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Abstract—Device-to-device (D2D) communication has been recently proposed to mitigate the burden of base stations by leveraging

the underutilized cellular spectrum resources, where high overall network throughput and D2D access rate are critical for its service

performance and availability. In this paper, we study the resource allocation problem to push the limit of D2D communication

underlaying cellular networks by allowing multiple D2D links to share resource with multiple cellular links. We propose FRESH, a full

resource sharing scheme where each subchannel can be shared by a cellular link and an arbitrary number of D2D links. In particular,

FRESH first divides the communication links into so-called full resource sharing sets such that, within each set, all D2D link members

are able to reuse the whole allocated resources. Thereafter, it allocates a sum of spectrum resources to each obtained full resource

sharing set. As compared with state-of-the-art schemes, FRESH provides fine-grained resource allocation, resulting in throughput

improvements of up to one order of magnitude, and D2D access rate improvements of up to 5 times with a moderate node density

(e.g., on the order of 1 user per 400 square meters).

Index Terms—Cellular networks, D2D communication, resource sharing
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1 INTRODUCTION

WITH the rapid development of smart mobile devices
and the proliferation of data-intensive mobile appli-

cations, mobile data traffic has increased explosively in
recent years, and this trend will undoubtedly continue in
the next decade. It is predicted that the mobile data traffic
will grow at a compound annual growth rate (CAGR) of 57
percent from year 2014 to 2019, reaching 24.3 exabytes per
month by year 2019 [1], nearly a tenfold increase over 2014.
Such unprecedented growth of mobile data traffic has put
significant pressure on the cellular network infrastructures.
Yet cellular networks operate in a centralized fashion, so
cellular base stations (BSes) would remain to be the bottle-
necks under heavy data traffic.

To address this problem, device-to-device (D2D) com-
munication has been recently proposed to mitigate the bur-
den of base stations by smartly leveraging the underutilized
cellular spectrum resources [2]. Also, D2D communication
is one of the most promising techniques to improve energy
and spectrum efficiency, especially for Proximity-based
Services (ProSe) [3], [4] and Group Communication System
Enablers for LTE (GCSE_LTE) [5]. With this new technique,
direct communications between nearby D2D devices are
enabled to operate on the same licensed spectrum with tra-
ditional cellular communications. It can largely mitigate the
traffic demand on base stations and backhaul networks.

One technique nodus of exploiting D2D communication
stems from its introduced interference to cellular networks
due to spectrum sharing. To this end, a proper spectrum
resource allocation scheme is essential, and has attracted a lot
of studies [6], [7], [8], [9], [10], [11], [12], [13], [14]. Yet most of
the works adopt a relatively straightforward strategy that one
D2Dpair reuses the spectrum resourceswith only one cellular
user (for convenience, we denote this line of works as user-ori-
ented resource allocation schemes), as shown in Fig. 1a. In this
case, a D2D pair prefers to select a relatively remote cellular
user to share the spectrum resources such that the interference
of D2D communication is minimized. Another line of works,
e.g., [15], [16], [17], [18], take a resource-oriented approach,
where the resource allocation is based on finer spectrum gran-
ularity (see Fig. 1b), say subchannels or resource blocks, rather
than the whole link resources. Thus, a cellular user can share
its spectrumwith multiple D2D pairs, with each operating on
different subsets of subchannels; one D2D pair can also share
the spectrum resourceswithmultiple cellular users.

In the resource-oriented schemes, the spectrumutilization
is still limited by the common assumption that one subchan-
nel can only be either exclusively occupied by one cellular/
D2D link or shared by a pair of cellular link and D2D link, as
shown in Fig. 1b. Although this assumption simplifies the
theoretical analysis, it poses the following limitations. First,
the admissible number of D2D links is restricted. In
resource-oriented schemes, the admissible number of D2D
links cannot exceed the number of subchannels, which sig-
nificantly limits the access rate of D2D links and the overall
throughput when the density of D2D users becomes large.
Second, this assumption prevents cellular users from sharing
the same subchannels withmultiple remote D2D pairs.

We are aware that the spectrum resource allocation is a
well-developed problem such as in cognitive radio networks
(CRN). In CRN, plenty of works [19], [20], [21] have been
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proposed for the resource sharing between primary and sec-
ondary users based on an observation that up to 85 percent of
the spectrumremains unused at a given time and location [20].
However, those works focus on allowing secondary users to
access spectrum holes that are unoccupied by the primary
users to better utilize the scare resource, which is different
from the case inD2Dunderlaying cellular networks that cellu-
lar and D2D users share the spectrum to communicate simul-
taneously. Also, it is necessary to monitor the receiver of
primary server in CRN for sensing the idle resources, which
is difficult to be achieved in broadcast systems. Besides, when
the cellular cell is overloaded, rare or no idle resource can be
perceived. Thus, the schemes in CRN, such as [19], [20], [21],
are not suitable for the new scenario.

Intuitively, a natural extension of resource-oriented
schemes to address the above limitations is to allow a sub-
channel to be shared by a cellular user and multiple D2D
pairs. The signal strengthwill decay quicklywhen the propa-
gation path becomes relatively long; thus a cellular user can
operate on the same subchannel together with multiple D2D
pairs if they are far away from each other with trivial inter-
ference [22]. More specifically, the main idea behind our
algorithm is to divide the communication links into different
sets and within each set, D2D links can reuse the whole allo-
cated resources. Yet this introduces additional interference
in each reuse set which needs careful examination. In other
words, the key challenge to implement an efficient full
resource sharing scheme is how to identify the cellular users
and D2D pairs that can share the same spectrum resources,
which trades off between the throughput gain via denser
spectrum sharing, and the negative impact caused by accu-
mulative interference. We call our scheme as the full resource
sharing scheme (FRESH for short) to denote this novel spec-
trum sharing paradigm, which is shown in Fig. 1c.

1.1 Our Contributions

It is noted that high D2D access rate, referred to as the ratio
of the number of admitted D2D pairs to the number of all
D2D pairs, is critical for the D2D service availability from

the user’s perspective. Also, high D2D access rate has the
potential to achieve high revenue of network operators by
serving more D2D users from the system’s perspective [11],
[23]. Thus, FRESH offers the potential to simultaneously
achieve high network throughput and D2D access rate, and
thus pushes the limit of D2D communication underlaying
cellular networks. However, it is not a trivial task to find the
sweet spot of full resource sharing since bringing new links
to the existing spectrum reuse set will possibly introduce
additional interference, which could in turn degrade the
overall network throughput. The main contributions of our
work are as follows:

� We formulate the throughput maximization prob-
lem in the scenario that each subchannel is allowed
to be shared by a cellular link and an arbitrary
number of D2D links, and furthermore, we prove
its NP-hardness.

� We develop the theoretical foundations of interfer-
ence-aware set partitioning on arbitrating the trade-
off between the network throughput gain (by
allowing further spectrum sharing) and performance
degradation (due to accumulative interference).
Accordingly, we propose an efficient algorithm for
interference-aware set partitioning.

� Based on the obtained partitioning results, we pro-
pose two efficient resource allocation algorithms: one
devoted tomaximizing network throughput (denoted
by RA1) and the other devoted to further improving
D2D access rate while slightly compromising the net-
work throughput (denoted by RA2).

