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Resource Allocation for 5SG Heterogeneous Cloud
Radio Access Networks With D2D Communication:
A Matching and Coalition Approach

Biling Zhang

Abstract—Device-to-Device (D2D) communication is a promis-
ing technology toward the fifth generation mobile communication.
However, when D2D communication is incorporated into hetero-
geneous cloud radio access network (H-CRAN), the interference
management between the D2D users and current users is a
challenge. In this paper, we study how to assign the sub-channels
of different bandwidth to multiple D2D pairs and the remote
radio head users. In such a way, the sub-channels that have
been pre-allocated to macro-cell users can be reused, the system
performance can be maximized while the quality of service of all
users can be guaranteed. Such a resource allocation problem is
formulated as a mixed integer nonlinear programming (MINLP)
problem which is NP-hard. To obtain the solution, the proposed
problem is reformulated into a many-to-one matching sub-game
with externality followed by a coalition sub-game. Then, a con-
strained deferred acceptance algorithm and a coalition formation
algorithm are proposed to find solutions to these two sequential
sub-games, respectively. Finally, we prove theoretically that both
the proposed algorithms can convergent with a low computational
complexity. Numerical results demonstrate that compared with
existing resource allocation schemes, our proposed scheme can
significantly improve the system performance in terms of overall
throughput, the total number of admitted users and fairness.

Index Terms—H-CRAN, D2D communication, matching theory,
coalition game, resource allocation.
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1. INTRODUCTION

ETEROGENEOUS cloud radio access network (H-
CRAN) and device-to-device (D2D) communication
have attracted significant attentions in recent research and be-
come two important techniques for the next generation wireless
communication system [1]. H-CRAN is proposed as one of the
promising radio access network architecture which incorporates
cloud computing into heterogeneous networks (HetNets). As
illustrated in Fig. 1, in an H-CRAN, the evolved Node B (eNB)
is interfaced with the baseband unit (BBU) pool through a
backhaul link, mitigating the cross-tier interference between
the remote radio heads (RRHs) and eNB through centralized
cloud-computing based cooperative processing techniques,
while the RRHs operate as soft relays by compressing and
forwarding the received signals from RRH users (RUEs) to the
centralized BBU pool through the wireless fronthaul links. In
such a way, the cloud computing based cooperation processing
and networking gains are fully exploited, the operating costs are
lowered, and the energy consumption of the wireless infrastruc-
ture is decreased [2], [3]. With D2D communication, proximity
users in a cellular network can communicate directly with
each other without going through the base station (BS). Thus,
D2D communication holds great promise in improving energy
efficiency, throughput, delay and spectrum efficiency [4], [5].
In order to exploit the gains offered by D2D communication,
D2D technology has been introduced into the cellular networks,
where the resource allocation and interference management
problem has attracted significant attentions [6]-[12]. In [6], a
three-step admission and power control scheme is proposed
to maximize the overall network throughput, guaranteeing
the quality of service (QoS) requirements of both macrocell
users (MUEs) and device-to-device users (DUESs). In [7], the
authors investigate the energy efficient (EE) resource allocation
problem in a cellular network with D2D communication, and
propose a game theory and matching theory based algorithm
to optimize the EE problem. In [9], the authors study mobile
D2D video distribution that leverages the storage and com-
munication capacities of smartphones in the cellular networks,
taking into account the impact of video size. In [10], when the
Base-station-to-Device (B2D), D2D, and Multi-D2D (MD2D)
sharing modes coexist, a social-aware rate based content sharing
mode selection scheme is proposed for D2D content sharing in
the single-cell cellular time division duplex networks.
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Fig. 1. The architecture of H-CRAN.

While the aforementioned work only focuses on the resource
allocation problem in cellular networks, some other work studies
the resource allocation problem in HetNets, where the interfer-
ence scenario is more complicated when D2D communication is
incorporated [13]-[17]. In [13], the authors consider a three-tier
hierarchical HetNet by exploiting D2D communication in the
traditional HetNet, where the spectral efficiency of these two
kinds of HetNets is also analyzed and compared. In [14], the
resource management issue in the macro/femto/D2D HetNets
is investigated, and a network-assisted device-decided (NADD)
channel selection and power control scheme is proposed. In
[15], to solve the joint power control and sub-channel allocation
problem for D2D and small cell uplink communication under-
laying cellular networks, the authors first derive the closed-form
expressions of optimal power under any given sub-channel allo-
cation profile, and then propose a distributed learning algorithm
to find the optimal sub-channel allocation profile.

‘When D2D communication is introduced into H-CRANSs, the
resource allocation problem has not gained sufficient investi-
gated. In the H-CRAN, a new emerging radio access network
architecture which is different from the cellular networks and
HetNets, the dense deployment of RRHs leads to severe in-
terference, making the interference management much more
challenging. On the other hand, due to the distinct centralized
processing characteristics of BBU pool, information exchange
in the H-CRAN can be reduced, and so do the power consump-
tion and latency. In addition, most of the resource allocation
schemes largely depend on the channel quality indicator (CQI)
[16], neglecting the bandwidth of channels, which leaves room
for the spectrum efficiency improvement.

