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ABSTRACT

With emerging demands for local area services,
device-to-device communication is conceived as
a vital component for the next-generation cellu-
lar networks to improve spectral reuse, bring
hop gains, and enhance system capacity. Ripen-
ing these benefits depends on efficiently solving
several main technical problems, including mode
selection, resource allocation, and interference
management. Aiming to establish a new
paradigm for solving these challenging problems
in D2D communication, in this article we pro-
pose a social-aware enhanced D2D communica-
tion architecture that exploits social networking
characteristics for system design. By developing
a profound understanding of the interplay
between social networks’ properties and mobile
communication problems, we qualitatively ana-
lyze how D2D communications can benefit from
social features, and quantitatively assess the
achievable gains in a social-aware D2D commu-
nication system.

INTRODUCTION

As one of the next-generation wireless communi-
cation systems, Long Term Evolution-Advanced
(LTE-A) supports mobile content downloading
[1]. To meet the increasing demands for local
area services of popular content downloading,
device-to-device (D2D) communication is pro-
posed as a key component for LTE-A, which
enables devices to communicate directly and is
an underlay to the cellular network for improv-
ing spectral efficiency [2-4]. Under the control
of base stations (BSs), user equipment devices
(UEs) can transmit data to each other over
direct links using cellular resources instead of
through BSs. Most context-aware applications
that involve discovering and communicating with
nearby devices can benefit from D2D communi-
cation by reducing the communication cost, since
it enables physical proximity communication,
which saves power while improving spectral effi-
ciency [3]. It is expected that D2D communica-
tion will be a key feature supported by the next
generation cellular networks [4].

In this D2D communication underlaying cel-

lular system, UEs can choose to communicate
via their serving BSs, or transmit data to other
devices over direct links using cellular resources.
The choice of cellular communication or direct
D2D communication defines the mode selection
problem. Before mode selection, the devices
need to find other nearby devices by a peer dis-
covery procedure. After mode selection, the sys-
tem needs to allocate spectrum resources to the
cellular and D2D links accordingly, control the
transmission power, and manage the interfer-
ence between the D2D and cellular links. By
acquiring the knowledge of instantaneous net-
work load, channel conditions, and potential
D2D pairs, the system is able to select the best
mode, allocate the resources, and manage inter-
ference efficiently to realize the proximity,
reuse, and hop gains brought by D2D communi-
cation [3, 4]. Thus, peer discovery, mode selec-
tion, resource allocation, and interference
management are the key technical problems in
promoting the D2D communication underlaying
cellular system. In practice, these problems are
challenging, since they are coupled with device-
level behaviors, cell-level interference situations,
and network-level loading and channel condi-
tions.

Handheld communication devices are carried
by human beings who form social networks that
exhibit certain stable social structures and phe-
nomena [5, 6]. A natural question to ask is “can
we leverage the social behaviors to assist D2D
communication in order to enhance the achiev-
able system performance?” The answer is yes!
Technological advances have facilitated digital
interaction, global communication, and distant
travel, and the social networks we inhabit — the
connections of social ties among friends — have
grown steadily and rapidly. Our technological
and economic systems have also become critical-
ly dependent on the networked structure of
information we consume. Consequently, it is
increasingly important for us to understand and
leverage the properties of social networks.
Research on analyzing social network structures
has been carried out in many areas (e.g., biology,
physiology, mental care) and has revealed many
intriguing features of social networks [6-8].
Although it is still in the early problem recogni-
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tion stage [9], coupling the properties of under-
lying social structures into D2D communication
promises huge potential gains in solving the
challenging technical problems of D2D commu-
nication and opens up a new avenue for D2D
communication system design.

In this article we aim to establish a new
paradigm for a D2D communication underlaying
cellular system: social-aware D2D communica-
tion, which leverages social networking charac-
teristics of the cellular system. Based on a
profound understanding of the social networks’
properties, we establish a framework to organize
well recognized social relationships and charac-
teristics, and further validate them by an exam-
ple of real-life human mobility traces. For D2D
communication system design, we illustrate the
main technical problems. Based on this back-
ground, we make two main contributions to the
proposed goal. First, by qualitative analysis, we
investigate how the social features of social net-
works influence D2D communication, and how
they can help solve the challenging technical
problems of D2D communication. These qualita-
tive results provide a profound understanding of
and insight into the design of the social-aware
D2D communication system. Second, by quanti-
tative assessment, we target a realistic D2D com-
munication underlaying cellular system, and
design social-aware D2D communication solu-
tions: centrality-aware peer discovery and com-
munity-aware resource allocation. The
quantitative simulation results obtained demon-
strate the efficiency of the proposed social-aware
D2D communication scheme.

