
IEEE Wireless Communications • October 201452 1536-1284/14/$25.00 © 2014 IEEE

Yong Li and Depeng Jin are
with Tsinghua University.

Chaoming Song is with the
University of Miami.

Sheng Chen is with the
University of Southampton
and King Abdulaziz Uni-
versity.

This work is supported by
the National Basic
Research Program of
China (973 Program)
(No. 2013CB329001),
National Nature Science
Foundation of China
(No. 61301080, No.
91338203, and No.
91338102), National High
Technology Research
and Development Pro-
gram (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).

MU LT I H O P CE L L U L AR :  FR O M RE S E A R C H T O SY S T E M S ,
STA N DA RDS ,  A N D AP P L I C AT I O N S

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 proposed as a
key component of LTE-A, which enables devices
to communicate directly, and is an underlay to the
cellular network for improving spectral efficiency
[2–4]. Under the control of a base station (BS),
user equipment (UE) can transmit data to each
other over direct links using the cellular resources
instead of through BSs. In these operator con-
trolled LTE networks, with the unified control of
access authentication, connection control, resource

allocation, and lawful interception of information,
D2D communications take place within the cellu-
lar coverage area and even outside the coverage of
BSs [2]. Most context-aware applications that
involve discovering and communicating with near-
by devices can benefit from D2D communication
by reducing communication cost, since it enables
physical proximity communication, which saves
power while improving spectral efficiency [3]. Fur-
thermore, in the vast application of popular Inter-
net content downloading and sharing, multihop
D2D communications will play a vital role in
decreasing redundant cellular direct transmissions
by enabling multihop sharing. Thus, it is expected
that multihop D2D communication will be a key
feature supported by next-generation cellular net-
works [4].

Although D2D communication may enhance
spectral efficiency and increase system capacity,
it also causes interference to the cellular net-
work as the result of spectrum sharing, and mul-
tihop transmissions depend on resource sharing
and allocation schemes. Furthermore, multihop
D2D communications occur only when mobile
users are physically in close proximity. Thus, it
depends on how often the devices are in physical
proximity communication with each other. In
other words, underlaying multihop D2D commu-
nication opportunities and hence system perfor-
mance depend on node mobility patterns.
Unsurprisingly, it is challenging to analyze and
design such a complicated system, which involves
dynamic human behaviors and complex commu-
nication relations.

Current works often consider D2D communi-
cation technical problems under a very restricted
cellular system setting, for example, consisting of
only four nodes — a pair of D2D UEs, a cellular
UE, and a BS [4–6]. Within such a small and
simplified network scenario, these existing stud-
ies can only deal with some individual aspects of
the underlaying D2D cellular network. However,
none of these existing contributions are able to
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tackle the underlaying problem as a whole, and
therefore they are unable to quantify the real
potential of multihop D2D enabling a cellular
network under a realistic network scenario with
tens of hundreds of nodes and D2D pairs.
Against this background, in this article, we aim
to establish a new paradigm for the design and
analysis of multihop D2D communications.
Specifically, we propose a dynamic graph opti-
mization framework for general multihop D2D
communication underlaying cellular. This frame-
work enables the modeling of a large-scale sys-
tem with multiple D2D pairs and node mobility
patterns, which sets up a realistic multihop D2D
communication framework for investigating the-
oretical performance limits and studying the
optimal system design. The model of a dynamic
graph and its corresponding optimization [10]
have been utilized in the performance analysis
and optimization in wireless vehicular networks
[11], and more. In this article, we exploit it in
the analysis and design of multihop D2D com-
munications; fundamentally, it enables us to
answer the following challenging questions: how
multihop D2D can improve the cellular network
system performance and what the potential
effects of multihop D2D are.

We structure the article as follows. After pro-
viding a system overview, we introduce the
dynamic graph optimization framework for mod-
eling the multihop underlaying D2D cellular net-
work system. After analyzing the capability of

the proposed dynamic graph optimization frame-
work in investigating the challenging technical
problems, we introduce its two main applications
in theoretical performance bound analysis and
optimal system design. Finally, we quantitatively
assess the capability of the proposed dynamic
graph optimization framework by simulation that
targets a realistic multihop D2D communication
underlaying cellular network.

