IEEE COMMUNICATION SURVEYS & TUTORIALS, VOL. 16, NO. 4, FOURTH QUARTER 2014 1801

A Survey on Device-to-Device Communication
in Cellular Networks

Arash Asadi, Student Member, IEEE, Qing Wang, Student Member, IEEE, and Vincenzo Mancuso, Member, IEEE

Abstract—Device-to-device (D2D) communications was initially
proposed in cellular networks as a new paradigm for enhancing
network performance. The emergence of new applications such as
content distribution and location-aware advertisement introduced
new user cases for D2D communications in cellular networks. The
initial studies showed that D2D communications has advantages
such as increased spectral efficiency and reduced communication
delay. However, this communication mode introduces complica-
tions in terms of interference control overhead and protocols that
are still open research problems. The feasibility of D2D commu-
nications in Long-Term Evolution Advanced is being studied by
academia, industry, and standardization bodies. To date, there
are more than 100 papers available on D2D communications in
cellular networks, but there is no survey on this field. In this
paper, we provide a taxonomy based on the D2D communicating
spectrum and review the available literature extensively under
the proposed taxonomy. Moreover, we provide new insights into
the over-explored and under-explored areas that lead us to iden-
tify open research problems of D2D communications in cellular
networks.

Index Terms—Device-to-device communications, cellular net-
works, LTE, LTE-A.

I. INTRODUCTION

S telecom operators are struggling to accommodate the

existing demand of mobile users, new data intensive
applications are emerging in the daily routines of mobile users
(e.g., proximity-aware services). Moreover, 4G cellular tech-
nologies (WiMAX [1] and LTE-A [2]), which have extremely
efficient physical and MAC layer performance, are still lag-
ging behind mobile users’ booming data demand. Therefore,
researchers are seeking for new paradigms to revolutionize
the traditional communication methods of cellular networks.
Device-to-Device (D2D) communication is one of such
paradigms that appears to be a promising component in next
generation cellular technologies.

D2D communication in cellular networks is defined as direct
communication between two mobile users without traversing
the Base Station (BS) or core network. D2D communication
is generally non-transparent to the cellular network and it can
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Representative use-cases of D2D communications in cellular

occur on the cellular spectrum (i.e., inband) or unlicensed
spectrum (i.e., outband). In a traditional cellular network, all
communications must go through the BS even if both com-
municating parties are in range for D2D communication. This
architecture suits the conventional low data rate mobile services
such as voice call and text message in which users are not
usually close enough to have direct communication. However,
mobile users in today’s cellular networks use high data rate
services (e.g., video sharing, gaming, proximity-aware social
networking) in which they could potentially be in range for di-
rect communications (i.e., D2D). Hence, D2D communications
in such scenarios can highly increase the spectral efficiency of
the network. Nevertheless, the advantages of D2D communi-
cations are not only limited to enhanced spectral efficiency. In
addition to improving spectral efficiency, D2D communications
can potentially improve throughput, energy efficiency, delay,
and fairness.

In academia, D2D communication was first proposed in [3]
to enable multihop relays in cellular networks. Later the works
in [4]-[8] investigated the potential of D2D communications for
improving spectral efficiency of cellular networks. Soon after,
other potential D2D use-cases were introduced in the literature
such as multicasting [9], [10], peer-to-peer communication
[11], video dissemination [5], [12]—[14], machine-to-machine
(M2M) communication [15], cellular offloading [16], and so on.
The most popular use-cases of D2D communications are shown
in Fig. 1. The first attempt to implement D2D communication
in a cellular network was made by Qualcomm’s FlashLinQ
[17] which is a PHY/MAC network architecture for D2D com-
munications underlaying cellular networks. FlashLinQ takes
advantage of OFDM/OFDMA technologies and distributed
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Fig. 2. Schematic representation of overlay inband, underlay inband, and
outband D2D.

scheduling to create an efficient method for timing synchroniza-
tion, peer discovery, and link management in D2D-enabled cel-
lular networks. In addition to academia and telecommunication
companies, 3GPP is also investigating D2D communications
as Proximity Services (ProSe). In particular, the feasibility of
ProSe and its use-cases in LTE are studied in [18] and the
required architectural enhancements to accommodate such use-
cases are investigated in [19]. Currently, ProSe is supposed to
be included in 3GPP Release 12 as a public safety network
feature with focus on one to many communications [19]. A brief
overview of standardization activities and the fundamentals of
3GPP ProSe can be found in [20].

The majority of the literature on D2D communications pro-
poses to use the cellular spectrum for both D2D and cellular
communications (i.e., underlay inband D2D). These works
usually study the problem of interference mitigation between
D2D and cellular communication [8], [21]-[28]. In order to
avoid the aforementioned interference issue, some propose to
dedicate part of the cellular resources only to D2D communi-
cations (i.e., overlay inband D2D). Here, resource allocation
gains utmost importance so that dedicated cellular resources be
not wasted [29]. Other researchers propose to adopt outband
rather than inband D2D communications in cellular networks
so that the precious cellular spectrum be not affected by D2D
communications. In outband communications, the coordination
between radio interfaces is either controlled by the BS (i.e.,
controlled) or the users themselves (i.e., autonomous). Outband
D2D communication faces a few challenges in coordinating
the communication over two different bands because usually
D2D communication happens on a second radio interface (e.g.,
WiFi Direct [30] and Bluetooth [31]). The studies on outband
D2D investigate issues such as power consumption [32]-[36]
and inter-technology architectural design. Fig. 2 graphically
depicts the difference among underlay inband, overlay inband,
and outband communications.

A. Related Topics

Since D2D communication is a new trending topic in cellular
networks, there is no survey available on the topic. How-
ever, from an architectural perspective, D2D communications
may look similar to Mobile Ad-hoc NETworks (MANET) and
Cognitive Radio Networks (CRN). However, there are some
key differences among these architectures that cannot be ig-
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nored. Although there is no standard for D2D communications,
D2D communications in cellular network are expected to be
overseen/controlled by a central entity [e.g., evolved Node B
(eNB)]. D2D users may act autonomously only when the
cellular infrastructure is unavailable. The involvement of the
cellular network in the control plane is the key difference
between D2D, and MANET and CRN. The availability of
a supervising/managing central entity in D2D communica-
tions resolves many existing challenges of MANET and CRN
such as white space detection, collision avoidance, and syn-
chronization. Moreover, D2D communication is mainly used
for single hop communications, thus, it does not inherit the
multihop routing problem of the MANET. An extensive sur-
vey on spectrum sensing algorithms for cognitive radio ap-
plications and routing protocols for MANET can be found
in [37] and [38], respectively. M2M communication [39]-
[41] is another architecture that might benefit from D2D-like
schemes. M2M is the data communication between machines
that does not necessarily need human interaction. Although
M2M, similarly to D2D, focuses on data exchange between
(numerous) nodes or between nodes and infrastructure, it does
not have any requirements on the distances between the nodes.
So, M2M is application-oriented and technology-independent
while D2D aims at proximity connectivity services and it is
technology-dependent.

B. Contributions and Organization of the Survey

In this paper, we provide an extensive review of available
literature on D2D communications, which is the first of its
kind. Moreover, we provide new insights to the existing works
which lead us to the under-explored open issues. In Section II,
we categorize the available literature based on our proposed
taxonomy. In Sections III and IV, we review the works using
inband D2D. The papers proposing to use outband D2D are sur-
veyed in Section V. After reviewing the available literature, we
discuss the state-of-the-art protocol proposals and provide an
overview of 3GPP ProSe services in Section VI. In Section VII,
we provide a discussion on the common assumptions of the sur-
veyed literature, the advantages and disadvantages of different
approaches, the maturity of the field, and its emergence into the
real world systems. In addition, this section sheds light on the
open issues and potential research directions in D2D communi-
cations. Finally, we conclude the paper in Section VIII.

II. TAXONOMY

In this section, we categorize the available literature on D2D
communication in cellular networks based on the spectrum in
which D2D communication occurs. In the following subsection
we provide a formal definition for each category and sub-
category. Next, we provide a quick overview of the advantages
and disadvantages of each D2D method.

Inband D2D: The literature under this category, which con-
tains the majority of the available work, proposes to use the cel-
lular spectrum for both D2D and cellular links. The motivation
for choosing inband communication is usually the high control
over cellular (i.e., licensed) spectrum. Some researchers (see,
e.g., [6], [42]) consider that the interference in the unlicensed
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spectrum is uncontrollable which imposes constraints for QoS
provisioning. Inband communication can be further divided
into underlay and overlay categories. In underlay D2D commu-
nication, cellular and D2D communications share the same ra-
dio resources. In contrast, D2D links in overlay communication
are given dedicated cellular resources. Inband D2D can improve
the spectrum efficiency of cellular networks by reusing spec-
trum resources (i.e., underlay) or allocating dedicated cellular
resources to D2D users that accommodates direct connection
between the transmitter and the receiver (i.e., overlay). The
key disadvantage of inband D2D is the interference caused by
D2D users to cellular communications and vice versa. This
interference can be mitigated by introducing high complexity
resource allocation methods, which increase the computational
overhead of the BS or D2D users.

