa-

tion distances, and based on these geometric parameters, we

derive three circular ERs to determine the admissible D2D
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pairs for resource sharing with each active CU. Here, we intro-

duce proposition 2 to determine the D2D pairs that can reuse

spectrum resources of a CU.

Proposition 2. For each CU ci, a D2D pair dj in Ci is admis-
sible to reuse spectrum resources of the CU ci, which already
shared its spectrum with at least one D2D pair in Gi, if it is
not located in ERdc, ERbd, and ERdd. Next, we discuss how to
derive the ERs.

Defining ERdc

Considering the same transmit power for all D2D-Txs, the

interference level at CUs is mainly dependent on the distance

of D2D-Txs to the CU sharing the spectrum. In fact, to guaran-

tee the required QoS for a CU, there should exist a minimum

separation distance from the interfering D2D-Txs. According

to constraint C1 in Equation 6,

Pbc
i

(
dbc

i

)−𝛼∑
dk∈Gi

Pd
k

(
ddc

ki

)−𝛼 + Pn
≥ 𝛾c

min
. (15)

We derive an ERdc for each CU with radius of rdc
i that can be

computed as

rdc
i =

( ∑
dk∈Gi

Pd
k 𝛾

c
min

Pbc
i

(
dbc

i

)−𝛼 − 𝛾c
min

Pn

) 1

𝛼

. (16)

Defining ERbd

The level of transmitting interference to a D2D-Rx is depen-

dent on its distance from the BS and interfering D2D-Txs. To

ensure the QoS on a D2D-Rx, there should be a minimum

separation distance of the D2D-Rx from the BS and interfer-

ing D2D-Txs that can limit the aggregated interference at the

D2D-Rx. According to constraint C2 in Equation 7,

Pd
k

(
ddd

kk

)−𝛼
Pbd

k

(
dbd

k

)−𝛼 + ∑
dl∈Gi−{dk}

Pd
l

(
ddd

lk

)−𝛼 + Pn
≥ 𝛾d

min
. (17)

We derive a circular ERbd with the radius of rbd
k as

rbd
k =
(

Pbd
k 𝛾d

min

/(
Pd

k (d
dd
kk )−𝛾d

min

( ∑
dl∈Gi−{dk}

Pd
l (d

dd
lk )

−𝛼+Pn

)))1

𝛼

.

(18)

Defining ERdd

To mitigate harmful interference of D2D-Txs to D2D-Rxs of

other pairs, we apply the similar process in ERbd to obtain the

radius of the ERdd as

rdd
k =

⎛⎜⎜⎜⎝
𝛾d

min

∑
dl∈Gi−{dk}

Pd
l

Pd
k

(
ddd

kk

)−𝛼 − 𝛾d
min

(
Pd

k

(
ddd

kk

)−𝛼 + Pn
)⎞⎟⎟⎟⎠

1

𝛼

. (19)

Equation 19 implies that multiple D2D pairs can communi-

cate on shared spectrum with k-th D2D pair, if none of their

D2D-Txs is located in the ER of the k-th D2D pair.

Step 4: Optimal resource allocation for multiple D2D
pairs
In this step, we investigate an optimal paring strategy to

improve the overall network throughput. For resource sharing

with each active CU, we need to find the optimal set of D2D

pairs that can maximize network throughput without violat-

ing its QoS requirement. The optimal D2D pair for resource

sharing with CU ci, which has already been paired up with

at least one D2D pair in the first two steps, can be found by

dj∗ = argmax
dj

(
Rcd

ik + Rd
j

)
, (20)

where Rcd
ik = Rc

i +
∑

dk∈Gi
Rd

k is the sum of the achievable

throughput by each CU ci and K admitted D2D pair(s) in

Gi. The QARA algorithm is shown in Figure 4. With respect

to QARA algorithm, the complexity of Step 1 and Step 2

for pairing at most one D2D pair per active CU is upper

FIGURE 4 QARA (Quality-of-service aware heuristic resource

allocation) algorithm.
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bounded by O(NM). The outer loop of Steps 3 and 4 for

sharing spectrum resources with multiple D2D pairs runs

O(N) times and inner loop runs O(M2) in the worst case.

