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ABSTRACT

Device-to-Device (D2D) communication has recently emerged
as a promising technology to improve the capacity and cov-
erage of cellular systems. To successfully implement D2D
communications underlaying a cellular network, resource al-
location for D2D links plays a critical role. While most of
prior resource allocation mechanisms for D2D communica-
tions have focused on interference within a single-cell sys-
tem, this paper investigates the resource allocation problem
for a multicell cellular network in which a D2D link reuses
available spectrum resources of multiple cells. A repeated
game theoretic approach is proposed to address the prob-
lem. In this game, the base stations (BSs) act as players
that compete for resource supply of D2D, and the utility
of each player is formulated as revenue collected from both
cellular and D2D users using resources. Extensive simu-
lations are conducted to verify the proposed approach and
the results show that it can considerably enhance the system
performance in terms of sum rate and sum rate gain.
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1. INTRODUCTION

The proliferation of mobile multimedia services has greatly
increased the demand for higher wireless data rates delivered
over cellular networks. Device-to-Device (D2D) communi-
cation over cellular networks has emerged as a disruptive
technology that can significantly improve the performance
of cellular systems [2]. D2D enables devices located in close
proximity to communicate with each other directly, thus
reducing system overhead, increasing spectrum utilization,
and improving cellular coverage [10]. With these prominen-
t gains, it has been attracting considerable attentions from
both academia and industries recently.

D2D communication reusing the cellular spectrum faces many
technical challenges owing to the co-existence D2D and cel-
lular transmissions that can mutually interfere. Although
there has been considerable research on interference man-
agement in D2D, most existing works focus on single-cell
scenarios [3]-[12]. Intercell interference in D2D, which needs
to be coordinated among multiple cells and among cellular
user equipments (CUEs) and D2D user equipments (DUEs),
remains a key D2D challenge that has been less investigat-
ed. For instance, when a D2D link uses downlink cellular
resources, a D2D transmitter may cause strong interference
to a cellular UE in the neighboring cell which is receiving
downlink traffic using the same resource. Likewise, when a
D2D pair utilizes uplink resources, the D2D receiver may
suffer high interference from a cellular UE in the neighbor-
ing cell transmitting uplink traffic to its serving base station

(BS).

While there has been much research developed to mitigate
interference between cellular and D2D users, resource alloca-
tion plays a critical role in efficient interference coordination.
In the existing D2D resource allocation solutions, game the-
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ory is widely applied to characterize the interactions among
D2D devices. Typically, D2D pairs are modeled as players
competing for the resources, where the utility of each player
is defined as function of achievable data rate and generated
interference. Based on the utility function, the equilibrium,
i.e., the optimal resource allocation, is obtained through an-
alyzing the players’ best reply function.

For interference management, such existing approaches can
be extended to the multicell case by simply incorporating in-
terference from other cells. However, they fail to determine
the resource configurations when a D2D exploits the com-
monly shared spectrum of multiple cells. For example, when
two users equipment (UEs), say UE 1 and UE 2, are closeby
and are reusing the common resources of multiple cells, they
must be able to establish a direct link. In this case, D2D
pair can generate interference to other cells, hence, a simple
extension of previous game models is not able to accommo-
date this dedicated multicell scenario.

In this paper, we investigate the resource allocation prob-
lem for multicell D2D communications. A repeated game-
theoretic resource allocation approach is proposed. To the
best of our knowledge, this work is an early attempt at ad-
dressing the resource allocation for a D2D link utilizing com-
mon spectrum resources of multiple cells. The major con-
tributions made in this paper are summarized as follows.

e We consider the scenario that a D2D link reuses com-
mon uplink resources of multiple cells. In this scenario,
we define the sum rates of BSs and formulate the re-
source allocation problem.

e We develop a finite repeated game based on the Nash
Equilibrium/Equilibria (NE) analysis of a static ver-
sion. Distinct from existing works that modeled D2D
pairs as players, the proposed game characterizes the
Base Stations (BSs) as players competing for resource
supply of D2D, and defines the utility of each player
as revenue collected from both cellular and D2D users
using resources. We also propose a resource allocation
algorithm.

e We examine the impacting factors and system perfor-
mance through extensive numerical experiments. The
results verify that the approach developed in this pa-
per considerably improve the system performance in
terms of sum rate and sum rate gain. It further pro-
vides a systematic insight into the resource allocation
for multicell D2D communications.