Outband D2D: Here, the D2D links exploit unlicensed spec-
trum. The motivation behind using outband D2D communi-
cation is to eliminate the interference issue between D2D
and cellular link. Using unlicensed spectrum requires an extra
interface and usually adopts other wireless technologies such
as WiFi Direct [30], ZigBee [43] or Bluetooth [31]. Some of
the work on outband D2D (see, e.g., [12], [13], [32], [33])
suggest to give the control of the second interface/technology
to the cellular network (i.e., controlled). In contrast, others
(see, e.g., [36]) propose to keep cellular communications con-
trolled and leave the D2D communications to the users (i.e.,
autonomous). Outband D2D uses unlicensed spectrum which
makes the interference issue between D2D and cellular users
irrelevant. On the other hand, outband D2D may suffer from
the uncontrolled nature of unlicensed spectrum. It should be
noted that only cellular devices with two wireless interfaces
(e.g., LTE and WiFi) can use outband D2D, and thus users can
have simultaneous D2D and cellular communications.

Fig. 3 illustrates the taxonomy introduced for D2D commu-
nications in cellular networks. In the following sections, we
review the related literature based on this taxonomy.

III. UNDERLAYING INBAND D2D

Early works on D2D in cellular networks propose to reuse
cellular spectrum for D2D communications. To date, the ma-
jority of available literature is also dedicated to inband D2D,
especially D2D communications underlaying cellular networks.
In this section, we review the papers that employ underlaying
D2D to improve the performance of cellular networks, in terms
of spectrum efficiency, energy efficiency, cellular coverage, and
other performance targets.

A. Spectrum Efficiency

By exploiting the spatial diversity, underlaying inband D2D
is able to increase the cellular spectrum efficiency. This can

|

Outband D2D

[ |

Controlled Autonomous

be done by proper interference management, mode selection,
resource allocation and by using network coding.

Interference between the cellular and D2D communications
is the most important issue in underlaying D2D communica-
tions. Good interference management algorithms can increase
the system capacity, and have attracted a lot of attention [4],
[8], [23], [26], [27], [44], [45]. The authors of [4] propose to
use cellular uplink resources for D2D communications. Since
reusing uplink resources for D2D users can cause interference
to cellular uplink transmissions at the BS, D2D users monitor
the received power of downlink control signals to estimate the
pathloss between D2D transmitter and the BS. This helps the
D2D users to maintain the transmission power below a thresh-
old to avoid high interference to cellular users. If the required
transmission power for a D2D link is higher than the minimal
interference threshold, the D2D transmission is not allowed.
The authors also propose to use dynamic source routing [46]
algorithm for routing among D2D users in case of multi-hop
communications. The simulations show that probability of hav-
ing D2D links increases with stronger pathloss component. This
is because the stronger the pathloss, the weaker the interference
caused by D2D transmission at the BS. In [8], the authors
also study the uplink interference between D2D and cellular
users and propose two mechanisms to avoid interference from
cellular users to D2D users and vice versa. In order to reduce
the interference from cellular users to D2D communications,
D2D users read the resource block allocation information from
the control channel. Therefore, they can avoid using resource
blocks that are used by the cellular users in the proximity. The
authors propose to broadcast the expected interference from
D2D communication on a cellular resource block to all D2D
users. Hence, the D2D users can adjust their transmission power
and resource block selection in a manner that the interference
from D2D communication to uplink transmission is below the
tolerable threshold. The authors show via simulation that the
proposed mechanisms improve the system throughput by 41%.?

Zhang et al. [25] propose a graph-based resource allocation
method for cellular networks with underlay D2D communica-
tions. They mathematically formulate the optimal resource al-
location as a nonlinear problem which is NP-Hard. The authors
propose a suboptimal graph-based approach which accounts
for interference and capacity of the network. In their proposed
graph, each vertex represents a link (D2D or cellular) and each
edge connecting two vertices shows the potential interference
between the two links. The simulation results show that the

n general, mode selection involves choosing between cellular mode (i.e.,
the BS is used as a relay) and D2D mode (i.e., the traffic is directly transmitted
to the receiver).

2Note that the numerical performance gains reported in this article may have
been obtained under different simulation/experiment settings which are specific
to the cited work.
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graph-based approach performs close to the throughput-optimal
resource allocation.

In [23], a new interference cancellation scheme is designed
based on the location of users. The authors propose to allocate
a dedicated control channel for D2D users. Cellular users listen
to this channel and measure the SINR. If the SINR is higher
than a pre-defined threshold, a report is sent to the eNB.
Accordingly, the eNB stops scheduling cellular users on the
resource blocks that are currently occupied by D2D users. The
eNB also sends broadcast information regarding the location of
the users and their allocated resource blocks. Hence, D2D users
can avoid using resource blocks which interfere with cellular
users. Simulation results show that the interference cancellation
scheme can increase the average system throughput up to 374%
in comparison to the scenario with no interference cancellation.
Janis et al. address a similar solution in [26], where the D2D
users also measure the signal power of cellular users and inform
the BS of these values. The BS then avoids allocating the same
frequency-time slot to the cellular and D2D users which have
strong interference with each other, which is different from
[23]. The proposed scheme of [26] minimizes the maximum
received power at D2D pairs from cellular users. The authors
first show via numerical results that D2D communications with
random resource allocation can increase the mean cell capac-
ity over a conventional cellular system by 230%. Next, they
show that their proposed interference-aware resource allocation
scheme achieves 30% higher capacity gain than the random
resource allocation strategy.

The work in [27] proposes a new interference management
in which the interference is not controlled by limiting D2D
transmission power as in the conventional D2D interference
management mechanisms. The proposed scheme defines an
interference limited area in which no cellular users can occupy
the same resources as the D2D pair. Therefore, the interfer-
ence between the D2D pair and cellular users is avoided.
The disadvantage of this approach is reducing multi-user di-
versity because the physical separation limits the scheduling
alternatives for the BS. However, numerical simulations prove
that the capacity loss due to multi-user diversity reduction is
negligible compared to the gain achieved by their proposal. In
fact, this proposal provides a gain of 129% over conventional
interference management schemes. A similar method is also
considered in [44], where interference limited areas are formed
according to the amount of tolerable interference and minimum
SINR requirements for successful transmission. The proposed
scheme consists in: (7) defining interference limited areas where
cellular and D2D users cannot use the same resource; and (if)
allocating the resources in a manner that D2D and cellular
users within the same interference area use different resources.
The simulation results show that the proposed scheme performs
almost as good as Max-Rate [47] and better than conventional
D2D schemes.

Yu et al. [45] propose to use Han-Kobayashi rate splitting
techniques [48] to improve the throughput of D2D commu-
nications. In rate splitting, the message is divided into two
parts, namely, private and public. The private part, as the name
suggests, can be decoded only by the intended receiver, and the
public part can be decoded by any receiver. This technique helps
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D2D interference victims to cancel the interference from the
public part of the message by running a best-effort successive
interference cancellation algorithm [49]. The authors also ana-
lytically solve the rate-splitting problem in a scenario with two
interfering links. Finally, they show via numerical simulations
that their rate splitting proposal increases the cell throughput up
to 650% higher when the D2D pair is placed far from the BS
and close to each other.

Doppler et al. study different aspects of D2D communica-
tions in cellular networks in [5], [6], [50], [51]. They study the
session and interference management in D2D communications
as an underlay to LTE-A networks in [5]. In this paper, they
mainly discuss the concepts of D2D and provide a first order
protocol for the necessary functionality and signaling. They
use numerical simulations to show that D2D enabled cellular
networks can achieve up to 65% higher throughput than con-
ventional cellular networks. In [50], they study the problem
of mode selection (i.e., cellular or D2D) in LTE-A cellular
networks. They propose to estimate the achievable transmission
rate in each mode by utilizing the channel measurements per-
formed by users. After the rate estimation, each user chooses
the mode which results in a higher transmission rate at each
scheduling epoch. The simulations show that their proposal has
50% gain on system throughput over the conventional cellular
communications.

To improve the capacity of cellular networks, the authors of
[7] propose a joint D2D communication and network coding
scheme. They consider cooperative networks [52], [53], where
D2D communication is used to exchange uplink messages
among cellular users before the messages are transmitted to
the BS. For example, cellular users a and b exchange their
uplink data over D2D link. Then each user sends the coded
data containing the original data from both users to the BS.
Here, the interference is controlled using the interference-aware
algorithm proposed in [26]. They show that random selection
of cooperative users is not efficient because the combination
of users’ channel qualities may not be suitable for network
coding. To overcome this inefficiency, they propose to group
the users with complementary characteristics to enhance the
performance of network coding. Using numerical simulation,
they show that their proposal increases the capacity by 34%
and 16%, in comparison to random selection and decode-and-
forward relaying schemes, respectively. Moreover, they show
that multi-antenna capability reduces the impact of interference
from the BS and increases the number of D2D users by 30%.