SYSTEM OVERVIEW

A typical example of a multihop D2D communi-
cation underlaying cellular network is illustrated
in Fig. 1, where the cellular network provides
coverage over a certain region through the BS
deployment. The UEs are mobile nodes, and
their positions as well as access states change
over time. Therefore, at different timeframes,
their access and physical (location) relationships
are different. Here, a timeframe is loosely used
to mark a system time period during which no
access or physical state change occur. For exam-
ple, Fig. 1 displays the access and physical rela-
tionships at different system timeframes of t0
and t5, respectively.

A typical application for the multihop D2D
communication underlaying cellular network is
content downloading and sharing. In such a sys-
tem, the BSs are connected to the data servers
in the Internet. The UEs requesting data send
their requests to the relevant data servers via the

Figure 1. Illustration of a multihop D2D communication underlaying cellular network at different time-
frames of t0 and t5, where there are three cellular BSs, b1, b2, and b3, and seven mobile UEs. Among
these mobile UEs, there are four relaying nodes, r1 to r4, the communication ranges of which are denot-
ed by solid thin circles, and three receiver nodes, d1, d2, and d3, the communication ranges of which are
denoted by dotted thin circles. In this multihop D2D underlay communication system, a receiver can
receive the data from the cellular network directly (cellular transmission mode) or from the cellular net-
work via some relaying nodes (multihop D2D connected or opportunistic transmission mode).
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cellular network. The requested data may be
delivered from the corresponding data servers to
the related users either via direct cellular trans-
missions, if the users are under the cellular cov-
erage, or via D2D-enabled multihop
transmissions when the users requesting the data
are in physical proximity of some other users.

In such a content sharing system, some UEs
are requesting data, and they are referred to as
data receivers. Other UEs that currently are not
retrieving data for themselves may participate
in data transmission by receiving the data from
the BSs and then transmitting them to the rele-
vant receivers via D2D communication. These
UEs are referred to as relays. Incentives for
stimulating UEs to act as relays can be given by
using some micro-payment scheme, or the oper-
ator can offer the relays a reduced cost for
their services or better quality of service [7].
Thus, the UEs with energy and storage
resources will participate in the data transmis-
sion as relays under the assumption of rational-
ity. Note that our model does not make any
assumptions about these incentives, and only
the UEs that are willingly participating in the
content transmission will be treated as relays.
In the example depicted in Fig. 1, there are
three cellular BSs marked as b1 to b3, three
receivers known as d1, d2, and d3, and four
relays called r1, r2, r3, and r4. Apart from the
original and intuitive method of cellular direct
transmission, there are two other important
transmission modes to efficiently overcome the
weak coverage and signal attenuation problems
of a cellular network, which are defined below
with the aid of Fig. 1.

Multihop D2D connected transmission: In
this mode, a connected path from a cellular BS
via some relays to a receiver is established by
taking advantage of the physical proximity of
communicating devices, and the mobile data are
transmitted via the D2D enabled connected path
with multiple hops to the targeted receiver. The
example illustrated in Fig. 1 shows that during
timeframe t0, BS b2 is transmitting data to receiv-
er d3 via the two-hop connected path with the
aid of relay r4, while during timeframe t5, BS b1
is transmitting data to d1 using the three-hop
connected path r1 Æ r2 Æ d1.

Multihop D2D opportunistic transmission:
Due to the mobility of receivers and relays, a
D2D connected path is prone to be broken.
However, a relay can store the received data in
its buffer, and transmit the data to the relevant
receiver or other relays when communication
contact arises. Since UEs are inherently mobile,
this opportunistic communication mode is capa-
ble of enhancing the system performance. In Fig.
1, over timeframes t0–t5, receiver d2 is outside
the coverage of any BS. During timeframe t0,
relay r3 receives data for d2 from BS b3 and
stores the data in its buffer. When the communi-
cation opportunity occurs between r3 and d2 dur-
ing timeframe t5, r3 transmits the data to d2.

It should be emphasized that the D2D con-
nected and opportunistic transmission modes are
inherently multihop. Clearly, either mode must
have at least two hops with the first hop from a
BS to a relay and the second hop from this relay
to a receiver. In order to model the D2D com-

munication system with these two types of multi-
hop transmissions, and fundamentally under-
stand the complex relations between the D2D
communication and the underlaying system fac-
tors such as resource allocation and human
mobility, we present a dynamic graph model.
Based on this graph model, we propose a gener-
alized dynamic-graph-based optimization frame-
work for investigating multihop D2D
communication underlaying cellular networks.

