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Abstract—With the emerging demands for local area services
of popular content downloading, device-to-device (D2D) commu-
nication is conceived as a vital technological component for next-
generation cellular communication networking to increase the
spectral efficiency and to enhance the system capacity. Targeting
the application of mobile content downloading, we investigate the
fundamental problems of how D2D communication improves the
system performance of cellular networks and what is the potential
effect of D2D communication, with the aid of the optimal solutions
for the system resource allocation and mode selection obtained
under the realistic user and mobility conditions. Specifically, by
formulating a max-flow optimization problem that maximizes the
content downloading flows from all the cellular base stations to
the content downloaders through any possible ways of transmis-
sion, we obtain the theoretical upper bound to system content-
downloading performance. Using realistic mobility model and
trace driven simulations, we evaluate the effects of the differ-
ent system settings on the performance of the mobile content-
downloading system, and reveal the fundamental influence of D2D
communication.

Index Terms—Device-to-device communication, mobile data
downloading, cellular networks.

I. INTRODUCTION

MOBILE Internet access is getting ever-increasingly pop-
ular and it today provides various services and appli-

cations, including audio, images and video. Cisco estimates
that mobile data traffic grew at an annual rate of 170% in
2012, and will reach over 10 exabytes per month in 2017 [1].
Moreover, two-thirds of the world’s mobile data traffic will be
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video by 2017, according to Cisco’s forecast [1]. Huge portion
of the total mobile data traffics delivered by mobile service
providers, such as weather forecasts, multimedia newspapers,
stock information, movie trailers, and etc, are typically deliv-
ered or broadcasted to large number of mobile users. Currently,
these mobile content downloadings are supported by cellular
networks, which is the most popular method of mobile access
today [2]. With the explosive increase in mobile services and
user demands, cellular networks will, very likely, be overloaded
and congested in the near future. Pessimists already foresee
near nightmare scenarios that, during peak time and in urban
area, users face extreme performance hits in terms of low or
even no network bandwidth, missed voice calls, and unreli-
able coverage. Indeed, the limited spectrum and over-the-air
bandwidth constrain multimedia mobile content downloading
applications, such as mobile TV and voice, streaming music or
video downloads.

As one of the next generation wireless communication sys-
tems, Third generation partnership project Long Term Evo-
lution (LTE) is committed to provide technologies for high
data rate transmission system, and LTE-Advanced (LTE-A) is
defined to support new components for LTE to enable higher-
rate communication and mobile content downloading demands
[3]. Combined with the emerging demands for local area ser-
vices of popular content downloading, Device-to-Device (D2D)
communication is proposed as a key component for LTE-A,
which enables devices to communicate directly, and it is an
underlay to the cellular network for increasing the spectral
efficiency [4]–[6]. In D2D communications, under the control
of Base Stations (BSs), User Equipments (UEs) transmit data
to each other over direct links using the cellular resources,
instead of through BSs. Thus, most of context-aware applica-
tions that involve discovering and communicating with nearby
devices, including the popular content downloading, can benefit
from the D2D communication by reducing the communication
cost since it enables physical-proximity communication, which
saves communication power while improving the spectral ef-
ficiency. Therefore, the potential of D2D communications to
improve spectral utilization is being promoted in the recent
years [5]. It is expected that D2D communication will be a key
feature supported by the next-generation cellular networks [6].

Although D2D communication may enhance the spectral
efficiency and increase the system capacity, it also causes
interference to the cellular network as the results of spectrum
sharing. Current works mainly focus on power control [7]–[9],
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resource allocation [10], [11] and interference management
[12]–[14]. Thus, significant research has been carried out on the
resource allocation and power control algorithms that consider
mutual interference between D2D and cellular communications
where the D2D communications consume part of the cellular
resources delicately. To further increase the spectrum reuse
ratio, our work considers the even more challenging senario
where all the D2D communications occur on the same part of
the frequency resources. However, the main difference between
our work and these existing works is the network scale. The
existing works [7]–[14] consider the problem under a very re-
stricted cellular system setting consisting of only four nodes—a
pair of D2D UEs, a cellular UE, and a BS. Within such a small
and simplified network scenario, these existing studies can only
deal with some individual aspects of the D2D underlaying
cellular network. None of these existing works, however, has
tackled the underlying problem as a whole and, therefore, they
are unable to quantify the actual potential of the D2D enabling
cellular network under a realistic network scenario with tens
of hundreds nodes and multiple D2D pairs sharing one cellular
user’s spectrum. In this paper, we identify the mobile content
downloading performance bound achievable through the D2D
underlaying large scale cellular network with multiple cellular
users and D2D pairs, and answer the challenging questions of
how D2D can improve the cellular network system performance
and what are the potential effects of D2D.

