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Device-to-device (D2D) communication is one of the promising technologies for the next-generation cellular network, which uses
direct communication between two neighboring devices to obtain a high transmission rate. This paper focuses on wireless
resource allocation in a many-to-many D2D communication scenario to maximize the D2D transmission sum rate. Through
the model analysis, the objective function is formulated while guaranteeing the minimum transmission rate of both the cellular
users (CUs) and the D2D pairs. Based on the candidate sequence, an overlapping coalition game algorithm is proposed to
enhance the D2D transmission sum rate. Furthermore, the preference sequence of CUs is adopted in the coalition
initialization. According to the interference intensity, a power allocation scheme is designed further to improve the
transmission sum rate of the D2D pairs. The simulation results have verified the validity of the proposed algorithm.

1. Introduction

With the rapid development of the Internet of Things (IoT)
and cellular technology, the demand for mobile internet
access is growing at a tremendous rate in the past decade
[1-3]. As one of the critical technologies of 5G [4, 5],
device-to-device (D2D) communication can improve the
transmission rate of communication networks, enhance the
system throughput [6, 7], and reduce the communication
delay [8]. D2D communication is a short-distance commu-
nication technology that data transmission can be directly
carried out between two terminals. D2D communication
can be operated as an underlay mode by sharing the cellular
spectrum, which significantly improves the performance of
network and the user experience [9, 10].

In the hybrid network formed by the cellular users (CUs)
and the D2D pairs, the communication quality will be
affected. On the one hand, the D2D pairs reusing the cellular
spectrum will disturb the communication of CUs. On the
other hand, the D2D devices sharing the spectrum will be

interfered by the corresponding CUs [11, 12]. Especially,
the interferences will be more serious in many-to-many sce-
nario, where one channel resource can be reused by multiple
D2D pairs, and a D2D pair can reuse multiple channel
resources. The transmission rate of D2D communication
will be very small as the existence of serious interferences
in a many-to-many scenario, which will restrict the develop-
ment of D2D communication. Therefore, the methods of
reasonable channel allocation and power control are very
important in D2D communication research.

This paper mainly focuses on the resource allocation and
power control in many-to-many D2D communication,
which is different from reported works, such as the random
selection [13], cooperative game [14], or matching game
with externalities [15] to reuse the channel resources and
improve the D2D transmission sum rate. An overlapping
coalition game algorithm based on the candidate sequence
is proposed to further enhance the D2D transmission sum
rate in this work. And the cellular user’s preference sequence
is adopted to initialize the coalition. Furthermore, a power
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control scheme based on interference intensity is designed to
improve the utility of the coalition.

The main contributions of this paper are summarized as
follows:

(1) In a many-to-many scenario, the system model was
analyzed, and the sum transmission rate of D2D
pairs with guaranteeing the quality of service (QoS)
was formulated as the objective function

(2) An overlapping coalition game algorithm based on
the candidate sequence was proposed to guide the
channel resource allocation, which could enhance
the transmission rate of D2D pairs. Furthermore,
the preference sequence was used in the processing
of the coalition initialization

(3) A power allocation scheme based on the preference
sequence was proposed to allocate the powers of
D2D pairs. To ensure the performance requirements
of D2D pairs and CUs in the coalition, the coalition
utility was used to evaluate whether the power allo-
cation is effective

The rest of this paper is outlined as follows. The related
works are described in Section 2. Section 3 provides the sys-
tem model and the problem formulation. Section 4 provides
a detailed description of the resource allocation algorithm
and the power control strategy. Simulation results are pre-
sented in Section 5. The conclusion is summarized in Sec-
tion 6. For the sake of convenience, the major symbols
used in this paper are listed in Table 1 with their definitions.

2. Related Works

Recent studies concerning resource allocation mainly
focused on the following aspects: mode selection [16],
resource multiplexing, and power allocation [17] for D2D
communication. The D2D communication includes the fol-
lowing scenarios: one-to-one, many-to-one, and many-to-
many D2D communication.

(1) One-to-one D2D communication

Resource allocation in one-to-one D2D communica-
tion was studied in [18, 19]. In [18], a network-assisted
distributed processing architecture was proposed to solve
the throughput optimization problem, which included
receiving mode selection, verification for relay selection,
and transmission power adjustment. It could reduce the
burden of centralized processing. A power control and
channel allocation scheme for the energy efliciency maxi-
mization of D2D pairs through reusing uplink-downlink
resources was presented in [19].

(2) Many-to-one D2D communication

For the scenario of multiple channel resources can be
multiplexed by one D2D pair, the coalition game with prior-
ity sequences was presented to maximize the D2D through-
put while guaranteeing the minimum rate of each user in
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[20]. In [21], a sealed bid single price auction game was
introduced to attain the maximum throughput by balancing
the interference between D2D users and CUs. In [22], by
jointly considering the mode selection and power control
strategy, a coalition formation game was proposed to maxi-
mize the energy efficiency of all users in the cellular network.
In [23], a two-tier resource allocation scheme was discussed
to maximize the spectral efficiency with guaranteeing a min-
imum throughput and its latency requirement. A spectrum
resource allocation algorithm based on game theory was
proposed to enhance the system sum rate in [24]. However,
in [24], the power control strategy was not discussed to
improve the system performance.