Therefore, in this paper, we present a framework of down-
link resource allocation for D2D communication underlaying
H-CRANS, where multiple D2D pairs and multiple RUEs are
allowed to reuse one sub-channel. Our major contributions are
summarized as follows.
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e Different from previous works which focus on cellular
networks and HetNets, we study the resource allocation
scenario of H-CRANS. Since the network architecture of
an H-CRAN is different from those of cellular networks
and HetNets, the interference management in it is more
complicated, especially when multiple D2D pairs and mul-
tiple RUEs are allowed to reuse the same sub-channel. In
the considered scenario, not only the interference between
DUE and DUE/MUE, but also the interference between
DUE and RUE as well as the interference between RUE
and RUE/MUE need to be managed when the channels are
reused. Moreover, we assume different MUESs are equipped
with sub-channels of different bandwidths. In such a case,
besides the interference and the CQI which are normally
considered in the existing works, DUEs and RUESs in our
proposed model need to consider the bandwidth when they
apply for the sub-channels according to their actual rate re-
quirements.

e The resource allocation problem is formulated as a mixed
integer nonlinear programming (MINLP) problem, the ob-
jective of which is to maximize the system capacity as well
as the number of accommodated underlay users. The for-
mulated problem is NP-hard. Due to the interference, the
user’s channel association is interdependent, which makes
the problem more challenge. We manage to reformulate the
problem into a many-to-one matching sub-game followed
by a coalition formation sub-game. Then a constrained
deferred acceptance (DA) algorithm and a coalition for-
mation algorithm are, respectively, proposed to find the
solutions to these two sequential sub-games, which are fi-
nally mapped into the solutions to the proposed resource
allocation problem. We prove that our proposed algorithms
are convergent and have low computational complexity.
The characteristics of BBU pool also make our proposed
scheme easier to implement.

e Simulation results show that compared with existing
schemes, our proposed resource allocation scheme can
significantly improve the system performance in terms of
overall throughput, the total number of admitted users and
fairness.

One work that seems to similar to our work is [18]. How-
ever, that work considers the spectrum sharing problem in a
cellular network with multiple operators, where only one D2D
pair is allowed to reuse the channel of MUE, while our work
considers the spectrum sharing problem in an H-CRAN, where
multiple D2D pairs and multiple RUEs are allowed to access
the same sub-channel. Therefore, the interference management
in our problem is more challenging. Moreover, [18] devel-
ops a Bayesian non-transferable utility overlapping coalition
formation (BOCF) game framework to analyze the problem,
the target of which is to maximize the system performance
measured by the received signal-to-interference-and-noise ra-
tio (SINR). This is also different from our work. In our pa-
per, the problem is first formulated as an optimization problem
with constrains, the objective of which is to maximize the sys-
tem capacity as well as the number of accommodated underlay
users. Our problem is then reformulated into a many-to-one
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Fig. 2. The system model.

matching sub-game and a coalition formation sub-game for the
solutions.

The rest of this paper is organized as follows. Section II de-
scribes the system model of D2D communication in H-CRANS.
In Section III, we formulate the resource allocation problem
as a MINLP problem. Later, in Section IV, the resource prob-
lem is transformed into two sub-games and the corresponding
algorithms for solutions of the sub-games are proposed. The
performance evaluation is shown by extensive simulations in
Section V. Finally, we conclude this work in Section VI.

II. SYSTEM MODEL
A. Scenario Description

As illustrated in Fig. 2, we consider a downlink transmis-
sion scenario in a typical H-CRAN, in which there exists one
eNB and R RRHs, i.e., RRH,, r € R = {1, ..., R}. Within the
coverage of the macro cell, there are M MUEs, i.e., MUE;,
1€ M ={l,..., M}. There are also K D2D pairs, i.e., Dy, k €
K ={1,..., K}, randomly distributed in the same macro cell.
The transmitter and receiver of D, are, respectively, denoted by
D! and DF. Moreover, let RUE, ;, j € N, = {1,...,N, }, be
the jth RUE in RRH,. Here N, is the number of RUEs ran-
domly distributed within the coverage of RRH,.. Then, the total
number of RUEs in the network is N = Zf:l N.,.. In this paper,
the set of all the RUEs is denoted as A/, and the set of all the
RUEs and D2D pairs which are also known as underlay users,
is denoted as V.

Assume that the total resource blocks (RBs) of the system in
the downlink period is divided into M sub-channels, and each
sub-channel is allocated to a MUE according to its location and
actual bandwidth requirement. Let the set of sub-channels be
C. Without loss of generality, sub-channel i, i € M, is assumed
to be occupied by MUE,. To reuse these sub-channels, we as-
sume that each RUE and DUE are only allowed to access one
sub-channel, while each sub-channel can accommodate multi-
ple RUEs and DUEs as long as the interference on the MUE
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does not exceed its interference threshold. To avoid the seri-
ous interference between the RUESs in the same RRH, different
RUES in the same RRH can only access different sub-channels.
Additionally, in the H-CRAN, the interference between differ-
ent RRHs is assumed to be eliminated by the BBU pool using
the advanced interference cancelation technology [2].

B. Interference Analysis

Let Pg, P,, P; denote the transmission powers of the eNB,
RRH, and D!, respectively. The channel gains of the commu-
nication link in sub-channel ¢ from eNB to MUE;,, from RRH,
to RUE, ; and from D to D}’ are represented by hj, hl
and h}, respectively. The channel gains of interference link in
sub-channel 7 from eNB to RUE, ;, from eNB to Df, from
RRH, to MUE;,, from RRH, to Dff, from D} to MUE;, from
D} to RUE, ; and from D} to D/} are represented by hi; ,
hig s s 1 s Bl By, 5 and by, respectively. Within a very
short scheduling period such as one slot, the channel gains are
assumed to be unchanged. The thermal noise at the receivers
satisfies the independent Gaussian distribution with zero mean
and the same variance 0.

To characterize the sub-channel reusing relationship, we fur-
ther let af,hj = 1 if sub-channel i is allocated to RUE, ; and
af.J = 0 otherwise, and let 3, = 1 if sub-channel 7 is allo-

cated to Dy, and 3. = 0 otherwise. Based on afnﬂj,

we also
define o = Z;vzl 0‘?,‘7‘ to indicate if sub-channel ¢ is assigned
to RRH,..