We structure the article as follows. We first
discuss the key technical problems of the D2D
communication underlaying system and summa-
rize the main social characteristics existing in the
social networks formed by mobile users. We
then provide an overview statement to define
the social-aware D2D communication system.
After the problem statement, we investigate how
social features impact D2D communication by
qualitative analysis, and then analyze how much
gain we can achieve by leveraging the social fea-
tures through quantitative simulation.

BACKGROUND AND
PROBLEM STATEMENT

Our primary goal is to establish the social-aware
D2D communication paradigm by leveraging the
properties of social networks on the design of
the D2D communication underlaying cellular
system. Such a system can naturally be projected
onto two domains: the communication domain
and the social domain. In the communication
domain, devices gain access to the cellular net-
work via BSs or establish D2D communication
links, subject to physical and communication
constraints. In the social domain, these devices
form a social network regulated by some stable
social relationships and phenomena. To gain a
comprehensive understanding of the above sys-
tem, we begin with individual descriptions of the
key issues in the two domains, respectively, and
then combine them to state the problem we
need to investigate.
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Figure 1. Illustration of social-aware D2D communication underlaying cel-
lular system, where in the communication domain devices gain access to
the cellular BSs or establish D2D communication subject to the physical
and communication constraints, while in the social domain devices form a
mobile social network regulated by stable social relationships and phe-
nomena.

D2D Use CASE AND KEY
TECHNICAL PROBLEMS

The concept of D2D communication as an
underlay to a cellular network, operating on the
same spectrum resources, is illustrated in the
bottom half of Fig. 1. The four key technical
problems in designing the D2D communication
underlaying cellular system are as follows.

Service and Peer Discovery — Before estab-
lishing D2D communications, the network and/or
UEs need to discover the presence of their peer
D2D candidates and identify whether the candi-
date D2D pairs need to communicate with each
other [4]. Two techniques are usually used to
identify the D2D candidates and required ser-
vices. The first is the network-controlled
approach, where the network uses paging or other
signaling to mediate the discovery process by rec-
ognizing D2D candidates and potential services.
The second is the ad hoc network approach,
where the discovery is made by the devices them-
selves through transmitting a known synchroniza-
tion or reference signal sequence. A beacon
mechanism is usually adopted to achieve this kind
of peer discovery. The fundamental problem here
is that efficient discovery requires that the two
peer devices be in the same space and time. If the
devices are uncoordinated and have no other
information, they can only perform randomized
beaconing, which is time and energy consuming.
Thus, prophetic information about the network
and devices, such as mobility environment, is criti-
cal to the discovery performance.

Communication Mode Selection — In the
D2D communication underlaying cellular sys-
tem, a device can choose from the communica-
tion options of direct cellular transmission and
D2D communications. Since D2D communica-
tion usually uses the same air interface as cellu-
lar communication, a UE can only operate in
either the D2D mode or the cellular mode at the
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same time. Also, in the D2D mode, a decision
must be made to choose connected or oppor-
tunistic transmission. Given all the possible
transmission modes involving all the UEs, mode
selection decides how to utilize them in order to
maximize the data transmission capacity from all
the BSs to all the UEs.

Spectrum Resource Allocation — D2D com-
munications between devices use the same
licensed band of cellular communication, and
utilize the same air interface as the underlaying
cellular network. Thus, D2D communications
consume part of the cellular network’s resources.
Generally speaking, there are two resource allo-
cation approaches, orthogonal sharing and non-
orthogonal sharing. Orthogonal sharing between
D2D and cellular communications can be
achieved by allocating different frequency chan-
nels to D2D communication and cellular com-
munication. However, to utilize network
resources more efficiently, all the D2D commu-
nications may occur on the same frequency
channel. Clearly, the interference between D2D
communications will influence the achievable
rate. Given the above resource sharing relations,
the available network resource of frequency
channels, and the D2D communication candi-
dates, resource allocation decides how to share
the spectrum between D2D communications and
cellular communications in order to attain the
maximum system throughput.