The resource allocation method which multiple D2D
pairs can multiplex a channel resource was investigated in
[25-29]. In [25], based on matching theory and coalition
game theory, a constrained deferred acceptance algorithm
and a coalition formation algorithm were proposed to max-
imize the system performance with guaranteeing the QoS of
all users. In [26], the cooperative D2D communication in an
uplink cellular network was investigated, where D2D users
acted as relays for cellular users to maximize the total aver-
age achievable rate under the outage probability constraint.
Channel resource allocation methods based on interference
analysis in a multiplexing scenario were studied to improve
the system performance in [27, 28]. A distributed resource
allocation algorithm based on the interference threshold
was introduced to maximize the transmission rate of the
D2D pairs in [29]. Only the matching problem between
the D2D pairs and the CUs was taken into account in the
research works mentioned above, and the performance of
the CU was seldom considered during the optimizing
process.

(3) Many-to-many D2D communication

Channel multiplexing in a many-to-many D2D commu-
nication was studied in [14, 15, 30, 31]. A cooperative game
resource allocation algorithm based on the overlapping coa-
lition was proposed to improve the utility of the system, in
which the coalition initialization was formed by choosing
the most suitable CU to reuse its resources block according
to the cross-tier interference strength in [14]. A many-to-
many resource allocation algorithm based on externalities
was proposed to reach a stable state and improve the perfor-
mance of the system in [15]. A resource allocation method
based on the graph coloring theory was proposed to opti-
mize the spectral efficiency of the system in [30]. An iterative
user-subchannel swap algorithm was proposed to maximize
the sum rate of LTE and D2D users in [31].

The literature mentioned above showed that the power
and the spectrum allocation were considered to optimize
the system performance from multiple aspects. The com-
plexity for channel resource allocation of both one-to-one
and many-to-one is much lower than that of many-to-
many in D2D communication. In this paper, under the con-
dition of guaranteeing the user’s QoS, an overlapping coali-
tion formation game is proposed to solve the problem of
resource allocation in many-to-many D2D communication.
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TaBLE 1: List of major symbols.

Symbol Description
N The number of CUs
M The number of D2D pairs
1y Gaussian white noise
. The transmission rate of the mth D2D pair sharing
The nth resource block
ré The transmission sum rate of the nth CUs
EZ’,, The SINR of the mth D2D pair sharing the nth
Resource block
& The SINR of the nth CU
S The transmit power of nth CUs
Jit The transmit power of D2D pairs
m' D2D pairs in the same coalition with the mth pair
D, A set of all the D2D pairs sharing the same resource
Xonn The reusing indicator of CUs
Rc The transmission sum rate of the all CUs
R, The transmission sum rate of the all D2D pairs
9c,,, The path gains from the transmitter of the nth CUs to the mth D2D pair receiver
9p,,, The path gains from the transmitter of the mth D2D pair to D2D pair receiver
9o, The path gains from the transmitter of the 'th D2D pair to the mth D2D pair receiver
9D, s The link gain between the mth D2D pair sharing the nth channel resource block and the base station
RS, The rate thresholds of CUs
RD The rate thresholds of D2D pairs
9c,, The path gains of the nth CUs to the base station
9,4 The path gains of the mth D2D pair to the base station
¢ The transmission rate of CUs
e The maximum transmit power of D2D pairs
L The players of all users in the system model
CS The coalition structure
v The utility functions
H(m,S§)) Historical information table
P, The power interval
k The path loss constant
o The multipath fading parameter from the nth CUs to receiver of the mth D2D pair

Wy The shadow gain from the nth CUs to receiver of the mth D2D pair
Yo The distance from the nth CUs to the receiver of the mth D2D pair

The path loss factor

” A set of the corresponding D2D pairs and the CU that share the nth resource block

P (n,m) The interference intensity of the mth D2D pair that reuse the nth cellular user




3. System Model and Problem Formulation

This section provides a detailed description of the system
model in many-to-many D2D communication and the opti-
mization problem to maximize the transmission sum rate of
D2D pairs is formulated.

In a many-to-many D2D communication scenario, one
channel resource can be shared by one CU and multiple
D2D pairs, and a D2D pair can reuse multiple channel
resources. As shown in Figure 1, CUs and D2D pairs coexist
in the cell network, and the network contains N CU and M
D2D pair. The set of channel resource blocks contains in the
cell is represented as C= {1, ---, 1, ---, N}. The D2D pair set
is D={1,---,m, ---, M}. The D2D pairs share the uplink of
the CUs. For example, the 1st D2D pair (DU1), the 2nd
D2D pair (DU2), and the 6th D2D pairs (DUS6) in the cell
network reuse the spectrum of the 1st CU (CUL). Mean-
while, DU2 can also share the spectrum of CU2.