DYNAMIC GRAPH OPTIMIZATION
FRAMEWORK

GRAPH CONSTRUCTION

The graph model for the above underlaying
D2D cellular network should include all the pos-
sible transmission opportunities of cellular direct
transmission, and multihop D2D connected and
opportunistic transmissions. Assume that there
are B cellular BS nodes, labeled by the set of B
= {b1, b2, …, bB}, D data receivers, labeled D =
{d1, d2, …, dD}, and R data relaying nodes,
labeled R = {r1, r2, …, rR}, which are involved
in multihop D2D communication to help the
data transmission to receivers.

Let us first form the graph of all the nodes,
including BSs, relays, and receivers, in the under-
laying D2D cellular network within a certain
timeframe by representing each network partici-
pating node as a vertex in the graph and adding
directional edges between nodes according to
the BSs’ coverage and UEs’ D2D contacts. As
within a timeframe no access and state change
occurs, such a graph has a static topology for the
duration of the timeframe. For example, consid-
ering the underlaying D2D cellular network
illustrated in Fig. 1, the constructed static graphs
for timeframe t0 and t5 are shown in Figs. 2a and
2b, respectively. Furthermore, we can associate
each edge with a real value to represent the tem-
poral link transmission rate. Given all the ver-
tices and edges, we thus build the transmission
graph for the underlaying D2D cellular commu-
nication in some timeframe, which is a weighted
directional graph representing the spatial distri-
bution of the network topology involving all the
BSs and UEs.

To describe the UEs’ dynamic accessing rela-
tionships with the BSs as well as the time-vary-
ing communication opportunities and multihop
paths among the relays and receivers, we identi-
fy the communication contact events between a
pair of nodes, which may be BS and UE, relay
and receiver, or relay and relay. These contact
events include five types: cellular accessing
starts, cellular accessing ends, D2D contact
starts, D2D contact ends, and link quality level
changes. These communication contact events,
which are assumed to sequentially occur at dif-
ferent time points of p0, p1, …, pN, divide the
continuous time into time periods. The time
period between two successive events defines a
timeframe. Specifically, the time period between
pl–1 and pl is labeled as timeframe tl, with the
initial timeframe t0 defining the time before p0.
All the timeframes are therefore labeled t0, t1,
…, tN. Within each timeframe, no contact event
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occurs and no link quality changes. In other
words, within each timeframe, the states of the
nodes and the commutation contacts do not
change. Thus, for each timeframe, we can obtain
a static graph to represent the system using the
method stated before. Since the nodes may
store the contents in their local buffers in a
timeframe and then transmit them in the com-
ing frames, we need to model the time evolution
of data buffering for relays and similarly for BSs
in order to represent the sequential time evolu-
tion of the static graphs. For this aim, a direc-
tional edge with certain weight, which
corresponds to the buffer size of a node, is

drawn for the same BS or relay between two
successive frames.

Given all the vertices and edges, we thus
build the transmission graph for the multihop
D2D communication underlaying cellular com-
munication, which is a weighted directional
dynamic graph representing the access and con-
tact distribution of the network topology. Con-
sider the underlaying D2D cellular network
illustrated in Fig. 1. For this example, assume
that there are no link quality changing events,
and we have counted all the network events of
cellular access start and end as well as D2D con-
tact start and end at time points p0 to p4, which

Figure 2. The dynamic underlaying D2D cellular communication graph generated by the events of
opportunistic contact and access relationship that are given in Fig. 1 and Table 1: a) static graph in
timeframe t0; b) static graph in timeframe t5; c) dynamic graph for the system varying from frame t0 to
frame t5.

(a)

Frame t0

Frame t1

Frame t2

Frame t3

Frame t4

Frame t5

(b)

(c)

b3

r3

d2

b2b1

r4r2r1

d3d3 d1

b3

r3

d2

b2

r4

b1

r2r1

d1

d1
0 d2

0 d3
0

r1
1 r2

1 r3
1 r4

1 d1
1 d2

1 d3
1b1

1 b1 b3
1

r2 r2
2 r3

2 r4
2 d1

2 d2
2 d3

2b1
2 b2

2 b3
2

r1
3 r2

3 r3
3 r4

3 d1
3 d2

3 d3
3b11

3 b12
3 b13

3

r1
4 r4

2 r3
4 r4

4 d1
4 d2

4 d3
4b11

4 b12
4 b13

4

r1
5 r2

5 r3
5 r4

5 d1
5 d2

5 d3
5b11

5 b1
5 b13

5

r2
0 r3

0 r4
0 b1

0 b2
0 b3

0r1
0

Since the nodes may
store the contents in

their local buffers at a
timeframe and then

transmit them in the
coming frames, we need
to model the time evolu-
tion of data buffering for

relays and similarly for
BSs in order to repre-

sent the sequential time
evolution of the static

graphs.