The remainder of this paper is organized as follows. Section
2 briefly reviews the related work. Section 3 presents the
system model, in Section 4, we develop a repeated game and
analyze the equilibrium to address the resource allocation
problem, a resource allocation algorithm is also presented
in this section. Section 5 presents the simulation results
to validate the proposed model. We conclude the paper in
Section 6.

2. RELATED WORK

Resource allocation for D2D communications is a critical
issue that deserves thorough consideration to efficiently ad-
dress the interference. Various works have been proposed,
most of them formulated the problem from an optimization
perspective [1, 11, 6], and they share the same objective in
mitigating the interference while improving the QoS perfor-
mance of the system. However, these studies cannot provide
direct insight to the system interact.

Recently, leveraging game theory to allocate D2D resources
has become an active research topic since the game theory
can provide thorough understanding of the complex inter-
actions among independent rational players. In general, the
game model for D2D resource allocation can be classified in
two groups: non-cooperative and cooperative.

In the non-cooperative games, D2D UEs are commonly viewed
as players competing for resources, for example, [9], [13],
[12], and [8] address the D2D resource allocation using auc-
tion games. In particular, [9] takes the energy efficiency
into account of the optimization objective. [13] presents a
sequential second price auction where all the spectrum re-
sources were considered as a set of resource units sequential-
ly auctioned off by groups of D2D pairs. A non-monotonic
descending price auction algorithm was presented by [12].
The utility function in this game factored the channel gain
from D2D and the costs for the system. In [15], a distributed
energy-efficient resource allocation algorithm was proposed
by exploiting the properties of the nonlinear fractional pro-
gramming. In [7], authors developed a Stackelberg game, in
which a cellular UE and a D2D UE form a leader-follower
pair. Then a joint scheduling and resource allocation scheme
to improve the performance of D2D communication was pro-
posed.

The cooperative game has also been explored for D2D re-
source allocation. In [14], a coalitional game with trans-
ferable utility is developed. In this game, each D2D user
attempts to maximize its own utility and has the incentive
to cooperate with other users to form a strengthened user
group. In this way, the user can increase the probability of
winning its preferred spectrum resources.

In this paper, we study the resource allocation problem for
multicell D2D communications using non-cooperative game
theory. The novelty of our work compared with aforemen-
tioned literature is twofold. First, most of prior works in-
vestigated resource allocation in a single cell. Although we
have investigated resource allocation for D2D link spanning
two neighboring cells in our recent work [3], the case for
D2D pair reusing common resource of multiple cells has not
been addressed yet. In this work, we extend [3] and design
a finite repeated game to solve such problem. Second, un-
like existing approaches that typically characterize the D2D
users as players, we model the BSs as the players.

3. SYSTEM MODEL AND ASSUMPTIONS

We consider the scenario that a D2D pair reuses the com-
mon resources of m cells (m > 2). In each cell, cellular
users communicate with the base station utilizing the same
resources among all cells. We assume that the D2D pair
reuses the uplink resources with cellular users while cellular
communications utilize either uplink or downlink resources,



thus they are able to work with coordination from BSs.

We define the sum rate of BSs for the above scenario. Let
Gij be the channel power gain between the transmitter ¢
and receiver j over either the cellular link or the D2D link.
Let No be the noise power of additive white gaussian noise
(AWGN) at the receiver. At the i-th BS, the sum rate of
uplink direction is

(1)

Bs, Pc.
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if the downlink resources are used, then
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where B; is the bandwidth of i-th BS, G¢,Bs; is the gain
between cellular UE C; and BS i, Ggs;c; is the gain be-
tween BS; and CUE C;, Ggps, is the gain between D2D
transmitter and BS;, Pgs,, Pc,;, and Py are the power of
transmitter BS;, DUE ¢, and DUE, respectively.

The sum rates of BSs are allowed to obtain their payoffs
from cellular communications. Note that the interference
caused by the D2D link has been taken the sum rate into
account, which is a key parameter affecting the total revenue
of each player. Essentially the more resources, for example
bandwidth (or physical resource block in LTE-A), allocat-
ed to the D2D, the lower interference it generates. Hence,
resources should be carefully allocated for D2D. In the fol-
lowing, we apply game theory to determine the amount of
resources that should be allocated to D2D transmitter by
each BS. We assume that the channel state information (C-
SI) of all involved links in the cell is available to the BS so
that BSs are capable of coordinating the radio resources.