� Extensive simulations validate that, as compared
with state-of-the-art schemes (the user-oriented
one [11] and the resource-oriented one [18]), FRESH
provides a finer-grained resource allocation, result-
ing in throughput improvements of up to one order
of magnitude and D2D access rate improvements of
up to 5 times with a moderate node density (e.g., on
the order of one node per 400 square meters).

2 RELATED WORK

In order to ensure efficient usage of resources, two main
types of resource allocation schemes have been currently
proposed in current version of 3GPP standards: the central-
ized approaches which allocate unoccupied subchannel
resources to D2D users according to the amount of data to
be sent and also the radio conditions, when the subchannel
resources are sufficient; the distributed approaches in which
each D2D transmitter will listen to the resource pool to com-
petitively access to the current unoccupied resource in the
resource pool [24]. To further improve the spectrum effi-
ciency and system performance, existing works which focus
on resource allocation consider to sharing spectrum resour-
ces between cellular users and D2D users.

Most user-oriented schemes, e.g., [6], [7], [8], [9], [10], [11],
[12], [13], focus on mitigating intra-cell interference by prop-
erly pairing cellular and D2D users that share the spectrum
resources. Janis et al. [6] proposed a resource allocation
scheme to minimize the maximum D2D-to-DL (Download
Link) and UL (Upload Link)-to-D2D interference. In [7], the
proposed resource allocation scheme is based on uplink

Fig. 1. A simple scenario with three cellular links, eight D2D links, and six
subchannels, shows the subchannel assignment by (a) a typical user-
oriented scheme where only three D2D links are allocated resources, (b)
a typical resource-oriented scheme where six D2D links are allocated
resources, resulting in a D2D access rate improvement compared with
(a), and (c) our full resource sharing scheme — FRESH, which achieves
highest D2D access rate.
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resource sharing while avoiding harmful interference by
tracking the near-far interference and identifying the inter-
fering cellular users. Yu et al. [10] analyzed the optimal
resource allocation and power control between the cellular
and D2D links that share the same resources for different
resource sharing modes. The authors in [11] formulated the
resource allocation problem as a non-linear constraint opti-
mization problem and divided the problem into three sub-
problems, namely admission control based on SINR
requirements, power control, and resource allocation based
on maximum weight bipartite matching. Ma et al. [14]
jointly consider resource allocation and power control with
heterogeneous QoS requirements from the applications,
and the proposed user-oriented solution enables better
resource utilization for heterogeneous applications with
less possibility of underprovisioning or overprovisioning.
By introducing an interference price, Zhang et al. [12] model
the interference price and power allocation problem
between a D2D pair and its allocated cellular uplink as a
Stackelberg game. The spectrum resource assignment for
different D2D pairs is solved by the Hungarian algorithm.
Zhao et al. [13] propose to leverage the social information to
assist resource allocation. The resource allocation problem
is formulated by forming a model in which the D2D pairs
are stimulated to share the resources of the cellular users in
the same or outside the community.

Xu et al. [25] proposed a reuse strategy for pairing cellu-
lar links and D2D packages (a group of D2D pairs that share
the same resources). They introduced an allocation mecha-
nism based on reverse iterative combinatorial auction. This
work is similar to ours in the way that multiple D2D pairs
can share the same spectrum, yet it does not address the
problem of how to divide D2D links into packages and it
simply assumes that D2D packages are already known.
Thus, the resource allocation problem for the considered
scenario is essentially a one-to-one allocation problem, i.e., a
D2D package can be regarded as a specific D2D link.

To address the limitation of user-oriented schemes that
one D2D user can only share resource with one cellular
user, many resource-oriented schemes [15], [16], [17], [18]
have been proposed to allocate the spectrum resources
based on finer granularity. Marco et al. [15] proposed a dis-
tributed resource reuse scheme incorporating mode selec-
tion and power control. Zhang et al. [16] formulated the
interference relationship among different D2D and cellular
links as an interference-aware graph, and proposed a
resource allocation method based on this graph. Zhou
et al. [17] assumed that cellular communication has a higher
priority, and introduced an interference coordination mech-
anism to maximize the number of reliable D2D links by
appropriately reusing the cellular resources for D2D links.
Su et al. [18] formulated the problem of maximizing the net-
work throughput with minimum data rate requirement.
The joint mode selection and resource allocation problem is
solved through particle swarm optimization method. How-
ever, we reveal that the performance of resource-oriented
schemes is limited by the assumption that one subchannel
can only be either exclusively occupied by one cellular/
D2D link or shared by a pair of cellular link and D2D link.

Malandrino et al. [26] proposed a spectrum reuse scheme
wherein the spectrum resources are assigned to multiple
pairs of endpoints (I2D and D2D) at the same time, which

seems similar with our idea. However, they merely consid-
ered the resource allocation for the new coming user which
requests service, while the resource allocation works we
mentioned above considered how to allocate resource for all
the existing users. More specifically, [26] considered the cur-
rent state (the state of the system which describes how do
the existing users occupy the spectrum resources) to be
known, and made decision for the new coming user based
on current state. The drawback of doing so is that the admis-
sion of new coming user will degrade the data rate of exist-
ing users (the data rate can even be degraded to be below
the lowest threshold). Besides, just considering the optimal
choice for the new coming user cannot achieve as good sys-
tem performance as considering the optimal resource allo-
cation for all the existing users.

Spectrum resource allocation is a well developed problem
such as in cognitive radio networks (CRN), while facing the
D2D communication underlaying cellular networks scenario,
there are still many different challenges. In CRN, plenty of
works [19], [20], [21] have been proposed for the resource
sharing between primary and secondary users based on an
observation that up to 85 percent of the spectrum remains
unused at a given time and location [20]. However, those
works focus on allowing secondary users to access spectrum
holes that are unoccupied by the primary users to better uti-
lize the scare resource. More specifically, the secondary users
use the spectrum resources allocated to primary users when
there are no primary users’ data at a time interval by sensing
environment. This is much different from the works for
resources sharing in D2D underlaying cellular networks
which consider cellular users and D2D users occupying the
same spectrum resources can send data at the same time. As
the schemes in CRN need to sense the idle spectrum resour-
ces, it is necessary to monitor the receiver of primary server,
which is difficult to be achieved in broadcast systems. Besides,
when the cellular cell is overloaded, rare or no idle resource
can be perceived. Thus, when the schemes in CRN, such
as [19], [20], [21], are applied to D2D underlaying cellular net-
works, a very limited number of D2D users can be served, for
those schemes do not consider the resource sharing.

3 SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we present the system model and formulate
the throughput maximization problem of the full resource
sharing scheme. We summarize the notations in Table 1.

3.1 System Model

D2D communication can work in either the dedicatedmode or
the reuse mode [9]. In the dedicated mode, the cellular net-
work allocates an exclusive portion of spectrum resources for
the direct communications between D2D pairs. There is no
interference between the cellular and D2D communications;
in the reuse mode, D2D communications reuse a portion of or
the whole resources allocated to a cellular network. This
mode can be further divided into downlink resource sharing
(DLre) and uplink resource sharing (ULre), where the D2D
communications reuse the spectrum resources of the
downlink/uplink of cellular users. In the reuse mode, D2D
communications will cause interference to the cellular com-
munications utilizing the same spectrum. In this paper, we
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focus on downlink resource sharing. The analyses can be eas-
ily extended to the uplink resource sharing scenario.

We start from a single cell scenario with one base station,
Nc cellular users that communicate with the BS, and Nd

D2D pairs that communicate within pair using the licensed
spectrum resources, as shown in Fig. 2. We use UE to denote
a user equipment.