The authors of [29] consider a single cell scenario including
a cellular user (CU,) and a D2D pair (DU, and DU,.). DU, and
DU, communicate with each other over the D2D link and CU,,
communicates with the BS by using DUy, as a relay (see Fig. 4).
The relay (i.e., DUjp) can communicate bi-directionally with
the other D2D user DU,, as well as assisting the transmission
between the BS and the cellular user CU,,. The time is divided
into two different periods: (i) during the first period, DU, and
either the BS or CU, send data to DU; concurrently; and
(if) during the second period, DU, sends data to DU, and either
the BS or CU,,. The authors investigate the achievable capacity
region of the D2D and the cellular link. Simulation results show
that by adjusting the power of BS and cellular device, the area
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the BS and CU,.
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of capacity region of the D2D link and BS-device link can be
enlarged by up to 60%.

Xu et al. in [54] consider the sum-rate optimization in a
single cell scenario with underlayed D2D communications. Us-
ing underlay D2D communication, the network can suffer from
intra-cell interference. They adopt the iterative combinatorial
auction game in their proposed spectrum resource allocation
mechanism. In this game, spectrum resources are considered
to be bidders that compete to obtain business and D2D links
are considered as goods or services that are waiting to be
sold. The authors formulate the valuation of each resource
unit for groups of D2D links. Based on this, they propose a
non-monotonic descending price auction algorithm and show
that the proposed algorithm can converge in a finite number
of iterations. Moreover, the complexity of their proposal is
lower than traditional combinatorial allocation schemes. In the
simulation, the authors use WINNER II channel models [55]
and the simulation results show that the proposed scheme can
improve the sum-rate up to 13%, which varies with the number
of spectrum resource units.

Summary: The surveyed literature in this subsection showed
that D2D communication can improve the spectrum efficiency
greatly. This improvement can be achieved by exploiting
techniques such as interference reduction among cellular and
D2D users [4], [8], [23], [26], [45], [50], [54] or interference
aware/avoidance [7], [25], [27], [44]. Among these papers, [7],
[25] and [54] adopt more advanced mathematical techniques
than the others. The proposed methods in these papers can be
either self-organized [4] or network controlled [7], [8], [23],
[25]-[27], [44], [45], [50], [54]. The self-organized methods
proposed in [4] introduce less overhead and are more efficient
in comparison to network-controlled methods. It should also
be noted that using advanced mathematical techniques, such as
nonlinear programming [25] and game theory [54], can result
in higher gain than simpler interference reduction/avoidance
methods based on heuristics. However, they also introduce
higher computational overhead which should be taken into
account when comparing the performances of the proposals.

B. Power Efficiency

Power efficiency enhancement techniques for D2D-enabled
cellular networks is also a very interesting research topic.
Xiao et al. [56] propose a heuristic algorithm for power al-
location in OFDMA-based cellular networks. They propose a
heuristic that performs power allocation and mode selection
using the existing subcarrier and bit allocation algorithms in
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[57] and [58]. The heuristic first allocates the resources for
the cellular users and then performs resource allocation and
mode selection for D2D users. If the required power level
of D2D transmission is higher than a certain threshold, the
D2D pair communicates through the BS. Via simulations, they
show that the integration of their proposed heuristic with the
existing algorithms in [57], [58] improves the downlink power
consumption of the network around 20% in comparison to the
traditional OFDMA system without D2D.

The authors of [59] propose an algorithm for power alloca-
tion and mode selection in D2D communication underlaying
cellular networks. The algorithm measures the power efficiency,
which is a function of transmission rate and power consump-
tion, of the users in different modes (cellular and D2D). After
computing the power efficiency, each device uses the mode in
which it achieves higher power efficiency. The drawback of this
algorithm is that the controller should perform an exhaustive
search for all possible combinations of modes for all devices.
The authors benchmark their algorithm against the scheme of
[60] in which two users communicate over D2D link only if
their pathloss is lower than the pathlosses between each user
and the BS. The simulation results indicate that their algorithm
achieves up to 100% gain over the scheme proposed in [60].

The authors of [61] aim to minimize the overall transmission
power in a multi-cell OFDM cellular network. They assume a
multi-cell scenario in which the BS serves a fixed number of
cellular and D2D users. The authors formulate the problem of
joint mode selection, resource allocation, and power allocation
through linear programming which is proven to be NP-Hard
in a strong sense [62]. Due to the complexity of linear pro-
gramming, the authors decide to consider the power allocation
in a single cell and propose a heuristic algorithm to solve it.
They use a distributed sub-optimal heuristic which performs
mode selection and resource allocation in a single cell scenario.
The performance of the heuristic is compared with other two
schemes: (i) cellular mode in which transmission should go
through the BS; and (if) D2D mode in which all D2D users
can only communicate directly and passing through the BS is
not allowed. The authors provide simulation results showing
that the gain of power efficiency of the proposed method over
conventional cellular networks is significant (up to 100%) when
the distance between D2D users is less than 150m.

Summary: It was observed in this subsection that D2D
communication can result in increased power efficiency of the
network. A common technique to achieve this is to dynamically
switch between cellular and D2D modes. The authors in [56]
and [61] propose heuristic algorithms to solve the mode se-
lection problem, while [59] employs the brute-force technique.
The performance of the method in [59] is thus better than those
in the other two, but it also requires much more computation.

C. Performance With QoS/Power Constraints

There are many works which focus on the improving the
system performance while maintaining certain QoS/power con-
straints [63]-[68]. The authors of [63] propose a resource
allocation method for D2D communication underlaying cellular
network, which guarantees QoS requirements for both D2D
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and cellular users. They mathematically formulate the resource
allocation problem, which is a nonlinear constraint optimization
problem. They divide the problem into three subproblems.
First, the BS checks the feasibility of the D2D connection
based on the SINR requirements (admission control). Next,
they formulate the optimal power control for the D2D pair.
Finally, a maximum-weight bipartite matching based scheme
[69] is used for resource allocation for cellular and D2D users.
The authors benchmark their proposed algorithm against the
works in [4], [26], [70] via numerical simulations. The results
show that their approach provides up to 70% throughput gain
over the algorithms proposed in [4], [26], [70].

The authors of [64] consider the mode selection and resource
allocation in D2D communications underlay cellular networks,
where several pairs of D2D links co-exist with several cellular
users. They formulate the problem of maximizing the system
throughput with minimum data rate requirements, and use the
particle swarm optimization [71] method to obtain the solu-
tions. The simulation results show that the proposed method
has 15% throughput gain over the orthogonal resource sharing
scheme (i.e., overlay D2D which will be explained later), where
the achievable gain varies with the distance of D2D users.
Simulation results also show that this method can improve the
system performance under the constraint of minimum data rate
of users.

The authors of [65] consider the scheduling and mode selec-
tion problem for D2D in OFDMA networks. They assume that
the system time is slotted and each channel is divided into sub-
channels. They formulate the problem of maximizing the mean
sum-rate of the system with QoS satisfaction as a stochastic
optimization problem, and use the stochastic sub-gradient algo-
rithm to solve it. From the solution, they design a sub-channel
opportunistic scheduling algorithm that takes into account the
CSI of D2D and cellular links as well as the QoS requirement of
each D2D user. The numerical results show that the mean sum-
rate can be improved by up to 500%. This gain increases when
the average D2D pair distance reduces. Moreover, with the D2D
communication, the fairness among users can be achieved with
the QoS requirement specified for each user.

In [66], a two-phase resource allocation scheme for cellular
network with underlaying D2D communications is proposed.
The authors first formulate the optimal resource allocation pol-
icy as an integer programming problem [72] which is NP-Hard.
Hence, they propose a two-phase low-complexity suboptimal
solution instead of the NP-Hard problem. In the first phase, they
extend the technique used in [73] to perform optimal resource
allocation for cellular users. In the second phase, they use a
heuristic subchannel allocation scheme for D2D flows which
initiates the resource allocation from the flow with minimum
rate requirements. The heuristic also accounts for a D2D power
budget (i.e., a D2D transmission power that does not impact the
transmission rate of cellular flows) in the subchannel allocation
for D2D flow.

The authors of [67] and [68] consider a single cell scenario
where a cellular user and two D2D users share the same radio
resources. They assume that the BS is aware of the instanta-
neous Channel State Information (CSI) of all the links and it
controls the transmit power and the radio resources of the D2D
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links. The objective is to optimize the sum-rate with energy/
power constraint, under three different link sharing strategies,
i.e., non-orthogonal sharing mode, orthogonal sharing mode,
and cellular mode. The authors show analytically that an op-
timal solution can be given either in closed-form or can be
chosen from a set. The numerical simulation for single-cell
[67] and [68], and multi-cell [68] scenarios illustrates that
under their proposed algorithm, the D2D transmission will not
bring much interference to the cellular transmission. Moreover,
the interference-aware resource allocation increases the system
sum-rate by up to 45%. Similar scenario and objective are
considered in [21]. The difference among [21], [67] and [68]
is that in [21] the BS is only aware of the average CSI of the
links, whereas in [67] and [68] it is aware of the instantaneous
CSI of links.

Summary: Improving the performance of D2D-enabled cel-
lular systems with QoS/power constraints usually requires ad-
vanced techniques such as stochastic optimization, nonlinear
programming, and integer optimization. As expected, the solu-
tion of these approaches and their derived sub-optimal heuristic
can indeed improve the system performance with QoS/power
constraints. However, they do not seem to be a good candi-
date for time-stringent application with limited computational
capacity. Nonetheless, the authors of [67] and [68] derived
the closed-form of the optimal solution, that in fact reduces
the computational complexity. It should be noted that their
considered scenario only consist of a cellular user and a D2D
pair which is not practical in reality.

