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To meet the drastic growth of mobile traffic, next-generation wireless networks integrate existing technologies such as dual-
connectivity (DC) and network-assisted device-to-device (D2D) communications. In this paper, we present a new spectrum
allocation scheme for a heterogeneous system, which incorporates both technologies. For the effective collaboration of individual
network agents, we employ the ideas of cooperative games, and the spectrum allocation algorithm is implemented as a novel joint-
bargaining process. Based on the bargaining solutions of classical Nash, weighted Nash, and Nash bargaining with coalition
structure, our three-step interactive approach can leverage the full synergy of different bargaining concepts. Under the dynamic
changing HetNet environments, we can take various benefits in a rational way while handling comprehensively the DC-based
D2D communication issue and reach an agreement that gives mutual advantage. 'e main novelty of our proposed scheme is to
ensure a relevant tradeoff between conflicting requirements during HetNet operations. Finally, we conduct extensive simulation
study and illustrate that the proposed scheme provides a considerable performance improvement by comparison with the
existing protocols.

1. Introduction

In the last decade, the telecommunication sector has wit-
nessed an exponential growth in the number of connected
mobile devices (MDs). 'erefore, mobile data traffic is
growing steadily due to the prevalence of MDs along with
the rapid rise in spectrum-intensive multimedia services
such as mobile video streaming, mobile gaming, and social
networking. According to the Cisco and Ericsson reports,
the compound annual growth rate (CAGR) of overall mobile
video traffic is expected to increase by 11% per year for the
period of 2016–2022, and total traffic would increase by
approximately six times over the period while globally
reaching 8.3 billion subscriptions by 2022. 'is trend is
expected to thrive even faster with the introduction of
upcoming sixth-generation (6G) future networks. 'is huge
number of MDs and spectrum usage will put a heavy strain
on the traditional cellular network platform, which may not
provide high data rate connectivity to new applications
[1, 2].

Currently, as a promising idea for future wireless net-
works, heterogeneous network (HetNet) architecture has
been proposed by industry and academic researchers. It
converts the traditional single cellular networks into mul-
titier HetNets, where a growing number of small base sta-
tions (SBSs) are deployed over the existing macro base
station (MBS) area; MBS and its corresponding SBSs are
connected via backhaul links and tightly integrated. 'e
dense deployment of SBSs brings the spectrum access points
closer to MDs so that the traffic offloading from the MBS to
SBSs may be enhanced. Global network operators, such as
AT&T, T-Mobile, Orange, and China Mobile, have widely
deployed SBSs in densely populated locations such as malls,
markets, and cafés to improve local capacity in traffic
hotspots and relieve the burden on the overloaded MBS
[2, 3].

Within the HetNet infrastructure, device-to-device
(D2D) communication is also one of the key enabling
technologies. Originally, the concept of D2D communica-
tion has been introduced to allow local peer-to-peer
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transmissions among cellular MDs bypassing the network
infrastructure, such as BSs. To cope with high data rate
services, the D2D communication is a promising technology
to offer the following advantages: (i) extended coverage, (ii)
decrease of burden from cellular networks, (iii) increased
throughput, and (iv) spectrum efficiency. In particular, in 5G
networks, potential D2D use-case applications have been
explosively increased, that is, peer-to-peer communication,
local multicasting, multiplayer gaming, data flooding, and
video dissemination. However, traditional D2D technology
may limit the advantages. In practice, setting up reliable
direct links between the corresponding MDs is practically
difficult to satisfy the quality-of-service (QoS) requirements.
Usually, the potential MDs for D2D communications may
not be in near proximity [4].

When MDs are too far away from each other for direct
communications, network-assisted D2D communication
has recently been proposed as a means for real-world op-
erations. In the case of example, MD pairs for D2D com-
munications can be located in the different cell areas, and
BSs are working as relay nodes. 'e cellular spectrum re-
sources at relay BSs are assisted by a network infrastructure
and shared for the D2D communication links. To leverage
network-assisted D2D communications, the network system
should (i) mediate in the D2D pairing process, (ii) coor-
dinate the time and spectrum allocations, and (iii) ensure the
required QoS. It can lead to increased system throughput
and higher spectrum efficiency. To obtain these potential
gains, there is a need to carefully design novel spectrum
allocation algorithms that effectively manage the D2D pairs
in cellular areas. However, to fully exploit its potential, there
are some critical control issues that should be addressed to
design algorithms [4, 5].

Among these critical issues, MD association is one of
major problems; it involves the spectrum allocation process
in BSs with the goal of improving the per-MD throughput
and overall system capacity. Recently, the concept of dual
connectivity (DC) in HetNets has been introduced to use
simultaneously the spectrum resources in MBS and SBS.'e
DC technique constitutes a novel feature that contributes to
effectively handling the spectrum demands by enabling MDs
tomaintain two concurrent connections. More broadly, DC-
based spectrum aggregation solution can enhance MD
connectivity experience as well as the overall communica-
tions reliability. 'is flexible DC technique association,
supported by the interoperability of different BSs, makes a
decisive step to maximize the HetNet system efficiency. To
design a new HetNet spectrum allocation algorithm by
taking into account all the critical issues, we need a new
intelligent control paradigm and novel solution concept [6].