Intuitively, D2D communication consumes some spectrum
resources of the cellular network, while it may increase the
resource utilization by the reuse of the spectrum for the com-
municating devices that are physically in close proximity to en-
able very high bit-rate, low delay and low power-consumption
communication. Thus, D2D communication depends on how
often the devices are in physical-proximity communication
with each other and how long the communication can last. In
other words, underlaying D2D communication opportunities
and therefore the performance of the D2D underlaying cellular
system depends on the node mobility patterns. On the other
hand, the D2D underlaying cellular network’s performance also
depends on the adopted system resource allocation and mode
selection schemes. Since D2D communications share resources
with normal cellular communications and therefore impose new
interferences, we need to optimize the resource allocation to
effectively manage interference while maximizing the gains of
D2D communications. Mode selection decides whether D2D
candidate pairs should communicate in D2D mode or in cellular
mode, and an appropriate mode should be selected according to
the available bandwidth to achieve an optimal system perfor-
mance. It is clear that to obtain the fundamental performance
bound achievable by D2D communication, it is essential to first
find the optimal solutions for the system resource allocation and
mode selection under the practical network setting of a large
number of users with realistic mobility patterns.

From a system engineering viewpoint, we make some re-
alistic assumptions, namely, the availability of the preemptive
knowledge of BS deployment and user mobility trajectories as
well as the optimal scheduling of mode selection and resource
sharing for the content downloading. With the aid of the avail-
able system information, we can cast the content download-

ing process in the D2D communication underlaying cellular
network as a max-flow optimization problem that maximizes
the content downloading flows from all the cellular BSs to
the content downloaders through any possible communicating
means that include directly cellular transmission, D2D enabled
connected transmission and opportunistic transmission. The
solution of this max-flow problem yields the optimal resource
sharing and mode selection over the whole cellular network
with a given set of users. Thus, it represents the theoretical
performance upper bound to the content downloading system.
To the best of our knowledge, this is the first study on the
performance bound of the D2D communication underlaying
cellular system under realistic networking scenarios with large-
scale node mobility and all possible transmission modes. Our
novel contributions are summarized as follows.

• We introduce the dynamic graph to model the D2D com-
munication underlaying cellular network with multiple
D2D pairs and node mobility patterns. This model is used
to set up a realistic D2D underlaying cellular network for
studying the performance limits of the content download-
ing services.

• We formulate the optimal mobile content downloading
problem in D2D communication underlaying cellular net-
works as a flow maximization problem based on the
dynamic graph model, which takes into the consideration
of the resource allocation and content transmission mode
selection. The solution of this max-flow problem reveals
the theoretical performance bound of the system.

• To highlight the effects of the D2D communication on
cellular networks, we evaluate the influence of the dif-
ferent networking environments on the performance of
the mobile content downloading system with extensive
simulation results.

The rest of the paper is organized as follows. The mobile
content downloading system in the D2D communication un-
derlaying network is given in Section II, while the dynamic
graph is described in Section III to model the content down-
loading process which takes into account the user mobility and
all possible transmission modes. In Section IV, we formulate
the flow-max optimization problem with the consideration of
the resource allocation and mode selection for the mobile
content downloading system, and obtain its optimal solution
that represents the achievable performance limit of the system.
Section V introduces the experimental simulation environment
and presents the simulation results for the performance evalua-
tion of the proposed mobile content downloading system in the
D2D communication underlaying network. In the light of our
results, we conclude the paper in Section VI.

II. MOBILE CONTENT DOWNLOADING SYSTEM

The envisaged mobile content downloading system in D2D
underlaying cellular networks is illustrated in Fig. 1, where
the cellular network provides the coverage over a certain re-
gion through BSs and the UEs here refer to the users with
mobile phones or other devices that travel around. The UEs
are naturally mobile nodes, and their positions change with
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Fig. 1. Illustration of the mobile content downloading in D2D underlaying
cellular networks, where there are 2 cellular BSs, c1 and c2, and 7 mobile
UEs, which include 3 mobile content downloaders, s1, s2, and s3, whose
communication ranges are denoted by dotted and green circles, and 4 mobile
content downloading helpers, h1, h2, h3, and h4, whose communication
ranges are denoted by solid and green circles. A downloader can receive the
data from the cellular network directly (cellular transmission mode) or from
the downloading helpers/relays (D2D transmission mode). Furthermore, a D2D
transmission can either be multi-hop connected transmission or delay-tolerant
opportunistic transmission.