D. Miscellaneous

In addition to spectrum efficiency, power efficiency, and
system performance with different constraints, there are some
other interesting works aiming to enhance the fairness [22],
spectrum utility [74], cellular coverage[75] and reliability [76],
[77]. The authors of [74] aim to improve the user spectrum
utility through mode selection and power allocation, where
the spectrum utility is defined as the combination of users’
data rates, power expenditure and bandwidth. As for the mode
selection, the users can choose to transmit in BS or D2D
modes. In BS mode, D2D transmitter and receiver communicate
through the BS as in the conventional cellular system. In D2D
mode, D2D transmitter directly communicates with the receiver
using the cellular resources as in underlay D2D communica-
tion. The authors first derive the optimal transmission power
for the above mentioned modes, and then use evolutionary
game [78] to obtain the model selection. Each user performs
mode selection individually and independently. The BS collects
users’ mode selection decisions and broadcasts this information
to all users to help them for future mode selections. Numerical
results show that, via the proposed method, the spectrum utility
can be improved by up to 33% and 500%, when compared to
solely BS mode and D2D mode, respectively.

Xu et al. in [22] propose a resource allocation method based
on sequential second price auction for D2D communications
underlaying cellular networks. In a second price auction, the
winner pays as much as the second highest bid. In the proposed
auction, each resource block is put on auction and D2D pairs
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should bid for the resource blocks that they want to occupy.
Therefore, each D2D pair makes a bidding for every resource
block and the bidding values are a function of achievable
throughput of the bidding D2D pair on the auctioned resource
block. Simulation results show that the achievable throughput
of their proposal is at least 80% of the optimal resource al-
location strategy. The results also illustrate that the proposal
achieves a fairness index around 0.8 and system sum-rate
efficiency higher than 85%.

D2D communication is also a promising way to enlarge
the cellular coverage and improve the performance of cell
edge users, e.g., the authors of [75] propose a method to use
nodes as virtual infrastructure to improve system capacity and
system coverage. A node within the BS service range can be
assigned a relay node depending on the network conditions and
traffic requirements. Nodes close to each other are separated
into different groups, and the BS serves the groups using
the Round Robin scheduling policy to mitigate interference.
Through Monte Carlo simulation techniques for both uplink
and downlink, the authors show that the throughput of cell edge
users can be improved from 150% to 300%. The cell coverage
can also be enlarged with significant data rates.

Yang et al. in [79] propose an architecture to setup D2D
links for LTE-A based system, which is seldom considered
by other researchers. This architecture includes a reference
point between the D2D-enabled users to support proximity
measurement, D2D channel state measurements, and D2D
data transmission. A D2D bearer that offloads traffic from the
Evolved Packet System (EPS) bearer is also included to provide
the direct traffic path between users. The authors propose to
include a function in the Packet data Gateway (P-GW) for prox-
imity services. In addition, a protocol architecture is proposed
to manage the D2D bearer and support D2D enhancement.
Through an example, the authors present the detailed procedure
to offload data from cellular-user links to D2D links.

Min et al. in [76] try to improve the reliability of D2D
communications through receive mode selection. They consider
three receive modes in cellular networks with underlay D2D
communications: (i) the D2D receiver decodes the desired
signal directly while treating other signals as noise [80]; (if) the
D2D receiver conceals other signals first and then decodes the
desired signal [81]; and (iii) the BS retransmits the interference
from cellular communication to the D2D receiver. The last
mode is proposed by the authors to improve the reliability of the
D2D link. The paper investigates the outage probability under
these three receive modes and provides closed-form results for
computing outage probability. Each D2D user can separately
calculate the outage probability for each receive mode using
the closed-from formulas provided from the analysis. At each
time instant, the users dynamically choose the best mode
(i.e., the mode with the lowest outage probability). In order
to reduce the energy consumption of the mobile device, the
BS performs the outage probability calculations and sends
the results to each user. However, this approach increases the
computational overhead of the BS. Numerical results show that
the outage probability can be improved by up to 99% under
the proposed receive method, which increases the reliability of
D2D communications.
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To ensure the reliability of cellular users, the authors of
[77] propose a scheme that does not cause outage for cellular
users. They state that assuming D2D users have knowledge of
the location and channel state of cellular users is not feasible
in a real system. Therefore, they design a distributed power
control scheme that leverages a predefined interference margin
of cellular users. Then, D2D users adjust their power level in
such a way that their transmission does not exceed the inter-
ference margin of cellular users. D2D power adjustment can
be done if the interference margin and estimating the channel
gain between D2D user and the BS are known. The authors also
propose to use distributed source routing algorithm to perform
multi-hop D2D communication in the network. Simulation
results indicate that the outage probability of D2D links reduces
as the pathloss component of the D2D link increases.

Han er al. in [82] consider the uplink channel reuse in a
single-cell network. The aim is to maximize the number of
admitted D2D links while minimizing the average interference
caused by D2D links. The authors formulate the problem as a
nonlinear programming and design a heuristic algorithm based
on the Hungarian algorithm [83]. Their simulation results show
that the performance of the proposed heuristic algorithm can
be as good as the optimal solution. However, from the results
we can see that the number of admitted D2D links under the
proposed algorithm does not increase greatly as compared to a
random D2D link allocation (maximum one D2D link, which is
less than 10%).

The authors of [15] propose to use D2D communication
to accommodate M2M communications in cellular networks.
They state that M2M communications usually need low data
rate but they are massive in numbers, which leads to highly
increased control overhead. Moreover, M2M communication is
usually handled by a random medium access technique, which
is susceptible to congestion and limited by number of con-
tending users [84]-[88]. Therefore, the authors in [15] propose
to use network-assisted D2D communication among several
machines and a cellular device. Next, the cellular device is used
to relay M2M traffic to the BS. This approach can significantly
reduce the overhead for the BS. The authors show via numerical
simulations that their approach achieves 100% gain over the
scheme that does not make use of D2D communications.

The work in [9] proposes a hybrid automatic repeat request
(HARQ) for multicast in D2D enabled cellular networks. The
idea is to divide users into clusters, and have the BS broadcast
packets to all devices within a cluster. In each cluster there is
a Cluster Header (CH). A non-CH user that fails to receive the
broadcast packet reports NACK to the CH via the D2D link.
The CH can report the status of the broadcast transmission to
the BS via a message stating one of the following states: (i) an
All_ACK message that represents all the users within the
cluster have successfully received the broadcast packet; (ii) an
All_NACK message representing that all the users within the
cluster have failed to receive the broadcast packet, so that the
BS has to re-broadcast the packet; (iii) a Self_ACK message
representing that the CH has successfully received the packet
but at least another user has failed to receive it. The CH
then transmits the packet to those that have failed to receive
it; and (iv) a Self_NACK message representing that the CH
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has failed to receive the frame but at least another user has
successfully received it. Then the CH will choose a user that
has received the packet to transmit the packet to those that
have failed to receive it. This method highly reduces the
frame loss ratio of the feedback (NACK/ACK) from devices
compared to the method where each device sends an ACK/
NACK to the BS. Therefore, the performance of multicast is
improved.

In [16], D2D communication is used for content distribution
in cellular networks. The authors propose a location-aware
scheme which keeps track of the location of users and their
requests. For example, if the BS receives a request from user a
for a content which is available in the cache of a nearby user b,
it instructs user b to send the content via D2D link to user a.
Using this method, the BS does not require to re-transmit
a content which has been already transmitted. The amount
of bandwidth saved with D2D communications can be used
for future or pending transmissions. Using this approach, we
can potentially reduce the transmission delay and increase the
capacity of the network. It should be noted that keeping track of
users’ location and their cached traffic can lead to high control
overhead. Moreover, the location tracking method should be
optimized so that the battery of cellular device is not drained
by the GPS.

Summary: In this subsection, the surveyed literature focused
on various metrics and use-cases. Some employed advanced
mathematical techniques such as game theory to improve sys-
tem performance in terms of fairness [22] or spectrum uti-
lization [74]. Using advanced mathematical techniques such as
stochastic Lyapunov optimization [91] and dynamic program-
ming might lead to increased complexity but they are indeed
effective enhancement approaches which give the researchers
insight to evaluation of other metrics such as queue stability
and packet transfer time. The authors of [5] provide the first
protocol for signaling and other functionality in D2D-enabled
networks. This helps greatly the researchers and engineers who
plan to implement D2D in the real world. Nevertheless, the
evaluation scenario in [5] can be enhanced to a more realistic
setup. Other papers focus on exploiting new use-cases of D2D
communication, such as multicast [9] and content distribution
[16]. Although most of these papers have not used advanced
mathematical tools, their proposals lead to high performance
gains. Moreover, D2D communication appears to be a viable
candidate for applications such as proximity peer-to-peer gam-
ing and social networking.

Finally, a summary of the works on underlay D2D commu-
nication in cellular networks is provided in Table I, in terms of
metrics, use-cases, analytical tools, evaluation method, scope,
and achieved performances.