We consider Rayleigh fading channel, which is a widely
adopted channel model. The power received at a receiver is
expressed by G0GFP , where P represents the transmitting
power; G > 0 represents the path gain and is usually
assumed to be proportional to d�a, where d is the distance
between transmitter and receiver, and a is the power decay
factor; G0 stands for the antenna and coding gain; F stands
for Rayleigh fading, which is independent and exponen-
tially distributed with unit mean. The distribution of the
received power is then exponential with the mean value
E G0GFP½ � ¼ G0GP . Thus, the power of useful signal
received at receiver can be expressed as G0d

�aP . For conve-
nience, we use g ¼ G0d

�a to denote the overall channel gain.
Consider the scenario with only one subchannel, two

communication links i and j using the same spectrum as an
example, the SINR at the receiver of link j can be expressed
as follows:

�j ¼
PjG0 j;jh id�a

j;jh i
PiG0 i;jh id�a

i;jh i þN0
¼ Pjg j;jh i

Pig i;jh i þN0
; (1)

where N0 is the power of thermal noise on a single subchan-
nel; Pi stands for the transmitting power of link i; the tuple

i; jh i stands for the transmitter of communication link i and
the receiver of communication link j, and d i;jh i represents the
distance between them. Besides, inmostwireless communica-
tion systems, there is anupper limit on the spectrumefficiency
such that a SINR higher than a maximum value, gh, does not
further increase the spectrum efficiency that is limited to
rh bps/Hz. A link adaptation technique will select a proper
modulation and coding scheme (MCS) from a limited number
of options according to the current channel condition [27],
and rh is achieved when the current SINR is high enough to
support the highestMCS. On the other hand, the SINR should
be no lower than a minimum value, gl, to support the lowest
MCS that provides the spectrum efficiency of rl bps/Hz.

3.2 Problem Formulation

In FRESH, a subchannel can be shared by multiple commu-
nication links. A resource reuse set refers to the set of cellular
and D2D links reusing the same spectrum resources, either
in dedicated or reuse mode.

Suppose that all the communication links, namely C [D
(C for cellular links and D for D2D links), are partitioned
into a number of discrete resource reuse sets Skf g. The kth

set contains two subsets Sc
k and Sd

k that stand for cellular
links and D2D links of Sk, respectively. In each set Sk, each
cellular link occupies an equal share of the subchannel
resources allocated to Sk (denoted by wk), and the D2D links
reuse all the available resources.

Fig. 1 illustrates the subchannel assignment of different
schemes. For either user- or resource-oriented scheme, each
subchannel can be shared by at most two links, namely a cel-
lular link and a D2D link. That is to say,Nsub subchannels can
only serve up to 2Nsub links. While for our full resource shar-
ing scheme, three cellular links and eight D2D links are
divided into three reuse sets, namely S1 ¼ C1; C2;D1;f
D2;D4;D8g, S2 ¼ D5;D6;D7f g; S3 ¼ C3;D3f g. Each subchan-
nel can be shared bymultiple D2D links and one cellular link,
providing the potential to achieve higher spectrum utilization
and higher access rate if the interference iswell managed.

In the following, we formulate the network throughput
maximization problem of the full resource sharing scheme.
Let Pi denote the transmit power of link i, and �ci and �dj
denote the SINR of cellular link i and D2D link j, respec-
tively. In each reuse set Sk, the cellular link members

TABLE 1
Summary of Important Symbol Used

Symbol Description

Nc The number of cellular users
Nd The number of D2D pairs
Nsub The number of subchannels in total
Nset The number of resource reuse sets
C The set of cellular links, C ¼ C1; . . . ; CNcf g
D The set of D2D links,D ¼ D1; . . . ; DNd

� �
Ki The ratio of the interference to thermal noise at

the receiver of link i
N0 The power of thermal noise on a single sub-

channel
Pi The transmitting power of link i
Pmax
B ; Pmax The respective maximum transmitting power

of BS and UE
d i;jh i The distance between the transmitter of link i

and the receiver of link j
g i;jh i The channel gain between the transmitter of

link i and the receiver of link j
�ci (�

d
j ) The SINR of cellular link i (D2D link j)

Sk The kth resource reuse set in resource sharing
set partitioning Skf g

Sc
k, S

d
k

The subset of cellular and D2D link members
of Sk

�j j The cardinality of a given set
wk The number of subchannel resources allocated

to Sk

W The bandwidth of each subchannel
gh; gl The upper/lower limit of SINR to satisfy the

highest/lowest MCS
ncset The number of set Sc

k, where Sc
k ¼ ;

Fig. 2. System model of D2D communication underlaying cellular
networks.

YANG ET AL.: FRESH: PUSH THE LIMIT OF D2D COMMUNICATION UNDERLAYING CELLULAR NETWORKS 1633



equally split the sub channel resources, and they cause
interference to other D2D link members; the D2D link mem-
bers reuse all the available resources for Sk, causing interfer-
ence to the other members (as illustrated in Eq. (2)). In this
work, we assume that the transmit power of the BS and all
the UEs are set to the maximum values Pmax

B and Pmax,
respectively; we leave the optimal power control in the
future work. The overall network throughput maximization
problem can be formulated as follows:

max
fwkgfSkg

X
k

X
i2Sc

k

wkW

Sc
k

�� �� log 2ð1þ �ci Þ þ
X
j2Sd

k

wkW log 2ð1þ �dj Þ

0
B@

1
CA

8><
>:

9>=
>;
(2)

s.t. �ci ¼
Pighi;ii

wk

Sc
kj jN0 þ

P
l2Sd

k
Plghl;ii= Sc

kj j
� g l; i 2 Sc

k; (2a)

�dj ¼
Pjg j;jh i

wkN0þ
P

l2Sd
k
[Sd

k
n jf g Plg l;jh i

�g l; j 2 Sd
k; (2b)

X
k

wk¼Nsub; (2c)

Sc
k ¼ Sk \ C;

[
k

Sc
k ¼ C; (2d)

Sd
k ¼ Sk \D;

[
k

Sd
k ¼ D; (2e)

Sk ¼ Sc
k [ Sd

k; Sk \ Sk0 ¼ ; k 6¼ k0ð Þ; (2f)

given Pi ¼ Pmax
B ; if i 2 C

Pj ¼ Pmax; if j 2 D:

Here, constraints (2a) and (2b) ensure that the SNR of both
cellular links and D2D links in set Sk can reach the mini-
mum value to enable communication. Constraint (2c) guar-
antees the amount of resource allocated to different sets
should not exceed the total number the cellular cell has.
Constraint (2d), (2e) and (2f) guarantee that there is no over-
lap in different resource sharing sets, and the partitioning
result can cover all the links.

3.3 Theoretical Preliminary

To solve problem above, we need to find the suitable
reuse set partitioning results Skf g, and the resource allo-
cation strategy wkf g. This problem can be naturally
divided into two subproblems: how to find a good set par-
titioning method, and how to allocate spectrum resources
for these reuse sets.

Theorem 1. The first subproblem, optimal set partitioning prob-
lem is NP-complete.

Proof. See Appendix A for more details. tu
Theorem 2. Given any partitioning results S�

k

� �
, the second

subproblem, optimal resource allocation problem is still NP-
complete.