the time. Therefore, at different time frames,1 their access and
physical (location) relationships may be different. For example,
Fig. 1 displays the access and physical relationships at the
different system time frames of τ0, τ5, τ12, and τ16, respectively.
The BSs are connected to the content servers in the Internet
through wired-line links. The users requesting mobile contents
send their data requests to the relevant content servers via the
cellular network. Then, the requested data are delivered from
the corresponding content servers to the related users either via
directly cellular transmissions, if the users are in the cellular
coverage, with certain transmission rates, or via D2D based
transmissions when they physically encounter some other users
that have their requested mobile contents.

In this mobile content downloading system, UEs that are
requesting data are referred to as mobile content downloaders.
Other UEs that are currently not retrieving mobile contents
for themselves may participate in the content downloading to
receive the data from BSs and then transmit them to the relevant
downloaders via D2D communication. These UEs are referred
to as content transmission helpers. In our proposed system,
we assume that all UEs are rational and, therefore, they will
participate in the content downloading as helpers only when
they are not currently retrieving the contents for themselves.
Incentives for the helpers can be given by using some micro-
payment scheme, or the operator can offer the helpers a reduced
cost for their service or better quality of service [15]–[17]. A
full analysis of such incentives is beyond the scope of this
paper. In the example depicted in Fig. 1, there are 2 cellular BSs
marked as c1 and c2, three mobile content downloaders known

1The time frames are used to mark the system time, which will be formally
defined in the next section.

as s1, s2, and s3 whose communication ranges are denoted
by the respective dotted and green circles, and four mobile
content downloading helpers called h1, h2, h3, and h4 whose
communication ranges are denoted by the corresponding solid
and green circles. In this D2D underlaying cellular network,
there exist the following three different modes for mobile
content downloading.

1) Directly cellular transmission. The downloaders inside
the coverage of the cellular network receive their mobile
contents directly from BSs. This mode is the original way
of communication in cellular networks. However, due to
coverage leak and signal attenuation, this mode may fail
to provide the required content transmissions when the
downloaders are out of coverage.

For example, in Fig. 1, cellular BS c1 transmits directly
to downloader s1 during the time frame τ5 and transmits
directly to downloader s2 during the time frame τ12.

2) D2D connected transmission. A connected path from
a BS via some helpers to a downloader is established
by taking the advantage of the physical proximity of
communicating devices. The mobile data are send via this
D2D enabled connected path to the downloader.

The example of Fig. 1 shows that during the time frame
τ0, BS c1 transmits the content to downloader s1 via the
D2D connected link with the aid of helpers h1 and h2,
while during the time frame τ16, c1 transmits the content
to s1 using the connected c1 → h1 → s1 path.

3) D2D opportunistic transmission. Owing to the mobility
of downloaders and helpers, a D2D connected path is
prone to be broken. However, a helper can store the
received content in its buffer, and transmits the data to
the relevant downloader or other helpers when commu-
nication contact arises. This is known as store-carry-
and-forwarding. Since UEs are inherently mobile, this
opportunistic communication mode is capable of further
enhancing the system performance.

In Fig. 1, over the time frames τ0 to τ5, downloader
s2 is outside the coverages of both BSs. During the time
frame τ0, helper h4 receives the data from BS c1 and
stores the data in its buffer. When the communication
opportunity occurs between h4 and s2 during the time
frame τ5, h4 transmits the content to s2. Another example
is that h4 opportunistically transmits the data to h2 during
the time frame τ12 and then h2 transmits the data to s3
when they meet during the time frame τ16.

The D2D connected and opportunistic transmission modes
are inherently multi-hops. Clearly, either modes must have at
least two hops with the first hop from a BS to a helper and the
second hop from this helper to a downloader. In theory, there is
no limit imposed on the maximum number of relays that can be
used to deliver the content to a downloader. However, in practi-
cal systems, the hop count is usually limited because multi-hop
communication may yield link cost since it requires multiple
time slot resources in the half-duplex mode. In our problem
formulation, the effect of hop number to the aggregated system
throughput is implicitly considered.
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Since the traditional D2D technologies based on Bluetooth
and WiFi work at 2.4 GHz unlicensed band [6], they are inad-
equate for the envisaged mobile content downloading system.
We therefore focus on the operator controlled D2D communi-
cation where the devices communicate directly with each other
under the control of the cellular network, which include access
authentication, connection control and resource allocation [6].
In the operator controlled D2D system, D2D communications
between devices use the same licensed band of cellular commu-
nication, and they assume the same air interface of the underlay-
ing cellular network. Thus, D2D communications consume part
of the resources allocated to the cellular network. This resource
sharing with the directly cellular communication is orthogonal,
since the D2D communication and the cellular transmission
occur on the different frequency channels, and there exists no
interference between the cellular and D2D communications.
However, to reuse the network resource, all the D2D commu-
nications occur on the same frequency channel, and this shared
channel bandwidth is allocated for D2D communication using
the IEEE 802.11 based MAC protocol. Clearly, there exists
the interference between two D2D communications, and this
interference will influence the achievable communication rate.
As a D2D communication only occurs when two UEs are close-
proximity neighbors, by carefully defining the communication
range and the transmit power, the interference between two
different D2D communications can be limited/managed.