Thus, complexity of QARA algorithm in the worst case is

O(NM3).

5 NUMERICAL RESULTS AND
DISCUSSIONS

In this section, we perform extensive simulation experiments

to evaluate the proposed algorithm through Monte Carlo sim-

ulations in MATLAB. We consider a single circular cell

with a radius of 500 m, where the BS is located in the

center of cell and CUs and D2D pairs are uniformly dis-

tributed all over the cell. The maximum distance between the

D2D-Tx and D2D-Rx of a D2D pair is restricted between

10 to 50 m. To investigate the proposed algorithm, we com-

pare the performance of QARA algorithm with R-ICA, the

Hungarian algorithm (HA), and random resource allocation

(RA) in terms of network throughput, outage probability, and

computational complexity. To control the interference from

the BS to D2D-Rxs, we exploit an adaptive transmit power

for the BS and fixed transmit power for D2D-Txs in our

simulations for all the considered algorithms. The common

parameters29,30 used for simulation experiments are summa-

rized in Table 2.

5.1 Geometric constraints
We begin our analysis by discussing the minimum separation

distances required to ensure the predefined QoS at CUs and

D2D pairs. Then, to get a better insight on the impact of the

QoS requirements and distances on the number of admissible

D2D pairs, we consider the ERs establishment in six different

configurations.

TABLE 2 Simulation parameters

Parameter Value

System bandwidth 5 MHz

BS max transmission power 30 dBm

UE max transmission power 23 dBm

Noise spectral density −174 dBm/Hz

Path-loss model for cellular links 128.1 + 37.6log(d [km])
Path-loss model for D2D links 148 + 40log(d [km])
QoS requirement for CUs 10 dB

QoS requirement for D2DU-Rxs 5 dB

Number of CUs 8

Number of D2D pairs 2 − 16

5.1.1 Minimum separation distances
Figure 5 shows the minimum separation distance between

D2D-Tx(s) and the CU to guarantee 10 dB SINR at the CU

when it shares its resources with 1 to 10 D2D pairs and

its distance to the BS varies between 1 and 500 m. As can

be observed, the required minimum distances increase with

increasing the distance of CU to the BS and number of admit-

ted D2D pairs. As we used adaptive transmission power on the

BS, for CUs located more than 300 m away from the BS, the

BS has to transmit with its maximum transmission power. To

guarantee the required QoS at the CU when it shares the spec-

trum with 3 D2D pairs and distance between the BS and the

CU is less than 300 m, D2D-Txs need to be 150 m away from

the CU. But for the same situation when the distance between

the BS and the CU is 450 m, D2D-Txs need to be kept 300

to 350 m away from the CU. In addition, when CU is located

450 m away from the BS (near to the cell edge) and more than

8 D2D pairs share the same spectrum, D2D-Txs need be 400

to 450 m away from the CU. Note that for lower values of the

required QoS at the CU, the minimum separation distance of

D2D-Txs to the CU decreases.

Figure 6 depicts the minimum separation distance of

D2D-Rxs from the BS for 𝛾c
min

= 10 dB and 𝛾d
min

= 5 dB.

It can be seen that the minimum required distance from the BS

to D2D-Rx increases with increasing D2D link length (i.e.,

FIGURE 5 Minimum separation distance of D2D-Txs to the CU.

FIGURE 6 Minimum separation distance of D2D-Rxs from the BS.
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FIGURE 7 Minimum separation distance of D2D-Rx from

D2D-Txs of other pairs

distance between D2D-Tx and it corresponding D2D-Rx)

and distance of CU from the BS. However, D2D link length

shows greater impact on the required separation distance. For

instance, when a CU is 300 m away from the BS and D2D link

length is less than 15 m, the required QoS for D2D-Rx can

be guaranteed with less than 150 m distance of D2D-Rx from

the BS. However, when D2D link length is 50 m, to guarantee

QoS at D2D-Rx, it needs to be kept 500 m away from the BS.