1.1. Technical Concepts. In the HetNet management algo-
rithms, autonomous, distributed, and intelligent network
agents independently make rational and strategic decisions.
'is scenario may fall into game theory. In general, game
theory is based on a particular theory of rationality and offers
a comprehensive analysis of rational behavior under cir-
cumstances of strategic interdependence. 'erefore, it

provides a formal analytical framework with a set of
mathematical tools to study the complex interactions among
rational game players. 'roughout the past decades, game
theory has made revolutionary impact on a large number of
disciplines ranging from engineering, economics, political
science, philosophy, or even psychology. In recent years,
there has been a significant growth in research activities that
use game theory for analyzing wireless network agents under
competitive or collaborative situations [7].

As a subfield of game theory, bargaining game is an
effective tool to achieve a mutually desirable solution with a
good balance between efficiency and fairness. It comes with
no surprise that bargaining solution has gained wide pop-
ularity and it still constitutes an active research strand. In
1950, Nash originally introduced the fundamental notion of
the Nash bargaining solution (NBS) to share the resource
fairly and optimally [8, 9]. Based on the idea of NBS, the
weighted Nash bargaining solution (WNBS) was developed.
In the WNBS, bargaining powers of heterogeneous game
players are unequal; they may be driven by different char-
acteristics [7, 10]. In 2004, Chae and Heidhues proposed a
novel concept of NBS with coalition structure (NBS-CS) [9].
In the NBS-CS, bargaining process is actually taking place
simultaneously with different coalitions. Each coalition
consists of multiple individuals, and they act cooperatively
with each other.

1.2.MainContributions. According to the NBS, WNBS, and
NBS-CS, we develop a novel spectrum allocation scheme for
DC-based D2D communications. In the HetNet platform,
each MBS distributes the spectrum resource to its corre-
sponding SBSs according to the concept of NBS. Based on
the assigned spectrum resource, each individual SBS allo-
cates its spectrum resource to each individual application
services based on the idea ofWNBS.'en, theMBS provides
additionally its own spectrum resource to supplement
running applications. By considering the network-assisted
D2D communications, the concept of NBS-CS is applied to
implement the CD technique. In the combination of NBS,
WNBS, and NBS-CS, we can leverage the full synergy of
different bargaining solutions while handling comprehen-
sively DC-based D2D communication issues. In detail, the
major contributions of this study are as follows:

(i) 'is study considers the spectrum allocation
problem in the HetNet infrastructure. During the
three-step interactive bargaining process, the lim-
ited spectrum resource is hierarchically distributed
to multiple MDs from their corresponding SBS and
MBS.

(ii) Each MBS distributes the orthogonal bandwidth
portions into its covering SBSs based on the NBS.
'en, each individual SBS allocates its assigned
spectrum resource by using the idea of WNBS; MDs
are treated differently whether MDs are involving
D2D communications or not.

(iii) With the DC technique, each MBS supplementally
allocates its own the spectrum resource for MDs. By
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considering the coalition for D2D-involved MDs,
the concept of NBS-CS is applied, and the repeated
bargaining process is used to allocate the MBS
resource.

(iv) Under hierarchical HetNet platform, we explore the
interaction of different bargaining solutions while
leveraging the synergistic features. 'e main char-
acteristic of our joint-bargaining approach lies in its
responsiveness to the reciprocal combination of
NBS, WNBS, and NBS-CS.

(v) Numerical results are shown to give the compari-
sons and performance gains between the proposed
scheme and the existing protocols. With respect to
different performance criteria, we can enhance the
overall system performance in the HetNet
infrastructure.

1.3. Organization. 'e remainder of our paper is organized
as follows. In Section 2, we provide a literature overview that
covers the prior spectrum allocation algorithms in network-
assisted D2D communications. In Section 3, we describe the
DC-based HetNet system model and its underlying as-
sumptions to formulate the spectrum allocation problem.
'en, we introduce the basic ideas of NBS,WNBS, and NBS-
CS to design our HetNet spectrum management scheme.
Based on the joint-bargaining approach, the main steps of
our proposed algorithm are given to increase readability.'e
simulation setup and comprehensive performance com-
parisons with other existing protocols are provided in
Section 4. For the readers’ facilitation, experimental results
are provided along with discussions. Finally, Section 5
summarizes the main contributions and conclusions in this
study. In addition, some future research directions and is-
sues are also outlined in this section.

2. Related Work

Since the initial concept of network-assisted D2D com-
munications was introduced, state-of-the-art studies have
been conducted on spectrum efficiency in the HetNet ar-
chitecture. 'e study in [11] proposes a new cluster-based
cognitive industrial Internet of 'ings (CIIoT) to improve
spectrum utilization by accessing the idle spectrum licensed
to a primary user (PU). Cooperative spectrum sensing
among the cluster heads and nonorthogonal multiple-ac-
cess-based transmission in each cluster are also proposed to
improve both sensing probability and transmission per-
formance of the CIIoT. To maximize the average total
throughput of the CIIoT, joint resource allocation of sensing
time, node powers, and the number of clusters are presented.
'is approach can guarantee the minimal detection prob-
ability, the maximal total power, and the minimal rate of
each node [11].