It is assumed that the base station has the perception
function of all complete channel state information (CSI).
How the base station obtains the CSI of users is not involved
in this study. The mth D2D pair receives the interferences
from the corresponding CU and the D2D pairs which share
the same channel resource. The transmission rate of the mth
D2D pair sharing the nth resource block can be expressed as

2, <log(1+82,),

D ngDm.m (1)

- C )
ny +p, gCn,m + Zm’GDn\me’,npm’gD

mn

Wl’,Wl

where €Z)n is the signal to interference noise ratio (SINR) of
the mth D2D pair sharing the nth resource block. p¢ and p2
are the transmit power of the nth CU and the mth D2D pair,
respectively. And n, is the Gaussian white noise. The symbol
of m' represents the m'th D2D pair which shares the same
frequency with the mth D2D pair. D,, is a set of all D2D pairs
sharing the same channel resource. g, , g, ,and g,

m'm

are the path gain from the nth CU, the transmitter of the

mth D2D pair and the m'th D2D pair to the mth D2D pair
receiver, respectively. The parameter y,, , is the indicator of

reusing the nth resource block. If the nth resource block is
reused by the mth D2D pair, x,, , = 1. Otherwise, x,,  =0.

The transmission sum rate of all D2D pairs can be
given as

Rp=) Y=Y Y log(1+&,). @

neC meD neC meD

The SINR of the nth CU is expressed as follows:

C
pn gC”,B

D bl
ny + ZmeD,, AmnPm9p,,

£ = (3)

where g and g, are the path gains of the nth CU and
the mth D2D pair to the base station, respectively.
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FIGURE 1: Many-to-many uplink resource reusing system model.

The transmission sum rate of all CUs in the cell can be
described as

R.= ngz Z log2(1+€f)

neC neC

4
Sfre e )
neC ny + ZmeDn Xm,npngm)B

The objective function is to maximize the transmission
rate of all D2D pairs while considering the minimum rate
of each user. And it can be described as follows:

ma)%RD = Z Z rﬁ,n = Z Z logz(l + nyn), (5)

mnPm neCmeD neCmeD

s.t.ro > ROYmeDYneC, (6)
r¢>RGVneC, (7)

P <pp*VmeD, (8)

Py <pE™VneC, 9)

Xmn €{0,1}VmeDVneC. (10)

where RD) and R, are the D2D pairs and CUs’ transmission
rate threshold values, respectively. The p}** and pg** are
maximum transmit power of the D2D pairs and CUs,
respectively. Equation (6) (Equation (7)) represents the
transmission rate constraint of the mth D2D pair (the nth
CU). Equation (8) (Equation (9)) indicates the transmit
power of the mth D2D pair (the nth CU) should be less than
or equal to the corresponding maximum value. Equation
(10) means whether the mth D2D pair sharing the nth chan-
nel resource. Since Equation (5) is a nonlinear equation
which involves a binary variables of Xom> therefore, the
objective function is a mixed-integer nonlinear program-
ming (MINLP) problem.
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4. Resource Allocation Algorithm for
Optimizing Transmission Rate

This section introduces a resource allocation algorithm
based on the overlapping coalition game and power control
strategy of all D2D pairs in a many-to-many D2D commu-
nication scenario.

4.1. Preference Sequence Coalition Initialization. The defini-
tion of the overlapping coalition is given as follows.

Definition 1. In the coalition game G=(L,v,CS), L=
{1,---,m, -, M} denotes a set of all D2D pairs that share
the channel resources. The parameter v represents the utility
function. The coalition structure CS={S,,S,, -**,S,, ***, Sy }
denotes a set of S,, where S, represents a set of the corre-
sponding D2D pairs and the CU that share the nth resource
block. As the D2D pairs can join multiple coalitions, an
overlapping coalition structure is formed. It means that §;
ﬂSj;&Q, i,j€N,i+j, where S; and Sj represent the ith
and jth coalition in the structure,
respectively.

same coalition

The utility function of v can be used to evaluate whether
the coalition has been improved. The utility function of
the mth D2D pair sharing the nth channel resources is
defined as

v(m,S,) = (11)

D D D
{ rm,n’ rm,n 2 Rth’

0, otherwise.

The utility function of the coalition S, with transmis-
sion rate constraints is expressed as

D D _C C
Z rfﬂ,n’r >Rth’rn 2Rth’

mmn —

v(S,, CS) = { meD, (12)

0, otherwise.

The utility function of coalition structure CS is the
sum of the utility value of each coalition and it can be
expressed as

v(CS) = ) ¥(S,, CS). (13)
neC

In the process of coalition initialization, the perfor-
mance of each CU should be firstly guaranteed when the
channel resource blocks are shared. The interference inten-
sity of the mth D2D pair that shares the nth channel
resource block is used as the preference value, and it can
be expressed as

p(n,m) = pr.ilgDmmyB’ (14)

where g, is the communication link gain between the

mth D2D pair sharing the nth channel resource block
and the base station. If the preference value of the mth

D2D pair is lower, the interference to the CU sharing
the same channel resource is smaller. Therefore, the D2D
pair is more likely to reuse this resource block.

