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Abstract: The joint resource block (RB) allocation and power
optimization problem is studied to maximize the sum-rate of the
vehicle-to-vehicle (V2V) links in the device-to-device (D2D)-
enabled V2V communication system, where one feasible cellular
user (FCU) can share its RB with multiple V2V pairs. The prob-
lem is first formulated as a nonconvex mixed-integer nonlinear
programming (MINLP) problem with constraint of the maximum
interference power in the FCU links. Using the game theory, two
coalition formation algorithms are proposed to accomplish V2V
link partitioning and FCU selection, where the transferable utility
functions are introduced to minimize the interference among the
V2V links and the FCU links for the optimal RB allocation. The
successive convex approximation (SCA) is used to transform the
original problem into a convex one and the Lagrangian dual
method is further applied to obtain the optimal transmit power of
the V2V links. Finally, numerical results demonstrate the effi-
ciency of the proposed resource allocation algorithm in terms of
the system sum-rate.
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1. Introduction

In order to reduce the traffic congestion, improve the
driving safety, and provide the in-vehicle infotainment
services, vehicular communication has gained conside-
rable attention recently from both academic and indus-
trial communities [1—3]. Device-to-device (D2D) com-
munication is able to realize the direct message transmis-
sion between two adjacent users by reusing the cellular
resources, which is particularly suitable for the vehicle-to-
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vehilcle (V2V) communication scenarios [4,5].

The resource allocation has been extensively studied to
mitigate the interference in both D2D underlaying cellu-
lar systems and D2D-enabled vehicular networks. In [6],
a joint fair resource allocation policy was investigated
under channel gain uncertainty, which aimed to improve
the sum-rate of the D2D system as well as guarantee the
quality of service (QoS) of the cellular users (CUs). In
[7], a spectrum sharing and power allocation scheme
based on the large-scale fading was proposed in vehicu-
lar network with D2D communication to maximize the
minimum ergodic capacity, while ensuring the reliability
requirement of each V2V link. However, the above
resource allocation mechanisms mainly focus on the case
that one channel is reused by at most one D2D pair. To
improve the spectrum efficiency, multiple D2D pairs are
permitted to reuse the same resource block (RB), but the
mutual interference among them may cause serious per-
formance degradation. Nevertheless, well-designed
resource allocation policies have the potential to dramati-
cally reduce the mutual interference among the D2D pairs
and improve the system performance [8—13]. The authors
in [8] discussed a spectrum and power resource alloca-
tion problem in energy harvesting powered D2D commu-
nication cellular network with multiple D2D links reusing
the spectrum resource of one CU, where two algorithms
were proposed respectively to solve the resource opti-
mization problem. Liang et al. proposed a graph-based
algorithm to divide the highly interfering V2V links into
different clusters before spectrum allocation and power
control in D2D-based vehicular communication net-
works [12].

Recently, the use of coalitional game to solve the
resource allocation problem has been intensively dis-
cussed. Song et al. in [14] have shown the applications of
game-theoretic models, including coalitional game
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model, in the radio resource allocation problems for the
D2D communication. In [15], a suboptimal resource allo-
cation scheme based on coalition game was proposed to
maximize the minimum throughput of the V2V links,
which can ensure the requirements of the minimum
throughput from the vehicle to infrastructure (V2I) links.
Li et al. have proposed a coalitional game based fair
uplink resource allocation algorithm in [16] for cellular
network to reduce the mutual interference among vehicu-
lar links. In this paper, we employ a coalition formation
game to alleviate the mutual interference among the V2V
links in the D2D-enabled V2V communication.

We investigate the resource allocation based on coali-
tional game in the D2D-enabled V2V communication,
where multiple V2V pairs and a feasible CU (FCU) can
share the same RB. A resource allocation strategy has
been proposed to maximize the sum-rate of all the V2V
links and guarantee the QoS of the FCUs considering that
the interference power from V2V links to FCU links is
limited. The main contributions of this work focus on the
following parts.

(i) To improve the spectrum efficiency, an FCU’s RB
can be allocated to multiple V2V links in the D2D-
enabled V2V communication system. A joint RB alloca-
tion and power optimization problem is formulated as a
nonconvex mixed-integer nonlinear programming
(MINLP) problem which can be solved by game theory
and successive convex approximation (SCA) method.

(il) Two coalition formation algorithms are presented
to achieve the optimal RB allocation. A coalition forma-
tion algorithm is proposed to partition the V2V links so
that the interference power within the V2V links can be
minimized. To obtain the minimum interference power
from the FCU links to the V2V links, we bring out
another coalition formation algorithm to select the FCU’s
RB for the V2V links in each V2V group.