In [12], a novel CIIoT control scheme is implemented to
harvest the radio frequency energy of PU’s signal. In ad-
dition, energy-efficient resource allocation algorithms in
different spectrum access modes are also presented to
maximize the average transmission rate of CIIoT while

guaranteeing its energy-saving requirements. 'ey are for-
mulated as corresponding optimization problems that seek
to maximize the average transmission rate of CIIoT under
the constraint of energy-saving. 'e optimization problems
are solved by using the alternating direction optimization
and water-filling algorithm [12].

In [13], theNo-Regret Bandit Learning (NRBL) scheme is
proposed to address the distributed channel selection
problem for network-assisted D2D communications. Usu-
ally, individual D2D users compete for access to the spec-
trum resources without governing by any centralized
controller. 'is situation, as it appears in many wireless
networking scenarios, can be modelled as a multiplayer
multiarmed bandit game with side information, and selfish
D2D users aim at optimizing their own performance by
using the vacant cellular channels. 'e NRBL scheme
provides a new distributed algorithmic solution, which is a
combination of no-regret learning and calibrated forecast-
ing. For each D2D user, the long-term average reward is
equal to the average reward of the optimal selection. To get
the solution, selfish D2D users learn an optimal joint action
profile from successive interactions with a dynamic envi-
ronment and finally settle at some equilibrium points, such
as the set of correlated equilibria [13].

'e Statistical Quality-guaranteed Spectrum Interoper-
ation (SQSI) scheme is developed for network-assisted D2D
communications while alleviating the spectrum scarcity
issue of cellular networks [1]. For network-assisted inter-
operable D2D communications, the SQSI scheme brings
about many benefits including the higher D2D users’
throughput and better network management. In addition,
the issue of ensuring QoS is investigated under dynamic
network environments. In particular, the SQSI scheme
analyzes the QoS issue using a well-known analytical tool,
“Effective Capacity (EC),” for the network operability.
According to the impact of neighboring cells’ load, the EC-
based statistical QoS guarantee analysis has been carried out
under varying channel conditions and provides statistical
QoS guarantees for the spectrum interoperable D2D com-
munications. Under varying channel conditions along with
different cell load, the SQSI scheme can calculate the
maximum sustainable source rate at the transmitter’s queue.
'e simulation results indicate that a better cell load
management can lead to more appropriate system perfor-
mance [1].

Liu et al. propose the Small cell based Distributed Re-
source Allocation (SDRA) scheme for D2D-assisted het-
erogeneous networks [14]. By taking the required data rate of
D2D users, they formulate a channel allocation problem,
which is integrating the channel selection and channel
sharing processes to maximize the service satisfaction of all
D2D users. In the considered systemmodel, a heterogeneous
spectrum pool consisting of different bands is provided for
the access channel selection. To derive the solution, they
provide two games: a potential game by using an interfer-
ence graph and a coalition game with D2D user transferring.
In the potential game, they get the stable matching between
different users and channels in different frequency bands. In
the coalition game, the final coalitions between users are
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realized through D2D user transferring. Based on these two
games, a two-stage distributed channel allocation algorithm
is designed with low computational complexity. Finally,
simulation results have demonstrated that the SDRA scheme
can achieve a higher system throughput performance and a
better network utility [14].

Although a lot of researches have exploited extensively
the network-assisted D2D technique in HetNets, an efficient
integration of DC operations with the HetNet platform has
not been fully utilized. To the best of the author’s knowledge,
this is the first study that provides a fair-efficient spectrum
allocation solution for the DC-based interoperable D2D
communication. By taking temporal HetNet traffic fluctu-
ations into account, we make rational decisions in the three-
step bargaining process and jointly allocate the limited
spectrum resource to multiple MDs. Different from existing
NRBL, SQSI, and SDRA protocols, our proposed scheme can
reach an agreement that gives mutual advantage and has
more potential benefits in terms of MD’s payoff, system
throughput, and fairness among BSs.

3. The Bargaining-Based Spectrum
Allocation Algorithm

In this section, the purpose of DC-based network-assisted
D2D communications and the basic concept of cooperative
games have been studied. According to the three-step joint-
bargaining approach, we design our spectrum allocation
protocol while discussing relevant control issues. Finally, the
main step procedures of our proposed algorithm are de-
lineated to help readers have better understanding.