4. REPEATED RESOURCE ALLOCATION
GAME FOR MULTICELL D2D

As D2D link reuses the common resources of multiple cells,
each operator can charge D2D UEs fees and they have in-
centives to allocate resources to D2D in order to maximize
their payoffs. Therefore, the competition among operators
for resource allocation quotas can be formulated as a non-
cooperative game, in which BSs are modeled as players. In
this section, we first present a static game to address the re-
source allocation problem, and then extend the static game
model to a repeated version based on the NE derivations.
Note that the number of game repetition is finite so that
the D2D pair can obtain resources for data transmission im-
mediately.

4.1 Static Resource Allocation Game
We define the utility of a player as the revenues which are
collected from cellular users and D2D users using radio re-

sources. Specifically, the utility function of i-th player is
defined as

U’ =a-R} +B-Bj—~-Bj, (3)

UP =a-R’ +B-Bj—~- B, (4)

where UY and UP are the utility of players when uplink
and downlink resources are used, respectively. « and [ are
the charging price of unit data rate supported by the base

station and bandwidth, respectively. v is the cost function
of a D2D reused resource, By is the bandwidth allocated to
D2D link from i-th BS, i =1,2,--- ;m.

With respect to «, a pricing function from [5] is employed,
which can be expressed as

y=z+y-(By+-+Bf), (5)

where z, y, 7 are non-negative constants, and 7 > 1 guar-
antees that the cost function is convex.

Since there is a trade-off between power and bandwidth [4],
we have

1
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z
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where z is a non-negative constant, then
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For simplicity, denote either UY or UP by U;. The opti-

mization problem of resource allocation for multicell D2D
communications can be formulated as

max Ui(Brll,--- ,By")

UP =a-B; - log, (1+
9)

i
: Bd7

s.t. Bmin S Z BZI S Bmax,
i=1 (10)

221727"'>m7
a,>0,z>0,7>1.

where Buyin and Byax are the minimum and maximum band-
width constraints on D2D resource allocation. Note that
Bmin refers to the minimum resource demand of a D2D pair
for data communications, it is used to implicitly restrict the
D2D’s transmission power that does not cause harmful in-
terferences to both BSs and CUEs.

As Nash Equilibrium (NE) is a strategy profile that no play-
er can increase its payoff by unilaterally deviating the action,

the NE can be obtained by solving the best response func-
tion, that is

et (11)

a,>0,z>0,7>1.



To obtain the NE of the above static game, we differentiate
each U, with respect to Bj. Therefore

Uy (B, ,BI) __ 0
oBY -

AUz (B, ,BY") 0
oB2 -

U (B, ,BY")
8B'In 0

i
Bmin S Btli S Bmax

=1

where the solution of (11) is the NE of the static game.

4.2 Repeated Resource Allocation Game Mod-

el

A repeated resource allocation game model is designed based
on the NE properties of above static game. Figure 1 plots
the illustrative NE cases, where two dashed lines represent
the best reply function of BS 1 and BS 2, the solid lines
are the bounds of D2D resource demand constraints, and
the gray area, formed by black lines and coordinate axes, is
the feasible strategy space of players. Figure 1(a), Figure
1(b), and Figure 1(c) show the intersections of dashed lines
that locate inside and outside of gray area, which correspond
to the cases that the NE exists (Figure 1(a)) and does not
exist (Figure 1(b) and (c)), respectively. Obviously, it can be
envisioned from Figure 1(a) that the solution of the static
game, i.e., the intersection of two dashed lines, could be
improved by increasing both B} and B3 iteratively while
keeping the NE within the gray area. In the extreme, the
solution is able to be refined intersecting at the boundary of
gray area, namely the upper solid line. As in Figure 1(c),
one can expect that the game repetition might enable the
NE feasible. Inspired by these observations, we propose a
repeated resource allocation game in the following.

Since the BSs are rational players, they can adjust the re-

source allocations to maximize their payoffs. The adjust-
ment of each player can be expressed as
Bj(t+1) = (1+t-a)- Bi1), (13)

where Bf(t+1) is the allocated resources at (t+1)-th stage,
a is the adjustment step such that a > 0.