Figure 7 illustrates the minimum separation distance of

D2D-Rx from D2D-Txs of other pairs when the distance

between transmitter and receiver of a D2D pair is between 10

to 50 m and the number of D2D pairs is between 2 and 10.

The required QoS for a D2D-Rx is set to 5 dB . Because of the

fixed and low transmission power of D2D-Txs, the minimum

separation distance of D2D-Rx from interfering D2D-Txs

grows with increasing in D2D links length. It also grows as

the number of D2D pairs sharing the same spectrum resources

increases, due to the greater number of interferers. When there

are only 2 D2D pairs and the length of D2D link is 50 m,

with 100 to 120 m distance of interfering D2D-Txs to the

D2D-Rx, the QoS for the D2D-Rx can be guaranteed. While

for 10 D2D pairs, it is not possible to attain the D2D-Rx’s QoS

requirement for a less than 200 m distance between D2D-Txs

and D2D-Rx.

5.1.2 Exclusive regions
Figure 8 illustrates the derived ERs for six different config-

urations. The D2D-Txs and D2D-Rxs are shown by red and

green star symbols, respectively. The blue circle centered at

the BS indicates the ERbd by which no D2D-Rx is allowed

to be inside this circle. The dark green circle (the simulation

displays only a part of the circle that is positioned into the

considered cell) centered at the CU shows the ERdc in which

no D2D-Tx can be located inside the circle. The red circles

centered with D2D-Rxs show the ERdd for each D2D-Rx in

which D2D-Txs of other pairs are not allowed to be located

inside the circles. In the configuration in Figure 8A, we set

𝛾c
min

= 10 dB, 𝛾d
min

= 5 dB, dbc
i = 300 m, and ddd

kk ≤
50 m. As indicated, with this configuration it is possible to

have at maximum 14 D2D pairs admissible for sharing the

same spectrum with the CU. We use the configuration in

Figure 8A as the basis and investigate the impact of the above

mentioned parameters in other configurations. In Figure 8B,

𝛾c
min

= 5 dB, the result shows that it would be possible to

share spectrum of the CU at maximum with 15 D2D pairs,

which shows very low improvement compared with the con-

figuration in Figure 8A. In Figure 8C, 𝛾d
min

= 0 dB, due to the

fact that we need to guarantee the QoS target for D2D-Rxs, the

simulation result shows a great improvement in the number of

admissible D2D pairs. In fact, 𝛾d
min

is a key factor determin-

ing the number of concurrent transmitting D2D pair sharing

the spectrum of a CU. Note that with high-QoS requirement

for CUs and D2D pairs, the sizes of the ERs will be larger

and can limit the number of concurrent D2D pairs in a cell. In

Figure 8D and Figure 8E, we consider the impact of the posi-

tion of the CU on the number of admissible D2D pairs and

the ERs establishment. In cases where the CU is near the cell

border (Figure 8D), the maximum number of D2D pairs is

restricted to 13, and when it is closer to the BS (Figure 8E), it

is possible to support 17 admissible D2D pairs. In Figure 8F,

ddd
kk = 30 m, the result shows 25 admissible D2D pairs for

spectrum sharing with the CU. Indeed, distance between pairs

of D2D links have a great impact on the number of admissible

D2D pairs.

5.2 QARA performance in a loaded cell
Up to this point, we have considered the ERs establish-

ment and discussed how to find admissible D2D pairs for

each active CU. Now, we investigate performance of QARA

algorithm in a loaded network consisting of 8 CUs and 16

D2D pairs.