Then, when the RUEs and D2D pairs access sub-channel 1,

the achievable date rate of MUE; will be

dy = Wilogy (1+73), ()
Py hiy

Iy 402
the signal to interference plus noise ratio (SINR) of MUE;, and
Iy, =S ol Pohi 4 35| BLP.hL is the total interference
MUE,; suffers from the RRHs and D2D transmitters. Similarly,
The achievable date rate of RUE,. ; in sub-channel ¢ will be

where W; is the bandwidth of sub-channel i, v}, =

dﬁj = Wilog, (1 + ’7ﬁ,j)7 @
where 7/ ; = %L is the SINR of RUE,, and I\ =

Pphiy, i + S BLP, Ry, .; is the total interference suffered
by RUE, ; from the eNB and D2D transmitters. The achievable
date rate of D;, in sub-channel 7 will be

dp = Wilogy (1+7p 1), 3)
where 7}, , = 7oty is the SINR of Dy, and I, =

PBhlBk + Zf‘\;l?l O‘iprh:.k + Zfil,k’#k ﬂilpklhi’,/.k? iSthetO'

tal interference suffered by D, from the eNB, RRHs and the
D2D pairs which use the same sub-channel.

III. PROBLEM FORMULATION

The key issue of the resource sharing problem is to provide
a sub-channel reusing scheme for the RUEs and D2D pairs,
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satisfying their QoS requirement and keeping the interference
of the MUEs in an acceptable range.

Let d"i" and di*™ be the minimum rate requirement of
RUE, ; and Dy, respectively. The interference threshold of MUE
is represented by I3} Let P = {al ; | r € R,j € N,,i € M},
and Q = {B; | k € K,i € M} be the sub-channel assignment
for RUEs and DUEs, respectively. Then the sub-channel assign-
ment problem can be formulated as

max
(P.Q)

;deZZa” 0SS B,

r=1j=1i=1 k=11i=1

M R N, .
« Dim1 et Zj:l Q. ; « Zszl By,
)

4
N K (€]
S.t. I]\[ S ]u,vl S M (5)
}:mqrj>d%%vTeRJeAm ©6)
> Bidp . > di™ Yk €K, ©)
M
dal, <1LWreR,jEN, @®)
i=1
N,
dal, <L VreRieM, )
j=1
M )
> B <1LVkeKk. (10)

i=1

From (4) we can see, our problem formulation takes two
factors into consideration: the sum capacity of all the com-
munication links including the eNB-MUE links, RRH-RUE
links and D2D links in the network, and the total number of
the RUEs and DUEs which can be allocated sub-channels. In
such a way, a trade-off between these two factors should be
achieved. In constraint (5), for each MUE, i.e., MUE,, 7 € M,
the total interference it suffers should lower it’s interference
threshold, such that its transmission can be protected from the
underlay users when they reuse the same sub-channel. With
constraints (6) and (7), the achieved data rate of each RUE, i.e.,
RUE, ;,r € R,J € N,, and each D2D pair, i.e., D,k € K,
in sub-channel ¢ should not lower their minimum data rate
requirements, respectively, such that their QoS is guaranteed.
Constraint (8) ensures that each RUE should be assigned with at
most one sub-channel, and constraint (9) ensures that the RUEs
in the same RRH should be assigned with different sub-channels.
While (10) gives a constraint that each D2D pair should be as-
sociated with at most one sub-channel.

Notice that the above formulated problem is a non-convex
and MINLP problem. When the numbers of the MUEs, RUEs
and D2D pairs are large, such a problem will be very diffi-
cult to solve. Inspired by [19] and [20], in the next section, we
will propose the effective algorithms based on matching theory
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[19]—[23] and coalition formation game [24]—[26] for the so-

lution of the proposed problem.

IV. RESOURCE ALLOCATION USING MATCHING
THEORY AND COALITION GAME THEORY

In this section, we solve the NP-hard problem proposed in
Section IIT based on matching theory and coalition game the-
ory. That is, we reformulate the problem into two sequential
sub-games: a many-to-one matching game with externality and
a coalition formation game with user transfer.! In the first sub-
game in Sections IV-A and IV-B, we obtain a stable matching
between the underlay users and the sub-channels. Then, in the
second sub-game in Sections IV-C and I'V-D, based on the out-
come of the first sub-game, the final partition of underlay users
is achieved. In Section IV-E, the final partition of underlay users
is mapped into the solution of the proposed problem.

A. Many-To-One Matching Game With Externality

In the proposed resource allocation scheme, the assignment
of channels to the underlay users is in fact a kind of matching.

Definition 1 (Matching): A matching p is defined as a bidi-
rectional mapping between the set of the underlay users )V and
the set of the sub-channels C such that:

a) Vv € V, we have p(v) € CU {0} and |p(v)| € {0,1}, and

b) Vi e C, we have p(i) € VU{0} and |u(i)| € {O0,..
R+ K},

where |u(-)| denotes the cardinality of matching outcome
().

According to Definition 1, u becomes a one-to-one or many-
to-one matching if the input of the mapping is the user, and p
becomes a one-to-many matching if the input of the mapping
is the sub-channel. When a user is not allowed to use a sub-
channel, or a sub-channel is not assigned to users, we have
p(v) =0 or p(i) =0.

If we suppose both the sub-channels and underlay users are
selfish and rational, then the process of matching, i.e., the pro-
cess of their decision making, can be formulated as a game.

For any underlay user v € V, it would choose a sub-channel
that can maximize its data rate requirement. Therefore, the utility
function of user v on sub-channel i can be defined as

Ul = W;log, (1+7)), (11)

where 7, canbe 7/ ; or v}, ;. defined in (2) and (3), respectively.
While for any sub-channel ¢ which concerns about the

throughput and the total number of the accommodated underlay

users, its utility function of accepting user v € V is given as

Ui M-
(12)
In (12), the first and second terms represent the total throughput
when user v reuses sub-channel 7. The third term is used to
describe the user’s impact on the number of underlay users that
could be accommodated, that is, the less aggregated interference

= Wilog, (1 +7},) + Wilogy (1 +~1) + (14} —

!Comparing to only reformulating into a coalition game, reformulating into
the two-stage game is superior in both system performance and computational
complexity, as verified in the simulations.
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on the MUE, the more underlay users could be accommodated
later. The weight on these two factors can be adjusted by 7, a
constant whose unit is bit/s/Joule.