IV. OVERLAYING INBAND D2D

Different from the works reviewed in the previous subsec-
tion, the authors of [10], [14], [92] propose to allocate dedicated
resources for D2D communications. This approach eliminates
the concerns for interference from D2D communications on
cellular transmissions, but reduces the amount of achievable
resources for cellular communications.
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In [92], Fodor et al. elaborate on the challenges of D2D com-
munications in cellular networks and suggest to control D2D
communications from the cellular network. They claim that net-
work assistance can solve the inefficiencies of D2D communi-
cations in terms of service and peer discovery, mode selection,
channel quality estimation, and power control. In a conven-
tional peer and service discovery method, D2D users should
send beacons in short intervals and monitor multiple channels
which is very energy consuming. However, this process can
become more energy efficient if the BS regulates the beaconing
channel and assists D2D users so that they do not have to follow
the power consuming random sensing procedure. BS assistance
also improves the scheduling and power control which reduces
the D2D interference. The authors use simple Monte-Carlo
simulation to evaluate the performance of D2D communica-
tions. The results show that D2D can increase the energy
efficiency from 0.8 bps/Hz/mW to 20 bps/Hz/mW in the best
case scenario where the distance between D2D users is 10 m.

The authors of [14] propose the incremental relay mode for
D2D communication in cellular networks. In the incremental
relay scheme, D2D transmitters multicast to both the D2D
receiver and BS. In case the D2D transmission fails, the BS
retransmits the multicast message to the D2D receiver. The
authors claim that the incremental relay scheme improves the
system throughput because the BS receives a copy of the D2D
message which is retransmitted in case of failure. Therefore,
this scheme reduces the outage probability of D2D transmis-
sions. Although the incremental relay mode consumes part
of the downlink resources for retransmission, the numerical
simulation results show that this scheme still improves the cell
throughput by 40% in comparison to underlay mode.

In [10], D2D communication is used to improve the per-
formance of multicast transmission in cellular networks. Due to
wireless channel diversity, some of the multicast group mem-
bers (i.e., cluster) may not receive the data correctly. The authors
propose to use D2D communications inside the clusters to en-
hance the multicast performance. Specifically, after every multi-
cast transmission, some of the members which manage to decode
the message will retransmit it to those which could not decode
the message. Unlike the prior work in [93] and [94] where there
is only one predefined retransmitter, the number of retransmit-
ters in [10] changes dynamically to maximize the spectral ef-
ficiency. The authors show via numerical simulations that their
proposed algorithm consumes 90% less spectrum resources in
comparison to the scenario with only one retransmitter.

Summary: In this subsection, we surveyed the works which
proposed to use dedicated resources for D2D communications.
A BS-assisted scheduling and D2D power control was proposed
in [92] in order to reduce D2D interference. Differently, the
authors of [10] and [14] focus on relaying use-case of D2D.
Specifically, [14] proposes to use the BS as a relay (backup re-
transmitter) for the D2D transmission and [10] uses multiple
D2D users as relays (re-transmitters) for multicasting. Both
methods proposed in [10] and [14] have low complexity which
makes them practical for real world scenarios. The algorithm
proposed in [92] is much more complex, and it exhibits very
high performance when the maximal distance between D2D
users is short.
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TABLE 1

SUMMARY OF THE LITERATURE PROPOSING UNDERLAYING INBAND D2D
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| Proposal | Analytical tools | Platform | Direction | Use-case | Evaluation | Achieved performance ‘
Improving spectrum -Chen-Stein method -WiMax -Uplink -Content -Numerical -System throughput can be improved
efficiency [7], [8], [23] -Zipf distribution -CDMA -Downlink distribution simulation from 16% to 374% compared with
[41, [26], [27], [44] -Integer/linear -LTE -Uplink/ -File sharing | -System-level conventional cellular networks under
[51, [451, [501, programming -LTE-A downlink -Video/file simulation Common scenarios
291, [54], [70], [89] -Mixed integer exchange -Throughput can be improved up to
nonlinear 650% when D2D users are far away
programming from the BS
-Convex optimization -Number of admitted D2D users
-Bipartite Matching can be increased up to 30%
-Kuhn-Munkres
algorithm
-Han-Kobayashi
-Newton’s method
-Lagrangian
multipliers
-Graph theory
-Auction algorithm
-Particle swarm
optimization
Improving power -Heuristic algorithms | -LTE -Uplink -System-level | -Power efficiency can be improved
efficiency [56], [59] -Exhaustive search -LTE-A -Downlink simulation from 20% to 100% compared with
[61], [67] -Linear programming | -OFDMA | -Uplink/ conventional cellular networks
downlink
Improving performance | -Heuristic algorithms | -LTE -Uplink -VOIP/FTP -Numerical -From 15% to 70% throughput gain
with QoS/power -Bipartite Matching -LTE-A -Downlink simulation with QoS constraint
constraints [63], [64] -Kuhn-Munkres -System-level | - From 45% to 500% sum-rate gain
[65]-[68] algorithm simulation with QoS/power constraint
Improving fairness [22] | -Auction algorithm -Downlink -System-level | -A fairness index around 0.8
simulation
Improving cellular -LTE -Uplink/ -Numerical -Throughput of cell edge users can
coverage [75] -LTE-A downlink simulation be improved up to 300%
-Cell coverage is also enlarged
up to 20%
Supporting setup of -Protocol -LTE-A -Uplink/ -D2D link
D2D [79] downlink setup
Improving reliability -Numerical -Outage probability reduces by 99%
[76], [77] simulation
Increasing the number -Mixed-integer -LTE -Uplink -System-level | -Number of admitted D2D links is
of concurrent D2D nonlinear simulation increased up to 10% compared to
links [82] programming random D2D link allocation
-Hungarian algorithm
-Heuristic algorithm
Offloading traffic [16] -Offloading -System-level
traffic simulation
Improving performance -LTE -Uplink/ -Multicast -Numerical -Frame loss ratio of feedback is
of multicast [9], [90] -LTE-A downlink simulation reduced by 80%
-System-level
simulation
TABLE 1I

SUMMARY OF THE LITERATURE PROPOSING OVERLAYING INBAND D2D

| Proposal | Analytical tools | Platform | Direction [ Use-case | Evaluation [ Achieved performance |
Increasing energy -LTE -Uplink -Numerical | -Energy efficiency can be increased
efficiency [92] simulation from 0.8 bps/Hz/mW to 20 bps/Hz/mW
Improving spectrum -Convex -Uplink -Numerical | -Cell throughput is improved by
efficiency [14] Optimization simulation 40% over underlay mode
Improving performance -Downlink | -Video -Numerical | -90% gain in bandwidth compared to
of multicast [10] transmission simulation the method using only one retransmitter

A summary of the works on overlay D2D communication in

cellular networks is provided in Table II.

V.

OUTBAND D2D

munications. Outband D2D communication can be managed by

the cellular network (i.e., controlled) or it can operate on its own
(i.e., autonomous).

A. Controlled

In this section, we review the papers in which D2D commu-

nications occur on a frequency band that is not overlapping with
the cellular spectrum. Outband D2D is advantageous because
there is no interference issue between D2D and cellular com-

In works that fall under this category, the authors propose
to use the cellular network advanced management features to
control D2D communication to improve the efficiency and
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Fig. 5. Data flow between D2D users and the eNB (i.e., BS).

reliability of D2D communications. They aim to improve sys-
tem performance in terms of throughput, power efficiency,
multicast, and so on.

The authors of [95] propose to use ISM band for D2D
communications in LTE. They state that simultaneous channel
contention from both D2D and WLAN users can dramatically
reduce the network performance. Therefore, they propose to
group D2D users based on their QoS requirement and allow
only one user per group to contend for the WiFi channel. The
channel sensing between groups is also managed in a way that
the groups do not sense the same channel at the same time.
They show via simulation that their approach increases the D2D
throughput up to 25% in comparison to the scenario in which
users contend for the channel individually.

The authors of [32]-[34] propose to use D2D communica-
tions for increasing the throughput and energy efficiency of
cellular networks. The authors propose to form clusters among
cellular users who are in range for WiFi communication. After
the cluster is formed, only the cluster member with the highest
cellular channel quality (i.e., cluster head) communicates with
the BS. The cluster head is also responsible to forward the cellu-
lar traffic of its clients (i.e., other users who belong to the same
cluster) to the BS. The authors provide an analytical model
to compute the throughput and power consumption for the
proposed scheme. The advantages of this scheme are threefold:
(i) the spectral efficiency increases because the cluster head
has the highest channel quality among the cluster members
which corresponds to transmissions with high Modulation and
Coding Schemes (MCS); (ii) the energy efficiency is increased
because the cluster clients can go to cellular power saving
mode; (iii) the fairness can be increased because the cellular
resources is distributed among cluster members in a way that
users with poor channel quality are not starved. The authors
show via numerical simulation that D2D communications im-
prove throughput and energy efficiency with respect to classical
Round Robin schedulers by 50% and 30%, respectively. The
results also show that the proposed scheme can achieve almost
perfect fairness.

Furthermore, the work in [35] provides a protocol for the
D2D communication scheme proposed in [33]. The authors
first elaborate on the required modification for messaging and
signaling procedures of LTE and WiFi Direct technologies.