Interference Coordination and Manage-
ment — The interference level in a D2D com-
munication enabled system is more severe,
compared to conventional cellular systems.
Effective interference coordination and manage-
ment for D2D communications is vital to realize
the proximity, reuse, and hop gains. Interference
coordination for D2D connected communications
is relatively easy to handle as it can be managed
“centrally” by BSs that have sufficient computing
power and usually have all the information
required to decide transmit powers. However,
interference coordination for D2D opportunistic
communications is much more difficult, since the
D2D interference control may require distribut-
ed management by handsets, who have limited
computing power and whose mobility further
complicates the problem. Moreover, interference
coordination can generally be divided into the
intracell and intercell levels of interference coor-
dination. The latter is much more challenging,
since interference needs to be managed across
multiple cells, and between the cellular and D2D
layers.

SocIAL CHARACTERISTICS

Social networks have gained much attention
from researchers in various fields, since in the
world all entities (e.g., people, devices, and sys-
tems) are related to each other in one way or
another [10]. Social characteristics, existing in
social networks, not only define the behaviors of
these entities but also depict the structure of
entities that are connected to each other through
some relations, where these entities exhibit
homophily by sharing common interests in con-
tents and similar behaviors [11, 12]. Social net-

works can be considered as a system that pro-
vides communication services involving the social
relationship among users, which is characterized
by online social networks formed in the Internet
platforms of Facebook, Twitter, and so on, and
by the physically close social networks formed by
human daily encounters. We review the social
behaviors and structures of social networks,
which are relevant to designing efficient D2D
communication systems. As shown in the upper
half of Fig. 1, we focus on the well recognized
characteristics of social ties, community, centrali-
ty, and bridges.

Ties — The social tie is the most basic and fun-
damental notion characterizing the strength by
which two individuals are related to each other.
Social ties can be built up among humans
through friendship, kinship, colleague relation-
ships, and altruistic behaviors that are observed
in human activities [13]. In mobile networks,
social ties identify the weak or strong connec-
tions among individual mobile users.

Community — A social community is naturally
formed according to social relations among
people, and it defines clusters or groups of indi-
viduals sharing the same social interests or
behaviors [5]. In mobile networks, communities
may represent real social groupings by location,
interests or background, and different communi-
ties are usually interested in different mobile
contents. Thus, detecting this community infor-
mation can help improve data transmission effi-
ciency among distributed and intermittently
connected mobile users.

Centrality — The term centrality in social net-
work analysis is a quantification of the relative
structural importance of a “node” within the
network. A central user typically has a stronger
capability of connecting other members in the
network. There are several different ways to
measure centrality; the most widely used are
Freeman’s degree, closeness, and betweenness
measures [6, 10].

Bridge — The bridge structure manifests the
connections between communities. A bridge acts
as the interaction edge between two adjacent
communities for information exchange. In gener-
al, each community has a group of nodes, and a
bridge between two communities may provide
the only path to connect the two communities,
along which information or influence can flow
between the nodes of these two groups.

To obtain a visualization of the social charac-
teristics existing in daily human mobility and
social activities, we take the proximity social net-
works derived from a real-world mobility dataset
collected by the Reality Mining Project [14] as
an example to illustrate them. In the experiment
to collect a Reality mobility trace, about 100
smartphones were deployed to students and staff
at the Massachusetts Institute of Technology
over a period of nine months. The objective of
this experiment was to study human social inter-
actions and social dynamics by exploring the
capabilities of smartphones. Through tracking a
sufficient number of people with their personal
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mobile phones, this experiment resulted in the
first and the most recognized mobile data set
with rich human behaviors and interpersonal
interactions, which include users’ locations, com-
munication behaviors, and device usage behav-
iors. By analyzing the nearby encounters and
interaction behaviors of these traces, we plot the
social network formed by the users recorded in
the trace in Fig. 2, where the users are colored
to identify different communities, and the size of
the node indicates the centrality of the corre-
sponding user, while the degree of nodes repre-
sent the strengths of social ties. We observe
from Fig. 2 that the users form eight communi-
ties, and each user in a community has different
centrality. Regarding the social ties, some user
pairs have strong relations, while others have
weak ones. When the strong relations happen
across two communities, the social bridge phe-
nomenon can be observed.

PROBLEM STATEMENT

From the viewpoint of the communication
domain, D2D communication consumes some
spectrum resources of the cellular network, but
it may improve the resource utilization by the
reuse of the spectrum for the devices that are
physically in close proximity to communicate
with each other at high rate and low power
consumption. Thus, D2D communication per-
formance depends on how often the devices can
be in physical proximity communication with
each other and how often they need to commu-
nicate online with each other or with content
sources. In other words, the performance of the
D2D underlaying cellular system critically
depends on node mobility patterns and behav-
iors, and it is necessary to consider daily user
mobility and social relations in order to observe
the underlying D2D communication opportuni-
ties. On the other hand, mobile users naturally
form social networks by online and proximity
communications with inherent social structures
and mobility patterns in the social domain.
Moreover, altruistic tendencies are observed in
many human social networks [5, 8]. Thus, the
mobile user is able to exploit the existing social
trust and relations from their neighbors to col-
laborate with each other to achieve efficient
D2D communications. By utilizing this social
domain knowledge, we are able to tackle the
challenging problems of D2D communication
more effectively.