To rank the sub-channels or users, a preference relation is
used.

Definition 2 (Preference relation >): A preference relation
> is a complete, reflexive, and transitive binary relation between
the players in )V and C. That is, a strict preference relation >,
is defined over the set of sub-channels C such that for any two
sub-channels ¢y, ¢; € C,c; # ¢, we have

c1 =y ¢ = US > U2, (13)

And a strict preference relation >, is defined over the set of
underlay users V such that for any two users vy, v2 € V, vy # vy,
we have

V] > V3 < Ué!] > ng. (14)

With the preference relation and the necessary information
broadcasted by the eNB, the users and the sub-channels are
able to build their preference profiles. The resource allocation
problem described in (4)—(10) thus can be formulated as a many-
to-one matching game [21].

Definition 3 (Matching game): A matching game G(u, )V X
C) is defined by two sets of players V and C, and two preference
relations >, and >, which allow each player to build preference
over one another, resulting in a final matching p [21].

As we can see, the solution of this game is a matching p
defined on the set )V x C, which assigns for every sub-channel
a subset of users and assigns for every user a sub-channel. In
the next subsection, an algorithm is proposed to find the stable
solution of this matching game.

B. Algorithm for the Matching Game and Properties

For the underlay users in V, their selections of sub-channel
will have influence on each other, which is commonly known
as externality [27]. Moreover, the constraints in (5) to (10) must
be satisfied when the matching is performed. Therefore, the DA
algorithm [28], which is often used to tackle the matching prob-
lem, cannot be well applied to such a many-to-one matching. To
address this challenge, we propose a constrained DA algorithm
as shown in Algorithm 1.

The basic idea of the constrained DA algorithm is as follows.
First, the underlay users build their preference profiles based
on (13) and (15). When some users send application to sub-
channel i, sub-channel 7 will rank the applicants according to
the preference profile based on (14) and (16), and then for the
most preferred user, sub-channel ¢ will decide whether or not to
add it to the waiting list based on the constraints of (5)—(7). If a
user v has been added to the waiting list, the sub-channel should
consider its effect when selecting the subsequent applicants.
Note that when more than one RUEs in the same RRH apply
for the same sub-channel, the sub-channel will accept the most
preferred one to satisfy the constraints in (8)—(9) and reject the
rest. Then, the rejected applicants should re-apply to their next
best choices. Accordingly, the related sub-channels update their
waiting lists.
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Algorithm 1: Constrained DA Algorithm.

1. Initiate the set of underlay users that are not allocated
sub-channels V' = V.
2. Matching:
e Forv e )
— Build a preference list based on (13) and (15).
e End
While V' # ()
e Forv e )
— Apply for its most preferred sub-channel.
e End
e For sub-channel i € C

— Build its preference list based on (14) and (16).

— Rank its applicants according to preference list.

— Check from the most preferred applicant. If
constraints (5)—(7) are satisfied, then the sub-channel
adds the applicant to the waiting list, otherwise
rejects it. When more than one RUEs in the same
RRH satisfy the constraints, the sub-channel just
retains the most preferred one that satisfies the
constraints (8)—(9).

e End
e Update V' as the rejected v — V.
End
3. Obtain the sub-channels and users matching result ;*.

In Algorithm 1, estimated utilities, i.e., (15) and (16), are
used instead of accurate utilities, i.e., (11) and (12). This is
because in practice, before all the users and sub-channels make
their selections, the exact interference that an underlay user or
a MUE suffers in a sub-channel is unavailable. To avoid the
impact of externality, an underlay user constructs its preference
profile based on the estimated utility as

Ul = Wilog, (1+7),

~ P, ’LZ’, ] .
where 7, = 5——+"4— only depends on the interference from

~ Pp h’BJ_J +o
the MUE. Similarly, a sub-channel constructs its preference
profile based on the estimated utility as

15)

Uy = Wilogy (1+F4) + Wilog, (1473,) + 7(13} — ),

. (16)
where %[ ﬁf ,and I, ; are all depend on the interference from
current RRHs and D2D transmitters. There is a gap between the
outcome of matching based on estimated utilities and that of
matching based on accurate utilities. However, the gap will be
narrowed in the following coalition sub-game.

Remark 1: According to Algorithm 1, since an underlay user
constructs its preference profile based on the estimated utility, it
only needs to know the channel gains of its own communication
links in all sub-channels and the channel gains of interference
links between all the MUEs and itself. Therefore, information
of 2M (K + N) links is needed as per (15). On the other hand,
when the sub-channels construct their preference profiles in
each iteration, the channel gains of (K + N) underlay users’
communication links in their applied sub-channels, as well
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as the channel gains of M MUEs’ communication links are
needed as per (16). In such a case, information of K + N + M
links is needed. In the worst case, at most K + N iterations
are needed for all these underlay users are allocated. In total,
the information exchange of Algorithm 1 should be 2M (K +
N)+ (K +N)(K+N+M)=3M(K+ N)+ (K + N)?,
resulting in an overhead of O((K + N)?).

Using the constrained DA algorithm, the matching game
G(p,V x C) can reach a stable matching p* [22] defined as
following with low computational complexity, which will be
proved in Property 1 and Property 2, respectively.

Definition 4 (Stable Matching): A matching p is said to be
stable, if there does not exist any pair of users v;, v, € V that
are assigned to sub-channels ¢, ¢, € C simultaneously satisfy
the following conditions:

1) v, prefers ¢; to ¢, i.€., ¢ =y, C2, and ¢ prefers v, to vy,

i.e., V2 >, V1.
2) Equations (5)—(10) are satisfied for all the users in sub-
channel ¢y, if v is replaced by v;.