Next, they define a protocol stack to connect the two technolo-
gies, as illustrated in Fig. 5. The protocol stack will be further
elaborated in Section VI. This paper sheds light on different
aspects of integrating LTE and WiFi Direct such as channel
quality feedback, scheduling, security, etc. Via a home grown
LTE simulator, the authors show that the proposed scheme in
[33] can improve the packet delay of a Round Robin scheduler
by up to 50% and it can guarantee delays less than 10 ms with
99% probability.

Golrezaei et al. [12], [13] point out the similarities among
video content requests of cellular users. They propose to cache
the popular video files (i.e., viral videos) on smartphones and
exploit D2D communications for viral video transmissions in
cellular networks. They partition each cell into clusters (smaller
cells) and cache the non-overlapping contents within the same
cluster. When a user sends a request to the BS for a certain
content, the BS checks the availability of the file in the cluster.
If the content is not cached in the cluster, the user receives the
content directly from the BS. If the content is locally available,
the user receives the file from its neighbor in the cluster over the
unlicensed band (e.g., via WiFi). The authors claim that their
proposal improves the video throughput by one or two orders
of magnitude.

The authors of [96] propose a method to improve video trans-
mission in cellular networks using D2D communications. This
method exploits the property of asynchronous content reuse by
combining D2D communication and video caching on mobile
devices. Their objective is to maximize per-user throughput
constrained to the outage probability (i.e., the probability that a
user’s demand is unserved). They assume devices communicate
with each other with a fixed data rate and there is no power
control over the D2D link. Through simulations, the authors
show that their proposed method outperforms the schemes with
conventional unicast video transmission as well as the coded
broadcasting [97]. The results show that their proposed method
can achieve at least 10000% and 1000% throughput gain over
the conventional and coded broadcasting methods, respectively,
when the outage probability is less than 0.1.

Wang et al. [98] propose a BS-drlven Traffic Spreading
(BITS) algorithm to exploit both the cellular and D2D links.
BITS leverages devices’ instantaneous channel conditions and
queue backlogs to maximize the BS’s scheduling options and
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hence increases the opportunistic gain. The authors model the
BITS policy with the objective to maximize delay-sensitive
utility under an energy constraint. They develop an online
scheduling algorithm using stochastic Lyapunov optimization
and study its properties. Through simulations, they show that
under BITS the utility can be improved greatly and the average
packet transfer delay can be reduced by up to 70%. The authors
also evaluate BITS using realistic video traces. The results show
that BITS can improve the average Peak Signal-to-Noise Ratio
(PSNR) of the received video by up to 4 dB and the frame loss
ratio can be reduced by up to 90%.

Cai et al. [99] propose a scheduling algorithm to exploit both
time-varying channel and users’ random mobility in cellular
networks. They consider a scenario where the BS broadcasts
deadline-based content to different group of users. Users move
randomly within the cell and users of the same group are
assumed to be able to communicate directly at a high rate when
they are close to each other. Therefore, users can exchange all
the content within their current lists during a contact period.
During each slot, the BS dynamically selects a group of users
to broadcast content to at a chosen service rate, based on the
scheduling algorithm employed. If the service rate is too high
for some users to successfully receive the content, these users
will exploit the D2D communication to fetch content from
nearby users in the near future. The authors formulate the
scheduling problem with the objective to maximize the group
utility function. Next, they solve the maximization problem un-
der the assumption of statistically homogeneous user mobility,
and then extend it to the heterogeneous scenarios. Simulation
results show that the proposed scheduling algorithm can im-
prove the system throughput from 50% to 150%, compared to
the scheduling algorithm without D2D communications.

Summary: The works addressed in this subsection focus on
various use-cases of D2D communication. The authors in [33]
and [32] use clustering and game theory to boost the throughput
performance as well as energy efficiency and fairness. For the
first time, they designed a detailed protocol for outband D2D
communications in [35]. The work in [12], [13], [96] and [99]
aim to improve the performance of content distribution. The
methods proposed in [12] and [13] are simple, while that of [96]
is more complex. The performance of both methods is evaluated
to be good. In addition to content distribution, the authors in
[99] also consider user mobility and deadline-based content, for
which they provide comprehensive evaluations under a realistic
simulation setup including real-time video transmission.

B. Autonomous

Autonomous D2D communication is usually motivated by
reducing the overhead of cellular networks. It does not require
any changes at the BS and can be deployed easily. Currently,
there are very few works in this category. Wang et al. [36], [100]
propose a downlink BS-transparent dispatching policy where
users spread traffic requests among each other to balance their
backlogs at the BS, as shown in Fig. 6. They assume that users’
traffic is dynamic, i.e., the BS does not always have traffic to
send to all the users at any time. They illustrate the dispatching
policy by considering a scenario with two users, U; and Us
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Fig. 6. Example of the BS-transparent traffic spreading: (a) No traffic spread-
ing; (b) Traffic spreading from Us to Uj.

being served by the BS. The queues ()7 and ()5 depict the
numbers of files at user’s BS queues. In Fig. 6(a), since the
queues at the BS are balanced, the dispatchers at each user
would detect that traffic spreading is not beneficial. Thus, users
send their new requests to the BS directly. In Fig. 6(b), there are
more files in @) than Q1. The dispatcher of Us; would detect
that traffic spreading is beneficial, because in the near future
Q1 would be empty and thus the opportunistic scheduling gain
is lost. Therefore, U, asks U; to forward its new file requests to
the BS. After receiving the corresponding files from the BS, U;
forwards them to Us. This dispatching policy is user-initiated
(i.e., it does not require any changes at the BS) and works
on a per-file basis. This policy exploits both the time-varying
wireless channel and users’ queueing dynamics at the BS in
order to reduce average file transfer delays seen by the users.
The users perceive their channel conditions to the BS (i.e.,
cellular channel conditions) and share them among each other.
The authors formulate the problem of determining the optimal
file dispatching policy under a specified tradeoff between delay
performance and energy consumption as a Markov decision
problem. Next, they study the properties of the corresponding
optimal policy in a two-user scenario. A heuristic algorithm
is proposed which reduces the complexity in large systems by
aggregating the users. The simulation results demonstrate that
the file transfer delays can be reduced by up to 50% using the
proposed methodology. In addition, their proposal consumes
80% less power than performance-centric algorithms while
achieving significant gains (up to 78%).

A summary of the works on outband D2D communication in
cellular networks is provided in Table III.

VI. PROPOSED D2D PROTOCOLS

The majority of researchers have addressed issues such as
interference, resource allocation, power allocation, and so on.
Only a few researchers propose protocols for D2D communi-
cations. In particular, the authors of [101] and [35] propose a
protocol stack for inband and outband D2D communication,
respectively.

In [101], the authors describe the required architectural and
protocol modification in the current cellular standards to adapt
inband D2D communication. The main architectural modifi-
cation consists in adding a D2D server inside or outside the
core network. In case the D2D server is placed outside the core
network, it should have interfaces with Mobility Management
Entity (MME), Policy and Charging Rules Function (PCRF),
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TABLE 1II
SUMMARY OF THE LITERATURE PROPOSING OUTBAND D2D

| Proposal [ Analytical tools | Platform | Direction [ Use-case | Evaluation [ Achieved performance
Improving throughput -Game theory -Downlink | -Content distribution -Numerical -Video throughput is
of video distribution -Chen-Stein method simulation improved by up to two
[12], [13] orders of magnitude
Reducing channel -LTE -Relaying -System-level | -Throughput is improved
sensing overhead [95] simulation by up to 25%
Improving throughput, -Game theory -LTE -Downlink | -Relaying -Numerical -Throughput and energy
energy efficiency, and -CDMA -Video transmission simulation efficiency are improved
fairness [32], [33], [99] by 50% and 30% over
classical Round Robin
scheduler, respectively
Designing a protocol -LTE -Downlink | -Relaying -System-level | -50% delay improvement
for outband D2D -Uplink simulation compared to Round Robin
communications [35] scheduler
Improving video -LTE -Downlink | -Video transmission -System-level | -Throughput is improved by
transmission [96] simulation 10000% and 1000% over
conventional and coded
broadcasting methods,
respectively
Improving delay -Lyapunov optimization | -LTE -Downlink | -Online gaming -System-level | -Average packet delay is
sensitive utility [98] -Live video simulation reduced by up to 70%
-Utility can be improved
greatly
Reducing average file -Dynamic programming | -LTE -Downlink | -Web browsing -System-level | -Average file transfer delay
transfer delay [36] -Heuristic algorithm -HTTP live streaming simulation is reduced by up to 50%
-Distributed algorithm compared to methods
-Queueing theory without traffic spreading
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Fig. 7. Illustration of proposed D2D architecture in [101].

peer D2D servers, and application servers. The D2D server
is expected to handle functionalities such as device identifier
allocation, call establishment, UE capability tracking, service
support, and mobility tracking. Fig. 7 illustrates the architecture
which was described above. The authors also propose a protocol
stack in which D2D pairs have extra PHY, MAC, Radio Link
Control (RLC), and Packet Data Convergence Protocol (PDCP)
layer for direct communication. This means that UEs retain
their cellular connectivity while communicating over D2D link.