The preference sequence of the mth D2D pair is a set
of preference values for the mth D2D pair that shares dif-
ferent channel resources. In order to optimize the sum
transmission rate of all D2D pairs, the preference sequence
is adopted in coalition initialization. The coalition initiali-
zation process based on the preference sequence includes
four steps:

(1) The first step: calculating the preference value of the
Ist D2D pair according to Equation (14), arranging
the preference values in ascending order to form
the preference sequence (denoted as T')

(2) The second step: calculating the transmission rate of
the 1st D2D pair and the corresponding CU in the
order of the T, respectively. If the transmission rate
is lower than the rate threshold, the calculation is
stopped. Otherwise, the preference values that make
the transmission rate satisfy the transmission rate
threshold will form a new preference sequence

(denoted as T7)

(3) The third step: repeatedly obtaining the mth D2D
pair preference sequence T, according to the first

and second steps, until all T/ (m € M) have been
obtained

(4) According to T|, (m € M), all D2D pairs which share
the same resource block are determined and the cor-
responding D2D pairs form an initial coalition

4.2. Overlapping Coalition Game

Definition 2. It is assumed that the coalition structure CS, is
described as CS,={S, ---,S,, -+, S, -, Sy} and the mth
D2D pair belongs to the coalition of S,,. If the mth D2D pair
switchs from S, to Sy, the coalition structure CS, = {S;, -,
84, -+, 81, -+, Sy} is formed, where S1=S,\m and S!=S§,

IR

U{m}.

The coalition game guideline is given as

v(m, S}) >v(m,S,),

CS,>CS, & { V(8L CS,) = v(S, CS,), (15)

v(CS,) >v(CS,),

where the first inequation of (15) means that the utility value
of the mth D2D pair in the coalition of S] is larger than that
in S,. And the second inequation of (15) means that the util-
ity value of S} is no less than that of S,. The third inequation
of (15) represents that the utility value of coalition structure
CS, will be greater than that of CS,. If the D2D pair who
meets the above three conditions, it can switch from one
coalition to another. According to (14), the preference values



for the mth D2D pair sharing all channel resource is
obtained. The mth D2D pair chooses the coalition with a
lower preference value to join.

If the coalition consists of only one CU, which means
that there is no any D2D pair in the coalition. Therefore,
the corresponding coalition switch guideline is given as
follows:

v(m, S}) > v(m,S,),

S 2 { v(CS,) >v(CS,). 1o

As the channel resource has not been used by any
D2D pair, the D2D pair was randomly selected to join a
new coalition if two conditions are satisfied: (i) the indi-
vidual utility of the D2D pair is increased and (ii) the total
utility of the new coalitional structure is increased. Eventu-
ally, the total transmission rate of D2D pairs and the util-
ity value of coalition structure will be improved after
multiple switching.

The channel resource allocation is determined through
randomly selection [13] or cooperative game [14] to
improve the D2D transmission sum rate. This work shows
that the D2D transmission sum rate can be further enhanced
by introducing the candidate sequence in the overlapping
coalition game. The candidate sequence S, contains all
D2D pairs in the network. This sequence always remains
unchanged, and it is represented as Sy ={1,---m, ---, M}(m
eD).

Definition 3. Considering two coalition structures CS, = {
Spr++ 8, Sy -+ Sy} and CS, = {8, -, 8%, 8¢ -, Sy}. For
the coalition S,, the m'th D2D pair in the candidate
sequence S, wants to join or replace the mth D2D pair in
Sy 50 S1=S,u{m'},m' €Sy, m' ¢S,, or S1=(S,\m)u{
m'}. Ja#b,SINS]+¢.

The guideline of D2D pairs in the candidate sequence to
join the coalition or replace the D2D pair in the coalition is
expressed as

CS,>CS, & v(SL, CS,) 2 v(S,, CS,). (17)

The m'th D2D pair in the candidate sequence S, can
join or replace the mth D2D pair in S, if the utility of S is
no less than that of S,,.

In order to reduce the times of game, the proposed algo-
rithm sets a historical information table H(m, S;). If the mth
D2D pair already exists in the coalition S; or has been
refused to join the coalition S, it is set that H(m, S;) = 1; oth-
erwise, H(m, S;) = 0.

1, m € §; or m has been refused by §,,

H(m,$,) = { (18)

0, otherwise.

Algorithm 1 summarizes the resource allocation

algorithm.
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4.3. Power Allocation. In the many-to-many scenario, it is
not easy to perform power control while allocating channel
resources. Therefore, the power of each D2D pair is allocated
after the coalition structure is formed.

Each D2D pair sends its channel status information to
the base station, and the base station sets the transmit power
of the corresponding D2D pair. It is assumed that the trans-
mit power level is ¥ ={1,2,---,u,, -+, Q}, where Q is the
maximum power level. The maximum transmit power pjH**
of each D2D pair on each subchannel is a fixed value. The
power interval is p, = pp**/Q. According to the power level,
the transmit power of the mth D2D pair can be expressed as

P = Py (19)

In the process of power allocation, the transmission rate
of each CU and each D2D pair must meet the minimum rate
requirement. The optimization goal of the power allocation
is to improve the coalition utility. The transmit power of
all D2D pairs is allocated according to the preference
sequence. The power allocation strategy is given as follows:

(1) The first step: for the coalition S,(n € N), allocating
the highest levels of power to the corresponding
D2D pair, which the interference to the CU in the
coalition of S, is the smallest

(2) The second step: if the conditions shown in Equa-
tions (6), (7), (8), and (9) are met, the corresponding
transmit power of the D2D pair will be allocated