LI_LAYOUT.qxp_Layout  10/20/14  11:05 AM  Page 55



IEEE Wireless Communications • October 201456

are summarized in Table 1. Figure 2c depicts the
dynamic graph for this underlaying D2D cellular
network. Note that this graph includes all the
BSs and UEs, and it also allows us to capture all
the possible data transmission modes.

OPTIMIZATION OBJECTIVE
Based on the graph model for multihop D2D
communication underlaying cellular networks,
we form an optimization framework by express-
ing the maximization objective and analyzing the
constraints. Since usually the optimization goal is
to maximize the data transmission in the system,
we can optimize any combined flows on the ver-
tices in the dynamic graph according to the spe-
cific requirements. Take the content
downloading system as an example; its goal is to
maximize the total data amount received by the
receivers, which is a max-flow goal. In order to
achieve this objective, we introduce two virtual
vertices, SV and DV, to represent the source and
destination of the total flow over the graph. To
model the flow from the source to destination,
we add the edges from the source to all the BS
vertices before timeframe t0, and introduce the
edges from all the receiver vertices to the desti-
nation. In this way, we obtain the directional
connected graph as shown in Fig. 3, on which
the data transmission is modeled as the flow
from SV to DV over the total communication
timeframes of {t0, t1, …, tN}, which represents
the total amount of transmitted data by the D2D
communication underlaying cellular network.
For any edge (a, b) in the graph, we further
denote the flow over the edge connecting the
two vertices of a and b as f(a, b). Then the objec-
tive of maximizing the total transmitted data can
be expressed as

where di
l denotes the vertex of receiver di at

timeframe tl.

SYSTEM CONSTRAINTS
We also need to consider the constraints of the
above flow maximization problem, which include
the constraints of flow conservation and system
resources.

Flow Conservation — For any vertex in the graph,
flow conservation means that the amount of
incoming flow must equal the amount of outgo-
ing flow. In the system, there are three different
types of vertices, BSs, relays, and receivers,
which have different content transmission behav-
iors that influence the flow. Thus, we need to
analyze the constraints of flow conservation for
these different types of nodes according to their
actual behaviors.

Transmission Rate and Channel Access — The spec-
trum bandwidth is allocated between the D2D
and cellular communications, and the allocated
resource directly influences the data transmis-
sion rates. Therefore, the weight of each edge,
the “flow” rate of each directional edge, is direct-
ly associated with the allocated resource. In the
case in which D2D communications of all pairs
use the same licensed band of cellular communi-
cation, we denote the spectrum resources that
are allocated directly to cellular communication
and D2D communication as xi

l and yi
l, respective-

ly, for each timeframe tl and each cellular BS bi.
Since the total resource for the coverage area of
bi is limited to a value denoted by bi, we have
the following constraint on the resource alloca-
tion xi + yi £ Bi, 1 £ i £ C, 0 £ l £ N. Under the
allocated spectrum xi

l and yi
l with a channel

model like Rayleigh fading, we can express the
maximum achievable average data rate for the
cellular direct transmission link to user u and
D2D link g under the coverage of under bi,
respectively, as

where Pbi, Pg, and Pg¢ are the transmitted signal
power of BS bi, two D2D pairs g and g¢, respec-
tively, zu and zg are the distance of the cellular
transmission and D2D links, l is the path loss
exponent, N0 is the power of the receiver noise,
which is assumed to be the additive white Gaus-
sian noise (AWGN), hbi,u2 and hg¢,g2 denote
the average power or second-order statistic of
the Rayleigh fading channel linking bi and u and
D2D pairs, respectively, and G is the set of all
the D2D communication pairs in the coverage
area of bi. In the above derivations, interference
between different D2D pairs is considered,
which influences the achievable communication
rate. Thus, the interference is inherently mod-
eled in the proposed framework. At the same
time, since the transmission rates of both the
cellular and D2D links are proportional to the
allocated resource xi

l or yi
l, transmission

resources are added as optimization variables
without explicit increase for the problem com-
plexity. For direct cellular communication with
UEs, the total transmitted flow to all the UEs
during a timeframe should satisfy the system
resource constraints on the transmission rates
and the given timeframe duration. As for the
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Table 1. Network events for the underlaying D2D cellular network involv-
ing three BSs (b1, b2, b3), three receivers (d1, d2, d3), and four relays (r1, r2,
r3, r4).