3.1. DC-Based Heterogeneous Network System Infrastructure.
In this study, we consider a two-tier heterogeneous network
platform, which comprises two types of BSs with orthogonal
spectrum resource pools. At the upper tier, MBSs
M � M1, . . . ,M2  exist, and they can provide cellular
network coverage for a large area. Within the coverage of
each M, multiple SBSs break up a macrocell site into much
smaller areas.'erefore, SBSsS � S1, . . . , Sm  coexist at the
lower tier, and the cross-tier DC transmission is provided.
One MBS (or one SBS) has a coverage area of radius rM (or
rS) and has a static portion of spectrum resource. It is more
practical and suitable for the scenario where the different
serving levels are ensured over different association spec-
trum bands. In this paper, we assume that each MBS has its
own spectrum resource (RM) and the spectrum resource
(MM) for SBSs; MM is adaptively distributed into corre-
sponding SBSs. Afterward, individual SBSs also divide or-
thogonally their assigned spectrum pool into a set of
different channels to support diverse applications [15].

In the HetNet cellular area, there are multiple MDs
D � D1, . . . , Dk ; they are assumed to be randomly dis-
tributed and are equipped with two different radio interfaces
to communicate simultaneously with the MBS and SBS.
With a dynamic monitoring for the MBS and SBS, the DC-
enabled traffic scheduling is expected to further enhance the
data capacity and overall network efficiency. Besides this,

some MDs are paired and transmit data to their corre-
sponding MDs by using the D2D communication mode. In
this mode, the paired MDs share their status information in
a timed manner. In the emerging 5G networks, MBSs work
as software-defined network (SDN) controllers for both
cellular and D2D connections. Motivated by the fact that BSs
generally have whole network information and high com-
putation power, we assume that the BSs determine the task
schedule for MDs at each time frame while effectively
managing the spectrum resource. 'erefore, during the DC-
based HetNet operation, the complex interaction between
the D2D pair is modelled with their corresponding BSs [16].

In this study, a modelling situation for the HetNet
spectrum allocation process is formulated as a joint-bar-
gaining game (G) in a cooperative manner. 'e HetNet
system operates in a slotted structure and each time frame
has a time length t. Formally, we define game entities, that is,

G � M,S,D{ }, RMi∈MMM∈M , XDz D, UMi
, U

Mi

Sj
, U

Mj

De ,

T}, at each time period of gameplay.

(i) M,S,D{ } are the finite set ofMBSs, SBSs, andMDs;
they are game entities for our joint-bargaining
games.

(ii) RMi
andMMi

are the spectrum amount assigned for
Mi ∈M;RMi

is used by Mi for the DC services, and
MMi

is distributed for Sj ∈WMi
⊂ S, whereWMi

is
the set of SBSs within Mi’s area.

(iii) XDz D is the set of MDs, which are involved in the
network-assisted D2D communications. 'erefore,
each of its elements is paired with other elements in
XDz D.

(iv) UMi
, U

Mi

Sj
, U

Sj

De
are utility functions of Mi, Sj, and

De, respectively, where Sj ∈WMi
and De is in Sj’s

covering area.
(v) T � t1, . . . , tc, tc+1, . . . , , where T denotes time,

which is represented by a sequence of time steps.

3.2. 6e Basic Concepts of Cooperative Bargaining Solutions.
Many HetNet situations can be modelled by a set of network
agents which may benefit from cooperation. 'erefore, it is
not infrequent that these agents do not act individually but are
partitioned into coalitions. Assuming that HetNet agents’
cooperation is carried out, one may wonder how the benefit is
shared between the coalitions and between the agents inside
each coalition. Based on the generalization of Nash solution,
different bargaining models can address this issue. In the
standard cooperative game paradigm, a bargaining problem
refers to sharing a surplus that game players can jointly
generate. 'erefore, bargaining solutions study how the
surplus should be shared with appealing axioms [7, 9].

To define the basic idea of bargaining solution, we in-
troduce the notation and preliminary definitions of bar-
gaining solution. Let N be a finite set of players. We denote
by |N| the number of elements of N. Let us take x, y ∈ RN.
We say y≤ x when yi ≤ xi for each i ∈ N and y<x when
yi < xi for each i ∈ N. We denote by (x · y) the vector
(xi · yi)i∈N and by (x + y) the vector (xi + yi)i∈N. Given
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T⊆N, xT is the restriction of x to RT. We denote by RN
+ the

set x ∈ RN: xi ≥ 0 for every i ∈ N  and by RN
++ the set

x ∈ RN: xi > 0 for every i ∈ N . Given c ∈ RN
++, (1/c) is the

vector (1/ci)i∈N [8, 9].
A feasible set S is a subset of the payoff space, and a

disagreement point d is an element of the payoff space. 'e
points in S represent the feasible utility levels that the in-
dividuals can reach if they agree. Otherwise, if agreement is
not reached, they obtain the utility levels given by the
disagreement point. For every S⊆RN and c, β ∈ RN, we
define (c · S) + β � (c · x) + β|x ∈ S . Given θ ∈ R and
x ∈ RN, we define (θ · x) as the vector (θ · xi)i∈N. A coalition
structure C over N is a partition of the player set; that is,
C � C1, . . . , Cp ⊆ 2N, where ∪ (Cq∈C)Cq � N and Cq ∩Cr �

∅ whenever q≠ r. Each Cq ∈ C is called a coalition. We
denote by c ∈ RN the vector whose ith coordinate is given by
ci � |Cq| if i ∈ Cq. Usually, bargaining game is a pair (N, v),
where v is a characteristic function that assigns to each
subset T⊆N a number v(T) ∈ R, with v(ϕ) � 0. v(T)

represents the total utility payoff when players in T can
cooperate. A bargaining problem over N is a pair (S, d),
where d ∈ S⊆RN. Let the boundary of S be zS, and there
exists x ∈ S such that x> d. 'e traditional Nash bargaining
solution is the unique point N(S, d) ∈ zS satisfying the
following equation [8, 9]:


i∈N

Ni(S, d) − di(  � max
x∈S,x≥d


i∈N

xi − di( . (1)

In equation (1), all the players involved in the bargaining
game will be assigned the same bargaining powers. It may
not be reasonable when the players are significantly dif-
ferent. As a generalized Nash bargaining solution,WNBS is a
variant of the NBS by assigning players with different
bargaining powers. To get the WNBS, the objective function
in (1) is modified as follows [10]:


i∈N

Ni(S, d) − di(  � max
x∈S,x≥d


i∈N

xi − di( 
ωi ,

s.t. 
i∈N

ωi � 1,
(2)

where ωi is the corresponding bargaining power of the
player i ∈ N. Bargaining power is a concept related to the
relative abilities of game players in a situation to exert in-
fluence over each other. To provide additional flexibility in
choosing solution by taking into consideration the diver-
sified network situation, it is necessary to admit differential
bargaining powers [7].

A bargaining game with coalition structure is a triple
(N, v,C), where C is a coalition structure over N, and the
bargaining problem of (N, v,C) is a triple (S, d,C). A solution

of (S, d,C), which is characterized by the unique point
ϕ(S, d,C) ∈ zS, is theNBS-CS, and it is obtained as follows [9]:

max
U∈S,U≥d


Cj∈C


i∈N

xi − di( 
f Cj( ⎛⎝ ⎞⎠

s.t.
C � C1, . . . , Cp 

f Cj > 0

⎧⎪⎨

⎪⎩

(3)

'e NBS, WNBS, and NBS-CS are characterized by a
collection of desirable axioms such as invariance with respect
to affine transformation (IAT), independence of irrelevant
alternatives (IIA), strong individual rationality (SIR), and
anonymity (AN) [8, 9].

(i) IIA: let a bargaining solution be a function F that
associates with each problem (S, d) or (S, d, C) a
feasible payoff vector F(S, d) or F(S, d, C). If there
exists another bargaining problem (S′, d) or
(S′, d, C) such that S′⊆S and F(S, d) or F(S, d, C)

belongs to S′, then F(S′, d) � F(S, d) and
F(S′, d, C) � F(S, d, C).

(ii) IAT: given c � c1, . . . , cn  ∈ RN
++ and

β � β1, . . . , βn  ∈ RN, it holds that F(S, td) � (c ·

F(S, d)) + β and F(S, tdn, qC) � (c · F(S,

d, C)) + β, where S � (c · S) + β and d � (c · d) + β.
(iii) SIR: for all i ∈ N, Fi(S, d, C)> di, and Fi(S, d)> di.

'erefore, there is no x ∈ S\ F(S, d, C) orF(S, d){ }

such that xi ≥Fi(S, d, C) and xi ≥Fi(S, d).
(iv) AN: for any permutation ϕ: N⟶ N,

F(ϕ(S), ϕ(d), ϕ(C)) � ϕ(F(S, d, C)) and
F(ϕ(S), ϕ(d), ϕ(C)) � ϕ(F(S, d, C)).

3.3. 6e Bargaining Control Scheme for DC-Based HetNet
System. In this study, we design a new spectrum manage-
ment scheme for the hierarchical HetNet platform. 'e
major goal of our scheme is to adaptively allocate the limited
spectrum resource to MDs. To reduce computation com-
plexity, the spectrum allocation process is divided hierar-
chically, and we make control decisions in a step-by-step
manner at each stage. In the first phase, each individual MBS
(M) hasMM and shares it with the set of SBSs (WM) within
M’s area.'erefore,MM is partitioned into disjoint portions
and allocates them for corresponding SBSs. To implement
this process for Mi with WMi

, we focus on the traditional
NBS to get a fair-efficient solution. LetXMi

Sj
be the spectrum

amount allocated for the Si ∈WMi
, and Mi’s spectrum

distribution solution for WMi
, that is, ΘMi

WMi

, is a
|WMi

|-dimensional bandwidth allocation vector, where
ΘMi

WMi

� 〈. . .X
Mi

Sj ∈WMi

. . .〉.
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ΘMi

WMi

� max
···X

Mi
Sj ∈WMi

··· 


Sj∈WMi

U
Mi

Sj
X

Mi

Sj
  − dSj

 ⎛⎜⎜⎝ ⎞⎟⎟⎠,

s.t. U
Mi

Sj
X

Mi

Sj
  � exp

min X
Mi

Sj
, r

tc NMi

Sj
  

r
tc NMi

Sj
 

× ψS

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ − μ⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ 
Sj∈wMi

X
Mi

Sj

⎛⎜⎜⎝ ⎞⎟⎟⎠≤MM
,

⎧⎪⎪⎨

⎪⎪⎩

(4)

where ψS is a profit coefficient factor and μ is a control
parameter for U

Mi

Sj
(·), respectively. NMi

Sj
represents the set of

MDs, which exist in Sj’s area covered by Mi. At time tc,
rtc (NMi

Sj
) are the total requested spectrum amounts of MDs

in NMi

Sj
.