We aim to develop a comprehensive under-
standing of the interplay between the social
domain’s characteristics and the communication
domain’s properties in the D2D communication
underlaying cellular system. More specially, our
objective is to utilize the social characteristics of
community, centrality, bridge, and ties to aid
peer discovery, mode selection, resource alloca-
tion, and interference management in order to
maximize the gains of D2D communications. In
the next two sections we answer the fundamental
questions of what the benefits are and how much
enhancement we can obtain by exploiting the
social domain relationships and phenomena in
the design of the D2D communication underlay-
ing cellular system through qualitative analysis
and quantitative simulation study.

13% 12%

Figure 2. Social characteristics observed from a Reality trace.

SociAL MeeTs D2D:
QUALITATIVE INSIGHT

In this section we qualitatively analyze how sta-
ble social characteristics can help solve D2D
communication problems by identifying the key
design issues, studying the main technical chal-
lenges, and providing some solution insights.

SocIAL TIES

Social ties measure the strengths of users in
D2D systems, and reflect to some degree the
communication demands between users. The
links correlated to strong ties may be expected
to offer more communication contacts and have
higher loads of data transmission than those with
weak ties. Allocating more spectrum and energy
resources to users with strong ties can increase
the peer discovery ratio, help avoid congestion,
improve spectral efficiency, and eventually
increase the overall throughput and coverage of
the D2D underlaying cellular network. As shown
in Fig. 3a, users can adjust their beacon rates
according to the strengths of the ties for peer
discovery. Thus, how to optimally utilize the
social tie information in peer discovery and
resource allocation is a key issue in social-aware
D2D system design.

In relay selection, the system often needs to
consider privacy and security issues. Social tie
information may be used as a measure to infer
the trust between two nodes, since the strength
of a tie may be correlated to the trustfulness
between two peers. Thus, in the D2D communi-
cation system, leveraging the information of
social ties in resource allocation can help not
only attain higher throughput but also achieve
better privacy and security compared to a non-
social-aware architecture. In Fig. 1, Smith prefers
to select David as the relay node even though
Brown may offer higher throughput toward the
BS, because forwarding data to Brown may bring
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Figure 3. Qualitative analysis and insights for some key scenarios of social-aware enhanced D2D communications: a) social cen-
trality and tie aware peer discovery; b) encounter pattern-assisted peer discovery; ¢) peer density-aware mode selection; d) com-
munity interest-enhanced mode selection.

data integrity and privacy leakage concerns.
Here the issue is to design some security-enhanc-
ing mechanism to assist the social-ties-aware
resource allocation and relay selection.

SociAL COMMUNITY

Leveraging the properties of social community
structure offers various advantages, including
more efficient spectral usage, better resource
allocation, and enhanced peer discovery.

An intuitive and intrinsic usage of the social
community information is resource allocation. A
user is expected to obtain information and con-
tent from the same community neighbors with
less effort as they most likely will have similar
interest in data. If a user is looking for some
academic research materials, he/she can expect
higher probability of data retrieval when request-
ing them from his/her research partners (com-
munity members). Therefore, allocating more
resources in D2D communication for such links
can help reduce the duplicated network load,
which can increase the overall network through-
put. In the D2D underlaying cellular network,
radio resources are shared among different links.
Similarly, leveraging community information can
also help with designing efficient resource parti-
tioning to avoid interference.

Peer discovery relying on the usual network
assisted randomized searching/scanning for bea-
cons is very time and energy consuming. Armed
with the knowledge of community structure and

encounter patterns, however, potential D2D
candidates are able to autonomously conduct
peer discovery by estimating their respective sta-
tus within a community, and thereby optimize
the energy efficiency and reduce the time dura-
tion in the communication pair discovery pro-
cess. As shown in Fig. 3b, a user in a densely
populated community (e.g., a workplace) can
utilize the encounter patterns of the community
to carry out the ad hoc peer discovery proce-
dure, instead of relying on the network assisted
procedure.