Time
point Event Meanings

p0 r4  d3 Contact between r4 and d3 ends

p1 d1 Æ b1 d1 moves into coverage of b1

p2 r2  d1 Contact between r2 and d1 starts

p3 r3  d2 Contact between r3 and d2 starts

p4 d3  b2, d3 Æ b3 d3 moves out coverage of b2 and moves into b3
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D2D communication, we also need to limit the
transmitted content flows among the “connect-
ed” UEs in each timeframe to satisfy the system
resource constraints on the transmission rates
and the given timeframe duration as well as to
meet the interference requirements for channel
access.

System Resources — As stated before, we also
need to consider the fact that the limited system
transmission resources are divided between cel-
lular direct and D2D communications. Some-
times, the number of operating BSs in the system
is also limited to save energy, and we also need
to take this into consideration in the problem
formulation.

ALGORITHM AND SOLUTION
Combining the objective and the constraints
introduced above, we can form maximization
problems for the multihop underlaying D2D cel-
lular system with the decision variables consist-
ing of link flows and allocated resources. It is
worth pointing out that the objective flow maxi-
mization, 

is a linear composition of individual flows of
f(di

l, DV), while the associated constraints of flow
conservation and resource allocation introduced
above are linear constraints. For the remaining
constraints on channel access that cannot be
expressed in linear forms, by using the reformu-
lation linearization technique (RLT) [8] we can
transform them into linear expressions of the
decision variables. Thus, the formulated maxi-
mization problem falls into the category of linear
programming problems, which can be solved by
linear programming techniques (i.e., using the
existing optimization toolkits, such as CPLEX
and YALMIP [9]). In the operator controlled
underlaying D2D cellular networks, the BS has
full control over the allocated resources and

needs to inform the D2D pairs and cellular users
of the scheduled resources for data transmission
via L1/L2 control signaling, such as a physical
downlink control channel (PDCCH) [4]. Thus,
by the centralized resource allocation approach,
system-wide optimal throughput can be achieved. 

CAPABILITY OF THE
OPTIMIZATION FRAMEWORK

In the above dynamic graph optimization frame-
work, several technical problems, such as mode
selection and resource allocation, are inherently
modeled in the optimization formulation. With
simple extensions, this dynamic graph optimiza-
tion framework is capable of modeling other
important technical problems for multihop D2D
communication underlaying cellular networks. In
this section, we briefly analyze how we can model
and analyze these important problems in the
proposed framework by considering communica-
tion mode selection, BS deployment and schedul-
ing, and storage management and allocation.

COMMUNICATION MODE SELECTION
Since D2D communication uses the same air
interface as cellular communication, a receiver
can only operate in either D2D mode or direct
cellular mode. Furthermore, in D2D mode, a
decision must be made whether to use multihop
connected or opportunistic transmission. Given
all the possible transmission modes involving all
the UEs, the task of communication mode selec-
tion is how to utilize them in order to maximize
the data transmission throughput.

In the dynamic graph optimization formula-
tion, a cellular direct transmission corresponds
to the flow from a BS vertex to a UE vertex,
which is a one-hop transmission. A D2D trans-
mission represents the data flow originating
from a BS vertex, via one or more relay vertices
at the same timeframe or subsequent time-
frames, to a receiver vertex, which is a multihop
flow occurring on some “connected” or “oppor-
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Figure 3. Illustration of the flow maximization formulation for the optimal throughput content down-
loading problem in the multihop D2D cellular network.
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tunistic” multi-edges. All these transmission
modes are naturally modeled by the flows f(a, b)
occurring on all the possible edges (a, b) existing
in the graph. Thus, we can utilize this dynamic
graph optimization framework to investigate the
transmission mode selection problem by optimiz-
ing the flow allocation on the edges of the graph. 

BASE STATION DEPLOYMENT AND SCHEDULING
Since D2D communication can transmit data to
nodes even without infrastructure coverage, BSs
can adjust their coverage or even shut down
completely in order to save energy while provid-
ing acceptable services by taking viable D2D
alternatives [12]. For service providers and carri-
ers, how to place the BSs given a set of possible
candidate places as well as how to dynamically
schedule the BSs given a network with groups of
users and a set of operational BS candidates is
an important problem. In particular, given avail-
able BSs and data transmission opportunities
between BSs and UEs as well as between UEs,
the BS Scheduling task is to dynamically sched-
ule the BS operation, that is, to decide which
BSs should be in operation and which should be
shut down, in order to reduce energy consump-
tion but still attain the maximum data transmis-
sion throughput from the operating BSs to all
the UEs.