The authors of [35] elaborate on the feasibility of outband
D2D communications in LTE-based systems. As mentioned
before, the target of their proposal is opportunistic packet
relaying. To this aim, the authors provide a protocol stack

which connects LTE and WiFi Direct protocols (see Fig. 5). The
authors propose to encapsulate LTE PDCP Packet Data Units
(PDUs) into WiFi packet(s) and transmit it (them) over WiFi to
the D2D receiver. If the D2D receiver needs to relay the packet
to the eNB, it simply extracts the LTE PDCP PDU from WiFi
and processes it through RLC, MAC and PHY layers, as shown
in Fig. 5. In addition to providing a protocol stack, important
procedures such as device discovery, D2D registration, connec-
tion establishment, default/dedicated bear setup, mobility man-
agement, CSI reporting, scheduling, security are also addressed
in this paper. While addressing all these issues, the authors
try to minimize the modification to the existing protocols. For
example, the discovery phase and connection establishment are
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Fig. 8. D2D device discovery and connection establishment procedure.

very similar to WiFi Direct standard defined procedure. The
main difference is the addition of an extra phase (i.e., D2D
Specific Messages, see Fig. 8) in order to exchange LTE IDs
between D2D users. For a detailed description of the protocol
refer to [35]. None of the proposed protocols for D2D commu-
nication comment on when/how to activate D2D mode. Thus,
this remains an open research problem to be solved in future.

As mentioned earlier, two 3GPP Working Groups are also
investigating the ProSe use-cases [18] in LTE and required
protocol/architecture enhancements [19] to accommodate such
use-cases. ProSe communication supports two types of data
path: direct mode and locally-routed. In direct mode, two UEs
exchange data directly with each other. In locally-routed, data
between UEs is routed locally via the eNB(s). Both of these
are different from the data path specified in current LTE stan-
dard, where the Serving Gateway/Packet data network Gateway
(SG/PGW) is involved. Besides, control path in ProSe commu-
nication has more choices. If two UEs using the ProSe commu-
nication are served by the same eNB, the system can decide
to perform control information between UE, eNB and EPC.
The UEs can also exchange control signaling directly with each
other to minimize signaling modification. If two UEs involved
in the ProSe communication are served by different eNBs, the
system can decide to perform control information between UE,
eNB and EPC. In additional, the eNBs can coordinate with
each other directly for radio resource management, and the
UEs can communicate directly to exchange control signaling.
The 3GPP also defines other aspects of ProSe communication,
such as ProSe direct discovery, roaming, support for public
safety service and support for WLAN direct communication,
etc. Details of these aspects can be found in [19]. Based on the
above mentioned schemes, the 3GPP proposes tens of use-cases
[18], such as ProSe-enabled UEs discover other ProSe-enabled
UEs (which can be used for social networking), supports large
number of UEs in a dense environment (which can be used
for city parking service), establishes ProSe-assisted WLAN
direct communications (which can be used for cellular traffic
offloading), and so on.

VII. DISCUSSIONS AND FUTURE WORK

So far we have reviewed the available literature on D2D com-
munications in cellular networks. In this section, we will shed
light on some important factors such as common assumptions,
scope of the works, and common techniques.

UE 1 becomes the GO because
it had higher intent value.

A. Common Assumptions

Most of the papers in the literature assume the BS is aware of
the instantaneous CSI of cellular and/or D2D links, e.g., [27],
[45], [56], [63], [64], [67], [82]. This assumption is essential
because their proposed solutions need the BS’s participation to
make scheduling decisions for cellular and D2D users. Alter-
natively, when the D2D users decide on the their transmission
slots, the common assumption is that D2D users are aware
of the cellular and D2D links. On the other hand, there are
also papers such as [21] and [36] that assume the BS or D2D
users are only aware of the statistical CSI of the links. With
this assumption, the large overhead for reporting instantaneous
CSI can be avoided. To mitigate possible interference from
D2D transmission to cellular transmission, [4] assumes that
D2D users are aware of minimum interference threshold of
cellular users. With the latter assumptions, the D2D users can
opportunistically choose the transmission slots in which they
do not interfere with the cellular users.

The proposals which involve in clustering users commonly
assume that the cluster are far enough so that there is no or
negligible interference among different clusters, e.g., [9], [32],
[33], [74]. This assumption may not hold in populated areas
or dense deployments. A very interesting observation from the
reviewed literature is that the majority of papers assume that the
BS or D2D users always have traffic to send, therefore they use
throughput as a common metric. However, the authors of [36],
[98] consider a scenario with dynamic traffic load and evaluate
the average file transfer delay and delay-sensitive utility under
their proposed traffic spreading mechanism, respectively. Since
the latter assumption is more realistic, it would be interesting
to see the performance of the aforementioned works under
dynamic traffic flows.

B. Inband or Outband?

Majority of the papers propose to reuse the cellular re-
sources for D2D communications (i.e., inband) [4]-[6], [50],
[51]. However, outband communication is attracting more and
more attention in the past few years [32], [33], [36], [98],
[100]. Before comparing the two approaches, we summarize
the advantages and disadvantages of each approach.

Inband: Inband D2D is advantageous in the sense that:
(i) underlay D2D increases the spectral efficiency of cellular
spectrum by exploiting the spatial diversity; (i7) any cellular
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TABLE 1V
ADVANTAGES AND DISADVANTAGES OF DIFFERENT TYPES OF D2D COMMUNICATIONS
Inband Outband
Underlay | Overlay | Controlled | Autonomous

Interference between D2D and cellular users v X X X
Requires dedicated resources for D2D users v X
Controlled interference environment v v X X
Simultaneous D2D and cellular transmission X X v v
Requires inter-platform coordination X X v v
Requires devices with more than one radio interface X X v v
Introduces extra complexity to scheduler v v v X

TABLE V

device is capable of using inband D2D communication (the
cellular interface usually does not support outband frequen-
cies); and (iii) QoS management is easy because the cellular
spectrum can be fully controlled by the BS. The disadvantages
of inband D2D communications are: (i) cellular resources might
be wasted in overlay D2D; (ii) the interference management
among D2D and cellular transmission in underlay is very
challenging; (iii) power control and interference management
solutions usually resort to high complexity resource allocation
methods; and (iv) a user cannot have simultaneous cellular and
D2D transmissions. It appears that underlay D2D communica-
tion is more popular than overlay. The authors who propose
to use overlay D2D usually try to avoid the interference issue
of underlay [10], [14], [92]. However, allocating dedicated
spectrum resources to D2D users is not as efficient as underlay
in terms of spectral efficiency. We believe that the popularity of
underlay D2D is due to its higher spectral efficiency.

Outband: This type of D2D communications has merits
such as: (i) there is no interference between cellular and D2D
users; (ii) there is no need for dedicating cellular resources
to D2D spectrum like overlay inband D2D; (iii) the resource
allocation becomes easier because the scheduler does not re-
quire to take the frequency, time, and location of the users into
account; and (iv) simultaneous D2D and cellular communica-
tion is feasible. Nevertheless, outband D2D has some disad-
vantages which are: (i) the interference in unlicensed spectrum
is not in the control of the BS; (ii) only cellular devices with
two radio interfaces (e.g., LTE and WiFi) can use outband
D2D communications; (iii) the efficient power management
between two wireless interfaces is crucial, otherwise the power
consumption of the device can increase; and (iv) packets (at
least the headers) need to be decoded and encoded because
the protocols employed by different radio interfaces are not
the same.

Although the literature on inband D2D is wider than that
of outband, it seems that researchers have started to explore
the advantages of outband D2D and they are considering it as
a viable alternative to inband D2D. We believe that with the
evolutionary integration of smartphones in phone market, the
majority of mobile devices will be equipped with more than
one wireless interface which makes it possible to implement
outband D2D schemes. Moreover, the standards such as 802.21
[102] are looking into handover to and from different platforms
(e.g., WIMAX and LTE) which could significantly reduce the
complexity of coordination between different wireless inter-
faces in outband D2D. Table IV summarizes the above men-
tioned merits and disadvantages.

ANALYTICAL TOOLS USED IN THE LITERATURE

Tools Related literature
Discrete Time Markov chain 142]
Merge and split algorithm [42]
Distributed algorithms [36], [42], [82]
Coalitional game theory [42]
Poisson point process [104]
Queueing theory [36]
Alzer’s inequality [104]
Fubini’s theorem [104]
Laplace transform [104], [105]
Slivnyak’s theorem [104]
Heuristic algorithm [36], [56], [82]
Convex Optimization [14], [89]
Chen-Stein Method [13]
Maximum Weight Bipartite Matching [63]
Kuhn-Munkres algorithm [63]
Han-Kobayashi [45]
Jensen’s Inequality [105]
Mixed integer nonlinear programming [70]
Integer programming [66]
Linear programming [61], [66]
Nonlinear programming [82]
Dynamic programming [36]
Newton’s method [66]
Lagrangian multipliers [66]
Graph theory [25]
Auction algorithms [22], [54]
Exhaustive search [59]
Geometrical probability |77]
Evolution theory |74]
Particle swarm optimization [64]
Sub-gradient algorithm [65]
Hungarian algorithm [82]
Lyapunov optimization [98]

C. Maturity of D2D in Cellular Networks

We believe D2D communication in cellular networks is a
relatively young topic and there is a lot to be done/explored
in this field. We support this belief by looking into the analyt-
ical techniques and evaluation methods which are used in the
available literature.