To achieve our objective of investigating the optimal content
downloading system that maximizes the system throughput
by appropriately utilizing the available content transmission
opportunities in the D2D underlaying cellular network, we must
have the solutions of the following two problems underpinning
the optimal content downloading system.

(i) Transmission Mode Selection. Since the D2D communi-
cation uses the same air interface of cellular communica-
tion, a UE can only operate either in the D2D mode or in
the directly cellular transmission mode. Furthermore, in
the D2D mode, a decision must be made whether to use
a connected or an opportunistic transmission. Given all
the possible transmission modes involving all the UEs,
the task is how to utilize them to maximize the content
transmission throughput from all the cellular BSs to all
the downloaders.

(ii) Optimal Resource Allocation. Given the available net-
work resource of frequency channels and the content
transmission opportunities between BSs and UEs as
well as between UEs, the task is to allocate the re-
source between D2D communications and cellular com-
munications to attain the maximum content transmission
throughput.

Given the knowledge of the deployment and coverage of cel-
lular BSs, UEs’ mobility trajectories, and the prefect scheduling
of data transmission in terms of resource allocation and mode
selection, we first build a graph of the transmission evolution
in the dynamic D2D underlaying cellular communication by
processing the cellular network layout and the associated UEs’
mobility traces. Based on this graph model, we then formulate
the aggregated system throughput problem as a flow maximiza-

tion problem. The solution of this max-flow problem provides
the optimal network scheduling of mode selection and resource
allocation, which allows us to derive the upper bound of the
network throughput performance.

III. DYNAMIC GRAPH FOR D2D UNDERLAYING

CELLULAR COMMUNICATION

Now, we utilize the model of dynamical graph [18], [19]
to model the D2D D2D communication underlaying cellular
networks, which includes all the possible transmission op-
portunities of different modes evolving in time. The graph
considers three different types of nodes in the system. There
are C BSs labelled as C = {c1, c2, . . . , cC}, each of which
provides a stationary area of cellular coverage. We further
assume that there are no overlapped coverage area but there
exist the areas of no cellular coverage. Among the U UEs,
there are S content downloaders retrieving the contents from
the Internet labelled as S = {s1, s2, . . . , sS}, while the other
H = U − S UEs are the content transmission helpers labelled
as H = {h1, h2, . . . , hH}, who are involved in the D2D com-
munication to help the content downloading for downloaders.

To describe the UEs’ dynamic accessing relationships with
the BSs as well as the time-varying communication opportuni-
ties and paths among the helpers and downloaders, we adopt the
time-expanded graph, and generate the graph from the mobility
trace. To model all the possible content transmission opportuni-
ties of different modes, we identify the communication contact
events between a pair of nodes, which may be BS and UEs,
helper and downloader, or helper and helper. These contact
events include the following five types.

1) Cellular accessing starts: the time when a UE moves into
the coverage of a cellular BS, and it establishes a link with
the BS.

2) Cellular accessing ends: the time when a UE moves out
of the coverage of a cellular BS, and the established
communication link is disconnected.

3) D2D contact starts: the time when a pair of two UEs,
either helper and helper or helper and downloader, physi-
cally move into the communication range of each other
and they can transmit the mobile content from one to
another by a D2D communication link.

4) D2D contact ends: the time when a pair of two UEs,
which have been in the D2D communication state, moves
outside the communication range of each other, and the
established link is broken.

5) Link quality level changes: the time that the quality
of communication link changes. Several metrics can be
considered, and in this work we take the achievable data
rate of the link as the link quality metric.