Property 1: The matching p* resulting from the constrained
DA algorithm is stable.

Proof: 1t’s obvious that Algorithm 1 is convergent as the
preference lists of the applicants are finite. Assume there exists a
case where vy, v, € V are, respectively, assigned to sub-channel
c1, ¢y € C.If vy is replaced by v,, we have that v, prefers ¢, to ¢,
and c; prefers v, to vy, and (5)—(6) are satisfied for all the users
in sub-channel ¢;. Then according to step 2 in Algorithm 1, v,
should be assigned to sub-channel ¢;. However, this contradicts
with the fact that v, is assigned to sub-channel c,. Therefore, the
matching p* resulting from the constrained deferred acceptance
algorithm is guaranteed to be stable. |

Property 2: Algorithm 1 has a complexity of O(M (N +
K)?) in the worst case.

Proof: The computational complexity of Algorithm 1 is
dominated by step 2. Note that the first for-loop in step 2
is related to the underlay users’ preference function calcu-
lation and the sorting of each sub-channel, its complexity is
(N + K)(M + M?). Moreover, in each iteration of the while-
loop, the second for-loop, which is related to the sub-channels’
preference function calculation, the sorting of each underlay
user and the checking of the constraints for each applicant,
has a complexity of M(N + K) + M(N + K)?> +4M(N +
K)=5M(N + K) + M(N + K)?. Since at most K + N it-
erations are needed for all these underlay users are allocated,
the computational complexity of the while-loop should be
(K+ N)(5M(N + K) + M(N + K)?). Thus, Algorithm 1
has a complexity of O(M (N + K)?) in the worst case. |

C. Coalition Formation Game With User Transfer

After the matching sub-game, we open a window for the
transfers of underlay users. On one hand, the underlay users
might have incentive for potential transfers, depending on their
actual perceived utility as per (11). For example, if some sub-
channels have only accommodated a small number of RUEs and
D2D pairs, and the MUE:s in these sub-channels suffer little in-
terference, it would be beneficial for some users to transfer

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 67, NO. 7, JULY 2018

from heavy-loaded sub-channels to the light-loaded sub-
channels. On the other hand, such transfers enable the system,
i.e., sub-channels, to improve the overall performance and reach
the optimization target of the originally formulated problem in
(4)—(10). To study the users’ transfers and the sub-channels’
acceptance, we first model such a process as a coalition game
[23], [24], and then propose an algorithm to find the solution
of the game. Finally, some properties of the proposed algorithm
are analyzed.

Here, a coalition .S; C Vs the set of underlay users and MUE
that are allocated to sub-channel i. Then we have UM, (S; \
MUE;) = V. Since each underlay user is allowed to access only
one sub-channel, Vi, j € M and i # j, there is S; N .S; = 0.

LetR;, = {r|RUE, ; € S;,Vj} bethe set of subscript of RRH
which has RUEs in S;, J,; = {j|RUE, ; € S;} be the set of
subscript of RUEs of RRH, in S;, and IC; = {k|Dy, € S;} be
the set of subscript of D2D pairs in .S;. Then the utility of MUE
in coalition S; can be defined by its achievable rate as

PBh% )
+ — ], (17
I]\,](SZ‘)“V‘UZ an

where In/(S;) = Y., cx. Prhi + Y cx, Prhj, is the interfer-
ence the MUE suffers. Similarly, within S; the utility of the
RUE, say RUE, ;, will be
g
5], (s

ITJ' (Sl) +o

Un (Si) = da (Si) = Wi log, <1

U, j(Si) = d; ;(Si) = Wi log, (1 +

where I, ;(S;) = Pphiy . ; + > ek, Pehi . is the total inter-
ference suffered by RUE, ; from the eNB and D2D transmitters.
The utility of the DUE, say Dy, is
Py hi,
th > , (19

In(S;) + o

where 1;(S;) = Pphiy  + 3, cr, Prhiy o + Xier, e D

hi;’_ . is the total interference suffered by D; from the eNB,

RRHs and the D2D pairs which access the same sub-channel.
The utility of coalition \S; thus can be given as

L(S)=Un(S)+ > > Unj(S)+ Y U(S). (20)

r€R; jJETr i kek;

Uk(Si) = dk(Si) =W; 10g2 <1 +

From (18) and (19), we can see the utility of an underlay user
is determined by the bandwidth of the sub-channel as well as the
interference from other users in the same sub-channel. Hence,
supposing the users are selfish and rational, it is impossible for
all of them to access the same single sub-channel, because the
more users in a sub-channel, the higher interference that they
will suffer, and the lower utility they will obtain. Instead, a user
tends to select the sub-channel where there is larger bandwidth
and/or less interference. The underlay user keeps changing its
selection, until its utility is maximized. In such a case, the pro-
cess of the underlay users’ choosing the sub-channels can be
formulated as a coalition game, where the objective is to enable
the users to change from one coalition to another, depending on
their utilities and the acceptance of the coalition.

Definition 5 ( Coalition game): A coalition game is iden-
tified by the pair (II, ®), where II = {S},5,,--- , Sy} is a
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partition of the underlay users, and ® is a mapping with II that
assigns for every coalition S; € I a utility I'(.S;).

Note that when some users transfer from one coalition to
another, the partition of the underlay users I changes, and finally
reaches a stable partition, if there exists.

Generally, the optimal partition, i.e., the optimal solution, of a
coalition game is obtained through exhaustive search. However,
the number of all possible partition increases exponentially with
the number of underlay users [29], making exhaustive search im-
practical. In such a case, we will propose a suboptimal algorithm
with low computational complexity.