To model the above challenging problem in
our proposed optimization framework, we first
construct a graph with all the BSs as the vertices
as usual, and then define a variable to indicate
the operational status of BS i, where 1 £ i £ B at
timeframe tl, which is denoted by zi

l. Specifically,
candidate BS i is scheduled to be operational
during timeframe tl if zi

l = 1; otherwise, zi
l = 0.

By adding all the operating BSs as a constraint
and setting the corresponding weights of the
edges connecting with the BSs that are shut
down to a zero value, the BS deployment and
scheduling can be incorporated into the dynamic
graph optimization framework, and this allows
us to study the optimal BS placement or schedul-
ing policies by solving the corresponding flow
maximization problems.

STORAGE MANAGEMENT AND ALLOCATION
Multihop D2D communication offers the bene-
fits of saving communication power and improv-
ing the spectral efficiency, but requires the UEs
to contribute local storage to buffer the data.
Moreover, a decision process is needed to effi-
ciently utilize the distributed storage in order to
enhance the opportunities for user collaboration.
Under this context, how to manage the distribut-
ed storage contributed by the UEs and how to
allocate them efficiently for content access are
among the important problems that need to be
modeled and solved by some effective optimiza-
tion tools.

The dynamic graph optimization framework
enables us to investigate these challenging prob-
lems with some simple extensions. In the con-
structed graph, the edges connecting the UE
vertices at consecutive timeframes represent the
same UEs at different times. Thus, they can be
utilized to represent the capability or possibility
that the nodes physically carry data with their
local storage during movement in time. By sim-

ply associating these edges with appropriate
weight values, we can model how much storage
each UE contributes. Furthermore, in a multi-
content sharing system, by dividing the flow f(a,
b) over edge (a, b) into the sub-flows fm(a, b),
each corresponding to the buffer size or trans-
mission rate for an individual content, we can
investigate the optimal storage policies for UEs
in a D2D-enabled multi-content sharing system.

APPLICATION SCENARIOS AND CHALLENGES

THEORETICAL PERFORMANCE BOUND ANALYSIS

One of the most important applications of our
proposed dynamic graph optimization frame-
work is to analyze the theoretical performance
upper bound for the multihop D2D communica-
tion underlaying cellular network. It is clear that
in order to obtain the fundamental performance
bound achievable by multihop D2D communica-
tion, it is essential to first find the optimal solu-
tions for the system (optimal resource allocation,
optimal mode selection, etc.) under the practical
network setting of a large number of users with
realistic mobility patterns. From a system engi-
neering viewpoint, in analyzing the theoretical
performance bound, we can make some realistic
assumptions: the availability of the preemptive
knowledge of BS positions and user mobility tra-
jectories. With the aid of this available system
information, we can cast the multihop D2D
communication underlaying cellular system as a
dynamic graph optimization problem that maxi-
mizes the system utilities (e.g., content down-
loading throughput, wireless network capacity).
The solution of the optimization problem yields
the optimal resource sharing and mode selection
for the cellular network with the given set of
users. Thus, it represents the theoretical perfor-
mance upper bound to the D2D-enabled cellular
system.

In particular, targeting the mobile content
downloading system as an example, by formulat-
ing a max-flow optimization problem that maxi-
mizes the content downloading flows from all
the BSs to the content receivers through all the
possible transmission modes, and multihop D2D
connected and opportunistic transmissions under
the dynamic graph optimization framework, we
obtain the theoretical upper bound to the achiev-
able system content downloading performance.
This enables us to further investigate the funda-
mental problems of how D2D communication
improves system performance and what the
potential effect of the multihop D2D communi-
cation may be. Specifically, using a realistic
mobility model and trace-driven simulations, we
can evaluate the effects of the different system
settings on the performance of the mobile con-
tent downloading system and reveal the funda-
mental influence of D2D communication. 