Mode selection relies on knowledge of the
channel condition, intercell interference, and
network load. Leveraging the community struc-
ture information can simplify the detection of
these three physical parameters and therefore
help the user make the mode selection decision
quickly and accurately. In Fig. 3c Alice is at
home and wants to contact a colleague in her
university community. Selecting the direct cellu-
lar communication mode is a better choice than
a D2D mode, because her neighbors are sparse,
and the efforts of random beacons to find D2D
communication pairs would mostly be wasted.
Similarly, community interests are also helpful
for mode selection. As shown in Fig. 3d, it is
much more efficient for a student to obtain the
match information from his/her football club
community (e.g., roommates) by D2D communi-
cations while querying research updates by cellu-
lar communications.
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SociAL CENTRALITY

As stated before, a high degree of centrality
indicates that the user may play a key role in
data transmission. Consequently, users with high
centrality should possess high capacity in terms
of data transmission volume and frequency.
Reference [7] suggested that a central node has
higher demand for resources for data dissemina-
tion as multiple communication paths are built
up based on it, while another study emphasized
the responsibility of users occupying such posi-
tions for the maintenance of communication
and their potential as coordinators of a group
process [8]. Therefore, these central nodes
should be allocated more resources in order to
avoid congestion and increase spectrum efficien-
cy. The mode selection module on a central
node should also schedule more time for cellu-
lar communication since higher throughput on a
central node means higher throughput for the
whole community.

As mentioned previously, network-based cen-
tralized peer discovery suffers from the scalabili-
ty problem. A central node tends to have high
proximity-encounter possibility with nearby
devices. Thus, these central devices may provide
alternatives to relieve the synchronization and
communication work load on BSs. For example,
instead of simply relying on synchronizing via
the cellular tower or randomized beaconing, the
central node in Fig. 3a can proactively send bea-
cons to other users to improve the peer discov-
ery ratio, and Smith in Fig. 1 can help
synchronize all the devices in his/her community
to save resources for the BSs and reduce the
energy consumption in peer discovery. There-
fore, how to utilize the user centrality informa-
tion to optimize the peer discovery process is
another key technical challenge.

SOCIAL BRIDGES

Intuitively, a bridge undertakes the task to pro-
vide information and content exchange among
communities, and it is prone to congestion
under heavy network load conditions. To avoid
congestion, the mode selection and resource
allocation processes should be aware of the
community bridges. Specifically, the resource
allocation module needs to schedule more
resources to bridge users, while the mode selec-
tion module needs to give higher preference
for cellular communication to bridge nodes.
For example, Fig. 1 illustrates an extreme
example that the link between Alice and Bob is
the only path to deliver information between
communities A and B; therefore, Alice and
Bob require more spectral resource and stable
connectivity to satisfy the data transmission
demand. It can be seen that bridge user detec-
tion algorithms, and bridge-aware resource
allocation and mode selection schemes are
challenging research problems that have the
potential to improve the overall throughput
and coverage of the D2D communication
underlaying cellular network.

Based on the above analysis, we now summa-
rize the insights and design aspects for the social-
aware enhanced D2D communication under-
laying cellular network in Table 1.

SociAL MEeeTts D2D:
QUANTITATIVE EVALUATION

We use a realistic cellular network deployment
to quantitatively evaluate the enhancement
achieved by utilizing social-characteristics-
enhanced D2D communication.

TARGETED SYSTEM

We used the Reality trace [12], which is the
most recognized human social and mobility
trace, introduced before, to simulate the social
properties in the targeted system. In the area
covered by the system, multiple BSs, each with
a coverage radius of 400 m, were deployed to
provide seamless coverage of the area. For
D2D communication, we limited the maximum
transmission range of a node to 50 m. The
achievable link transmission rate between any
two UEs was adjusted according to the dis-
tance between them, and related parameters
were based on the wireless propagation set-
tings given in [15]. The D2D communication
channel was based on the scenario in which
two communicating UEs were physically in
close proximity, while the cellular communica-
tion channel was simulated according to the
urban microcell scenario.

Based on the obtained social properties in the
Reality trace, we designed a social-aware D2D
system to demonstrate the huge potential of uti-
lizing the social structure information of centrality
and community. Specifically, we used the social
centrality to assist peer discovery, and utilized the
information of community and ties to aid resource
allocation. In the design of these schemes, notice
that instead of using transient information such as
locations and dynamic traffic demands, we exploit-
ed the stable social relations and characteristics
existing in the social domain.