(iii) To solve the nonconvex power optimization prob-
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lem, we adopt the SCA method and obtain the tight lower
convex bound to transform the origin problem to a con-
vex one, and then the Lagrangian dual method is
employed to achieve the optimal V2V transmit power.

The remainder of the paper is organized as follows.
Section 2 presents the system model of the D2D-enabled
V2V communication scenario and the problem formula-
tion about maximizing the sum-rate of V2V links. In Sec-
tion 3 and Section 4, the RB allocation based on the
coalition formation game and the power optimization
based on the SCA method are illustrated, respectively.
Section 5 gives the convergence and complexity analysis
of our proposed algorithms. Section 6 provides the
numerical results to demonstrate the performance of the
proposed resource allocation strategy in the D2D-enabled
V2V communication system. Finally, we draw the con-
clusions in Section 7.

2. System model and problem formulation
2.1 System model

We consider a D2D-enabled V2V communication sce-
nario in Fig. 1, which consists of an evolved Node B
(eNB), multiple orthogonal CUs and K V2V pairs. Each
CU can occupy a dedicated RB for uplink transmission
from the CU to the eNB. According to the signal-to-inter-
ference-plus-noise ratio (SINR) requirement in the CU
uplinks, M CUs are assigned to share their RBs for the
V2V link transmission from V2V transmitter (V2V Tx)
to V2V receiver (V2V Rx) and each selected CU is called
the FCU. Each V2V link is only permitted to reuse at
most one RB, and multiple V2V links can reuse the same
FCU’s RB to improve the spectrum efficiency. This
scheme will introduce mutual interference among the
V2V links and the FCU uplinks which is illustrated in the
elliptical area of Fig. 1. To better describe our model, we
define the channel parameters from the source to the des-

eNB

\ .
~
Ocu

N
Ocu
.ffc))
(()) /VZV Rx

()
V2V Tx @
&
V2V Tx

V2V Rx

)

System model of D2D-enabled V2V communication



1510

Journal of Systems Engineering and Electronics Vol. 34, No. 6, December 2023

Table 1 Notation of symbols

Notation Meaning of the representative
S, The channel gain from the FCU m to the eNB
hg‘i The channel gain from the FCU m to the V2V Rx k
hkv,(,:, The channel gain from the V2V Tx k to the FCU m
th The channel gain from the V2V Tx k to the V2V Rx k
Y The channel gain from the V2V Tx k to the V2V Rx £’
K The number of V2V links
M The number of FCUs
(&) V2V setof {1,2,--- ,K}
Q FCU set of {1,2,---,M}
PS The transmit power of FCU m € Q
Tinax The maximum interference power from the V2V links to the FCU uplinks
Yo The minimum SINR of the FCU uplink
PY The transmit power vector of V2V links, PV = (PY,P;’, . ,P%)
)24 The maximum transmit power of V2V Tx

max

tination in Table 1.

The RB selection indicator is denoted by binary deci-
sion variable «,, €{0,1}, k€e®, meQ. We have
Q= 1, if FCU m shares its RB with V2V link k. Q is
divided into Q,={meQ|a,=1,Fk€®} and Q,=
fmeQla,=0,Yke B}, Q=0,|JQ,, where Q, is the
set of FCUs that allocate the RBs to the V2V links and
Q, is the set of the FCUs that no V2V links choose to
reuse their RBs. The interference power from V2V links

to FCU m is calculated as IS = Zak,mPZh,‘(”,cn, where PY

is the transmit power of V2V Txk EI?. Given the maximum
interference power I, from the V2V links to the FCU
uplinks and the minimum SINR vy, of the FCU uplink, we
can calculate the transmit power of the FCU m according
to the SINR vy, as

Yo (Imax + 0-2)

C _
Pm_ he

D
where o? is the power of the additive white Gaussian
noise. Thus, the received SINR at V2V Rx k associated
with FCU m can be given by
Py
Ve (PY) = ' 2)
(7) > YRS+ PSHS+ 0

m" mk
k'eO\{k}

where @\{k} is denoted as the set @ without k. Assum-
ing that each V2V link has unit bandwidth, the transmis-
sion rate of the V2V Rx k reusing the RB of FCU m can
be expressed as

T (PY) =1log, (1475, (PY)). 3)

The eNB is fully responsible for the resource alloca-

tion, so it needs to obtain the certain channel state infor-
mation (CSI) through the utilization of the control signal
feedback mechanism. The CSI of the links connected
with the vehicles changes rapidly due to the high mobi-
lity in the vehicular environment, so timely and frequent
feedback of the full CSI may lead to heavy signaling
overhead. Thus, we assume that the eNB only acquires
the large-scale fading information, such as the path loss
and shadowing, which can significantly alleviate the sig-
naling overhead. Therefore, this work mainly focuses on
the resource allocation considering the large-scale fading
condition.