(3) The third step: if the conditions shown in Equations
(6), (7), (8), and (9) are not met, reducing one of the
power levels, calculating the transmission rate, and
judging whether the conditions mentioned above
are satisfied. If satisfied, the corresponding transmit
power will be allocated. Otherwise, further reducing
one of the power levels until the conditions men-
tioned above are satisfied

(4) The fourth step: selecting the next D2D pair (the
transmit power has not been allocated) in S, which
the interference to the CU in the coalition of S, is
the smallest

(5) The fifth step: selecting the next coalition to allocate
the transmit power until the transmit power of all
D2D pairs in the cell are allocated

4.4. Complexity and Convergence. It can be seen from Algo-
rithm 1 that the computational complexity is related to the
number of channel resources N and the D2D pairs M. Dur-
ing the initial process of coalition game, the D2D pair selects
the most suitable coalition to join according to the prefer-
ence sequence of the D2D pair, which can reduce the switch
times for the D2D pair to join the corresponding coalitions.
Moreover, the history information table H(m, S;) is intro-
duced to prevent the D2D pairs from rejoining the same
coalition. In general, the computational complexity of this
algorithm is less than O(N x M). The worst-case occurs
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Step 1: Initialize

1: S,={n}and CS={S,,---,S,, -, Sy }s

Step 2: Overlapping coalition initialization

1:  According to p,, ) :pﬁgDmB and form T, (m from 1 to M);

2: According to T!, (m € M), all D2D pairs sharing the same resource block are determined while satisfying Equations (6), (7), (8),

and (9).

3:  Corresponding D2D pairs form an initial coalition.

Step 3: Overlapping coalition game

1: CS:{Slr"'>Sa>"'>3n>“'>SN};

2: For S, afromltoN

3: In S, for the mth D2D pair (m € S,);

4 ifp (. > pym and H(m, S,) = Othen

5: if Meet (15) or (16) and H(m, S,) = 1then

6: Join S, and set H(m, S,)) = 1,LH(m, S,) = 0;

7: else

8: Set H(m, S,) = 1;

9: end if

10: else

11: The mth D2D pair stays in S,.

12:  end if

13:  End for

14:  if the number of D2D pairs in S, does not changed then

15: if in S,, the m'th D2D pair meets Equation (17) and H(m', S,) = Othen

16: the m'th D2D pair join the coalition S, or replace the m-th D2D pair, H(m', S,) = 1;

17: else

18: Set H(m',S,) = 1;

19: end if

20: end if

21: End for

22: Repeat Step 3 until the coalition structure remains unchanged in this round of game.

Step 4: Output

1: End the iteration and output the coalition structure.

ArLcoriTHM 1: Resource allocation algorithm based on overlapping coalition game
when all D2D pairs find the channel resources to reuse at the 400
last switching; therefore, the computational complexity of 350 oo mm e -
the proposed algorithm is O(N x M). The computational = [x:314
complexity of the proposed algorithm is similar to that pre- = ‘ ‘ Y350 -
sented in [14], in which the computational complexity is O 2 2504/ P S 11: """" SR
(N x M). The computational complexity of the proposed Z ‘ ‘ 3 ‘
algorithm is a little better than that of the algorithm pro- o : : H
. . ) o = 1504/ he L R

posed in [15], which the computational complexity is O(M E : : o
12+ N xM). i

The criterion of the coalition game is that each D2D pair R S S
carries out handover if its utility and the system utility are 0 100 200 300 400 500

increased. If the D2D pair meets the switching conditions
of Equations (15), (16), or (17), it means the utility of the
D2D pair is not reduced. And the corresponding D2D pair
can join the other coalitions. Otherwise, the D2D pair stays
in the original coalition. If the number of D2D pairs and
CUs are given, it can be seen that the total number of coali-
tions formed in Algorithm 1 is finite. And the system utility
will reach the maximum value through the limited times of
switching. Eventually, Algorithm 1 is converged and the sta-
ble coalition structure is formed.

The relationships between the system utility and the iter-
ations with N=5 and M =100 is shown in Figure 2. It can be
seen that the system utility will reach the maximum value

Iterations
—— Convergence

FIGURE 2: The relationships between the system utility and the
iterations.

through the limited iterations, in which a stable coalition
structure will be formed.

5. Simulation and Analysis

5.1. Simulation Design. This section verifies the performance
of the proposed algorithm. It is assumed that the base station
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TaBLE 2: Simulation parameters.
Parameters Value
Cell radius 500 m
Number of CUs N 4~8
Number of D2D pairs M 1~5
CUs’ maximum transmission power e 23dBm
D2D maximum transmission power pp™ 13dBm
CUSs’ rate threshold Rg, 2 ~4 bps/Hz
D2D pairs rate threshold R}, 1 bps/Hz
D2D maximum transmission distance d 50 m
Noise power spectral density -174 dBm/Hz
Resource block bandwidth 15kHz
Path loss factor « 3
Multipath fading 8, (exponential distribution mean) 1
Shadow fading A, ,,, (logarithmic distribution standard deviation) 8dB
The maximum power level Q 13
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FiGure 3: Effects of the CUs’ number on transmission rate.

is located in the center of the cell, the CUs and D2D pairs are
randomly scattered in the cell, and the cell shape is a regular
hexagon. And assuming that the D2D pairs and CUs are sta-
tionary or at a low speed. Each coalition contains one CU.
Each D2D pair can join multiple coalitions. The Rayleigh
channel model has been adopted in the simulation. The path
gain of the link from the nth CU to the receiver of the mth
D2D pair can be expressed as

gn,m = kﬁn,mwn,myzin’ (20)
where k represents the path loss constant. 8, with expo-
nential distribution is the multipath fading parameter from
the nth CU to the receiver of the mth D2D pair. And w,,,
with log-normal distribution represents the shadow gain
from the nth CU to the receiver of the mth D2D pair. y, ,
indicates the distance from the nth CU to the receiver of

the mth D2D pair, and « indicates the path loss factor. Other
simulation parameters are listed in Table 2, which is the
same to that shown in [14].