D. Algorithm for the Coalition Formation Game
and Properties

Before proposing the algorithm for the coalition game, a
transfer rule and an acceptance rule for the underlay users and
the sub-channels, respectively, are first introduced to better un-
derstand the nature of their selection.

Definition 6 (Transfer rule): Given a partition IT = {5, S5,
-+, Sy} of V, for any underlay user v € S; to transfer to
Smst,m € Mandi # m,if 1) U,(S;) > U,(S],), and 2) v is
accepted by S, . Here, S = S,,, U {v}, and U, () is defined in
(18) and (19).

Definition 7 (Acceptance rule): Given a partition II =
{51,852, ,Su} of V, for any underlay user v € S; to be
accepted by coalition S, , i, m € M and ¢ # m, the following
conditions should be satisfied:

D Iy (S),) < Iif,

2) d,;(5],) > d;f]l-“, Vr € Ry, V7,

3) di(S),) > dpm, Yk e Ky,

4) T(S!) +T(S,) > T(S:) + T(S,),
where S} = S;\{v}.

The transfer rule ensures that the user’s utility will be im-
proved after transfer, and this is why an underlay user has
incentive to deviate from the current coalition. While the ac-
ceptance rule lists the necessary conditions for a coalition to
accept a new comer. Under these conditions, the QoS of exist-
ing members in the coalition will be guaranteed by 1), 2) and/or
3), and the collaboration of the original and the target coalitions
is stimulated to value the overall social welfare of the network
by 4).

Note that when multiple underlay users apply to transfer to the
same sub-channel, the transfer order is a significant factor that
should be taken into consideration. For example, user v; € S;,
and v, € ;, both expect to transfer to S;, and their conditions
both satisfy the transfer rule. However, when one of the user is
accepted by .5;,, it is possible that the other’s condition may not
meet the transfer rule. In such a case, the transfer order will have
an effect on the utility of coalition and the resource allocation
results. To capture the sub-channel’s preference to the transfer,
we define a transfer factor for any user v € S; which attempts
to transfer to .S,, as follow

G0 (Si, Sm) = T(Si\{v}) + T(Sn U{v}) = T(Si) — I'(Sm)-
2D
Then when multiple underlay users apply to transfer, coalition

S, will accept the one with the largest transfer factor. As we can
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Algorithm 2: Coalition Formation Algorithm.

1.Sett =0,11° =IT" ¢ = 0.0l and e; = 1.
2. While g; > ¢
e ForveV
— Indicate its most preferred transfer according to the
transfer rule defined in Definition 6.
e End
® For S! e IT'
— Filter the applicants according to the acceptance rule
defined in Definition 7.
— Select the applicant with the largest transfer factor
defined in (21) and rejects the rest.
— Update S/ 1 with S! and the accepted applicant.

® End

o t=t+1.

e Update IT" as IT" = {S},S5,---, S, }.
oo = || — TP,

End
3. Return IT? as the final partition, i.e., II""#! =TT,

see, the transfer factor provides an efficient way to distinguish
the potential user transfers to improve the performance of the
system.

With the transfer rule, acceptance rule and the transfer factor,
we design the coalition formation algorithm to obtain the final
partition of underlay users, as presented in Algorithm 2.

According to the coalition formation algorithm, an initial par-
tition I1° is set as I1° = {59, 89, , 59, } at the beginning of
the coalition game. Here {SY,S9,---,S9,} is the correspond-
ing partition of the underlay users when the stable matching j*
is given. Then each underlay user has the chance to indicate
its most preferred transfer to another coalition, if the trans-
fer satisfies the transfer rule. Based on the users’ indication,
each coalition filters the applicants according to the acceptance
rule, and chooses the applicant with the largest transfer factor
according to (21) and rejects the rest. The coalition’s accep-
tance or rejection results in a new partition II’. This process
repeats until II' converges, i.e., |[II' — II'"!||> < e. At last,
we have the final partition IT%"!| which can be mapped into
the final solution to the resource allocation problem defined
in (4)—(10).

The proposed coalition formation algorithm has some nice
properties, as described in Property 3 and Property 4.

Property 3: Starting from any initial partition IT™™,
Algorithm 2 is guaranteed to converge to a final partition ITf"a!,

Proof: Given any initial partition IT"*! and let IT® = IT™"!, the
coalition formation process can be seen as a sequence of transfer
operations, e.g.,

mw—-ama -1 — ...

where IT" = {5}, 5}, - -
sitions.

Given any partition I1', according to the definition of transfer
rule and the acceptance rule, after user v € ) transfers from
coalition S;, to S;,, we have T'(S; \{v}) +T'(S;, U{v}) >
I'(S;,) +T'(S;,). On the other hand, since there exists no

S | L § PP (22)

, S%, } is a partition formed after ¢ tran-
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Algorithm 3: Sub-Channel Allocation Algorithm.
1. Given the set of the RUEs and D2D pairs V, the set of
sub-channels .
2. Get a stable matching p* based on Algorithm 1.
3. Map p* to IT™! as y* — I, and obtain the final
partition IT"2! of the set V based on Algorithm 2.
4. Map ITf"a! into P x @ as IIfi"2! — P x (), and obtain
the resource allocation solution to the problem defined in
(4)—(10).

interference between different sub-channels, the user v’s trans-
fer between coalition S;, and S;, does not affect the utilities
of other coalitions in IT*\{S;,, S;, }. Therefore, for any transfer
II' — TI", the following inequality always holds:

3D > Y TSy

Si EHH S, ellt

(23)

Equation (23) suggests that the user’s transfer will increase
the overall utility of the system. Equation (23) also suggests
that for any transfer IT" — II* (¢t # t'), II* # II'" always holds.
Since the number of partitions of a set is finite and equal to the
Bell number [19], and the total utility of the system is bounded,
the transfer sequence in (22) is guaranteed to converge to a final
partition TTfina!, [ |

Property 4: Algorithm 2 has a complexity of O(TM (N +
K)), where T is the number of while-loop iterations.