2.2 Problem formulation

The infotainment applications require large throughput to
transmit the information. When the V2V links reuse the
RBs of the FCUs, we should guarantee the QoS of the
FCUs. Therefore, we should maximize the sum-rate of all
the V2V links while restraining the aggregated interfer-
ence of the FCUs caused by the V2V links. From the per-
spective of the V2V link partitioning and FCU selection,
the optimization problem can be formulated as

max ), ), tarin (PY). @

ke® meQ
.t IS < Ly, YmMe Q, 5)
0<P/<P),., VYkeo, 6)
i €1{0,1}, Yke ®; Yme Q, @)
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Dl =1, Vkeo, (®)
meQ
M z1, vmea, ©)
keo
> =0, Yme oy, (10)

ke®

{@em-k € ©,m e Q} is the RB selection indica-
tor matrix. Constraint (5) indicates that the aggregated
interference inducing from each V2V group to the FCU
cannot exceed the maximum threshold. Constraint (6)
ensures that the transmit power of each V2V Tx cannot
exceed its maximum limit. Constraint (7) sets the RB
selection indicator to be an integer 0 or 1. Constraint (8)
guarantees that each V2V link can only reuse one FCU’s
RB. Constraints (9) and (10) illustrate that Q, contains
FCUs that share the RBs to the V2V links and 2, con-
tains FCUs whose RBs are not reused by any V2V link.

In problem (4), the optimization variables «,, and P}
are binary and continuous variables, respectively, for any
ke ®, me Q, where the objective function is non-con-
vex with affine constraints. Consequently, the problem
(4) is MINLP problem involving continuous and discrete
variables [17], which is difficult to jointly optimize the
continuous and discrete variables in the polynomial-time.
Therefore, we propose a heuristic scheme to divide the
MINLP problem into the RB allocation subproblem and
the power allocation subproblem.

where a =

3. RB allocation based on coalition
formation game

In this section, the subproblem of RB allocation is solved
in two steps: V2V link partitioning and FCU selection.
We assume that the V2V links are partitioned into
Nel|Q,| groups as ¥ ={C,C,,---,Cy}. We define
e € {0,1} as the V2V link partitioning indicator and set
Men = 1 to represent that all the V2V links in C, reuse the
same RB, where ne 5 ={1,2,---,N}. Besides, we sct
B.n€1{0,1} as the FCU selection indicator for all
neZ meQ, and B,, =1 represents that the V2V links
in C, reuse the RB of FCU m. Thus, we have
@ = B and the optimization variable «,, can be
obtained by solving 7, and S,,,,.

3.1 V2V link partitioning

For V2V link partitioning, the coalitional game is
employed to partition the highly interfering V2V links
into different groups in order to reduce the interference
power between the V2V links which reuse the same RB.
The interference level of the corresponding V2V link can
be measured by its channel gain [12]. For instance, the

channel gain &, is denoted as the interference level from
the V2V Tx k to the V2V Rx k’, for Vk,k' € ©, and
k # k’. Then, the V2V link partitioning problem can be

written as
min ) >0 D Maeahls (1n

neE keO k'e®\{k}

st i €10,1), Yne Zyme Q,, (12)
Z’W =1, Vkeo, (13)
Dliaz1, Vnes, (14)

ke®

where constraint (12) sets the V2V link partitioning indi-
cator to be an integer 0 or 1, constraint (13) guarantees
that each V2V link can only join one group and
constraint (14) indicates that each group contains as least
one V2V link.

In this subsection, the V2V link partitioning problem is
modeled as a coalitional game with the transferable uti-
lity [18], where the V2V links tend to form the partition
so that the mutual interference of the V2V links within
the same group can be minimized. Then, a coalition for-
mation algorithm for V2V partitioning is designed.

Based on the game theory, the pair (@, U) represents a
coalitional game with transferable utility, where @ is a set
of game players and U is a utility function for every
coalition C, € ¥, and U (C,) is a real number to quantify
the contributions of coalition C,.

The smaller the total interference of the V2V Rx &
received from the other links within the same coalition,
the greater its individual contribution is. We define
the utility function of the coalition C, as U(C,) =

_Z Z Tl kk

k€O k'eO\(k)
The key mechanism in the coalitional game is that each

player chooses to join or leave a group based on the well-
defined preference and operation that may achieve the
goal of maximizing the system total utility function. We
utilize the concepts of the preference order and switch
operation to elaborate this process in detail.