The above communication contact events, which are as-
sumed to be sequentially occurring at the different time points2

of t0, t1, . . . , tN , divide the continuous time into time periods.
We define the period between two successive events as time

2This assumption is made purely for the purpose of simplifying the descrip-
tion of a dynamic graph model, while in practice more than one contact events
can occur at the same time point in the graph.
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frame. Specifically, the time period between tl−1 and tl is
labelled as frame τl, with the initial time frame τ0 defining
the time before t0. Thus, all the time frames are labelled as
τ0, τ1, . . . , τN . Within each time frame, we further assume that
no contact event occurs and no link quality changes. In other
words, within each time frame, the states of the nodes and the
commutation contacts do not change. Otherwise, the system
evolves into the next time frame. For notational simplification,
we will also use l to denote time frame τl in the sequel.

In the dynamic D2D graph, each network node at each frame
is represented by a vertex. For a BS ci ∈ C where 1 ≤ i ≤ C,
we denote the corresponding vertex at frame l as cli. Similarly,
we denote the vertices of a downloader si ∈ S for 1 ≤ i ≤ S
and a helper hi ∈ H for 1 ≤ i ≤ H at frame l as sli, and hl

i,
respectively. We further denote all the vertices generated at
frame l by all the BSs, helpers and downloaders as Cl, Hl

and Sl, respectively. For convenience, we define the set of the
vertices of the helpers and downloaders, i.e., all the UEs, by
U l = Hl ∪ Sl. Within time frame l, a directional edge (cli, u

l
j)

exists from vertex cli to vertex ul
j if the node uj ∈ U are in the

coverage of ci ∈ C. We denote all these edges at l as E l
c, which

represent all the directly cellular transmission links for the
downloader vertices slj ∈ Sl and all the first-hop links of D2D
communications for the helper vertices hl

j ∈ Hl. Similarly, if
a pair of helper and downloader, denoted by hi and sj , are in
the contact at frame l, a directional edge (hl

i, s
l
j) exists from

vertex hl
i to vertex slj . All these edges are denoted by E l

s, and
they represent the content transmission opportunities from the
helpers to the downloaders. For a pair of helpers hi and hj ,
which are in the contact at frame l, they can transmit content to
each other and, therefore, a bidirectional edge exists between hl

i

and hl
j , and all these bidirectional edges are denoted by E l

h. For
notational convenience, all the edges (ul

i, u
l
j) where ul

i, u
l
j ∈ U l

will be denoted as E l
u, i.e., E l

u = E l
h ∪ E l

s. For any edge at time
frame l, namely (a1, a2) ∈ E l = E l

c ∪ E l
u, we assign a weight

w(a1, a2) to (a1, a2), which represents the achievable content
transmission rate of (a1, a2).

All the edges in E l represent the available content trans-
mission opportunities in frame l, and {E l}Nl=0 represent the
available content transmission opportunities evolving in time.
A directly cellular transmission from BS ci to downloader sk at
frame l occurs at the edge (cli, s

l
k) ∈ E l

c. A two-hop D2D con-
nected transmission from ci via helper hj to sk at frame l occurs
at the link that consists of the two edges (cli, h

l
j) ∪ (hl

j , s
l
k),

where (cli, h
l
j) ∈ E l

c and (hl
j , s

l
k) ∈ E l

s. A D2D opportunistic
transmission from hi to sj at frame l happens on the edge
(hl

i, s
l
j) ∈ E l

s. Note that hi in this case must have received the
content and stored the content in its buffer in some previous
frame l′ < l, either via a directly cellular link (cl

′
k , h

l′
i ) from

a BS vertex cl
′
k or via an opportunistic link (hl′

k , h
l′
i ) from

another helper vertex hl′
k , before its opportunistic contact with

sj at time point tl−1. Therefore, we need to model the time
evolution of content buffering for helpers and similarly for
BSs in the graph. For this aim, a directional edge (bli, b

l+1
i ) of

infinite weight is drawn for the same BS or helper bi ∈ B =
C ∪ H between two successive frames. All the these edges are
denoted by Eb.

TABLE I
NETWORK EVENTS FOR THE D2D UNDERLAYING CELLULAR NETWORK

INVOLVING TWO BASE STATIONS (c1, c2), THREE DOWNLOADERS

(s1, s2, s3) AND FOUR HELPERS (h1, h2, h3, h4)

Fig. 2. The dynamic D2D underlaying cellular communication graph gener-
ated by the events of opportunistic contact and access relationship that are given
in Fig. 1 and Table I.