Analytical Techniques: In comparison to other fields such
as opportunistic scheduling [103], the number of techniques
used in the literature and their popularity is very low. The
majority of the literature only proposes ideas, architectures, or
simple heuristic algorithms. Some of the papers formulate their
objectives as optimization problems but leave them unsolved
due to NP-hardness. Therefore, we believe there is room for
investigating optimal solutions for interference coordination,
power management, and mode selection. Table V summarizes
the mathematical techniques used in the D2D related literature.

Evaluation Method: Another metric for maturity of a field
is the evaluation method. The more realistic the evaluation
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TABLE VI
EVALUATION METHODS IN THE LITERATURE

Related literature
[41, [51, 191, [12], [27], [45], [63], [104]
[10], [15], [26], [44], [50], [66], [92], [105]
[13], [21], [25], [29], [65], [67], [68], [74]
[21], [54], [54], [64], [64], [75], [75], [76]
[6], [8], [26], [54], [61], [70], [89], [95]
[16], [42], [49]. [56], [59], [90], [96], [109]
[36], [82], [98], [110]
No experimental study

Evaluation method
Numerical simulation

System-level simulation

Experiment

method, the more mature the study of that field. Table VI shows
different evaluation methods used in the literature. As we can
see, majority of the papers use numerical evaluation and some
use simple home-grown simulators. There is no paper using
experimental evaluation. This is mainly due to the fact that
experimental testbeds for cellular network are extremely costly
and do not have support for D2D yet. The literature rarely uses
popular network simulators such as NS3 [106], OPNET [107],
Omnet++ [108]. In turn, currently available network simulators
do not support D2D communications.

D. How Far is D2D From a Real World Implementation?

Although D2D communication is not mature yet, it is already
being studied in the 3GPP standardization body [18], [19].
3GPP recently decided that the focus of D2D in LTE would
be on public safety networks [20]. Moreover, Qualcomm has
shown interest in this technology and they also built a prototype
for D2D communications in cellular network which can be used
in different scenarios such as social networking, content shar-
ing, and so on [111]. This confirms that D2D communication
is not only a new research topic in academia, but also that
there is interest in such a technology in the industry. There
are various obstacles to implement D2D in cellular networks.
For example, the operators are used to having control of their
spectrum and the way it is used. As a result, a successful
D2D implementation should allow D2D communications in
a manner that operators are not stripped off their power to
control their network. Moreover, there are physical challenges
such as suitable modulation format and CSI acquisition which
should be addressed efficiently. Therefore, we believe that
D2D communications will become an essential part of cellular
communications in the next few years.

E. D2D Implementation Challenges in Real World

Although D2D communication triggered a lot of attention
and interest in academia, industry, and standardization bodies,
it is not going to be integrated into the current communication
infrastructure until the implementation challenges are resolved.
Here, we explain some of the major challenges faced by D2D
communications.

Interference Management: Under inband D2D communica-
tion, UEs can reuse uplink/downlink resources in the same cell.
Therefore, it is important to design the D2D mechanism in a
manner that D2D users do not disrupt the cellular services.
Interference management is usually addressed by power and
resource allocation schemes, although the characteristics of
D2D interference are not well understood yet.
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Power Allocation: In inband D2D, the transmission power
should be properly regulated so that the D2D transmitter does
not interfere with the cellular UE communication while main-
taining the minimum SINR requirement of the D2D receiver.
In outband D2D, the interference between D2D and cellular
user is not of concern. Therefore, power allocation may seem
irrelevant in outband D2D. However, with increased occu-
pancy of ISM bands, efficient power allocation becomes cru-
cial for avoiding congestion, collision issues, and inter-system
interference.

Resource Allocation: This is another important aspect of
D2D communication specially for inband D2D. Interference
can be efficiently managed if the D2D users communicate over
resource blocks that are not used by the nearby interfering
cellular UEs. Resource allocation for outband D2D simply
consists in avoiding ISM bands which are currently used by
other D2D users, WiFi hotspots, etc.

Modulation Format: This is one of the challenges which
is rarely addressed by researchers. The existing LTE UEs use
an OFDMA receiver in downlink and a SC-FDMA for uplink
transmission. Thus, for using downlink (resp. uplink) resources,
the D2D UE should be equipped with OFDMA transmitter
(resp. SC-FDMA receiver) [20].

Channel Measurement: Accurate channel information is
indispensable to perform efficient interference management,
power allocation, and resource allocation. Conventional cellular
systems only need the downlink channel information from UEs
and the uplink channel information is readily computed at
the base station. Unfortunately, D2D communication requires
information on the channel gain between D2D pairs, the chan-
nel gain between D2D transmitter and cellular UE, and the
channel gain between cellular transmitter and D2D receiver.
The exchange of such extra channel information can become
an intolerable overhead to the system if the system needs
instantaneous CSI feedback. The trade-off between accuracy of
CSI and its resulting overhead is to be further investigated.

Energy Consumption: D2D communication can potentially
improve the energy efficiency of the UE. However, this highly
depends on the protocol designed for device discovery and D2D
communication. For example, if the protocol forces the UE to
wake up very often to listen for pairing requests or to transmit
the discovery messages frequently, the battery life of the UE
may significantly reduces. The trade-off between UE’s power
consumption and discovery speed of the UEs should be better
studied.

HARQ: Considering the complexity of interference manage-
ment in D2D communication, HARQ appears to be a viable
technique to increase the robustness. HARQ can be sent either
directly (i.e., from the D2D receiver to the transmitter) or
indirectly (i.e., from the D2D receiver to the eNB, and from
the eNB to the D2D transmitter) [20]. The direct mode poses
less overhead to the eNB in comparison to indirect mode.
Moreover, benefits from the ACK/NACK messages arrive to the
transmitter with shorter delay.

F. Potential Future Work

Here, we elaborate on some of the possible research direc-
tions and open problems in D2D communications in cellular
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networks. In the following we list some open problems based
on different research methodologies.

Theoretical Work: As we mentioned earlier, the use of
mathematical tools and optimization techniques in the state-
of-the-art are very limited. The current literature definitely
lacks optimal mode selection techniques and interference and
power control mechanisms. The queue stability analysis using
techniques such as stochastic Lyapunov optimization can be
also an interesting issue to tackle. This can be further extended
to provide throughput-based utility, throughput-power tradeoff,
delay bounds, and delay analysis of D2D communications in
cellular networks.

Architecture: There is very little work explaining the re-
quired architecture in order to support D2D communications in
cellular networks [5], [79]. It is interesting to further investigate
on the capability of the current centralized cellular architecture
to handle D2D procedures such as device discovery, D2D
connection setup, cellular network registration process, interfer-
ence control, resource allocation, security, and so on. Similarly,
software defined networking-oriented architectures soon will
have to include D2D in the equation. Indeed, D2D needs to be
studied in the more complex context of HetNets due to growing
market interest for availability of multiple radio technologies
deployed on mobile devices.

Application: A decade ago, D2D was first proposed for
relaying purposes in cellular networks. To date, researchers
proposed new use-cases for D2D communications in cellular
networks such as multicasting [9], [10], peer-to-peer commu-
nication [11], video dissemination [5], [12], [14], M2M com-
munication [15], and cellular offloading [16]. We believe D2D
communication can have more applications in the telecommu-
nication world. For example, it would be interesting to see
the application of D2D communication in social networking,
location-aware services, vehicular networks, smart grids [112],
[113], etc.

Performance Analysis: As seen in Table VI, the majority of
the available literature is based on numerical or home grown
simulations. Although these types of evaluation method are
suitable for studying the potential gains, they are still far from
reality due to simplified assumptions. We believe a performance
evaluation using the existing network simulators such as NS3
[106], OPNET [107], Omnet++ [108] or an experimental eval-
uation can help in revealing both real performance and new
challenges of D2D communications in cellular networks.

VIII. CONCLUSION

In this paper, we provided an extensive survey on the avail-
able literature on D2D communications in cellular networks.
We categorized the available literature based on the communi-
cation spectrum of D2D transmission into two major groups,
namely, inband and outband. The works under inband D2D
were further divided into underlay and overlay. Outband D2D
related literature was also sub-categorized as controlled and
autonomous.

The major issue faced in underlay D2D communication is
the power control and interference management between D2D
and cellular users. Overlay D2D communication does not have
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the interference issue because D2D and cellular resources do
not overlap. However, this approach allocates dedicated cellular
resources to D2D users and has a lower spectral efficiency than
underlay. In outband D2D, there is no interference and power
control issue between D2D and cellular users. Nevertheless, the
interference level of the unlicensed spectrum is uncontrollable,
hence, QoS guaranteeing in highly saturated wireless areas is a
challenging task.

We also discussed the weaknesses and strength of the ex-
isting literature. We pointed out the shortcomings of current
works and proposed potential future research directions. Our
survey showed that D2D communication in cellular networks is
immature and there are still numerous open issues such as in-
terference management, power control, etc. We also shed light
on some possible research directions needed to improve the
understanding of D2D potentialities for real world applications.
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