5.2.1 Average throughput
Figure 9 illustrates cumulative distribution function (CDF)

of the average throughput of active CUs using QARA, the

Hungarian, R-ICA, and random algorithms. As the HA is an

optimal solution for paring only one D2D pair to each CU,

and due to the fact that increasing the number of D2D pairs

sharing the same spectrum resources with a CU, increases the

interference to the CU, the interference to each active CU is

less than other algorithms. Hence, the HA outperforms the

other algorithms in average throughput of CUs. QARA can

assign more than one D2D pair for resource sharing with each

CU, but as it limits interference to sharing CUs, it outper-

forms R-ICA and random algorithms. It is worth to mention

that depending on location of CUs, some of them are eligi-

ble to share their resources with more pairs than others while

some cannot share at all.
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FIGURE 8 Impact of distance and QoS parameters on ERs establishment and the number of admissible D2D pairs. The parameters used for

simulations are in A, 𝛾c
min

= 10 dB, 𝛾d
min

= 5 dB, dbc
i = 300 m, ddd

kk = 50 m. B, 𝛾c
min

= 5 dB. C, 𝛾d
min

= 0 dB. D, dbc
i = 400 m. E, dbc

i = 200 m. F,

ddd
kk = 30 m

FIGURE 9 CDF of active CU throughput for 8 CUs and 16 D2D

pairs

Figure 10 illustrates the CDF of average throughput of

the sharing D2D pairs. It can be seen that QARA provides

higher throughput than other algorithms. Since QARA takes

FIGURE 10 CDF of D2D pairs throughput for 8 CUs and 16 D2D

pairs

interference into account when choosing D2D pairs for

resource sharing, it outperforms other algorithms in term of

the average throughput of D2D pairs.
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5.2.2 Resource-sharing group measures
Figure 11 represents the CDF of the size of RSGs when each

CU is paired up with D2D pairs in an independent RSG to

communicate on shared spectrum resources. Since R-ICA

aims at maximizing network throughput, the sizes of per-

formed groups are bigger than QARA algorithm. While the

RA chooses CUs and D2D pairs to be paired up in groups

randomly, the HA assigns at most 1 D2D pair for resource

sharing with each CU. Note that the QoS targets are assumed

to be 10 and 5 dB for CUs and D2D pairs, respectively. As

discussed in Figure 8, with lower QoS requirement values for

CUs and D2D pairs, QARA algorithm will perform RSGs

with larger size.

Figure 12 outlines the CDF of throughput of RSGs. As dis-

cussed earlier, each RSG consist of one active CU and one

or several D2D pairs that are selected to communicate on

shared spectrum. It can be seen that QARA and the R-ICA

algorithms have 10% and 15% probability, respectively, of

FIGURE 11 CDF of RSGs size performed using different algorithms

FIGURE 12 CDF of RSG throughput

forming RSGs with achievable throughput above 200 Mbps.

This is due to the fact that R-ICA performs RSGs to maximize

network throughput whereas QARA algorithm takes QoS into

account in addition to network throughput. On the other hand,

probability of providing throughput above 200 Mbps using

the HA is negligible, as the HA forms RSGs with only one

D2D pair.

5.2.3 Total cell throughput
Figure 13 shows a comparison of total throughput of the cell

achieved by the considered algorithms when number of can-

didate D2D pairs increases from 2 to 16 in a cell with 8 CUs.

When the number of D2D pairs is lower than or equal to the

number of CUs, the cell throughput achieved by all the algo-

rithms are very close together, but by increasing in number

of D2D pairs, R-ICA outperforms other algorithms. QARA

provides results comparable to those of the HA for fewer can-

didate D2D pairs and follows R-ICA with growing number of

candidate D2D pairs.

5.2.4 D2D assignment ratio
Figure 14 demonstrates D2D assignment ratio when number

of D2D pairs increases from 2 to 16. D2D assignment ratio

is defined as the ratio of number of admitted D2D pairs for

FIGURE 13 Total cell throughput

FIGURE 14 D2D assignment ratio
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resource sharing to the total number of D2D pairs in the cell. It

represents the efficiency of the resource allocation algorithm.

It can be seen that by using QARA algorithm, due to QoS

violation, some of D2D pairs will not be admitted for resource

sharing with any one of the active CUs. The HA allocates

resources to all D2D pairs when number of D2D pairs are

less than or equal to CUs, while R-ICA allocates spectrum

resources to almost all of D2D pairs to maximize the overall

cell throughput.