If the player k prefers to join coalition C, than coali-
tion C, (n’ #n) with the increase of the total utility for
Vk € @, the preference order 1 is given as C, >; C,,
which is determined by C, > C,—= U(C,)+
U(C\KY) > U(C\{k})+U(C,). Given a coalitional par-
tition ¥ ={C;,C,,---,Cy} of the set of players, if the pre-
ference order 1 C,, >, C, holds, the switch operation 1 is

given as
v =\(C, ol Jfenm.e | Jw) as)
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That is, if player k is willing to join coalition C, rather
than C,, the new coalitional partition will be formed after
the switch operation is executed. Based on the preference
order and switch operation defined above, the ultimate
propose of the coalitional game is to maximize the total
utility rather than the individual contributions of players.
Moreover, with the increasing switching operations, the
total utility strictly increases during the formation of the
partitions.

The coalition formation algorithm is given in Algo-
rithm 1 that first executes the parameter initialization in
Step 1 and Step 2. We randomly generate a new partition
i ={C,,C,,---,Cy}. The current partition is denoted as
Y. = ¥ and the count of the consecutive unsuccessful
switch operations num is set to be 0. Then, V2V link £ is
uniformly and randomly chosen from the set @ in Step 4,
and its current coalition is denoted as C, € ¥,,.. We uni-
formly and randomly choose another coalition
C, € P U0} in Step 5 with n’ #n. In Step 6, we calcu-
late U(C,) and U(C,), and then determine whether the
switching operation is performed or not according to the
preference order 1. If U(C,)+ U(C,\{k}) > U (C,\{k})+
U (C,) is satisfied, a switch operation from the coalition
C,to C, € V| J{9} is performed for the V2V link k. Other-
wise, the count of the consecutive unsuccessful switch
operations is increased by 1. The algorithm repeats the
Steps 3 to 11 until num equals to the one that multiplies
the number of the players by 10 [19]. Finally, the parti-
tion converges to the Nash-stable partition ¥;, through a
finite number of switching.

Algorithm 1
partitioning

Coalition formation algorithm for V2V

1: Generate a random coalitional partition ¥;; for the
V2V link set @ and the number of V2V links is K;

2: Set the current coalitional partition ¥, = ¥,; and
num = 0;

3: repeat

4:  Uniformly and randomly choose a player k € @, and
denote its current coalition as C, € ¥,;

5:  Uniformly and randomly choose another coalition
C, €Y. U0} with C,, # C,;

6: if the preference order 1 is satisfied

7: then update the current partition set as ¥, using
(15),

8: and num = 0;

9: else

10: num = num+ 1;

11:  endif

12: until num = 10K.
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3.2 FCU selection

For FCU selection, the coalitional game is further uti-
lized to select an appropriate FCU for the V2V links in
each group, while minimizing the interference power
from the selected FCU to the V2V links. To improve the
sum-rate of the V2V links, the eNB selects an approp-
riate FCU for each V2V coalition. Therefore, the interfe-
rence from the selected FCU to the V2V coalition can be
limited as small as possible. Then, the FCU selection
problem can be written as (16), where constraint (17) sets
the FCU selection indicator to be an integer O or 1, con-
straint (18) guarantees that the V2V links in each group
can only reuse one FCU’s RB and constraint (19) indi-
cates that each FCU’s RB can be reused by no more than

one group.
min DIPIPIE - (16)

neE ke® meQ,

s.t. B €{0,1}, VneZ; meQ,, (17)
D Bun=1, Vnez; meq, (18)
meQ,

D Bun< 1, Vnes; meQ,. (19)

nez

On the basis of the V2V link partitioning, the FCU
selection problem can be modeled as a coalitional game
with transferable utility, in which the appropriate FCUs
are selected to join the coalitions of the V2V links.

The coalition partition for the FCUs is defined as
@ ={D,,D,, - ,Dy,Dy.,}, with U"'D,=Q and D,N
D, =0,Vn,n €{1,2,---,N,N +1}. D, contains only one
FCU selected by the V2V coalition C, for ne€ 5 and
Dy, contains the rest FCUs that are not selected by any
V2V coalition.

According to the game theory, the pair (0, 0) repre-
sents a coalitional game with transferable utility, where @
is the set of game players and U is a utility function for
every coalition D, C @, and U(D,) is a real number for
quantifying the contributions of coalition D,. The larger
the value of the utility function is, the less the total inter-
ference from the selected FCU to the V2V group will be.
Then, the utility function is defined as U(D,)=

- S BB

ke®@ meQ,

If the utility function brought by player m and m’
respectively joining the coalition D, and D, is greater
than that generated by the player m and m’ respectively
joining the coalition D, and D, with the increase of the
total utility, the preference order 2 is given as
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U(Dly,,,.)+U(Duly,,.) > U(Dils,t )+ U(Duls, 1)

Given a coalitional partition @ ={D;,D,,---,Dy, Dy}
of the FCUs, if preference order 2 holds, the switch ope-

ration 2 is given as
@ = (N[ Dyly, 1> Dulgy ) Pls=t» Dl -1}
(20)

Algorithm 2 describes the proposed coalition forma-
tion process of the FCU selection. During the coalition
formation process, it is necessary to ensure that a coali-
tion of the V2V links only allows one FCU to join in. The
total utility of all the coalitions increases strictly mono-
tonically with the increase of the switch operations. If a
switching operation occurs under the preference order 2,
the count of the consecutive unsuccessful switch opera-
tions num is set to be 0. Otherwise, num is increased by
1. When num is 10 times greater than M, the partition
converges to the final Nash-stable partition @y, .