With above equation, the repeated game can be formulated
as

max Ui(Ba(t),- -+, Bi'(1))
mm < < BmaX7

B Z:: (14)
t=1,2,--- ,m,

o,f>0,2>0,7>1.

Note that repetition times of the game are limited. This
is because the D2D pair in practical cellular networks has
to obtain the resources immediately. For a finite repeated
game, the NE can be obtained as long as it exists.

4.3 Game Theoretic Resource Allocation Al-

gorithm

Algorithm 1: Resource Allocation Algorithm

Input: No,G”,x Y, 2,7, q, B8, B

max tmax; a.

Output: Bd, . Bd .
1 Initialize RY or RiD where t =1,2,--- ,m;
2 t+1;
3 while t < thax do
4 Calculate U;(B}(t),--- , BT(t)) in terms of (3) or (4);
5 Calculate Bj(t),--- , BF'(t) by solving (14);
6 if Z Bj(t) > Bmax then
7 1f t =1 then
8 Bd h . 7Bg’” — %;
9 return Bd, e ,Bg’, EXIT;
10 else
11 Bl « Bi(t—1),--- B} + B7(t —1);
2 return Bé, e ,BQ”, EXIT;
13 end
14 end
15 if t = trmx then
16 if Z Bd( < Bmin then
17 Bd e Poin o B Paing
18 return Bd, e ,Bfi", EXIT;
19 else
20 B} « Bi(t),--- ,BJ* « B7(t);
21 return Eé, e ,EQ", EXIT;
22 end
23 else
24 fori=1,2,--- ;m do
25 | Bi(t+1)=(1+t-a)-Bit);
26 end
27 tet+1;
28 end
29 end

A resource allocation algorithm, shown in Algorithm 1, i
designed on the above repeated game model basis. The al-
gorithm initializes the sum rate for each BS, and then it
steps into a game: the while-loop as indicated between lines
3 and 29. The game will be played repeatedly by updat-
ing B} (line 25) in the case that any termination condi-

tion is not satisfied. More specifically, if Z Bi(1) > Bmax,

the NE in the first stage of the game does not exist (the
case illustrated in Figure 1(b)), the algorithm exits with
By=Bj= =By

— Bmax

as indicated between lines

7 and 9. If Z B(t) > Bumax during the game repeating,

i=1
the game is then terminated immediately with Bdl = Bj(t—
1),---, By = B7'(t — 1) as described between lines 10 and

12. Also, if t = tyax and > Bi(1) < Buin, the NE does not
=1
exist, that is, the case illustrated in Figure 1(c), the algorith-

m exits with B} = B2 = ... = B} = B”““ as indicated from

line 16 to line 18. At last, if t = tmax and > B5(t) < Bmax,
=1
the game is stopped with B} = Bi(t),---, B = BJ'(t) as

described between lines 19 and 21.
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Figure 1: NE analysis for static resource allocation game.
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Figure 2: NE evaluations with different a for the first simulation scenario.

Note that the resource allocations are unpredictable when
the NE does not exist. In response, resource allocations from
BSs are all set to be or to ensure the fairness.
The term of fairness refers to the revenues of all players on
the D2D communication being the same, that is, the amount
of resources obtained by D2D from each player is equal.

Bmax Bmin

5. NUMERICAL EXPERIMENTS
5.1 Experiment Setup

We conduct experiments with two typical scenarios. In the
first, the D2D pair reuses the uplink resources of two neigh-
boring cells for data transmission. In the second, the D2D
pair reuses the uplink resources of three cells. For both set-
tings, each cell has a cellular user that exploits the same
resource blocks for cellular communications.

The experiments results involve two aspects: NE evaluation
and system performance. The parameter configurations for
experiments are listed in Table 1. In the experiments, all
of the data presented are collected by averaging the results
from 100 runs, which makes the evaluations more represen-
tative and not heavily affected by stochastic factors.

5.2 NE Evaluation and Discussion

In the first set of experiments, we evaluate NE with different
a in both simulation scenarios. Figure 2(a), (b), (c) display
NE evaluations for the first scenario with constraints 20 <
B} + B3 < 30, when a = 0.01, @ = 0.03, and a = 0.08,
respectively. In this figure, funcl and func2 represent the
best response function of BS 1 and BS 2, and ¢ denotes the
game repetition time.