In the second phase, each individual S allocates its
assigned spectrum pool (XM

S ) for its corresponding MDs in

NM
S . In this study, the major challenge is to effectively

support network-assisted D2D communications. 'erefore,
to implement S’s spectrum allocation process, we prioritize
D2D services and focus on the WNBS. Let ΘSj [De ∈ N

Mi

Sj
] �

〈. . . ,X
Sj

De
, . . .〉 be a |NMi

Sj
|-dimensional spectrum allocation

vector, and X
Sj

De
is the assigned spectrum amount for De.

Finally, ΘSj [De ∈ N
Mi

Sj
] is obtained as follows:

ΘSj De  � max
...,X

Sj

De
,...



De∈N
Mi
Sj

U
Sj

De
X

Sj

De
, r

Sj

De
  − dDe

 
ωDe⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠,

s.t.

U
Mi

Sj
X

Mi

Sj
, r

Sj

De
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 /r
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Sj
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(5)

where κ, η, and ξ are coefficient factors for U
Sj

De
(·). rDe is the

requested spectrum amount of De. e and β are bargaining
powers for MDs. NSj

C is the set of simple cellular MDs and
NSj

D is the set of network-assisted D2D MDs, where
NMi

Sj
� NSj

C ∪N
Sj

D .
In the third phase, the MBS provides its own spectrum

resource (RM) for DC services. Let NMi

C � ∪ Sj∈WMi
NSj

C and
NMi

D � ∪ Sj∈WMi
NSj

D ;NMi

C ; NMi

C and NMi

D can be treated as a

unit under diverse traffic environments. 'erefore, the
bargaining with coalition structure is applied to provide
spectrum resources for DC services. Let εMi

De
be an added

spectrum amount supplemented by Mi for De. Finally, the
solution (Θ[De ∈ (NMi

C ∪N
Mi

D )]) is a |NMi

C ∪N
Mi

D |-dimen-
sional spectrum allocation vector, where
Θ[De ∈ (NMi

C ∪N
Mi

D )] � 〈. . . , εMi

De
〉; Θ[De ∈ (NMi

C ∪N
Mi

D )] is
obtained as follows:
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〈...εMi

De
...〉
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  � log
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,
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F De, Dk(  �

ψ + ϕ ×
X − Y

X
 , if De ∈ N

Mi

D ,

α, if De ∉ N
Mi

C ,
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⎪⎪⎪⎪⎪⎪⎩

X � εM
Dk

tc−1  + X
M
Dk

tc−1  ,

Y � εMi

De
tc−2  + X

sj

De
tc−2  ,
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(6)

where Γ is a control parameter for U
Mi

De
(·). ψ, α, and ϕ are

profit coefficient factors for F(De,Dk) when
De,Dk ∈ XD2D and Dk is paired with De for D2D com-
munications. εM

Dk
[tc−1] and χM

Dk
[tc−1] are εM

Dk
and χM

Dk
values

for Dk at the time tc−1. ε
Mi

De
[tc−2] and χSj

De
[tc−2] are ε

Mi

De
and

χMi

De
values for De at the time tc−2. By considering the traffic

flow balance betweenDe andDk, the function F(De,Dk) is
designed based on the repeated bargaining concept.
'erefore, the outcome of F(De,Dk) is dynamically ad-
justed based on the timed online manner for network-
assisted D2D communications.

3.4. Main Steps of Proposed DC-Based Spectrum Allocation
Scheme. In this study, we develop a novel spectrum allo-
cation scheme for DC-based D2D communications. It is
designed based on the joint-bargaining game model to reach
a fine solution. Based on the hierarchical interconnection of
spectrum allocation processes, control decisions can cause
cascade interactions in a distributed interactive manner. In
the proposed scheme, the NBS, WNBS, and NBS-CS are
mutually dependent to strike the appropriate performance
balance for the HetNet system. 'erefore, intelligent net-
work agents interact with each other and work together
through the dynamics of our hierarchical feedback mech-
anism. Usually, conventional optimization methods such as
Lagrangian or dynamic programming require global

objective functions with exponential time complexity; it is
impractical to be implemented for realistic system opera-
tions. However, our joint-bargaining process is designed
based on the hierarchical HetNet platform to reduce
computational complexity. 'erefore, decision mechanism
is implemented with polynomial complexity; it is an im-
portant feature of the proposed scheme. 'e main steps of
the proposed scheme can be described as follows (Figure 1):

Step 1. For our simulation model, the values of system
parameters and control factors can be discovered in
Table 1, and the simulation scenario is given in Section
4.
Step 2. In each time period, individual MDs generate
their application services and contact their corre-
sponding BSs. Individual SBSs report their traffic re-
quest amounts (r) to their corresponding MBSs.
Step 3. In the first phase, each individual MBS (M)

shares its spectrum resource (MM) with the set of SBSs
(WM). Based on the concept of NBS,MM is distributed
to multiple S ∈WM, and each S can get its spectrum
resource (χM

S ) according to (4).
Step 4. In the second phase, each individual S allocates
its assigned spectrum pool (χM

S ) for its corresponding
MDs in NM

S . While prioritizing network-assisted D2D
communications, χM

S is distributed for the
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corresponding MDs by using the idea of WNBS. ForD
in NM

S , χS
D is obtained according to (5).