Proof: The computational complexity of Algorithm 2 is
dominated by step 2. Within each iteration of the while-loop
in step 2, the complexity of the first for-loop is (N + K)M
and (N + K)M when the users get the most preferred transfers
and check the transfer rule for transfers, respectively. For sub-
channels to select the applicant with the largest transfer factor,
the second for-loop has a complexity of (7 4+ M)(N + K). In
total, the computational complexity of step 2 willbe T[2M (N +
K)+ 7+ M)(N+K)|=T(7+3M)(N + K), where T' is
the number of while-loop iterations. Therefore, Algorithm 2 has
a complexity of O(TM (N + K)). [ |

E. Algorithm for the Solution to the Proposed Problem

The sub-channel allocation algorithm which aims to solve
the proposed problem in (4)—(10) is shown in Algorithm 3.
Algorithm 3 includes four steps. In the first step, the sets V and
R are given. In the second step, a stable matching p* is obtained
by Algorithm 1. Based on the outcome of the second step, a final
partition IT"2! of the set )V can be obtained through Algorithm 2.
Finally, I1""#! is mapped into P x @, which is the resource
allocation solution to the problem defined in (4)—(10).

Remark 2: To evaluate the fairness of underlay users in
Algorithm 3, the Jain’s fairness index [30] is used to verify
whether all the underlay users can have their minimum rate
requirement satisfied, i.e.,

92
ST - ap)]

— - , 24
K+ M) SN (@ — iy .
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where 7T; is the throughput of underlay user 4, and d™™ is its
minimum rate requirement. From Algorithm 3 we can see, the
fairness of underlay users can be guaranteed. This is because
Algorithm 3 is mainly constructed by Algorithm 1 and
Algorithm 2. In Algorithm 1, each underlay user has a chance
to select the best sub-channel for its rate requirement. More-
over, in Algorithm 2, an underlay user may transfer to another
coalition, where it can further increase its utility. Notice the new
comer may degrade the performance of underlay users which
have already in the target coalition, in that the new comer in-
troduces more interference to the original coalition members,
thus lower their utilities. Nevertheless, such unfairness, i.e., in-
dividual utility degradation, can be controlled by the accep-
tance rule, which not only requires that the achievable rate of
original coalition members should not lower than their mini-
mum rate requirements after accepting the new comer, but also
requires that the sum utility of the original and target coali-
tions should be increased after the user’s transfer, meaning the
social welfare as well as the average utility of each user is
improved.

In the following, we will prove in Theorem 1 that Algorithm 3
can converge in a finite number of steps.

Theorem 1: Algorithm 3 converges to a final stable resource
allocation outcome in a finite number of steps.

Proof: Notice that Algorithm 3 is mainly constructed by
Algorithm 1 and Algorithm 2. According to Property 1 and
Property 3, we can conclude that Algorithm 3 converges to a
final stable outcome, which is the solution to the proposed re-
source allocation problem. In the worst case, Algorithm 1 has a
complexity of O(M (N + K)3) according to Property 2, while
Algorithm 2 has a complexity of O(TM (N + K)) according
to Property 4. Since T' << (N + K)?, the computational com-
plexity of Algorithm 3 is dominated by Algorithm 1, and thus has
acomplexity of O(M (N + K)?). In summary, we can conclude
that Algorithm 3 converges to a final stable resource allocation
outcome in a finite number of steps. |

V. PERFORMANCE EVALUATION

In this section, numerical simulations are performed to val-
idate the efficiency and performance of the proposed resource
allocation algorithm.

A. Simulation Settings

We consider a 10 MHz LTE-A macro-cell with R = 3 small
cells. The eNB is located at (0,0) of the plane with a radius
of 500 m, while the positions of RRHs is located at (0, 350),
(—175v/3, —175), (175v/3, —175) with equal radius of 150 m.
To avoid the severe co-channel interference from the base sta-
tions to the D2D pairs, we require that the distance from the D2D
transmitter to the eNB must exceed d; = 40 m, while the dis-
tance from the D2D transmitter to the RRHs exceed d, = 100 m.
The minimum data rates of RUEs and DUEs are chosen ran-
domly in the set of (0.1,0.2,...,2)Mbps, and the interference
threshold for RUEs and DUEs is set to —75 dBm. Each MUE in
system is randomly pre-allocated 1 to 3 RBs. Other simulation
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TABLE I
SIMULATION SETTINGS

Parameters Value
System bandwith 10 MHz (50 RBs)
Number of RRH (R) 3

Number of MUEs 20

Number of RUEs in each RRH 8

43 dBm /33 dBm /23 dBm
—174 dBm/Hz

128.1 + 37.6 log o (d)[km]
148 + 40 log  (d)[km]

14 dBi, 12 dBi, 0 dBi

eNB/RRH/D2D transmission power
Noise spectral density

Path loss model for CUE and DUE
Path loss model for D2D pair
Antenna Gain for eNB, RRH and UEs
Shadow fading for cellular link/D2D link 10 dB/12 dB
Bandwidth per RB 12 * 15 kHz = 180 kHz
T 2%1072
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Fig. 3. The system throughput vs. the number of DUEs when the MUE’s
interference threshold is —90 dBm.

settings are listed in Table I and all the results are averaged over
10000 simulations.

B. Performance Analysis

To evaluate the performance, we compare our scheme with
the Heuristic scheme in [31] and the deferred acceptance based
resource allocation algorithm (DARA) in [8]. In the Heuristic
scheme, the sub-channels are first sorted in descending order
based on their CQI, and then, from the sub-channel with the
largest CQI, the unsigned D2D pairs are associated with the sub-
channels in the ascending order of channel gain. In the DARA
scheme, the D2D pairs are matched with the cellular users ac-
cording to a preference matrix which is calculated based on the
location of the D2D pairs and the cellular users. We also eval-
uate the performance of the constrained deferred acceptance
algorithm (Constrained-DA) which is the first phase of our pro-
posed scheme, and the performance of Coalition Only algorithm
where the proposed problem is purely reformulated into a coali-
tion game. In addition, a random resource allocation algorithm
is given as a benchmark.