Algorithm 2 Coalition formation algorithm for reusable
RB selection

1: Randomly select an FCU for the V2V links of each
coalition, and add the remaining FCUs to the auxiliary
coalition Dy,;. Denote the randomly generated coali-
tional partition and the number of FCUs as &,,; and M,
respectively;

2: Set the current coalitional partition @,_p, and
num = 0;

3: repeat

4: Uniformly and randomly choose a player m € Q, and
denote its current coalition as D, € @, ;

5:  Uniformly andrandomly chooseanothercoalition D,, €
@, with D,, # D,, and the player uniquely joining in this
coalition is denoted as m’ € Q (if D, is the auxiliary
coalition, we need to randomly select one from the other
players);

6: if the preference order 2 is satisfied

7: thenupdatethe current partitionsetas @,,, using (20),
8: and num = 0;

9: else
10: num = num+ 1;
11:  endif

12: until num = 10M.

4. Power optimization based on SCA method

The coalitional game has been utilized to partition the
V2V links and the appropriate FCU has been selected for
the V2V links in each coalition. That is, « is a discrete
constant matrix after we have determined the RB alloca-
tion. According to the coalition conception C, and D, in

Section 3, we can rewrite y;.,, (P¥) as

PVhV
~ Kk -
Vin (PY ke@nek.
(7)= DT PR+ Y PSS+
k'eC,\{k} meD,

We attempt to find the optimal power allocation for the
V2V links and the power allocation problem (4) of the
V2V links is further described as

n})alez Z log, (1+%.(P)). 1)

nes keC,
St PV <y, YmEQ,,
keC, meD,
0<P/<PY , Vkeo. (22)

It is observed that the objective function of the prob-
lem (21) is a non-convex function for PV. We can take
the SCA method to transform its objective function
into a convex one. Let PY=InP) and define PV =

(13}’,135, e ,13;). Hence, 9., (P") can be transformed to
. exp (pv) hV
Yien (P ) = v \% C 7.CV 2
Z exp (P Iy + Z Pl +
k'eC,\{k} meD,
ke@nek. (23)

The lower bound of the objective function of the prob-
lem (21) is obtained by the following inequality:

In(1+x) >y, In x+z, (24)

where the approximation matrix y ={y,,,k€ O,nc 5}
and z={z.,.k€O,ne 5} are fixed for the V2V link k
belonging to the coalition C, and it is shown that this
approximation is tight at x = ¥,,,(P") in [20]. v, and z,
are expressed respectively as follows:

Vi (PY)

yk,n =

2w = In(149, (PY)) =y In (72, (PY)).  (26)

The problem (21) can be rewritten as a standard con-
cave maximization problem with unique optimal solution

as
n})ale E Z Z [ykrz 1“7’1”1

nez keC,

R R )

S.t. Z Z exp(PV hff, <, MEQ, (28)

keC, meD,

—co< PY <InPY

max

Vkeo. (29)

The Lagrangian dual theory [21] is employed to solve
the problem (27). The Lagrangian function of (27) is
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=12 Z; ealn(yen(PY)+200)-
DA DL exp(PY) A~ (30)

nex keC,meD,

where the component of the vector A = (4;,4;,--- ,Ay) =0
is dual variable.

Then, the dual function becomes
D) = maxL(i’V, 1)

<InPY,., Vkeo. 31)

The dual problem of (27) can be denoted as mm D)

and solved by the sub-gradient iterative algorlthm and the
Lagrangian variable vector A can be updated by the sub-
gradient method as

A(t+1) = [/ln(t)ﬂ',,[ZZexp (PY ) han—ImaxJ] (32)

keC,meD,

S.t. —oo <

VienOYien (P D) Y,

where 7, > 0 is a sufficiently small step size, 7 is the ite-
ration number and [-]* = max{0, -}.