Step 5. In the third phase, M provides its own spectrum
resource (RM) for DC services. NMi

C and NMi

D are
treated as a unit, and the NBS-CS is applied to decide
the additional spectrum amount for eachMD (εM

D ); it is
obtained by using equation (6).
Step 6. In a distributed online fashion, each individual
MBS operates its spectrum control process in parallel
with its corresponding SBSs, which are performing
individually their spectrum control processes.
Step 7. In the hierarchical HetNet platform, MBSs and
SBSs work together in a coordinated manner to strike
the appropriate performance balance between con-
tradictory requirements.

Step 8. Constantly, the MBSs and SBSs are self-mon-
itoring the current 5G HetNet system situations and
proceed to Step 2 for the next spectrum allocation
process.

4. Performance Evaluation

In this section, the performance of our proposed scheme is
evaluated by simulations, and it is compared with other
existing protocols to confirm the superiority of our joint-
bargaining approach. As mentioned in Section 2, we select
the NRBL, SQSI, and SDRA schemes [1, 13, 14]; these
existing schemes are recently published D2D communica-
tion protocols for the HetNet system platform. 'e as-
sumptions of our simulation environments are as follows:

Start

At the starting time, the values of
system parameters and control factors

are chosen from table I, and the
simulation scenario is given in Section

IV.

Individual MDs generate their
application services and contact their

corresponding BSs.

The first phase process is executed:
based on the concept of NBS, each

The second phase process is
executed: by using the idea of

While prioritizing network-assisted D2D

for the corresponding MDs.

The third phase process is executed:

By using equation (6), the NBS-CS is
applied to decide the additional

In a distributed online fashion, each
individual MBS operates its spectrum

control process in parallel with its
corresponding SBSs; they work together

in a coordinated manner.

MBSs and SBSs are continuously self-
monitoring the current 5G HetNet

system situations for the next spectrum
allocation process.

Each SBS reports its traffic request
amount ( ) to the corresponding MBS.

individual MBS ( ) shares its spectrum

 provides its own spectrum

resource ( ) with the set of SBSs

According to (4),  is distributed

( ).

to multiple , and, each  can get

 allocatesWNBS, each individual 

its spectrum resource ( ).

its assigned spectrum pool ( )

communications,  is distributed

for its corresponding MDs in .

According to (5),  is obtained for
 in N .

resource ( ) for DC services.

).spectrum amount for each MD (

Figure 1: Flowchart 1: flowchart table of the proposed spectrum allocation algorithm.
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(i) 'e simulated HetNet system platform consists of
two tiers, where 16 MBSs are in the upper tier and
64 SBSs are in the lower tier.

(ii) Multiple BSs are regularly positioned in an area of
10×10-kilometer square area; MBS’s radius rM

and SBS’ radius rM of their coverage areas are 3
and 1.5 kilometers, respectively.

(iii) 'ere are one hundred MDs D � D1, . . . , D100 ,
and they are distributed randomly over the HetNet
cellular area.

(iv) 'e process for service request generations is
Poisson with rate Λ (services/s), and the range of
offered service load was varied from 0 to 3.0.

(v) Four different kinds of applications are assumed
based on connection duration and spectrum re-
quirement. In each MD, applications are generated
randomly.

(vi) Among the generated different kinds of applica-
tions, some applications are paired for network-
assisted D2D communications. 'ey are also
randomly selected.

(vii) 'e spectrum capacities of RM and MM are 2
Giga bps and 8 Giga bps, respectively.

(viii) To reduce computation complexity, the amount of
spectrum allocation is specified in terms of basic
spectrum units (BSUs), where one BSU is the
minimum amount (e.g., 512 kbps in our system) of
spectrum adjustment.

(ix) To calculate the bargaining solutions, the utilities
of disagreement points, that is, dS and dD are zeros
in our system.

(x) System performance measures obtained on the
basis of 100 simulation runs are plotted as a
function of the offered service request load.

(xi) Performance measures obtained are normalized
user’s payoff, system throughput, and fairness
among BSs in the HetNet system.

(xii) For simplicity, we assume the absence of physical
obstacles in the wireless communications.