We first compare the performance of the six schemes in terms
of system throughput, and the results are shown in Figs. 3 and
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Fig.4. The system throughput vs. the MUE’s interference threshold when the
number of DUEs is 22.

4. From Figs. 3 and 4, we can see the that given the number of
DUE:s or the interference threshold of MUE, the random allo-
cation algorithm performs the worst as expected, in that it just
randomly allocates the sub-channels to the DUEs and RUE:s.
The performance of Heuristic and DARA approaches is worse,
because they only consider the channel gain or the interference
between the MUE and D2D pairs, neglecting the interference
between RUEs and MUEs and the interference between RUEs
and D2D pairs. The Constrained-DA and Coalition Only out-
perform all the above three approaches, because they consider
the channel gain, bandwidth and the actual data requirement of
the underlay users when performs resource allocation. While
our proposed scheme, which includes the Constrained-DA and
the coalition formation algorithm, performs the best among the
six schemes. This is because other than matching, the coalition
formation algorithm allows some users to deviate from the more
preferred but congested sub-channels to the less preferred but
less congested ones.

Next, the performance of the six schemes in terms of the
number of admitted users is investigated, and the results are
shown in Figs. 5 and 6. From both Figs. 5 and 6, we can see
that the number of admitted users of all the schemes increases
as the number of DUESs increases or the interference threshold
of MUE decreases. Specifically, in Fig. 6, when the interference
threshold of MUE reaches —86 dBm, the number of admitted
users can reach 96.7%, 96.7%, 95.2%, 95.6%, 93.9% of the total
number of underlay users in our proposed scheme, the Coalition
Only scheme, the Constrained-DA scheme, Heuristic scheme
and DARA scheme, respectively. In both figures, our proposed
scheme and Coalition Only scheme have the best performance.
This is because these two scheme not only allow some users to
deviate to the less congested sub-channels, but also gives some
unallocated users a chance to access to some less congested
sub-channels with the coalition formation algorithm. We notice
that the number of admitted users of Constrained-DA is slightly
less than that of the Heuristic approach, because more system
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Fig. 6. The number of admitted DUEs and RUEs vs. the MUE’s interference
threshold when the number of DUE is 22.

throughput is achieved by Constrained-DA as a tradeoff through
reasonable channel and user association. The DARA scheme
does not performs as well as the Heuristic and Constrained-DA
scheme, since the preference function of the DARA is only based
on proximity measurements and neither channel condition nor
the channel bandwidth is incorporated. The random scheme,
which allocates the DUEs and RUEs sub-channels randomly,
has the worst performance.

In the third simulation, we evaluate the performance of the six
schemes in terms of fairness. Hence, the Jain’s fairness index de-
fined in (24) is used. Note that the fairness index varies between
0 and 1, with a larger value meaning more fairness. From Fig. 7
we can see that the Jain’s fairness index of our proposed scheme
is comparable to that of the Coalition Only scheme, both of
which are the highest. Moreover, the Jain’s fairness index of our
proposed scheme is almost unchanged along with the increase
of the number of underlay users, indicating that our scheme can
achieve a fairly good performance on fairness.
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Finally, we verify the convergence property and computa-
tional complexity of our proposed scheme, and the results are
shown in Figs. 8 and 9, respectively.

From Fig. 8 we can see that as the iteration times increase, the
system throughput increases and finally reaches the maximum
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value after several iterations. When the number of DUEs K
increases from 15 to 25 and then to 35, the final iteration times
just increases from 4 to 5, meaning the convergence trend will
not be affected too much by the number of DUEs. Such a phe-
nomenon results from the fact that in each round of the matching
algorithm, each sub-channel only accepts the user with the
largest preference, while in each round of the coalition for-
mation algorithm, each sub-channel only accepts the user with
the largest transfer factor.

Fig. 9 verifies that the computational complexity of our
two-stage approach is lower than that of Coalition Only. This
is because Algorithm 1 (i.e., the matching subgame) has a
complexity of O(M(N + K)?) in the worst case, and Al-
gorithm 2 (i.e., the coalition subgame) has a complexity of
O(TM(N + K)), according to Property 2 and Property 4, re-
spectively. When Algorithm 2 starts from any initial partition,
there is 7' >> (N + K)?, implying a very high computational
complexity if the proposed problem is reformulated into the
Coalition Only scheme. Nevertheless, if Algorithm 2 follows
Algorithm 1, i.e., the coalition sub-game follows the matching
subgame and starts from the partition obtained by the matching
subgame, it only takes the coalition sub-game a few iterations
to converge, resulting a very small 7" and a low computational
complexity of this two-stage approach.

VI. CONCLUSION

In this paper, we investigate the resource allocation problem
in a downlink H-CRAN with D2D communication, where mul-
tiple D2D pairs and RUES are allowed to reuse the sub-channel
that has preassigned to a MUE. We formulate the resource al-
location problem as a MINLP problem which is NP-Hard. To
solve this problem, we reformulate it into a many-to-one match-
ing game with externality followed by a coalition game. Then
a constrained DA algorithm and a coalition formation algo-
rithm are proposed to give solutions to these two sequential
sub-games, respectively. The stability and complexity of these
two algorithm are also theoretically proved. Based on the above
two algorithms, the solution of our proposed problem is finally
achieved. Through simulations, we demonstrate the effective-
ness of the proposed algorithm in terms of system throughput,
the number of admitted users, and fairness.
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