SYSTEM DESIGN AND OPTIMIZATION
From the above discussion on the capability of
the proposed optimization framework in solving
technical problems of multihop D2D communi-
cations, we perceive another intuitive applica-
tion, which is to solve difficult optimization
problems in protocol and algorithm design.
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The solution of the opti-
mization problem yields
the optimal resource
sharing and mode selec-
tion for the cellular net-
work with the given set
of users. Thus, it repre-
sents the theoretical per-
formance upper bound
to the D2D-enabled cel-
lular system.
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Indeed, for the spatial-temporal dynamic multi-
hop D2D communication system, it is hard to
model and formulate the system under a realistic
environment with tens of hundreds of cellular
users and multiple D2D pairs. The proposed
dynamic graph optimization framework may pro-
vide this well organized structure to model and
investigate such difficult problems. However,
some challenges need to be tackled in order to
exploit this optimization framework in designing
and analyzing these large-scale practical systems.

First, in the formulation of a dynamic graph
optimization problem, constructing the transmis-
sion graph needs the information of the UEs’
trajectories and the channel state information of
cellular and D2D links. However, in practice, we
do not have that information at the stage of cal-
culating optimal solutions. In a practical system,
the UEs are usually carried by human beings
who exhibit regularity in daily mobility. Existing
study [13] reveals that there is strong regularity
in daily human and vehicular mobility (driven by
humans) in terms of both temporal and spatial
dimensions, and it finds 93 percent potential
predictability in user mobility across the whole
user base [13]. This regularity may potentially be
exploited in prediction algorithm design [14].
Consequently, using mobility prediction and
including the prediction information may help
construct transmission graphs with the introduc-
tion of probabilistic graph-based representation.
How to use daily regularity and prediction to
design large-scale practical systems with the aid
of real-life human mobility traces remains an
open problem.

Second, under the large-scale practical net-
work setting with tens of hundreds of nodes, the
algorithms to solve the formulated optimization
problems are also challenging to design. In such
cases, usually the optimal solutions are obtained
with very large overhead of computing time and
cost. Thus, heuristic algorithms with low compu-
tational complexity and competitive performance
are in demand. This is another open problem in
fully utilizing the proposed dynamic graph opti-
mization framework, and further investigation is
needed.

CASE STUDY AND
PERFORMANCE EVALUATION

In this section, we use a cellular network deploy-
ment to quantitatively analyze and assess the
capability of the proposed optimization frame-
work in revealing system performance bound
and designing an optimization solution.

TARGETED SYSTEM
We target a cellular network by considering BS
deployment with real-world human mobility
traces of Orlando [15], which were obtained
from volunteers who spent their Thanksgiving or
Christmas holidays in the city of Orlando, Flori-
da. In the trace collection, the GPS devices take
readings of the users’ current positions every 10
s and record them into a daily track log with a
position accuracy of better than 3 m 95 percent
of the time [15]. All the users are divided into
relays and receivers with a ratio of 5:3, and their

mobility is governed by the collected traces. In
the network, multiple BSs are deployed to yield
about 30 candidate locations to deploy BSs. For
the spectrum sharing model, all the D2D com-
munications use the same allocated frequency
that is part of the cellular network’s spectrum
resource, while the D2D communication and
cellular communication occur on different fre-
quency channels. We limit the maximum node
transmission range for D2D communication to
50 m. Other network parameters are based on
the wireless propagation settings given in [16].

We concentrate on investigating the applica-
tion of utilizing the dynamic graph optimization
framework in the optimal BS scheduling design;
that is, given the number of operational BSs,
optimally choosing the operational BSs from the
30 candidate BSs (the remaining BSs are shut
down) in order to save energy while providing
acceptable services [12]. In this scenario, the ser-
vice providers look for the opportunity to shut
down entire underutilized BSs, and the corre-
sponding load or other delay-tolerant service
would be transferred to their neighboring cells
or/and to the D2D communications outside the
cellular coverage area. Under the above simula-
tion settings, we generate the transmission graph
and formulate the received content maximiza-
tion problem with the decision variables of BS
scheduling under the dynamic graph optimiza-
tion framework, which as explained previously is
naturally built with optimal decisions of mode
selection and spectrum allocation. Thus, the out-
put of this flow maximization problem implies
optimal BS scheduling. In order to show the
advantages of our optimization framework, we
compare our optimal BS scheduling with three
other strategies:
• Random scheduling, which randomly chooses

the operational BSs according to a uniform
distribution among the candidate BSs

• Max node scheduling, which chooses the BSs
that cover large numbers of users to be opera-
tional

• Max time scheduling, which selects the BSs
that cover the users over long average staying
time as the operational BSs

Note that max node and max time are two effi-
cient schemes for dynamic BS operation [12].
Thus, the compared schemes reflect the state of
the art for BS scheduling.