Proof. See Appendix B for more details. tu
Theorem 3. For the first subproblem—optimal set partitioning

problem, no polynomial time algorithm can approximate the
optimal result within a factor of O n�ð Þ (� > 0, n is the number
of links), unless P ¼ NP .

Proof. See Appendix C for more details. tu
The first subproblem cannot be approximated very well

with in polynomial time. An algorithmwith exponential run-
ning time may approximate the optimal solution well but it
cannot be well applied in practice. The channel condition of
different links varies due to a variety of reasons, for instance,
the users’ mobility, and BS need to repeat resource allocation
over and over again. Thus, the algorithm with exponential
running time will spend too much time and cannot update
allocation result right-on-time. Hence, we need to design an
efficient algorithm which can obtain good resource reuse set
partitioning. Intuitively, bringing more links to share the
same spectrum can increase the spectrum utilization; yet the
accompanying increased accumulative interference would
degrade the data rates of the original links. Thus, a good
resource reuse set is supposed to guarantee that the gain
through spectrum reusing can surpass the negative perfor-
mance impact caused by interference, eventually increasing
the overall throughput. We next discuss how to obtain such
good resource reuse set partitioning in detail.

4 RESOURCE SHARING FOR DIFFERENT MODES

In this section we develop the theoretical foundations
required to define a good resource reuse set. We then design
an interference-aware set partitioning algorithm that divides
the communication links into discrete resource reuse sets.

4.1 Resource Sharing Condition for Dedicated
Mode

We start from the case of dedicated mode. We use Sd to
denote the set of D2D links and n to denote the subchannel

resources allocated to these Sd
�� �� D2D links. The bandwidth

of each subchannel is W . Here, the D2D links reuse all the
available resource allocated to the whole reuse set. And the
receiver of each D2D link will receive the interference sig-
nals from the transmitters of the other D2D links in the
same reuse set. Fig. 2 provides a example for the interfer-
ence relationship in dedicated mode.

Consider the non-sharing scheme that the D2D links do
not share the spectrum resources; instead they equally split
the spectrum. The total throughput is

Rsum
non ¼ max

kif g�Sd
W
Xn
i¼1

log 2 1þ Pkig ki;kih i
N0

� � !
: (3)

To achieve the highest spectrum utilization, the link with
the maximum SINR can exclusively use the whole spec-
trum, which gives:

Rsum
non ¼ max

i2Sd
nW log 2 1þ Pig i;ih i

N0

� �� �
¼ nW log 2 1þ �hð Þ;

(4)
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where

�h ¼ min max
i2Sd

Pig i;ih i
N0

� �
; gh

� �
: (5)

Now consider the full resource sharing scheme. For con-
venience, we denote the total interference caused by other
links to link i as X

j2Sdn if g
Pjg j;ih i ¼ KiN0: (6)

Thus, the total throughput is

Rsum
full ¼ nW

X
i2Sd

log 2 1þ Pig i;ih i
nN0 þ

P
j2Sdn if g Pjg j;ih i

 !

¼ nW
X
i2Sd

log 2 1þ Pig i;ih i
N0 Ki þ nð Þ

� �
:

(7)

To ensure that the full resource sharing scheme achieves
a higher throughput, we need to have Rsum

full � Rsum
non . By

strengthening the inequality, Rsum
full � Rsum

non holds if

log 2 1þ Pig i;ih i
N0 Ki þ nð Þ

� �
� 1

Sdj j log 2 1þ �hð Þ; 8i 2 Sd: (8)

Proposition 1 (Resource Sharing Condition 1). Consider
that Sd

�� �� D2D links share n subchannels (here D2D links work
in dedicated mode). Denoting the accumulative interference
caused by other links to link i by KiN0, the full resource shar-
ing scheme will achieve higher throughput than the non-shar-
ing one if

Ki 	
Pig i;ih i=N0

1þ �hð Þ
1
Sdj j � 1

� n; (9)

where

�h ¼ min max
i2Sd

Pig i;ih i
N0

� �
; gh

� �
:

4.2 Resource Sharing Condition for Reuse Mode

We use Sc and Sd to represent the sets of cellular links
and of D2D links, respectively, and n to represent the
subchannel resources allocated to these links. Here
n > Scj j, as we need to allocate at least one subchannel
for each cellular link. The cellular link members equally
split the sub channel resources, and the D2D links reuse
all the available resource allocated to the whole reuse set.
There is no interference between cellular links. But the
receiver of each cellular link will receive interference sig-
nals from the transmitters of all the D2D links in the
same set. And the receiver of each D2D links will receive
the interference signals from the transmitters of the other
D2D links and all the cellular links in the same set. Fig. 2
provides a example for the interference relationship in
reuse mode.

Consider the non-sharing scheme that D2D links equally
splits the spectrum. The total throughput is:

Rsum
no ¼ W

X
i2Sc

log 2 1þ Pig i;ih i
N0

� �

þ max
kif g2Sd

W n� Scj jð Þlog 2 1þ Pkig ki;kih i
N0

� �� �
:

(10)

Similarly, if the link with the highest SINR exclusively
uses the whole spectrum, the total throughput of the non-
resource sharing scheme is

Rsum
no ¼ Wnlog 2 1þ �hð Þ; (11)

where

�h ¼ min max
i2Sc[Sd

Pig i;ih i
N0

� �
; gh

� �
: (12)

As for the full resource sharing scheme, for convenience,
we denote the accumulative interference caused by other
links to link i asX

j2Sd
Pjg j;ih i=n ¼ KiN0; i 2 Sc;

X
j2Sc[Sdn if g

Pjg j;ih i ¼ KiN0; i 2 Sd:
(13)

Thus, the total throughput can be expressed as

Rsum
full ¼ nW

Scj j
X
i2Sc

log 2 1þ Pig i;ih i
n
Scj jN0 þ

P
j2Sd Pjg j;ih i

	 

=n

0
@

1
A

þ nW
X
i2Sd

log 2 1þ Pig i;ih i
nN0 þ

P
j2Sc[Sdn if g Pjg j;ih i

 !

¼ nW

Scj j
X
i2Sc

log 2 1þ Pig i;ih i

N0 Ki þ n
Scj j

	 

0
@

1
A

þ nW
X
i2Sd

log 2 1þ Pig i;ih i
N0 Ki þ nð Þ

� �
:

(14)

To ensure that the full resource sharing scheme achieves
higher throughput than the non-sharing one, we need to
guarantee Rsum

full � Rsum
non .