In Figure 2, the normalized MD’s payoff is investigated
for various service request rates. In this figure, it can be seen
that the curves represent the utility payoff assigned for MDs
in the HetNet system. In the users’ point of view, this
performance criterion is related to end user’s satisfaction
and service quality. In our proposed scheme, the idea of
joint-bargaining solutions is applied, and each BS may hi-
erarchically provide the available spectrum resource for its
corresponding MDs while maximizing MDs’ payoffs. It can
lead to higher MD’s payoff by adapting the current HetNet
system. As expected, we observe that our joint-bargaining
approach has a comparatively better MD’s payoff than the
other existing NRBL, SQSI, and SDRA schemes under light-
to-heavy service request load distributions.

In order to examine the performance of our network-
assisted D2D technique with respect to the different service
request rates, we plot the system throughput in Figure 3. In
our simulation model, the system throughput is estimated as
the ratio of traffic service that is successfully completed to all
requested applications. In our proposed scheme, the limited
spectrum resource is fair-efficiently shared to induce selfish
MDs to operate their services. As a consequence of iterative
three-step bargaining process, BSs can adapt the current
network conditions and effectively allocate the spectrum

Table 1: System parameters used in the simulation experiments.

Parameter Value Description
n 16 'e number of MBSs in the HetNet system
m 64 'e number of SBSs in the HetNet system
k 100 'e number of MDs
RM 2 giga bps M’s own spectrum resource
MM 8 giga bps 'e spectrum resource for SBSs in M

rM 3 km 'e radius of MBS’s coverage area
rS 1.5 km 'e radius of SBS’s coverage area
ΨS 0.95 A profit coefficient factor for UM

S (·)

μ 0.3 A control parameter for UM
S (·)

9 1 Bargaining power for simple cellular MDs
β 1.2 Bargaining power for network-assisted D2D MDs
κ ,η , ξ 2, 1.5, 1 Control parameters to evaluate UD for single MD
Γ 1 A control parameter for US

D

α 1 A profit coefficient factor for F(D) when D∉XD2D

ψ 1.25 A profit coefficient factor for F(D) when D∈∈XD2D

ϕ 0.3 A control parameter for F(D) when D∈∈XD2D

Applications Bandwidth requirement Connection duration
Application 1 10Mbps 180 t-unit
Application 2 7.5Mbps 90 t-unit
Application 3 5Mbps 30 t-unit
Application 4 2.5Mbps 60 t-unit
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resource to maximize the system throughput. Under dif-
ferent service request intensities, the performance trend
shown in Figure 3 is very similar to the curves in Figure 4.
'us, similar conclusions to the ones of Figure 4 are reached.

In order to study the impact of our joint-bargaining
game model, we plot the achieved fairness among BSs for
requested services of MDs. To compare the fairness per-
formance, we use Jain’s fairness index [17]; it varies between
one and zero and represents how to effectively share the
limited spectrum resources among BSs. Lower Jain’s fairness
index indicates lower fairness in the BSs’ spectrum alloca-
tions. Our three-step bargaining game model effectively
compromises the contrasting viewpoints of different MDs
and provides the most proper spectrum sharing protocol.

'erefore, under diversified traffic condition changes, our
proposed scheme can maintain a higher fairness index than
the existing NRBL, SQSI, and SDRA schemes. From the
simulation result in Figures 1–3, it is evident that, in general,
our joint-bargaining game mechanism has a big impact on
the performance for the HetNet system in terms of MD’s
payoff, system throughput, and fairness.

5. Summary and Conclusions

Maintaining dual wireless connections is a promising so-
lution to boost capacity in 5G HetNets, where MDs are able
to consume spectrum resources of dual serving cells si-
multaneously. In this paper, the issues of network-assisted
D2D communications have been studied based on the
emerging dual-connectivity paradigm. 'is combined ap-
proach can be regarded as an attractive access method while
significantly enhancing the network performance and QoS.
However, designing such integrated mechanism is chal-
lenging due to the following problems; (i) the spectrum
distribution problem for different SBSs, (ii) the spectrum
allocation problem for multiple MDs, and (iii) the spectrum
sharing problem for D2D pairs. To effectively handle these
control problems, we adopt the basic Nash ideas and employ
three bargaining solutions, NBS, WNBS, and NBS-CS, to
design our spectrum control scheme. By taking into account
the hierarchical HetNet system platform, different bar-
gaining solutions are sophisticatedly combined into the
holistic scheme and act cooperatively and collaborate with
each other in a distributed manner. 'erefore, the limited
spectrum resources are effectively shared among different
BSs and multiple MDs under dynamically changing HetNet
environments. 'rough numerical simulation analysis, we
have illustrated that the proposed scheme achieves better
performance as compared to the existing NRBL, SQSI, and
SDRA protocols. 'erefore, we can confirm the effectiveness
of our joint-bargaining approach when the network-assisted
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D2D communication and DC technique coexist in the
HetNet system.

For the future work, our current study can be extended
in a number of ways. One future direction is to design a
framework based on the cloud radio access network tech-
nology and the control-data decoupled architecture. An-
other potential direction for the future research is to aim at
maximizing the energy efficiency by optimizing jointly the
traffic load prediction, the cell association, and the dynamic
power strategies with respect to the time-varying traffic load.
In addition, we will construct a stochastic optimization
problem of handover overhead with queue backlog, under
the condition of ensuring user fairness and limited resource
constraints.
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