To achieve scalable peer discovery, we focus
on the ad hoc approach. Rather than perform-
ing randomized beaconing, however, we rely
on the social centrality information extracted
from the trace to decide the beaconing rate.
Specifically, we adjust the beacon rates of
users to be proportional to their centrality val-
ues in the network. In particular, we group
users according to their centrality values, and
then allocate the beacon rate to each group.
In this way the users more likely involved in
D2D communication pairs will beacon at a
larger rate, and consequently improve the
D2D peer discovery efficiency. In our system,
cellular users share their uplink resources with
D2D communication pairs. Consequently, at
the uplink the cellular and D2D users sharing
the same spectrum blocks interfere with each
other. To maximize network capacity, we try to
allocate the D2D pairs with the resources of
cellular users in different communities since
they are usually not in physical proximity.
Within a community, we allocate spectrum
resources considering the strengths of their
social ties. Outside the different communities,
we use their properties of social trust to stimu-
late them to share resources with each other,
which achieves the optimal social-aware
resource allocation.

IEEE Communications Magazine * June 2014

155



Community

Centrality

Bridge

Ties
Peer .
. Beacon rate adjustment
discovery
Mode /
selection
Resource Communication demands
allocation Security and privacy
Interference Relay selection
management Spectrum allocation

Peer density
Encounter patterns

Community density
Community interests

Community-oriented sharing
Communication demands

Proactive beacons
Communication demands

Cellular preferential
Bottleneck detection

Resource demands
Bottleneck prediction

Inter-community demands

Dissemination dominant
Bottleneck prediction

Resource partition
Distributed coordination

Table 1. Qualitative analysis for the social-aware D2D communication underlaying cellular network.
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Figure 4. Comparison of the peer discovery performance as a function of the
normalized energy consumed for the non-social-centrality-aware scheme
and the social-centrality-aware scheme.

RESULTS ANALYSIS

Based on the results obtained by simulating the
above social-aware D2D communication net-
work, we analyze the gains brought by the social
centrality, community, and ties defined in the
previous section in terms of peer discovery effi-
ciency, transmission rate, and system throughput.

Figure 4 compares the peer discovery ratios
of the schemes with and without considering
centrality, where we observe that by dividing the
users into two groups according to their social
centrality values, significant performance
enhancement can be achieved in terms of a two
to four times larger peer discovery ratio given
the same consumed system energy compared to
the non-social-centrality-aware scheme. Increas-
ing the groups to three further enhances perfor-
mance. This indicates the huge potential of
utilizing social properties to save system energy
and improve discovery efficiency. Here we only
investigate a simple centrality-aware mechanism.
For more complex systems, there is scope for
investigating centrality-aware optimal beaconing
mechanisms by adjusting the beacon rates of

users according to their centrality variations in
both the temporal and spatial dimensions.

Figure 5a compares the system transmission
rate achieved by the four schemes in terms of
the sum rate as a function of D2D pairs. The
further first scheme, which allocates the D2D
communication resources with the resources of
the cellular users that are the furthest away from
the D2D pairs, achieves a marginally better sys-
tem sum rate compared to the random alloca-
tion, but it is inferior to the social-unaware
optimization scheme without considering social
information. However, our simple community
guided resource allocation scheme achieves the
best performance, because by carefully consider-
ing the social structures of D2D pairs, our
scheme is capable of stimulating all users to
share resources to deal with communication
interference much better. This confirms the
potential gains by utilizing social information in
resource allocation.

The system throughputs achieved by our sys-
tem are examined in Fig. 5b, where the system
throughputs attained by the three different
transmission modes are shown. In the simulation
we assume a general content downloading sys-
tem where mobile data are delivered from the
corresponding content servers to the users either
directly via cellular transmissions, or via D2D-
based transmissions through other users, which
is decided by the mode selections. From the
results we observe that the largest amount of
system throughput is obtained by the D2D mode,
which accounts for about 70.4 percent of the
total throughput when the content downloading
latency is 1000 s. It is also clear that most of the
D2D transmitted data are via the D2D oppor-
tunistic mode, and the importance of oppor-
tunistic transmission increases with the increase
of the content downloading latency. These
results demonstrate that D2D opportunistic
communication plays an important role in data
dissemination, and can significantly offload a
large amount of data from traditional cellular
transmission.