5.2.5 Outage probability
Figure 15 indicates the maximum outage probability of active

CUs when the QoS requirement for CUs is 10 dB. One can

see that QARA algorithm can effectively maintain the outage

probability of active CUs less than 10%. The R-ICA pro-

vides the highest level of cell throughput but due to the fact

that it does not consider CUs’ QoS requirement, the CUs

suffer from severe interference. Hence, the outage probabil-

ity of active CUs is very high, especially when number of

sharing D2D pairs increases. Moreover, RA can provide a

reasonable throughput, but due to the fact that the selection

of D2D pairs for resource sharing is totally random, there

would be a high probability of choosing not proper D2D

pairs for resource sharing with a CU. This may cause sig-

nificant amount of interference to the active CU and high

outage probability.

Figure 16 demonstrates the maximum outage probability of

D2D pairs sharing the same spectrum resource and are cho-

sen to be in a same RSG. Similar to previous case, QARA

algorithm, efficiently keeps the outage probability of D2D

pairs less than 10%. As discussed earlier, the average size of

RSGs using R-ICA are bigger than QARA and the HA; thus,

the number of D2D pairs communicate on the same spec-

FIGURE 15 Outage probability of active CUs

trum are higher than these algorithms. Indeed, interference

between D2D pairs is higher, and consequently, the outage

probability using R-ICA is relatively higher than in those

algorithms.

5.2.6 Complexity
Figure 17 shows the computational complexity (mean run-

ning time) of the considered algorithms when there are 8 CUs

and number of D2D pairs increasing from 2 to 16. Vertical

axis shows decimal logarithm of average running time scaled

by 10. The complexity of the HA and R-ICA are discussed

in Han et al31 and Xu et al21, respectively. While the upper

bound complexity of QARA in the worst case is O(NM3),
where N and M represent the number of active CUs and candi-

date D2D pairs, respectively. The proposed algorithm has the

lowest complexity in comparison to other algorithms and also

very low increase in its complexity by increasing in the num-

ber of D2D pairs. It can be clearly seen that R-ICA running

time grows exponentially with the number of considered D2D

FIGURE 16 Outage probability of sharing D2D pairs

FIGURE 17 Complexity of the algorithms
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pairs. Complexity of R-ICA is about 10 times higher than

other algorithms for 2 D2D pairs and approximately 1 million

times higher for 16 D2D pairs. It is due to the fact that R-ICA

perform exhaustive search for optimal D2D pairs for spectrum

resource allocation.

Summing up the results discussions, R-ICA is an effi-

cient algorithm that can maximize the overall cell throughput

but it suffers from two main drawbacks. First, computational

complexity of the algorithm is very high and exponentially

increases with the number of D2D pairs. Second, R-ICA does

not consider the QoS requirements for CUs and D2D pairs.

Hence, in scenarios that QoS and/or computational complex-

ity are important factor, R-ICA is not an applicable algorithm.

Traditionally, the HA has been proposed as an optimal solu-

tion for pairing algorithm that exploit exhaustive search for

paring of single D2D pair with each CU. However, it is not

a suitable solution for multi-D2D pair resource-sharing sce-

narios, specifically when the number of D2D pairs is larger

than the number of active CUs. QARA can be seen as an

efficient resource allocation framework for D2D communi-

cations. The first two steps of algorithm can be used for one

CU–1 D2D pair resource allocation that provides near opti-

mal performance with low computational complexity. QARA

as a whole algorithm is used for one CU–multiple D2D pairs

resource allocation that provides high-performance level with

relatively low complexity. Furthermore, in comparison to the

other considered algorithms, QARA algorithm is a more effi-

cient approach to avoid or reduce interference to CUs and

D2D pairs. In fact, QARA algorithm can efficiently guaran-

tee the required QoS for CUs and D2D-Rxs. Besides, QARA

algorithm enables us, based on applications requirements, to

define different QoS target values for cellular and D2D com-

munications, leading to different network performance and

RSGs formation. The flexibility and advantages of QARA

algorithm makes it an efficient method for cooperative con-

tent delivery in 5G networks, resulting particularly attractive

in loaded cases.