Table 1: Parameter settings.

| Parameter | Value
Cell radius 500m
Max D2D communication range 50m
Cellular UE Tx power 25dBm
D2D UE Tx power 0dBm — 25dBm
Channel gain N(0,1)
B1, Bs 30MHz
Bmina Bmax 201\/IHZ7 30MHz
No,z,y,2,T 1
a, B8 20
tmax 3
a 0.01, 0.03, 0.08

Figure 2(a) shows that the intersections of best response
funcl and func2 satisfy constraints 20 < B+ B3 < 30, indi-
cating that the NE exists. With the game repeating toward
improvement, both BSs allocate Bé(tmax) and Bg(tmax) to
D2D users. Thus the D2D pair receives Bé (tmax) +B§ (tmax)
resources in total for data transmission. In Figure 2(b),
the NE does not exist at the last repetition as the intersec-
tion of funcl and func2 in the last round is located out of
the feasible strategy space. In this case, D2D pair obtain-
s BY(2) + B3(2) resources for communication according to
the resource allocation algorithm designed in previous sec-
tion. It is interesting to notice that Figure 2(c) only draws
the NE of first two repetitions. This is because both BSs
will no longer play the game if the NE does not exist in
the second stage, and thus the D2D pair eventually receives
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Figure 3: NE evaluations for the second simulation scenario when a = 0.01.

BL(1) + B3(1) resources.

Figure 3 draws the NE evaluations for the second simulation
scenario when a = 0.01. As we observed from Figure 3(a),
(b), (c), the NE is improved with game repeat, which is
aligned with the insights provided by Figure 2. While for
the case when a = 0.03 and a = 0.08, the same observation
can be made.

Based on the above results, we claim that, given the reac-
tion functions of BSs, the NE is sensitive to the adjusting
parameter of repeated game and the system constraint. In a
practical scenario, one possible way for choosing such adjust-
ing parameter is to set a relatively small value guaranteeing
the existence of NE in each game repeat in the initial stage,
and then increase empirically.

5.3 System Performance Evaluation
In order to further validate the advantage of the developed
game, the system performance including the sum rate and
the sum rate gain of BSs are evaluated in the second set of
experiments. The sum rate of BSs for each simulation case
are specified by equations (1) or (2), while the latter one is
defined as
R; + Rpap

Rcellular
to reflect the sum rate gain of cellular system with D2D
communications where R; is defined by equation (1) or (2)
corresponding to the sum rate of BSs, Rp2p is the sum
rate of D2D communication, and Rcejjuiar i the sum rate of
cellular communication in the absence of D2D.

sum rate gain =

We consider the above two performance metrics for the first
simulation scenario in the condition of ¢ = 0.01 and 20 <
Bi(t)+ B3(t) < 30. The comparison results of sum rate and
sum rate gain are provided in Figure 4(a) and (b), respec-
tively. In these two figures, we observe that both of sum rate
and sum rate gain increase with game repeating, implying
that BSs have incentive to allocate more resources to D2D
pair for revenue improvement as long as the sum of their al-
locations meet the constraint and the resources allocated to
cellular users are fixed. For the second simulation scenario,
we are able to derive the same insights with Figure 4. Those
results are skipped here due to the space limitation. In sum-
mary, the performance simulations show that the repeated
game enhances the system performance significantly.

6. CONCLUSIONS

In this paper, we have considered the resource allocation
problem for multicell D2D communications underlaying a
cellular network where a D2D link utilizes common resources
of multiple cells. We have proposed a game-theoretic ap-
proach to address the resource allocation problem. In the
developed game, the BSs have been characterized as play-
ers competing for resource allocation quota from the D2D
demand, and the utility of each player as payoff from both
cellular and D2D communications leasing the resources has
been defined. Through the NE derivation and analysis, we
have presented a resource allocation algorithm. Simulations
have verified that the approach developed in this work sig-
nificantly enhances system performance. The results have
further provided a global insight into resource allocation for
multicell D2D communications.

7. ACKNOWLEDGMENTS

This research is supported by NSFC under grants 61309031
and 61272400, Postdoctoral Science Foundation of China
(Grant No. 2014M551740), Program for Innovation Team
Building at Institutions of Higher Education in Chongqing
under grant KJTD201310, NSF of Chongqging under grant
cstc2013jcyjA40026, S&T Research Program of Chongqing
Municipal Education Commission under grant KJ130523,
and CQUPT Research Fund for Young Scholars under grant
A2012-79. The research of Yanxiao Zhao is supported in
part by NSF under grant ECCS-1310562.