RESULTS ANALYSIS
We use the mobility data to generate the dynam-
ic transmission graph and evaluate the system
performance in terms of content downloading
throughput. The results generated are shown in
Fig. 4, in comparison with the content down-
loading throughput obtained by the other three
BS scheduling schemes. As can be clearly seen in
Fig. 4, among the different BS scheduling strate-
gies, our optimal scheme attains the best perfor-
mance, and it significantly outperforms the max
node and max time when there are fewer than
15 operational or deployed BSs. When the num-
ber of operational BSs increases to 15, the per-
formance of max node and max time are closely
matched to our optimal scheme. This is because
15 deployed BSs are sufficient for this simulated
network. The results of Fig. 4 show that how the

In the network, multiple
BSs are deployed to

yield about 30 candi-
date locations to deploy

BSs. For the spectrum
sharing model, all the
D2D communications

use the same allocated
frequency that is part of

the cellular network’s
spectrum resource, while
the D2D communication
and the cellular commu-
nication occur on differ-
ent frequency channels.
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BSs are deployed has more significant influence
on the achievable system performance when the
number of deployed BSs is limited, and our opti-
mal BS scheduling solution is particularly effec-
tive in such limited BS coverage network
scenarios.

Next, we further analyze the optimal BS
scheduling solution of the dynamic graph opti-
mization framework to investigate the obtained
performance bound of the targeted system.
Specifically, we examine the amounts of data
transmission achieved by the three different
modes of direct cellular transmission, multihop
D2D connected, and opportunistic transmis-
sions, respectively. The throughputs achieved by
the different transmission modes in the optimal
BS scheduling solution obtained by solving the
flow maximization problem are shown in Fig. 5a.
We observe that the importance of opportunistic
transmission increases with the decrease of the
number of operational BSs, and it accounts for
about 40 percent of the total network through-
put when the number of operational BSs is 4.
This clearly demonstrates the performance
enhancing capability of D2D communication. It
is also clear that most of the data transmitted by
multihop D2D communication are via the D2D
opportunistic mode, and the D2D connected
mode is only responsible for a small amount of
the data transmitted. This indicates that the con-
nected path from a BS with the assistance of
some relays to a receiver may not be the most
efficient method of data transmission.

To further observe the important role played
by the multihop D2D communication in data
transmission, we plot the ratio of the data trans-
mitted by the two D2D transmission modes over
the total transmitted data, and the results
obtained by the four different BS scheduling solu-
tions are depicted in Fig. 5b. We observe that the
D2D transmission fraction attains the largest
value under our optimal solution. Specifically, the
D2D mobile data transmission in the system

accounts for about 44 percent of the total data
flow when the number of BSs is 4, and this
decreases to about 28 percent when the number
of BSs increases to 20. These results demonstrate
the important role of multihop D2D transmission
in the targeted simulation system, which further
reveals the capability of our framework to analyze
the performance bound of the multihop D2D
communication underlaying cellular network.

CONCLUSIONS

We have proposed a dynamic graph optimization
framework that exploits the dynamic transmission
graph to model the spatio-temporal dynamics in
terms of mobile users in the multihop D2D com-
munication underlaying system. The proposed
framework enables optimal algorithm design and
performance bound analysis for the multihop
underlaying D2D communication system. This
study thus provides a useful model and optimiza-
tion methodology for multihop D2D communica-
tion, and opens up a new research direction for
the analysis and design of next-generation multi-
hop transmission enabled cellular networks.
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Figure 4. Comparison of content downloading throughput with the number
of operational BSs increasing from 3 to 20.
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Figure 5. Multihop D2D performance bound analysis for the simulated scenario: a) throughputs achieved by the different trans-
mission modes in the optimal BS scheduling solution of the dynamic graph optimization framework; b) comparison of the multi-
hop D2D transmission fractions achieved by different BS scheduling solutions.

Number of base stations

(a)

5

350

400

0

N
et

w
or

k 
th

ro
ug

hp
ut

 (
kb

yt
es

/s
)

300

250

200

150

100

50

10 15 20
Number of base stations

(b)

4
0

D
2D

 t
ra

ns
m

it
te

d 
ra

ti
o

8 12 16 20

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Direct cellular transmission
Multihop D2D opportunistic transmission
Multihop D2D connected transmission

Random
Max time
Max node
Optimal

LI_LAYOUT.qxp_Layout  10/20/14  11:05 AM  Page 61



<<
  /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