For D2D link i 2 Sd, we can draw the conclusion for
resource sharing condition inspired by Proposition 1. When

D2D link i 2 Sd satisfies the following condition

Ki 	
Pig i;ih i=N0

1þ �hð Þ
1

Scj jþSdj j � 1

� n; i 2 Sd;

we can obtain

ð Scj jþ Sd
�� ��Þlog 2 1þ Pig i;ih i

N0 Kiþnð Þ
� �

� log 2 1þ�hð Þ; i 2 Sd;

nW
X
i2Sd

log 2 1þ Pig i;ih i
N0 Kiþnð Þ

� �
� Sd

�� ��
Scj jþ Sdj jnW log 2 1þ�hð Þ;
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thus, Rsum
full � Rsum

no holds if

nW

Scj j
X
i2Sc

log 2 1þ Pig i;ih i

N0 Kiþ n
Scj j

	 

0
@

1
A � Scj j

Scj jþ Sdj jnW log 2 1þ�hð Þ:

(15)

We strengthen the inequality, and the resource sharing
condition for cellular link i 2 Sc will be:

Ki 	
Pig i;ih i=N0

1þ �hð Þ
Scj j

Scj jþ Sdj j � 1

� n

Scj j ; i 2 Sc: (16)

Proposition 2 (Resource Sharing Condition 2). Consider
that Scj j cellular links and Sd

�� �� D2D links share n
subchannels (here D2D links work in reuse mode). Denoting
the accumulative interference caused by other links to link i by
KiN0, the full resource sharing scheme will achieve higher
throughput than the non-sharing one if

Ki 	

Pig i;ih i=N0

1þ�hð Þ
Scj j

Scj jþ Sdj j�1

� n
Scj j ; i 2 Sc;

Pig i;ih i=N0

1þ�hð Þ
1

Scj jþ Sdj j�1

� n; i 2 Sd;

8>>><
>>>:

(17)

where

�h ¼ min max
i2Sc[Sd

Pig i;ih i
N0

� �
; gh

� �
:

4.3 Interference-Aware Resource Sharing Set
Partitioning

The resource sharing conditions proposed in Propositions
1 and 2 help to define a good resource reuse set on arbi-
trating the tradeoff between the network throughput gain
(by allowing further spectrum sharing) and performance
degradation (from accumulative interference). Combining
the conditions and the lowest SINR requirements in
Eq. (2a) and (2b), we give the definition of weak interfer-
ence set as follows:

Definition 1. A set of communication links is called a weak
interference set, if all the links satisfy resource sharing condi-
tions in Propositions 1 and 2 as well as the lowest SINR
requirements in Eq. (2a) and Eq. (2b).

Given n subchannels, the non-sharing scheme provides a
lower bound of the network throughput

inf Rsum
full ¼ nW log 2 1þ �hð Þ; (18)

where the �h stands for the highest SINR of links in the
weak interference set without resource sharing, as illus-
trated in Eq. (12). Thus the lower bound increases while
bringing new links into the weak interference set. The con-
cept of weak interference set helps us to design our set par-
titioning algorithm. The pseudo-code of our interference-
aware set partitioning algorithm is shown in Algorithm 1.
It iteratively finds the weak interference set with the maxi-
mum size from the candidate communication links. We
denote the set of candidate links by CL. Initially, CL

contains all the communication links in the system. The
building blocks of our interference-aware set partitioning
algorithm consist of: (1) For the kth resource sharing set Sk,
we first set Sk ¼ CL and trim Sk according to the lowest
SINR requirements in Eq. (2a) and (2b); (2) Trim Sk accord-
ing to sharing conditions in Eqs. (9) and (17); (3) The
remaining links in Sk constitute a weak interference set,
which are then removed from CL. This process will exe-
cute iteratively until CL ¼ ;.

Algorithm 1. Resource Reuse Set Partitioning

1: k ¼ 1;
2: while CL 6¼ ; do
3: Sk ¼ CL;
4: //Trim Sk according to the lowest SINR requirements
5: for all i 2 Sk do
6: calculate �i;
7: end for
8: find link i 2 Sk with minimum �i;
9: while �i � g l < 0 do
10: remove i from Sk;
11: for all i 2 Sk do
12: calculate �i;
13: end for
14: find link i 2 Sk with minimum �i;
15: end while
16: //Trim Sk according to the resource sharing conditions
17: find S� � Sk of links not satisfying Eq. (9) in Proposition 1

and Eq. (17) in Proposition 2;
18: while S� 6¼ ; do
19: for all i 2 S� do
20: calculate �i;
21: end for
22: find link i 2 S� with minimum �i;
23: remove i from Sk;
24: find S� � Sk of links not satisfying Eq. (9) and Eq. (17);
25: end while
26: remove link members of Sk from CL and set k ¼ kþ 1;
27: end while

4.4 Complexity Analysis

It is noted that the set partitioning and the resource alloca-
tion are both conducted in a centralized fashion. Thus, one
important issue of FRESH is its computational complexity.
In the worst case, which means there is no communication
link can reuse resource with other links perhaps for its poor
channel condition or the intensive interference resulted by
reusing, our set partitioning algorithm will run Cj j þ Dj j
rounds of trimming. The complexity for trimming Sk

according to the lowest SINR requirement and reuse condi-

tion is Oð Skj j2Þ at worst. Hence, the overall time complexity

of Algorithm 1 is Oð Cj j þ Dj jð Þ3Þ in the worst case.

5 SET PARTITIONING-BASED RESOURCE

ALLOCATION

In this section we present our resource allocation algorithm
based on the obtained partitioning results.

Given Skf g via Algorithm 1, the SINR of individual com-
munication links is also determined. The throughput maxi-
mization problem Eq. (2) can be reformulated as
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max
wkf g

X
k

X
i2Sc

k

wkW

Sc
k

�� �� log 2 1þ�ci
� �þX

j2Sd
k

wkW log 2 1þ�dj

	 
0
B@

1
CA

8><
>:

9>=
>;:

(19)

Subject to
X
k

wk ¼ Nsub; (19a)

0 	 wk 	 Nsub; (19b)

We denote the total throughput of Sk by Rsk, which
varies with the number of allocated subchannels. The cellu-
lar link members of Sk form a subset Sc

k. We divide the sub-

channel resource into two parts: wpre
k

� �
, which denotes the

subchannels reserved for cellular links such that each of

them obtains one subchannel; wrem
k

� �
, which denotes the

allocation for the remaining subchannels. Obviously we

have wpre
k ¼ Sc

k

�� �� and the optimization problem Eq. (19) is

further reformulated as

Maximize
X
k

Rsk wpre
k þ wrem

k

� �
(20)

Subject to 0 	 wrem
k 	 Nsub � Cj j; (20a)

X
k

wrem
k ¼ Nsub � Cj j; (20b)

given wpre
k ¼ Sc

k

�� ��;X
k

wpre
k ¼ Cj j:

Note that the cellular link members of set Sk equally
split the subchannel resources, and here Rsk is non-linear

with wrem
k . We use w�

k ¼
w
pre
k

þwrem
k

Skj j
j k

to denote the number

of subchannels that each cellular link member of set Sk can
obtain while allocating wrem

k remaining subchannels to Sk,
where �b c is the floor function. The total throughput of Sk

is given by

RSk ¼ w�
kW

X
i2Sc

k

log 2 1þ Pig i;ih i

w�
kN0 þ w�

k
wk

P
l2Sd

k
Plg l;ih i

0
B@

1
CA

þ wkW
X
j2Sd

k

log 2 1þ Pjg j;jh i
wkN0 þ

P
l2Sk= jf g Plg l;jh i

 !
:

(21)

The optimization problem proposed in Eq. (21) can be
simplified to an integer knapsack problem which is NP-
complete, as proved in Section 3.3. Thus, we propose two
heuristics:

1)Resource Allocation — RA1: We develop an efficient
resource allocation algorithm to solve this problem based
on dynamic programming, as shown in Algorithm 2. Since
Rsk varies with the number of allocated subchannels, we
can calculate an array Rsum;k that records the total through-
put of the resource reuse set Sk with the number of allocated
subchannels wrem

k ranging from 0 toNsub � Cj j.
If we combine two resource reuse sets Si and Sj into a

larger one S�, the array R�
sum, which records the total

throughput of the resource reuse set S�, can be given by

R�
sum lð Þ ¼ max Rsum;i hð Þ þRsum;j l� hð Þ� �

;