8. REFERENCES

[1] R. An, J. Sun, S. Zhao, and S. Shao. Resource
allocation scheme for device-to-device communication
underlying Ite downlink network. In 2012
International Conference on Wireless Communications
Signal Processing (WCSP), pages 1-5, Oct 2012.

[2] A. Asadi, Q. Wang, and V. Mancuso. A survey on
device-to-device communication in cellular networks.
IEEE Communications Surveys Tutorials, PP(99):1-1,
2014.

[3] J. Huang, Y. Zhao, and K. Sohraby. Resource
allocation for intercell device-to-device communication
underlaying cellular network: A game-theoretic
approach. In 2014 The 23rd International Conference
on Computer Communications and Networks (ICCCN
2014), page in press, Aug 2014.



[4]

[5]

WN =W =

Sum rate of BSs

0 2 4 6 8 10 12 14 16 18 20
1,12
Bd+Bd

(a) Sum rate comparison.

Sum rate gain of BSs

0 2 4 6 8 10 12 14 16 18 20
1,02
Bd+Bd

(b) Sum rate gain comparison.

Figure 4: Performance comparisons for the first scenario.

B. P. Lathi and Z. Ding. Modern Digital and Analog
Communication Systems. Oxford University Press,
20009.

D. Niyato and E. Hossain. A game-theoretic approach
to competitive spectrum sharing in cognitive radio
networks. In IEEE Wireless Communications and
Networking Conference (WCNC), pages 1620, March
2007.

P. Phunchongharn, E. Hossain, and D. Kim. Resource
allocation for device-to-device communications
underlaying lte-advanced networks. IEEE Wireless
Communications, 20(4):91-100, August 2013.

F. Wang, L. Song, Z. Han, Q. Zhao, and X. Wang.
Joint scheduling and resource allocation for
device-to-device underlay communication. In 2013
IEEE Wireless Communications and Networking
Conference (WCNC), pages 134-139, April 2013.

F. Wang, C. Xu, L. Song, Z. Han, and B. Zhang.
Energy-efficient radio resource and power allocation
for device-to-device communication underlaying
cellular networks. In 2012 International Conference on
Wireless Communications Signal Processing (WCSP),
pages 1-6, Oct 2012.

F. Wang, C. Xu, L. Song, Q. Zhao, X. Wang, and

Z. Han. Energy-aware resource allocation for
device-to-device underlay communication. In 2013
IEEE International Conference on Communications
(ICC), pages 6076-6080, June 2013.

L. Wei, R. Hu, Y. Qian, and G. Wu. Enable
device-to-device communications underlaying cellular
networks: challenges and research aspects. IEEE
Communications Magazine, 52(6):90-96, June 2014.
S. Wen, X. Zhu, X. Zhang, and D. Yang. Qos-aware
mode selection and resource allocation scheme for
device-to-device (d2d) communication in cellular
networks. In 2018 IEEFE International Conference on
Communications Workshops (ICC), pages 101-105,
June 2013.

C. Xu, L. Song, Z. Han, Q. Zhao, X. Wang, X. Cheng,
and B. Jiao. Efficiency resource allocation for

(13]

(14]

(15]

device-to-device underlay communication systems: A
reverse iterative combinatorial auction based
approach. IEEE Journal on Selected Areas in
Communications, 31(9):348-358, September 2013.

C. Xu, L. Song, Z. Han, Q. Zhao, X. Wang, and

B. Jiao. Interference-aware resource allocation for
device-to-device communications as an underlay using
sequential second price auction. In 2012 IEEE
International Conference on Communications (ICC),
pages 445449, June 2012.

R. Zhang, L. Song, Z. Han, X. Cheng, and B. Jiao.
Distributed resource allocation for device-to-device
communications underlaying cellular networks. In
2013 IEEE International Conference on
Communications (ICC), pages 1889-1893, June 2013.
Z. Zhou, M. Dong, K. Ota, J. Wu, and T. Sato.
Energy efficiency and spectral efficiency tradeoff in
device-to-device (d2d) communications, 2014.