CONCLUSIONS

We have proposed a social-aware D2D commu-
nication architecture that exploits social network
properties for better cellular system design. With
the profound understanding and insight of the
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Figure 5. a) Comparison of the transmission efficiency in terms of sum rate achieved by the four resource allocation schemes;

b) system throughput of the investigated D2D communication underlaying cellular network.

interplay between social networks and mobile com-
munications, we have qualitatively analyzed how
the D2D communication can benefit from social
features, and quantitatively evaluated the huge
potential gains attainable in a practical social-
aware D2D communication system. Our study thus
opens a new research direction for designing the
next-generation social-aware D2D communication
underlaying cellular system.

ACKNOWLEDGMENTS

This work is supported by the National Basic
Research Program of China (973 Program) (No.
2013CB329001), National Nature Science Founda-
tion of China (No. 61301080, No. 61171065 and
No. 61273214), National High Technology
Research and Development Program (No.
2013AA013501 and No. 2013AA013505), Chinese
National Major Scientific and Technological Spe-
cialized Project (No. 2013ZX03002001), and
China’s Next Generation Internet (No. CNGI-12-
03-007).

REFERENCES

[1] S. Sesia, I. Toufik, and M. Baker, Eds. LTE — The UMTS
Long Term Evolution: From Theory to Practice, Wiley,
2009.

[2] K. Doppler et al., “Device-to-Device Communication as an
Underlay to LTE-Advanced Networks,” IEEE Commun.
Mag., vol. 47, no. 12, Dec. 2009, pp. 42-49.

[3] G. Fodor et al., “Design Aspects of Network Assisted
Device-to-Device Communications,” IEEE Commun. Mag.,
vol. 50, no. 3, Mar. 2012, pp. 170-77.

[4] L. Lei et al., "Operator Controlled Device-to-Device Com-
munications in LTE-Advanced Networks,” IEEE Wireless
Commun., vol. 19, no. 3, June 2012, pp. 96-104.

[5] D. J. Watts and S. H. Strogatz, “Collective Dynamics of
‘Small-World’ Networks,” Nature, vol. 393, no. 6684, June
1998, pp. 440-42.

[6] R. M. Bond et al., “A 61-Million-Person Experiment in
Social Influence and Political Mobilization,” Nature, vol.
489, no. 7415, Sept. 2012, pp. 295-8.

[7] P. Hui, J. Crowcroft, and E. Yoneki, “BUBBLE Rap: Social-
Based Forwarding in Delay-Tolerant Networks,” IEEE Trans.
Mobile Computing, vol. 10, no. 11, Nov. 2011, pp.
1576-89.

[8] B. Han et al., “Mobile Data Offloading through Opportunistic
Communications and Social Participation,” IEEE Trans. Mobile
Computing, vol. 11, no. 5, May 2012, pp. 821-34.

[9] X. Chen et al., “Social Trust and Social Reciprocity Based
Cooperative D2D Communications,” Proc. MobiHoc 13,
Bangalore, India, July 29-Aug. 1, 2013, pp. 187-96.

[10] N. Kayastha et al., “Applications, Architectures, and Pro-
tocol Design Issues for Mobile Social Networks: A Survey,”
Proc. IEEE, vol. 99, no. 12, Dec. 2011, pp. 2130-58.

[11] A. Anderson et al., “Effects of User Similarity in Social
Media,” Proc. 5th ACM Int’l. Conf. Web Search and Data
Mining, 2012, pp. 703-12.

[12] C. R. Shalizi and A. C. Thomas, “Homophily and Conta-
gion are Generically Confounded in Observational Social
Network Studies,” Sociological Methods & Research, vol.
40, no. 2, 2011, pp. 211-39.

[13] S. Aral and D. Walker, “Identifying Influential and Sus-
ceptible Members of Social Networks,” Science, vol. 337,
no. 6092, July 2012, pp. 337-41.

[14] N. Eagle and A. Pentland, “Reality Mining: Sensing Com-
plex Social Systems,” Personal and Ubiquitous Computing,
vol. 10, no. 4, May 2006, pp. 255-68.

[15] C. Xu et al., “Efficiency Resource Allocation for Device-to-
Device Underlay Communication Systems: A Reverse Itera-
tive Combinatorial Auction Based Approach,” IEEE JSAC,
vol. 31, no. 6, Sept. 2013, pp. 348-58.