We have constructed a concave function with the same
function value and the same gradient which can be solved

by setting the partial derivation of L(PV,/l) to be 0 as
oL(P".2)
—_— = 33
o (33)

Then, the optimal solution of the concave function can
be derived as

Y Vin (PV (t)) th, )

B =n ykﬂ—ln(ln 20,00+ )
exp (ka ) h e

K eCy\{k)

(34)

Based on [20], with the application of the SCA method
and under the constraint of (29), the transmit power of the
V2V link k can be updated according to (35) with k € O,
n e = and [x]° = min{max{x,a},b}.

v
InPr

Plt+1)= llny,w(t) —ln[ >

K eCy\{k}

The detailed process of the power allocation algorithm
based on the SCA method is shown in Algorithm 3.
Firstly, we set the maximum iteration number, initiate the
iteration, and give the initial value of the power vector
PV. Then, the approximation values of y,, (¢) and z, (t)
are calculated based on PY. A and PV are updated
according to (32) and (35), respectively, and the iteration
number is increased by 1. Finally, the algorithm repeats
from Step 3 to Step 6 until PV and A converge to the opti-
mal solution P¥* and A* at the same time, or the iteration
number reaches the maximum iteration number.

Algorithm 3 Power allocation algorithm based on SCA
method

1: Initialize the maximum iteration number 7', and set the
initial iteration number ¢ = 1.

2: Give an initial feasible value as PV = P°.

3: repeat

4:  Calculate ¥ (PV), y! and 2", by (23), (25) and (26)
respectively.

5:  Update A and PY using (32) and (35), respectively.
6: Update iteration number ¢ =7+ 1.

7: until the iteration number r = T'.

5. Convergence and complexity analysis

In Section 3 and Section 4, three algorithms are proposed
to achieve the RB allocation and power optimization.

exp (PLO)AL

+In 2An(t)h,j,ﬁﬂ (35)

—00

And in this section, we will analyze the convergence and
complexity of the proposed Algorithms 1, 2 and 3.

5.1 Convergence analysis

The final partition of Algorithm 1 and Algorithm 2 are
both Nash-stable. Taking Algorithm 1 as an example, we
prove its stability by contradiction. We assume that the
finally formulated coalition partition ¥;, of Algorithm 1
is not Nash-stable. In other words, there exists a V2V link
k € C, and another coalition C, that satisfies U(C,)+
U(C\KkY) > U(C\{k)+U(C,). Consequently, the D2D
pair will leave its current coalition C, and join the new
coalition C,,, which means that ¥, will be updated and it
is not the final partition. Thus, we can prove that the final
partition ¥, of the proposed coalition formation algo-
rithm is Nash-stable. In addition, [19] indicates that the
maximum iteration number 10K can get a near-optimal
solution.

Based on the SCA method, Algorithm 3 is an iterative
algorithm. And in each iteration, we build a concave
function (27) which has the same value and gradient as
(21) at the solution point PV that is obtained in the last
iteration. Hence, the value of the objective function is
increased in each iteration, and it is upper bounded with a
given transmit power constraint. Thus, Algorithm 3 can
be proved convergence [22].

5.2 Complexity analysis

In each iteration of Algorithm 1, the selected V2V link
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calculates the total utility of the current coalition and
another possible coalition, respectively. Then, it makes a
decision on whether to perform a switch operation or not.
Thus, there is at most one switch operation to be consi-
dered in each iteration, and the complexity lies in the
number of iterations. According to the above analysis, com-
plexity of Algorithm 1 can be approximated as O(10K).
Similarly, the complexity of Algorithm 2 is approxi-
mated as O(10M)[19].

As for Algorithm 3, the complexity of Step 4 and Step 5
can be calculated as O(3KN) and O(N+K) in each iteration.
Then, the complexity of Algorithm 3 is O (T (3KN+N+K)).

Since the three algorithms operate only once, the total
complexity is approximated as O(T(BKN+N+K)+
10K +10M).
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6. Numerical results

In this section, we evaluate the effectiveness of the pro-
posed resource allocation scheme in the D2D-enabled
V2V communication. We assume that a multi-line free-
way passes through a single cell and the eNB is located at
the center of the cell as shown in Fig. 1. Vehicles are
dropped onto each lane according to the spatial Poisson
process, and the vehicle density on each lane is deter-
mined by the speed [23]. K vehicles are randomly cho-
sen from the generated vehicles as V2V transmitters, and
the V2V receivers are selected from the nearest vehicle
users corresponding to the V2V transmitters. The main
system parameters in the simulation are listed in Table 2
and Table 3, respectively.