0 	 h 	 l; 0 	 l 	 Nsub �
X
k

wpre
k : (22)

2)Resource Allocation—RA2: Since RA1 aims at finding the
resource allocation strategy wrem

k

� �
to achieve the maximum

network throughput, it possibly allocates some resource
reuse sets zero subchannel (not each reuse set contains cellu-
lar links). To this end, we propose an alternative algorithm,
denoted by RA2, in order to further improve D2D access rate
while just slightly compromising the network throughput.
The benefits of a high D2D access rate are twofold. From the
user’s perspective, it is critical for the D2D service availabil-
ity and user experience. For example, a high D2D access rate
can guarantee more users the basic communication require-
ment, such as the text information transmission in some
social network applications. From the system’s perspective,
it has the potential to achieve high revenue of network opera-
tors by servingmore D2D users [11], [23]

Algorithm 2. Resource Allocation (RA1)

1: for all Sk 2 Skf g do
2: for i ¼ 0 : Nsub � Cj j do
3: calculate Rsum;k iþ1ð Þ, the sum date rate of Sk when

wk¼ iþ Sc
k

�� ��;
4: end for
5: end for
6: R�

sum ¼ Rsum;1;
7: for i ¼ 1 : Nset � 1 do
8: for j ¼ 0 : Nsub � Cj j do
9: calculate R�

sum jþ1ð Þ¼
max0	p	j R�

sum pþ1ð ÞþRsum;iþ1 j�pþ1ð Þ� �
;

10: end for
11: end for
12: calculate Rsum;max¼R�

sum Nsub� Cj jþ1ð Þ;
13: calculate wkf g to achieve the sum data rate Rsum;max;

Algorithm 3. Resource Allocation (RA2)

1: calculate ncset, the number of set Sc
k, which satisfy Sc

k¼;;
2: rsize ¼ 1;
3: while Nset > Nsub � Cj j � ncset do
4: remove Sk, which satisfy Sc

k¼;; Sd
k

�� ��¼rsize, from Skf g;
5: calculate Nset;
6: rsize ¼ rsizeþ 1;
7: end while
8: for all Sk 2 Skf g do
9: for i ¼ 0 : Nsub � Cj j � ncset do
10: calculate Rsum;k iþ1ð Þ, the sum date rate of Sk when

wk¼ iþmax Sc
k

�� ��; 1� �
;

11: end for
12: end for
13: R�

sum ¼ Rsum;1;
14: for i ¼ 1 : Nset � 1 do
15: for j ¼ 0 : Nset � Cj j � ncset do
16: calculate R�

sum jþ1ð Þ ¼
max0	p	j R�

sum pþ1ð ÞþRsum;iþ1 j�pþ1ð Þ� �
;

17: end for
18: end for
19: calculate Rsum;max¼R�

sum Nsub� Cj j�ncsetþ1ð Þ;
20: calculate wkf g to achieve the sum data rate Rsum;max;
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The main idea of RA2 is to prune small resource reuse
sets to make sure each remaining resource reuse set can get
at least one subchannel and also guarantee the resources
allocated to cellular links. More specifically, we pre-allocate

wpre
k ¼ max Sc

k

�� ��; 1� �
for each remaining resource sharing set

Sk. Here we use rsize to denote the size of sets we need to
prune. rsize is set to be 1 at first. We prune the sets which
contains only 1 link and check whether the number of sub-
channels is enough to make sure each remaining set can get
one subchannel and also guarantee the resource allocated to
cellular links. If the number of subchannels is enough to
serve the remaining sets and guarantee the resources for cel-
lular users, RA2 will allocate subchannel resources for those
resource sharing sets. If not, the value of rsize will increase
and the sets whose size are equal to rsize will be pruned. It
is noted that since we keep large reuse sets and guarantee
resources allocated to them, RA2 can achieve a higher access
rate with the network throughput no less than the lower
bound claimed in Eq. (18).

3) Complexity Analysis: We turn to the complexity of the
above two algorithms (RA1 and RA2). RA1 can be further
divided into two steps: calculating the Rsum table, which
denotes the sum data rate for Rk with varying number of
subchannel resources; applying Eq. (23) to find the maxi-
mum resource allocation for Skf g. The computational com-
plexity of these two steps are O Nsub� Cj jþ1ð Þ Cj jþ Dj jð Þð Þ
and O Nset

2

�
Nsub � Cj jþ2ð Þ Nsub� Cj jþ1ð ÞÞ respectively,

where Nset stands for the number of resource sharing sets.
As the number of subchannels of a system is a constant and
Nset is nomore than Cj jþ Dj j, the number of communication
links, the computational complexity of RA1 is O Cj jþ Dj jð Þ.
Compared with RA1, there is an extra step to prune some
small resource sharing sets for RA2. The rest two steps are
the same with RA1. The computational complexity of the
three steps of RA2 are O Nsetð Þ, O Nsub� Cj j�ncsetþ 1ð Þð
Cj jþ Dj jð ÞÞ and O Nset

2 Nsub � Cj j�ncsetþ2ð Þ Nsubj j� Cj jþ1ð Þ� �
respectively, where ncset stands for the number of sets
which do not contain cellular links. Thus, the computa-
tional complexity of RA2 is alsoO Cj jþ Dj jð Þ.

6 PERFORMANCE EVALUATION

We have conducted extensive simulations to evaluate the
performance of FRESH. We use FRESH-RA1 and FRESH-
RA2 to denote the FRESH scheme based on RA1 and RA2
proposed in Section 5. We compare our proposed FRESH-
RA1 (and FRESH-RA2) with the user-oriented scheme [11],
the resource-oriented scheme [18], and an equally splitting
scheme serves as the baseline. We use two widely-adopted
metrics [11]: the network throughput that is the sum of the
throughput of all cellular users and D2D pairs; the D2D
access rate that is the ratio of the number of admitted D2D
pairs to the number of all D2D pairs.

6.1 Simulation Setup

We consider a single cell network where the BS is located at
the center of the area andUEs are uniformly distributed in the
area while the distance between a pair of D2D users ranges
from 1 to 50 m. Our simulation parameters are summarized
in Table 2,mostly adapted from [8], [28].We use an advanced

link adaptation technique mentioned in [28], where a proper
MCS is selected from the available MCSes (e.g., QPSK,
16QAM and 64QAM) with different coding rates ranging
from 1/12 to 11/12 according to the estimated SINR value.
Each MCS has a SINR threshold value that corresponds to 10
percent BLER (see [28] for more details). Here we takeMatlab
(version 7.8.0) as the simulator. The simulator was run on a
PC with an Intel Core i7-4750HQ CPU at 2.00 GHz, 8 GB of
RAM, and the 64bitWindows 10 operating system.