The system transmission sum rate is the sum of the
transmission rate of all D2D pairs and CUs. According to
Equations (2) and (4), it can be expressed as

Rtotal = z Z rr?t,n + Z VS.

neCmeD neC

(21)

In order to verify the performance of the proposed algo-
rithm, this paper takes the transmission sum rate of all D2D
pairs and the system transmission sum rate as indicators and
carries out simulation verification on the numbers of the
users and the transmission rate thresholds of the CUs.

The proposed algorithm is compared with the following
four algorithms:
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FIGURE 4: Effects of the D2D pairs’ number on transmission rate.

(1) Exhaustive algorithm: the D2D pairs select coalitions
to maximize the D2D system transmission rate by
the exhaustive search, which means that search all
possible coalitions to find the optimal solution. The
algorithm is labeled as “Exhaustive”

(2) Cooperative game (CG) algorithm [14]: an overlap-
ping coalitions game algorithm with cooperative
optimization is proposed to maximize the system
utility in terms of the sum rate of all D2D links.
The algorithm is labeled as “CG”

(3) Matching game with externalitiess (MGWE) algo-
rithm [15]: with signal-to-interference-plus-noise
ratio constraints for both D2D devices and the cellu-
lar users, a resource allocation algorithm based on
the many-to-many two-sided matching game with
externalities to maximize the system sum rate. The
matching game with externalities algorithm is
labeled as “MGWE”

(4) Auction algorithm [32]: it is an iterative combinato-
rial auction algorithm with flexible power control,
where the CUs are considered as bidders, D2D pairs
as goods, and the cellular network plays a role as the
auctioneer controlling the auction process. The algo-
rithm is labeled as “Auction”

1000 times of simulation are carried out and each data
point in the simulation results is the average value of 1000
times simulation. With N =4 and M =5 to obtain the D2D
transmission sum rate, the running time of “Proposed,”
“CG,” and “MGWN” algorithms is 10.465ms, 11.857 ms,
and 13.297 ms, respectively.

5.2. Results and Discussion. Figures 3(a) and 3(b) show the
effect of CU link number on the transmission sum rate of
all D2D pairs and the system transmission sum rate with

M =4, respectively. It can be seen that the transmission
sum rate of all D2D pairs (the system) increases with the
number of CUs becoming larger, which means the more
coalitions that the D2D pair can choose to join. The D2D
(the system) transmission sum rate in the many-to-many
scenario by using the proposed algorithm is close to that
by using the “Exhaustive” method, and the D2D (the sys-
tem) transmission sum rate obtained by using the proposed
algorithm is larger than that by using “CG,” “MGWE,” or
“Auction” algorithms.

Figures 4(a) and 4(b) show the relationships of D2D link
number to the D2D (the system) transmission sum rate with
N =4. It can be observed that the D2D and system transmis-
sion sum rate by using the proposed method increases with
the number of the D2D pairs becomes larger. The perfor-
mance of the proposed algorithm is close to that of the exhaus-
tive method and is better than that of other three algorithms.

Figures 5(a) and 5(b) show the relationships of the D2D
(the system) transmission sum rate varying with CU rate
threshold, respectively. It can be seen that the D2D (the sys-
tem) transmission sum rate becomes smaller as the rate
threshold of CU is increased. It is because that the number
of D2D pairs accessing the cellular channel becomes smaller
with the increment of the CU rate threshold, which leads to
the decrement of the D2D transmission sum rate. Compared
with the “MGWE” algorithm, the proposed algorithm has a
higher transmission sum rate and is close to the “Exhaus-
tive” method. The D2D and system transmission sum rate
by using the “CG” algorithm does not decrease rapidly as
the rate threshold of the CUs becomes larger. Compared
with the “CG” algorithm, the D2D (the system) transmission
sum rate obtained by using the proposed algorithm varies
more rapidly as the rate threshold of the CUs is increased.

Figures 6(a) and 6(b) show the impact of power allocation
and candidate sequence on D2D performance. The “Proposed
without PowCtr]” indicates the proposed algorithm includes
the optimization procedure of candidate sequence and each
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D2D pair has a fixed transmit power. The “Proposed without
CandSeq” means that the proposed coalition game algorithm
with power allocation does not include the optimization pro-
cedure of the candidate sequence.