Table 2 Channel model parameters

Parameter

V2V link

Other links (except V2V links)

Pathloss model

LOS in WINNER + B1 [24]

128.1+37.6logod, d in km

Shadowing distribution Log-normal Log-normal
Shadowing standard deviation({)/dB 3 8
Table 3 System parameters
Parameter Value

Cellular coverage/m 500

The eNB’s height/m 25

Distance from the highway to eNB/m 35
Number of lanes 6 lanes in two driections

Lane width/m 4

Vehicle drop model Spatial Poisson process

Vehicle and CU antenna height/m 1.5

Absolute vehicle speed/(km/h) 60-120

Average inter-vehicle distance/m
Carrier frequency/GHz
Bandwidth/MHz
Vehicle antenna gain/dBi
eNB antenna gain/dBi
Vehicle receiver noise figure/dB
eNB receiver noise figure/dB

CU SINR threshold (yo)/dB

Maximum V2V transmit power ( Py, )/mW

Maximum CU transmit power (PS,, )/mW
Noise power (o2 )/mW
The number of CUs

2.5v, v in m/s

Fig. 2 and Fig. 3 show the total utility function versus

the iteration number in Algorithm 1 and Algorithm 2, res-

pectively, under the condition of v = 100 km/s, y, = 6 dB,
and I,,,, = 107'° mW. In the simulation, there are 36 V2V
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links divided into four coalitions, where the number of
the FCU, which can be determined by the requirement of
Yo, 18 37. We can see that the total utility is monotonous
with the increase of the iteration for both Algorithm 1 and
Algorithm 2. In Fig. 2, the total utility reaches its maxi-
mum number after the 635th iteration. When the count of
the consecutive unsuccessful switch operations num is
360, Algorithm 1 stops at the 994th iteration. Similarly,
the total utility reaches its maximum number after the
249th iteration and when the count of the consecutive
unsuccessful switch operations num is 370, Algorithm 2
stops at the 618th iteration, as Fig. 3 shows. It is seen
from Fig. 2 and Fig. 3, both algorithms will converge
quickly in the early stage, which reflects the fast conver-
gence of the two algorithms.

x10°
0r—

Total utility
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Nunber of iterations

Fig. 2 Total utility of Algorithm 1
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Fig.3 Total utility of Algorithm 2

Under the condition of v =100 km/s, y, =6 dB, and
L = 107" mW, the cumulative distribution function
(CDF) of the number of switch operations for Algorithm 1
and Algorithm 2 are shown in Fig. 4 and Fig. 5, respec-
tively, which demonstrates the convergence of the pro-
posed coalition formation algorithms. For N =4 and
K =12, with Monte Carlo simulations, the coalition for-
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mation algorithms for the V2V partitioning and FCU
selection can achieve the optimal solution within 28 and
20 switch operations, respectively. For the combination
of N=6, K=18, and N =8, K =24 as well as N =10,
K =30, the two algorithms can converge to the Nash-sta-
ble partition through a finite number of switching. In
addition, with the increase of the coalition number, the
number of the combinations formed by the V2V links and
FCU s increases, so does the number of the iterations con-
verging to the Nash-stable partition. From Fig. 4 and Fig. 5,
the two algorithms will reach the optimal solution within
70 and 35 switch operations, respectively, for all the four
cases.

30 40 50 60 70

Number of switch operations
—--:N=4,K=12; — - : N=6, K=18;
fffff 1 N=8, K=24; — : N=10, K=30.

Fig. 4 Convergence of Algorithm 1

0 20 30 40 50 60 70
Number of switch operations
—-- 1 N=4,K=12; — - : N=6, K=18;
————— : N=8, K=24; —— : N=10, K=30.

Fig. 5 Convergence of Algorithm 2

Fig. 6 shows the convergence of the Lagrange multip-
liers of the proposed power allocation scheme. In the simu-
lation, the Lagrange multipliers are associated with the
aggregated interference constraints of the selected FCUs
in order to satisfy the QoS of FCUs. During the first 20
iterations, the Lagrangian multipliers are quickly updated
and the five Lagrange multipliers finally converge to a
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stable value after 147 iterations in Fig. 6, which illus-
trates that the PV and A can converge to the optimal solu-
tion PV* and A* through a finite number of iterations for
the proposed power allocation scheme. Note that Fig. 6
just shows one random simulation, the convergence per-
formance of Algorithm 3 depends on the initial value of
P° and the sufficiently small step size 7,. In addition, the
proposed scheme also converges quickly in the early
stage.

Lagrange multiplier value

....................................................

0 50 100 150
Iteration
— Ay — 1Ay 1y

VN P A

5-

Fig. 6 Convergence of Lagrange multipliers

The sum-rate of the V2V links versus the total number
of the V2V links K and V2V groups N is shown in Fig. 7.
Under the condition of v=100 km/h, y,=6 dB and
Lx = 107 mW, we can observe that the sum-rate of the
V2V links is increasing with the increase of K for fixed
N, but the growth rate of the sum-rate gradually reduces.
That is because, the increase of the V2V links will abso-
lutely improve the sum-rate of the V2V links, but also
increases the interference power among the V2V links
and the FCU links which limits the growth rate of the
sum-rate. For fixed K, the sum-rate of the V2V links also
increases with N, because the more groups the V2V links
are divided into, the lower interference power the V2V
links will get.