Given all the vertices and edges, we can build the dy-
namic graph for the D2D underlaying cellular communication,
which is a weighted directional graph representing the spatial-
temporal evolution of the network topology involving all the
BSs and UEs. Consider the D2D underlaying cellular network
illustrated in Fig. 1, which involves two BSs (c1, c2), three
downloaders (s1, s2, s3) and four helpers (h1, h2, h3, h4). As-
sume 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 contact start and end, for the time
points t0 to t15, which are summarized in Table I. Fig. 2 depicts
the dynamic graph for this D2D underlaying cellular network,
which explicitly shows the spatial-temporal evolution of the
network topology of all the BSs and UEs. For graphical clar-
ification, we omit the weights of edges. In this dynamic graph,
the contact events are highlighted by the time points at which
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links are established and lost, and time frames correspond to
rows of the vertices, while nodes correspond to columns of
the vertices. Note that the dynamic graph allows us to capture
all the possible content downloading modes, including the
directly cellular transmission, and D2D connected as well as
opportunistic transmission modes.

IV. MAXIMUM THROUGHPUT CONTENT DOWNLOADING

Based on the spatial-temporal dynamic graph for D2D com-
munication underlaying cellular networks, we formulate the
content downloading throughput optimization by expressing
the maximization objective and analyzing the constraints.

A. Problem Formulation

The content downloading throughput optimization must
jointly consider transmission mode selection and resource allo-
cation. Since our dynamic graph represents all the possible con-
tent transmission opportunities and modes, we need to associate
the resource allocation with this dynamic graph. In terms of
the resource allocation, we assign the bandwidth between D2D
communications and cellular communications, and the allo-
cated resource directly influences the content transmission rates
for the cellular communication and the D2D communication.
Therefore, the weight of each edge, namely, the “flow” rate of
each directional edge, is directly associated with the allocated
resource. The resource allocation policies are assumed to be
scheduled at the same frequency as the network events, while
within a time frame, the allocated resources remain unchanged
and, therefore, the content transmission rates are also kept
constant within a time frame.

Consider the cellular coverage area by BS ci ∈ C, 1 ≤ i ≤
C, at frame l. Denote the allocated spectrum resource for the
directly cellular communication between this BS and UEs as
xl
i. Under the Rayleigh fading channel model, we can express

the maximum achievable average data rate for the link between
ci and UE uj , denoted by Rci , as follows:

Rci = xl
i log2

(
1 +

Pciζ
−�
ci,uj

∣∣hci,uj

∣∣2
N0

)
(1)

where Pci is the transmitted signal power of BS ci, ζci,uj
is the

distance between ci and uj , � is the path loss exponent, N0 is the
power of the receiver noise which is assumed to be the additive
white Gaussian noise (AWGN), and |hci,uj

|2 denotes the aver-
age power or second-order statistic of the Rayleigh fading chan-
nel linking ci and uj . As expected, the content transmission rate
to UE uj is proportional to the allocated resource xl

i. Thus, the
weight for the edge (cli, u

l
j) can be expressed as w(cli, u

l
j) =

α
luj

i xl
i with α

luj

i = log2(1 + (Pciζ
−�
ci,uj

|hci,uj
|2/N00).

Denote the set of all the D2D communication pairs in the
coverage area of ci as G, and assume that the allocated band-
width resource at time frame l is yli for D2D communication.
Since the D2D communication pairs in the coverage area of
ci share the same spectrum, we must consider the interference
between all the different D2D pairs, and the average trans-

Fig. 3. Illustration of the flow maximization formulation for the optimal
throughput content downloading problem.

mission rate of the D2D pair g ∈ G, denoted by Rg, can be
expressed as

Rg = yli log2

⎛
⎜⎝1 +

Pgζ
−�
g |hg|2∑

g′∈G\g
Pg′ζ−�

g′,g|hg′,g|2 +N0

⎞
⎟⎠ (2)

where Pg and Pg′ are the transmission powers of the two
D2D pairs g and g′, respectively, and ζg denote the dis-
tance between the transmitter and receiver of the D2D pair
g with |hg|2 being the average power of the corresponding
Rayleigh fading channel, while ζg′,g is the distance from
the transmitter of the D2D pair g′ to the receiver of the
D2D pair g with |hg′,g|2 being the average power of the
corresponding Rayleigh fading channel. Clearly, the con-
tent transmission rate of the D2D pair g = (ul

j , u
l
k) can be

expressed as w(ul
j , u

l
k) = βl

jky
l
i with βl

jk = βl
g = log2(1 +

(Pgζ
−�
g |hg|2/

∑
g′∈G\g Pg′ζ−�

g′,g|hg′,g|2 +N0)). The expression
(2) is generic, including the situation with inactive D2D pairs.
In fact, if a D2D pair g′ is inactive, we simply set the corre-
sponding transmission power Pg′ to zero in (2).