It can be seen that the D2D transmission sum rate
increases as the number of the D2D pairs or the CUs becomes
larger. The D2D transmission sum rate obtained by using the
proposed algorithm is better than that by using the overlap-
ping coalition game algorithm with random initialization. It
can be seen that the performance of the “proposed” or the
“Proposed without PowCtrl” algorithm is better than that of
the “Proposed without CandSeq” algorithm. It means that
the optimization procedure of the candidate sequence in the
algorithm can further improve the utility of the coalition
structure and increase the D2D transmission sum rate. More-
over, the performance of the “proposed” algorithm is better
than that of the “Proposed without PowCtrl” algorithm, which
indicates that the appropriate power allocation can enhance
the D2D transmission sum rate.

6. Conclusion

According to the analysis of the system model in many-to-
many D2D communication, the resource allocation problem
is formulated. An overlapping coalition game algorithm
based on a candidate sequence is proposed to improve the
D2D transmission sum rate. The preference sequence is
adopted in the processing of coalition initialization. Accord-
ing to the preference sequence, a power allocation strategy is
used to further improve the system utility. Simulation results
show that the performance of the proposed algorithm
including the optimization procedure of candidate sequence
is better than that of the overlapping algorithm with random
optimization. Compared to the “CG” and “MGWE” algo-
rithms, when the number of cellular users is 8, and the num-
ber of D2D users is 4, the D2D transmission sum rate of the
proposed algorithm is improved nearly 24% and 40%,
respectively. Moreover, the system transmission rate has
been improved nearly 25% and 35%, respectively.
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D2D: Device-to-device

CU: Cellular user

QoS:  Quality of service

CSI:  Channel state information

SINR: Signal to interference noise ratio.
Data Availability

The authors declare that all data used to support the findings

of th

is study are included within the article.

Conflicts of Interest

The

authors declare that they have no conflicts of interest.

Acknowledgments

This
and
2018

research was supported by the National Key Research
Development Program of China under Grant No.
YFB2100100.

References

(1]

(2]

(7]

(10]

S. Helal, F. C. Delicato, C. B. Margi, S. Misra, and M. Endler,
“Challenges and opportunities for data science and machine
learning in iot systems — a timely debate: part 1,” IEEE Internet
of Things Magazine, vol. 4, no. 1, pp. 46-52, 2021.

Y. Shi, Y. Zhang, and J. Chen, “Cross-layer QoS enabled SDN-
like publish/subscribe communication infrastructure for IoT,”
China Communications, vol. 17, no. 3, pp. 149-167, 2020.

B. Yu, X. Zhang, F. Palmieri, E. Creignou, and I. You, “A deep
learning approach for maximum activity links in D2D com-
munications,” Sensors, vol. 19, no. 13, p. 2941, 2019.

M. Agiwal, A. Roy, and N. Saxena, “Next generation 5G wire-
less networks: a comprehensive survey,” IEEE Communica-
tions Surveys Tutorials, vol. 18, no. 3, pp. 1617-1655, 2016.
Y. J. Hwang, J. Park, K. W. Sung, and S. L. Kim, “On the
throughput gain of device-to-device communications,” ICT
Express, vol. 1, no. 2, pp. 67-70, 2015.

S. Driouech, E. Sabir, and M. Bennis, “D2D mobile relaying for
efficient throughput-reliability delivering in 5G,” 2020 IEEE
International Conference on Communications, 2020, 7 pages,
Dublin, Ireland, June 2020.

H. Ji-Ai, J. Lu, L. Xu, and W. Chen, “Throughput maximiza-
tion for multiple D2D group communications underlaying cel-
lular networks,” Wireless Communications and Mobile
Computing, vol. 2020, 10 pages, 2020.

M. Salehi, A. Mohammadi, and M. Haenggi, “Analysis of D2D
underlaid cellular networks: SIR meta distribution and mean
local delay,” IEEE Transactions on Communications, vol. 65,
no. 7, pp. 2904-2916, 2017.

G. Fodor, E. Dahlman, G. Mildh et al., “Design aspects of net-
work assisted device-to-device communications,” IEEE Com-
munications Magazine, vol. 50, no. 3, pp. 170-177, 2012.

J. Liu, Y. Kawamoto, H. Nishiyama, N. Kato, and N. Kadowaki,
“Device-to-device communications achieve efficient load bal-
ancing in LTE-advanced networks,” IEEE Wireless Communi-
cations, vol. 21, no. 2, pp. 57-65, 2014.

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

[25]

(26]

11

R. Gour and A. Tyagi, “Cluster oriented resource allocation
and power optimisation for D2D network in cellular commu-
nications,” IET Networks, vol. 9, no. 4, pp. 170-179, 2020.

J. Sun, Z. Zhang, H. Xiao, and C. Xing, “Uplink interference
coordination management with power control for D2D under-
laying cellular networks: modeling, algorithms, and analysis,”
IEEE Transactions on Vehicular Technology, vol. 67, no. 9,
pp. 8582-8594, 2018.

Y. Li, D. Jin, J. Yuan, and Z. Han, “Coalitional games for
resource allocation in the device-to-device uplink underlaying
cellular networks,” IEEE Transactions on Wireless Communi-
cations, vol. 13, no. 7, pp- 3965-3977, 2014.

J. Hu, W. Heng, Y. Zhu, G. Wang, X. Li, and J. Wu, “Overlap-
ping coalition formation games for joint interference manage-
ment and resource allocation in D2D communications,” IEEE
Access, vol. 6, pp. 6341-6349, 2018.