BIOGRAPHIES

YONG LI [M"09] (liyong07 @tsinghua.edu.cn) received his B.S.
degree in electronics and information engineering from
Huazhong University of Science and Technology, Wuhan,
China, in 2007, and his Ph.D. degree in electronic engineering
from Tsinghua University, Beijing, China, in 2012. During July
to August in 2012 and 2013, he worked as a visiting research
associate in Telekom Innovation Laboratories (T-labs) and the
Hong Kong University of Science and Technology, respectively.
From December 2013 to March 2014, he visited the University
of Miami, Florida, as a visiting scientist. He is currently a fac-
ulty member of the Electronic Engineering Department at
Tsinghua University. His research interests are in the areas of
networking and communications, including mobile oppor-
tunistic networks, device-to-device communication, software-
defined networks, network virtualization, future Internet, and
others. He received the Outstanding Postdoctoral Researcher,
Outstanding Ph.D. Graduates, and Outstanding Doctoral The-
sis awards of Tsinghua University, and his research is granted
by the Young Scientist Fund of Natural Science Foundation of
China, Postdoctoral Special Fund of China, and industry com-
panies such as Hitachi and ZET. He has published more than
100 research papers, and has 10 granted and pending Chi-
nese and international patents. His Google Scholar Citation is
about 440 with H-index of 11, as well as more than 120 total
citations without self-citations in the Web of Science. He has
served as Technical Program Committee (TPC) Chair for the
Web Workshop of Simplex ‘13, and on the TPCs of several
international workshops and conferences. He is also a Guest

IEEE Communications Magazine * June 2014




Editor for ACM/Springer Mobile Networks & Applications,
Special Issue on Software-Defined and Virtualized Future
Wireless Networks. Currently, he is an Associate Editor of
the EURASIP Journal on Wireless Communications and Net-
working.

TING WU is currently a Ph.D. candidate in the Department
of Computer Science and Engineering at the Hong Kong
University of Science and Technology (HKUST). She is also a
member of the System and Media Lab, HKUST. She received
her M.S. from the School of Computer Science, Carnegie
Mellon University, and her B.E. from the University of Elec-
tronic Science and Technology of China. Her research inter-
ests include location-based social networks, spatio-temporal
data mining, and web data management.

PAN Hul received his Ph.D. degree from the Computer Labo-
ratory, University of Cambridge, and earned both his
M.Phil. and B.Eng. from the Department of Electrical and
Electronic Engineering, University of Hong Kong. He is cur-
rently a faculty member of the Department of Computer
Science and Engineering at HKUST, where he directs the
System and Media Lab. He also serves as a Distinguished
Scientist of Telekom Innovation Laboratories (T-labs) Ger-
many and an adjunct professor of social computing and
networking at Aalto University Finland. Before returning to
Hong Kong, he spent several years at T-labs and Intel
Research Cambridge. He has published more than 100
research papers, and has several granted and pending
European patents. He has founded and chaired several
IEEE/ACM conferences/workshops, and served on the TPCs
of numerous international conferences and workshops
including IEEE INFOCOM, SECON, MASS, GLOBECOM,
WCNC, and ITC.

DEPENG JIN received his B.S. and Ph.D. degrees from
Tsinghua University in 1995 and 1999, respectively, both in
electronics engineering. He is an associate professor at
Tsinghua University and vice chair of the Department of
Electronic Engineering. He was awarded the National Sci-
entific and Technological Innovation Prize (Second Class) in
2002. His research fields include telecommunications, high-
speed networks, ASIC design, and future Internet architec-
ture.

SHENG CHEN [M’90, SM’97, F'08] obtained his B.Eng. degree
from the East China Petroleum Institute, Dongying, in Jan-
uary 1982, and his Ph.D. degree from City University, Lon-
don, in September 1986, both in control engineering. In
2005, he was awarded a higher doctorate degree, D.Sc.,
from the University of Southampton, United Kingdom.
From 1986 to 1999, he held research and academic
appointments at the Universities of Sheffield, Edinburgh,
and Portsmouth, all in the United Kingdom. Since 1999, he
has been with the Department of Electronics and Comput-
er Science, University of Southampton, where he currently
holds the post of professor in intelligent systems and sig-
nal processing. He is a Distinguished Adjunct Professor at
King Abdulaziz University, Jeddah, Saudi Arabia. He is a
Chartered Engineer and a Fellow of IET. His recent research
interests include adaptive signal processing, wireless com-
munications, modeling and identification of nonlinear sys-
tems, neural network and machine learning, intelligent
control system design, and evolutionary computation
methods and optimization. He has published over 470
research papers. He is an ISI highly cited researcher in the
engineering category (March 2004).

158

IEEE Communications Magazine * June 2014




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Cadmus settings for Acrobat Distiller 9)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 2400
        /PresetName (Cadmus_Flattener_Presert)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