6.2 Network Throughput

Figs. 3a and 3b compare the network throughput of differ-
ent schemes with different D2D link numbers and also dif-
ferent area size. We run each experiment 10 times, and plot
the average value as well as the standard deviation. We
have the following two main observations. First, for a fixed
area size, the network throughput (both FRESH-RA1 and
FRESH-RA2) increases when more D2D links get involved.
For example, Fig. 3a shows that the network throughput of
FRESH-RA1 has increased from around 39.5 Mbps to
124.7 Mbps when the number of D2D links varies from 10 to
100. The reason is that with more D2D links, both FRESH-
RA1 and FRESH-RA2 can find larger resource reuse sets,
thereby significantly enhancing the spectrum efficiency.
The second observation is that, given the fixed number of
users, FRESH-RA1 (or FRESH-RA2) provides higher net-
work throughput when the area size gets larger. The reason
is that with larger area size, the distance between users
becomes larger and thus the interference gets weaker.
Hence FRESH-RA1 and FRESH-RA2 can find larger
resource reuse sets. The other schemes, on the other hand,
as each subchannel resource can be shared by at most a pair
of cellular link and D2D link and thus the spectrum is not
efficiently utilized, always achieve network throughput
below 40 Mpbs in Figs. 3a and 3b.

TABLE 2
Simulation Parameters

Parameter Value

Area size 200 m 
 200 m, 500 m 
 500m
Carrier frequency 2.0 GHz
System bandwidth 5 MHz
subchannel bandwidth 180 kHz
Number of subchannel 24
Max BS Tx power 20 W (43 dBm)
BS antenna gain 14 dBi
BS noise figure 5 dB
Max UE Tx power 100 mW (20 dBm)
UE antenna gain 0 dBi
UE noise figure 9 dB
Distance between D2D UEs 1 to 50 m
Antenna pattern Omni
MCS QPSK: 1/12, 1/9, 1/6,

1/3, 1/2, 3/5
16QAM: 1/3, 1/2, 3/5
64QAM: 1/2, 3/4, 3/5,

5/6, 11/12
Noise density –174 dBm/Hz
Bandwidth efficiency 0.83
User distribution Uniform
Number of cellular users 5, 10, 15, 20
Number of D2D pairs 10, 20, 30, . . . , 100
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We also show the impact of cellular link number on the
network throughput in Fig. 4a. Here the network through-
put of both FRESH-RA1 and FRESH-RA2 will decrease (and
the decreasing will slowdown) with the increasing cellular
user number. This is because FRESH will pre-allocate a
part of subchannel resource ( wpre

k

� �
) to the cellular users

to guarantee their communication. The increasing cellular
user number will reduce the amount of remaining

resources ( wrem
k

� �
) which are allocated by FRESH to the

reuse sets which can bring higher throughput and access
rate, namely, the flexibility for the resource allocation in
FRESH is reduced. For the resource-oriented scheme, the
resource allocation is based on say subchannels or resource
blocks, rather than the whole link resources. Thus the

system throughput will not be much affected, just increase
very slightly. For the user-oriented scheme, its resource allo-
cation can be treated as the pairing of D2D pairs and cellular
users. When the cellular user number increases, the amount
of resources each cellular user can obtain will decrease. For
some pairs of cellular user and D2D pair which can bring
higher throughput, the resource they can get is reduced.
Therefore, the system throughput of user-oriented scheme
will decrease with the increasing cellular user number. For
the baseline scheme which equally allocate exclusive
resource to communication links, each communication link
can achieve the highest MCS in their own subchannel. Thus
the network throughput will not be influenced by the
changing cellular user number.

Fig. 3. Network throughput and D2D access rate with different numbers of D2D pairs. (a) Network throughput with 200 m 
 200 m area size. (b) Net-
work throughput with 500m
 500m area size. (c) D2D access rate with 200m
 200m area size. (d) D2D access rate with 500m
 500m area size.

Fig. 4. Network throughput and D2D access rate with different numbers of cellular links. (a) Network throughput with 500 m 
 500 m area size.
(b) D2D access rate with 500 m 
 500 m area size.
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Fig. 5 depicts the CDF of data rate with 10 cellular links
and 100 D2D links in total. Here, FRESH-RA1 and FRESH-
RA2 make a sacrifice on the data rate of cellular links for the
sake of significant improvements of the data rate of D2D
links as compared with other schemes.

6.3 D2D Access Rate

Fig. 3c and Fig. 3d show the D2D access rate of different
schemes with a variety of settings. The proposed FRESH-
RA1 allocates almost all the subchannels to the largest
resource reuse set, and therefore the access rate is limited
by the size of maximum resource reuse set. It is observed
that FRESH-RA2, by slightly compromising the network
throughput, achieves a higher D2D access rate, say nearly
80 percent when the area size is 200m
 200m, and close to
100 percent when the area size is 500m
 500m. Again, the
larger area size can help to find larger resource reuse sets,
leading to a higher D2D access rate. For the baseline scheme
without resource sharing, each subchannel can only serve
one link. Thus, the access rate is confined by the number of
subchannels. For the user-oriented scheme, the maximum
number of accessed D2D links is equal to the number of cel-
lular links. The resource-oriented one provides a more flexi-
ble choice for D2D links to reuse a portion of the spectrum
resources occupied by cellular links. As both the user-ori-
ented and resource-oriented schemes assign each subchan-
nel to at most a pair of cellular link and D2D link, at most
Nsub cellular links can be served and at most Nsub D2D links
can be accessed, as claimed in Fig. 1. On the other side,
FRESH desirably allows each subchannel to be shared by

multiple D2D links, achieving higher access rate compared
with the other three schemes.

The impact of cellular link number on the D2D access
rate is illustrated in Fig. 4b. As we have mentioned previ-
ously, the increasing cellular user number will decrease the
amount of remaining resource that FRESH will allocate to
the reuse sets with better D2D access rate. Thus the D2D
access rate of FRESH will decrease with the increasing
cellular user number. For the resource-oriented scheme,
as the resource allocation is based on the subchannels or
resource blocks, the D2D access rate will not much affected.
For the user-oriented scheme which tries to pair cellular
users and D2D pairs, the number of D2D pairs which can be
served (at most) is equal to the number of cellular users.
Thus the D2D access rate of user-oriented scheme increase
linearly as cellular user number increases. For the baseline
scheme, as we need to give higher priority to the reso-
urce allocation for cellular users, the increasing cellular user
number will incur the decreasing of the resources left for
D2D links and therefore the D2D access rate.

6.4 Complexity Comparison

As we mentioned previously in Section 3.3, there is no poly-
nomial time algorithm can approximate the optimal result
of the overall network throughput maximization problem
proposed in Eq. (2). Therefore, considering the difficulty for
obtaining the approximate solution and optimal solution,
we decompose the overall network throughput optimiza-
tion problem into two subproblems, which are reuse set par-
titioning and resource allocation for reuse sets, and propose

Fig. 5. CDF of data rate for each communication links. a) CDF for cellular users with Nc ¼ 10, Nd ¼ 100 and 200 m 
 200 m area size. b) CDF for
cellular users with Nc ¼ 10, Nd ¼ 100 and 500 m 
 500 m area size. c) CDF for D2D pairs with Nc ¼ 10, Nd ¼ 100 and 200 m 
 200 m area size.
d) CDF for D2D pairs withNc ¼ 10,Nd ¼ 100 and 500 m 
 500 m area size.
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heuristic solutions for those two subproblems. Also for the
same consideration, we have not compared our solution
with the optimal result. The computational complexities of
our resource reuse set partitioning problem and our
resource allocation algorithms are Oð Cj j þ Dj jð Þ3Þ and
O Cj j þ Dj jð Þ respectively. Thus the final computational

complexity of our FRESH scheme is Oð Cj j þ Dj jð Þ3Þ.
In [11], the optimal resource allocation problem is trans-

formed into a maximum weight bipartite matching problem
and solved by the Kuhn-Munkres algorithm. Thus the
computational complexity of the user-oriented scheme
in [11] is Oð Cj j þ Dj jð Þ3Þ [29]. In [18], the joint mode selec-
tion and resource allocation problem is solved through par-
ticle swarm optimization method. The authors propose a
coding method to reduce the search space dimension from
2N Cj j þ Dj jð Þ to 2N . Thus, when the maximal number of
iterations is limited, the computational complexity of the
resource-oriented scheme in [18] is O TMNð Þ, where T is
the maximal number of iterations, and M is the number of
particles. In our simulations, T ¼ 500 andM ¼ 30. However,
as the problemwhich needs to be solved is very complex, the
particle swarm optimization algorithm can not well con-
verge and usually takes more time than the user-oriented
scheme and our FRESH scheme. Table 3 shows a comparison
for the running time of different schemes.