Sum-rate of V2V links/(bit/Hz/s)

Fig. 7 Sum-rate of V2V links versus K and N, with v=100 km/h,
7,=6 dB, and I,,.=10 " mW
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Fig. 8 demonstrates the sum-rate of the V2V links ver-
sus the interference power threshold of FCUs with
v =100 km/h and vy, = 6 dB. We find that the sum-rate of
the V2V links increases with the interference power
threshold of the FCUs for the four cases, because the
V2V links are permitted to communicate with larger
power when the interference power threshold of the
FCUs increases. Additionally, Fig. 8 also verifies that the
sum-rate of the V2V links increases with the number of
the groups for the fixed number of the V2V links, and
also increases with the number of the V2V links if the
number of the groups is fixed. For example, when [, =
3x 1071 mW and K = 36, the sum-rate of the V2V links
for N =5 is about 30 bit/Hz/s higher than that for N = 4.
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Fig. 8 Sum-rate of V2V links versus the interference power
threshold of FCUs, with v=100 km/h, and y,=6 dB

In the case of K =36, v=100 km/h, y, =6 dB and
Inax = 107 mW, we compare the sum-rate of the pro-
posed resource allocation scheme with the other two
schemes, scheme A and scheme B in Fig. 9. Scheme A
adopts the random V2V partitioning policy and the same
resource allocation as the proposed scheme, while
scheme B utilizes the random RB assignment policy for
the V2V links in each coalition and the same policy of
V2V partitioning and power allocation as the proposed
scheme. It shows that the proposed scheme obviously
outperforms scheme A and scheme B. In addition, we
find that the gap between the proposed scheme and
scheme A first increases and then decreases. When the
number of the V2V links in each group is large enough,
both schemes cannot avoid strong interference of the
V2V links. For N =12, scheme A and scheme B have
almost the same sum-rate of the V2V links. When the
number of the V2V links at each group is small enough,
the V2V links may have less mutual interference for both
schemes. Therefore, it is indicated that selecting the
appropriate number of the groups according to the num-
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ber of the V2V links is particularly important to improve
the performance of the V2V links.

450

400

W
W
S

Sum-rate of V2V links/(bit/Hz/s)

8§ 9 10 11 12

7
N
—A— : Proposed scheme; —o— : Scheme A; —o - : Scheme B.

Fig. 9 Sum-rate of V2V links versus N, with K=36, v=100 km/h,
7=6 dB and I,,=10"" mW

Fig. 10 demonstrates the impact of the vehicle speed
on the sum-rate of the V2V links under the condition of
K=30, N=4, and I, = 107'"° mW. In the simulation,
the inter-vehicle distance increases as the vehicle speed
increases. The channel gain of the V2V links decrease
with the increase of the average inter-vehicle distance,
therefore, the sum-rate of the V2V links decays as the
vehicle speed increases. Furthermore, it is shown that the
sum-rate of the V2V links decreases as the SINR thre-
shold 7y, grows from 6 dB to 18 dB. According to [1], for
the fixed maximum interference power I, the transmit
power of the FCUs increases with the increase of 7.
Meanwhile, increasing the transmit power of the FCUs
will enhance the interference from the FCU links to the
V2V links. In another words, we can get higher sum-rate
with smaller y,. Moreover, if y, becomes too large, we
cannot find enough FCUs to share the RBs with the V2V
link. However, vy, could not be too small considering the
QoS of the FCU links.
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Sum-rate of V2V links/(bit/Hz/s)

60 70 80 90 100 110 120
Vehicle speed/(km-h™")
A :9,~6dB; —o— : y,~12 dB; —=— : y,=18 dB.

Fig. 10  Sum-rate of V2V links versus the vehicle speed, with
K=30, N=4, and I,,,,=10 " mW
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7. Conclusions

In this paper, to facilitate the interference management,
we propose an optimization of the resource allocation in
D2D-enabled V2V communication from the perspective
of the V2V partitioning. Two coalition formation algo-
rithms have been presented to divide the V2V link coali-
tions and select the appropriate FCU to share its RB for
the V2V links in each group, respectively, which ensures
the minimum mutual interference among the V2V links
and the FCU uplinks. The power optimization problem is
solved by SCA method and Lagrangian duality theory.
Numerical results show that the proposed algorithm con-
verges to the optimal solution through a finite number of
iterations and achieve an obviously superior performance
compared with the other random allocation schemes in
terms of the sum-rate of the V2V links.
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