6 CONCLUSIONS AND FURTHER
DISCUSSIONS

In this paper, we have investigated resource allocation for

multi pairs D2D communications underlaying cellular net-

work in a single cell. We formulated an optimization problem

to maximize network throughput while guaranteeing the

QoS requirements for CUs and D2D pairs. We devised a

four-step QARA algorithm to address the problem. The

QARA algorithm exploits a distance-based admission control

method to drive set of RSGs that show the D2D pairs that

are admitted to communicate by sharing spectrum resource of

each particular CU. We evaluated performance of the QARA

algorithm and compared with R-ICA, the HA, and RA in

terms of network throughput, outage probability, and com-

putational complexity. The analysis of the numerical results

demonstrates that with small numbers of D2D pair can-

didates, QARA provides near optimal network throughput,

similar to the HA. In a loaded network, when the numbers

of D2D pair candidates are higher than CUs, QARA outper-

forms the HA and follows R-ICA that provides maximum

network throughput. While there is high probability of out-

age for CUs and D2D pairs with using R-ICA for resource

allocation, QARA algorithm can efficiently guarantee QoS

for both cellular and D2D communications and maintain the

outage probability of active CUs and D2D pairs less than

10%. Furthermore, QARA performs resource allocation with

lower computational complexity than R-ICA. In the future,

we will extend optimal resource allocation for multi-D2D pair

communications in multi cells.
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APPENDIX

Proof. Proof of Lemma 1

POut,c
i = Pr

⎛⎜⎜⎜⎝
Zbc

i∑
dk∈Gi

Zdc
ki + Pn

≤ 𝛾c
min

⎞⎟⎟⎟⎠ .
Taking the expected value over every interfering D2D
signal Zdc

ki

POut,c
i = E

Z dc
ki

⎡⎢⎢⎢⎣Pr

⎛⎜⎜⎜⎝
Zbc

i∑
dk∈Gi

Zdc
ki + Pn

≤ 𝛾c
min

⎞⎟⎟⎟⎠
⎤⎥⎥⎥⎦

= E
Z dc

ki

[
Pr

(
Zbc

i ≤ 𝛾c
min

(∑
dk∈Gi

Zdc
ki + Pn

))]
.

As Zbc
i is exponentially-distributed with mean Z̄bc

i

POut,c
i = E

Z dc
ki
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1 − e

−
𝛾c
min
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∑

dk∈Gi
Z dc

ki +Pn

⎞⎟⎟⎠
Z̄ bc

i

⎤⎥⎥⎥⎥⎦
,

= 1 − e
−

𝛾c
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Pn

Z̄ bc
i E

Z dc
ki

(
e
−

𝛾c
min

∑
dk∈Gi

Z dc
ki

Z̄ bc
i

)
,

= 1 − e
−

𝛾c
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Pn

Z̄ bc
i
∏

dk∈Gi

E
Z dc

ki

(
e
−

𝛾c
min

Z dc
ki

Z̄ bc
i

)
.

(A1)

Now, we calculate the expected value in A1 for a generic
exponentially distributed random variable X with mean x̄.
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E
X

(
e
−

𝛾c
min

X

Z̄ bc
i

)
= ∫

∞

0

e
−

𝛾c
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x

Z̄ bc
i

1

x̄
e−

x
x̄ dx,

= 1

x̄ ∫
∞

0

e
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𝛾c
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x̄Z̄ bc
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x
dx,

=
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x̄ + Z̄ bc
i

,
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(
1 +

𝛾c
min

x̄

Z̄ bc
i

)−1

.

(A2)

As every Zdc
ki is exponentially-distributed with mean Z̄dc

ki ,
applying Equation A2 to Equation A1, we obtain

POut,c
i = 1 − e

−
𝛾c
min

Pn

Z̄ bc
i
∏

dk∈Gi

(
1 +

𝛾c
min

Z̄ dc
ki

Z̄ bc
i

)−1

.
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