Hence, compared with the user-oriented and the
resource-oriented schemes, our FRESH can achieve better
network throughput and D2D access rate without increas-
ing the computational complexity.

7 DISCUSSION

Consistent with previous studies [2], [6], [7], [8], [9], [10],
[11], [12], [13], [15], [16], [17], [18], [23], [25], [30], we in this
paper only consider the static scenario. The resource alloca-
tion for dynamic scenario, which considers the factors such
as the user mobility, can be simplified into the resource allo-
cation for several static scenarios at different time. The time
for resource allocation can be decided by different schedul-
ing algorithms. For example, a straightforward extension to
adapt to dynamic scenario is to perform the resource alloca-
tion periodically. Here the idea of periodical execution is
also widely used in routing schemes [31] .

The second issue is about the privacy of D2D comm-
unication. Similarly with previous works, our proposed

resource allocation scheme is centralized. Although the
resource allocation is done by BS, to make D2D communica-
tions not transparent to the cellular network, the source of
D2D pair can use the destination’s public key to encrypt
transmitted message [32].

At last, we envision that our proposed model and algo-
rithms can be applied in a real LTE-advanced system. Sev-
eral works have been proposed to study how to enable the
D2D communication and resource management in LTE-
advanced systems. For example, in [33], the authors pro-
posed detailed mechanisms for D2D communication session
setup and management, and resource sharing between cel-
lular user and D2D pair.

8 CONCLUSION

In this paper, we break the limitation for user-oriented scheme
and resource-oriented scheme that each subchannel can only
be assigned to at most a pair of cellular link and D2D link,
and propose FRESH, a full resource sharing scheme that
allows a subchannel to be shared by a cellular link and an
arbitrary number of D2D links. We formulate the through-
put maximization problem in this scenario and further
divide this complex problem into two subproblems, namely
interference-aware set partitioning and resource allocation.
We develop the theoretical foundations of interference-
aware set partitioning on arbitrating the tradeoff between
the network throughput gain (by allowing further spectrum
sharing) and performance degradation (from accumulative
interference). Accordingly, we propose a heuristic algo-
rithm for interference-aware set partitioning such that the
users in the same set will operate on the same spectrum.
Based on the obtained partitioning results, efficient algo-
rithms for resource allocation are proposed aiming at high
network throughput as well as D2D access rate. Extensive
simulation results have demonstrated that FRESH signifi-
cantly improves system performance in terms of both net-
work throughput and D2D access rate, and thus pushes the
limit of D2D communication underlaying cellular networks.

APPENDIX A
PROOF OF THEOREM 1

There are 2 Cj jþ Dj j possible set partitioning results in all. We
use Skf g to denote all the possible set partitioning results

TABLE 3
Comparison for the Running Time (Area Size 500 m 
 500 m,Nc ¼ 10,Nd ¼ 10; 20; . . . ; 100)

number of D2D links Ndð Þ
10 20 30 40 50 60 70 80 90 100

FRESH-RA1 avg(sec) 0.233 0.543 0.988 1.873 2.814 4.209 6.231 8.282 11.084 14.106
std(sec) 0.062 0.159 0.248 0.317 0.501 0.589 0.643 0.967 0.892 1.415

FRESH-RA2 avg(sec) 0.232 0.519 0.963 1.800 2.667 4.052 5.916 7.929 10.520 13.808
std(sec) 0.056 0.142 0.235 0.273 0.429 0.497 0.548 0.829 0.707 1.231

Resource-oriented avg(sec) 15.167 15.350 17.293 15.693 15.666 15.765 15.806 15.730 15.833 15.864
std(sec) 0.500 0.358 2.353 0.352 0.431 0.325 0.374 0.261 0.346 0.324

User-oriented avg(sec) 0.701 1.485 2.395 3.431 4.692 6.052 7.841 9.829 11.975 14.500
std(sec) 0.160 0.193 0.238 0.254 0.346 0.444 0.374 0.578 0.641 0.619

Baseline avg(sec) 0.088 0.091 0.093 0.098 0.100 0.103 0.108 0.110 0.114 0.119
std(sec) 0.006 0.003 0.002 0.003 0.002 0.003 0.002 0.003 0.004 0.008
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(i.e., Skf g contains all the subsets of C
S

D). Even if we
have prior knowledge of the total data rate Rkf g of Skf g
while allocating the same number of subchannel resources
w�, the simplified optimal set partitioning problem is equiv-
alent to the weighted maximum independent set problem
which has been proved to be NP-complete in a strong
sense [34]. Given any instance I of the weighted maximum
independent set partitioning problem, we can construct an
instance I 0 of optimal set partitioning problem by setting a
possible set partitioning result Sk 2 Skf g in I 0 to the vertex
vk 2 V in I, Rk in I 0 to the weight of vk. And if Si and Sj in

I 0 have part of the same user communication link members,
there exists an edge ei;j 2 E between vertex vi and vj.

Clearly, the reduction can be accomplished in polynomial
time. And, it is easy to verify that a feasible solution in I is a
feasible solution in I 0, and vice versa. Thus, the optimal set
partitioning problem is NP-complete.

APPENDIX B

PROOF OF THEOREM 2

If the total throughput of set Sk, which is denoted by
Rsk wkð Þ, varies with the subchannel resource allocated to
Sk, which is denoted by wk, in an linear fashion (a simplified
case), the optimal resource allocation problem later defined
in Eq. (21) is equivalent to the bounded integer knapsack
problem—a well-known NP-complete problem [34]. Given
any instance I of the bounded integer knapsack problem,
we can construct an instance I 0 of the optimal resource allo-
cation problem by setting resource reuse set Sk in I 0 to the
item k in I, wk, the number of subchannnel allocated to Sk,
in I 0 to the weight of item k in I, the total throughput of Sk

in I 0 to the profit of item k with a weight wk in I. The rest
proof for showing the optimal resource allocation problem
to be NP-complete is similar to that of the first problem.

APPENDIX C

PROOF OF THEOREM 3

As we have discussed above, the simplified first subproblem
is still a weightedmaximum independent set problemwhich
is NP-complete [34]. [35] proposes that unless P ¼ NP , there
is no polynomial-time r-approximation (r � 1) algorithm for
NP-complete problem. [36] proofs a more detailed conclu-
sion that “no polynomial time algorithm can approximate
the optimal result of the maximum clique problem within a
factor of O n�ð Þ (� > 0, n is the number of vertexes in the
graph), unless P ¼ NP” Here, the clique problem and
the independent set problem are complementary. Thus
Theorem 3 is proofed.
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