J. Zhao, Y. Liu, K. K. Chai, Y. Chen, and M. Elkashlan, “Many-
to-many matching with externalities for device-to-device com-
munications,” IEEE Wireless Communications Letters, vol. 6,
no. 1, pp. 138-141, 2016.

F. Jiang, B. Wang, C. Sun, Y. Liu, and R. Wang, “Mode selec-
tion and resource allocation for device-to-device communica-
tions in 5G cellular networks,” China Communications,
vol. 13, no. 6, pp. 32-47, 2016.

Y. Cai, C. Ke, Y. Ni, J. Zhang, and H. Zhu, “Power allocation
for NOMA in D2D relay communications,” China Communi-
cations, vol. 18, no. 1, pp. 61-69, 2021.

J. Gui and Z. Kai, “Cellular throughput optimization by game-
based power adjustment and outband D2D communication,”
EURASIP Journal on Wireless Communications and Network-
ing, vol. 1, no. 1, pp. 1-225, 2018.

L. Zhou, Y. Wu, and H. Yu, “A two-layer, energy-efficient
approach for joint power control and uplink-downlink chan-
nel allocation in D2D communication,” Sensors, vol. 20,
no. 11, p. 3285, 2020.

Y. Sun, F. Wang, and Z. Liu, “Coalition formation game for
resource allocation in D2D uplink underlaying cellular net-
works,” IEEE Communications Letters, vol. 23, no. 5,
pp. 888-891, 2019.

P. R. Teja and P. K. Mishra, “Sealed bid single price auction
model (SBSPAM)-based resource allocation for 5G networks,”
Wireless Personal Communications, vol. 116, no. 3, pp. 2633-
2650, 2021.

H. Chen, D. Wu, and Y. Cai, “Coalition formation game for
green resource management in D2D communications,” IEEE
Communications Letters, vol. 18, no. 8, pp. 1395-1398, 2014.

P. Kong, “Multicell D2D communications for hierarchical
control of microgrid system,” IEEE Systems Journal, vol. 15,
no. 2, pp. 1929-1938, 2020.

Z. Qian, H. U. Liangshuai, C. Tian, and X. Wang, “Research on
D2D multi-multiplex communication resource blocks alloca-
tion algorithm based on unbalanced solution,” Journal of Elec-
tronics Information Technology, vol. 41, no. 12, pp. 2810-2816,
2019.

B. Zhang, X. Mao, J. Yu, and Z. Han, “Resource allocation for
5G heterogeneous cloud radio access networks with D2D com-
munication: a matching and coalition approach,” IEEE Trans-
actions on Vehicular Technology, vol. 67, no. 7, pp. 5883-5894,
2018.

J. Lee and J. H. Lee, “Performance analysis and resource alloca-
tion for cooperative D2D communication in cellular networks



12

[27]

(28]

(29]

(30]

(31]

(32]

with multiple D2D pairs,” IEEE Communications Letters,
vol. 23, no. 5, pp. 909-912, 2019.

X. Li, Y. Sun, L. Zhou, Y. Xu, and S. Zhou, “A resource alloca-
tion scheme based on predatory search algorithm for ultra-
dense D2D communications,” Wireless Networks, vol. 281,
no. 7, pp. 1-9, 2019.

L. Zhao, H. Wang, and X. Zhong, “Interference graph based
channel assignment algorithm for D2D cellular networks,”
IEEE Access, vol. 6, pp. 3270-3279, 2018.

S. Dominic and L. Jacob, “Distributed interference aware
admission control and resource allocation for underlaying
D2D communications in cellular networks,” Sadhana,
vol. 44, no. 6, pp. 1-5, 2019.

D. Tsolkas, E. Liotou, N. Passas, and L. Merakos, “A graph-
coloring secondary resource allocation for D2D communica-
tions in LTE networks,” 2012 IEEE 17th International Work-
shop on Computer Aided Modeling and Design of
Communication Links and Networks (CAMAD), 2012,
pp. 56-60, Barcelona, Spain, Sept. 2012.

H. Zhang, Y. Liao, and L. Song, “D2D-U: device-to-device
communications in unlicensed bands for 5G system,” IEEE
Transactions on Wireless Communications, vol. 16, no. 6,
pp. 3507-3519, 2017.

W. Wei, Q. Wang, L. Yang, and X. Hu, “Auction based energy-
efficient resource allocation and power control for device-to-
device underlay communication,” 2016 IEEE 84th Vehicular
Technology Conference, 2016, pp. 1-6, Montreal, QC, Canada,
Sept. 2016.

Wireless Communications and Mobile Computing



	Overlapping Coalition Game for Resource Allocation in Many-to-Many D2D Communication
	1. Introduction
	2. Related Works
	3. System Model and Problem Formulation
	4. Resource Allocation Algorithm for Optimizing Transmission Rate
	4.1. Preference Sequence Coalition Initialization
	4.2. Overlapping Coalition Game
	4.3. Power Allocation
	4.4. Complexity and Convergence

	5. Simulation and Analysis
	5.1. Simulation Design
	5.2. Results and Discussion

	6. Conclusion
	Abbreviations
	Data Availability
	Conflicts of Interest
	Acknowledgments