To formulate the max-flow problem for the dynamic graph of
the D2D underlaying cellular communication, we introduce two
virtual vertices, s and d, which represent the source and desti-
nation of the total flow over the graph. To model the flow of the
content downloading, we add the edges (s, c0i ) of infinite weight
from s to all the vertices c0i ∈ C0 for 1 ≤ i ≤ C, and introduce
the edges (sli, d) of infinite weight from all the vertices sli ∈ Sl,
for 1 ≤ i ≤ S and 0 ≤ l ≤ N , to d. In this way, we obtain the
directional connected graph, on which the content downloading
is modelled as the flow from s to d, which represents the total
amount of the downloaded contents by the D2D communication
underlaying cellular network. An illustration of this content
downloading model is shown in Fig. 3. Given this directional
connected graph, we can formulate the optimization problem
whose goal is to maximize the flow from s to d. For any edge,
(a1, a2) ∈ ( ∪

0≤l≤N
E l) ∪ Eb, we further denote the traffic over

the edge connecting two vertices of a1 and a2 as f(a1, a2).
Then, the objective of maximizing the total downloaded content
of all the downloaders can be expressed as follows:

max

N∑
l=0

S∑
i=1

f
(
sli, d

)
. (3)
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The solution of this max-flow problem depends on the trans-
mission mode selection as well as the resource allocation of
xl
i and yli, for 0 ≤ l ≤ N , 1 ≤ i ≤ C. This max-flow problem

is subject to several constraints, including the constraints of
flow conservation and system that have fundamental influence
on the achievable theoretical performance bound of the D2D
communication underlaying cellular system.

B. Constraints of Transmission Flow

We now consider the system constraints in terms of flow
conservation and channel transmissions. The flow on every ex-
isting edge much be non-negative. Thus, for any edge (a1, a2),
we have f(a1, a2) ≥ 0. Moreover, for any vertex in the graph,
the flow conservation means that the amount of incoming flow
must equal to the amount of outgoing flow. In the system,
there are three different types of vertices, namely, BSs, helpers
and downloaders, which have different content transmission
behaviors that influence the flow. For each one, we constrain
that the incoming flow amount equals to outgoing flow amount.
In terms of the channel transmission, for the directly cellular
communication with the UEs, we assume the unicast trans-
mission. Since the available transmission resources are limited,
the total transmitted flow to all the UEs during a time frame
must satisfy the system constraints on the transmission rates
and the given time frame duration. Specifically, for BS vertex
cli ∈ Cl at time frame l whose transmission duration is τl,
we have

∑
ul
j
∈Ul:(cli,ul

j)∈El
c

f
(
cli, u

l
j

)
α
luj

i xl
i

≤ τl. (4)

As for the D2D communication, the shared resources are
accessed based on the IEEE 802.11 based MAC protocol, and
the nodes in the same access domain are not allowed to transmit
simultaneously to avoid collision or interference. According
to the allocated D2D communication resource, we also need
to limit the transmitted content flows among the “connected”
UEs at each time frame to meet the system constraints on the
transmission rates and the given time frame duration. Specifi-
cally, for receiving UE vertex ul

k ∈ U l that is in the coverage of
BS ci at time frame l and whose receiving time duration is τl,
we have

∑
ul
m,ul

n∈Ul:(ul
m,ul

n)∈El
u

ξf
(
ul
m, ul

n

)
βl
mny

l
i

+
∑

ul
j
∈Ul:(ul

j
,ul

k)∈El
u

f
(
ul
j , u

l
k

)
βl
jky

l
i

≤ τl (5)

where ξ = I[(ul
m,ul

k
)‖(ul

n,u
l
k
)] and [(ul

m, ul
k)‖(ul

n, u
l
k)] indicates

the condition that either edge (ul
m, ul

k) or (ul
n, u

l
k) exists, while

the first term in the left hand side of equation obtains the
time duration for other nodes “connected” with ul

k to transmit
their flows, and the second term is the time duration for ul

k to
transmit the flow.

C. Constraints of Resource Allocation and Mode Selection

We now discuss how the transmission mode selection and
resource allocation problems are inherently modelled in the
above max-flow optimization formulation.

A directly cellular transmission at time frame l corresponds
to the flow from a BS vertex cli ∈ Cl to a content downloader
vertex slj ∈ Sl, which is inherently a one-hop flow occurring
on the edge (cli, s

l
j). A D2D connected transmission at time

frame l represents the data flow originated from a BS vertex
cli ∈ Cl, via one or more helper vertices hl

k1
, . . . , hl

km
∈ Hl at

the same time frame l, to a content downloader vertex slj ∈ Sl,
which is a multi-hop flow occurring on the “connected” multi-
edges (cli, h

l
k1
) ∪ · · · ∪ (hl

km
, slj). This kind of transmission is

related to the scenario that at a given time frame, a multi-hop or
multi-edge connected path exists from a transmitting BS with
the aid of some helper relays to a receiving downloader. A
D2D opportunistic transmission represents the multi-hop flow
occurring on different edges related to different time frames.
More specifically, a D2D opportunistic flow is originated at
some time frame l′ on an edge (cl

′
i , h

l′
k ). The flow may be

carried by the “vertical edges” of helper hk through the sub-
sequent time frames until at a future time frame l > l′, the
flow continues on the edge (hl

k, u
l
j). If the receiving vertex

is a downloader ul
j = slj , this D2D opportunistic flow reaches

its destination at time frame l. Otherwise, the helper ul
j = hl

j

will carry the flow into future time frames. From the above
discussion, it is clearly that all the transmission modes are
naturally modelled by the flows f(a1, a2) occurring on all the
edges (a1, a2) ∈ ( ∪

0≤l≤N
E l) ∪ Eb existing in the graph, and the

transmission mode selection problem is solved by optimizing
the flow allocation on these edges.

In general, the hop count or the number of helpers used to
deliver the content to a downloader can be unlimited in the
D2D connected and opportunistic transmissions. In practice,
the number of relay helpers is likely to be limited, and in our
model we set the maximum number of hops or helpers used to
deliver the content. A special case is the two-hop forwarding,
which only allows one helper relay for assisting the content
downloading from a BS to a downloader. In the extreme case of
limiting the hop count to one, the only transmissions allowed
are one-hop transmissions directly from BSs to downloaders,
and the system degenerates into a pure cellular communication
without the assistance of D2D communication. In our perfor-
mance evaluation, we will consider these three different cases
of hop count in the mode selection.

As stated before, the system transmission resources are allo-
cated to directly cellular communication and D2D communica-
tion as xl

i and yli, respectively, for each time frame l and each
cellular BS ci. We further assume that the total resource for the
coverage area of ci is limited to Bi. Thus, we have the following
constraint on the resource allocation:

xl
i + yli ≤ Bi, 1 ≤ i ≤ C, 0 ≤ l ≤ N. (6)

It is clear that the resource allocation problem is naturally
modelled in the process of determining the resources of xl

i and
yli for each cellular BS ci.
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D. Solution

Combing the objective of (3) and the system constraints
of (4)–(6), we have the flow maximization problem for the
D2D underlaying cellular system with the decision variables
of f(a1, a2) for (a1, a2) ∈ ( ∪

0≤l≤N
E l) ∪ Eb as well as xl

i and yli

for 1 ≤ i ≤ C and 0 ≤ l ≤ N , which are all real-valued. Note
that the objective (3) is a linear composition of f(sli, d), while
the flow constraints and constraint (6) are linear constraints. But
the constraints (4) and (5) are not expressed in linear forms. If
we can transform these two constraints related to the resource
allocation and channel access into the linear expressions of
the decision variables, the flow maximization problem can be
solved by linear programming techniques.

To transform the constraint (4) into a linear form, we intro-
duce the “communicating duration” vector for BS vertex cli at
time frame l, whose elements are denoted by pul

j
for ul

j ∈ U l.

Specifically, pul
j

indicates how long cli communicates with UE

vertex ul
j at time frame l. Consequently, (4) can be transformed

into the following form:∑
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)

×
∑
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j
≤ τl. (7)

Similarly, we introduce the two communicating duration vec-
tors for receiving UE vertex ul

k at frame l, whose elements
are denoted by qluj

and rlumun
, respectively. In particular,

qluj
indicates how long UE vertex ul

j communicates with ul
k

at frame l, while rlumun
measures how long UE vertex ul

m

communicates with UE vertex ul
n during frame l. It can then

readily be seen that the constraint (5) can be transformed into
the form of∑
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We have now expressed all the constraints of our flow
maximization problem in linear forms. Thus, this flow maxi-
mization problem falls into the category of linear programming
problems, which can be solved using the existing optimization
tool kits, such as CPLEX [20] and YALMIP [21]. In the

following section, we will simulate the system with the realistic
mobility model and traces to evaluate and reveal the achievable
performance upper bound of the mobile content downloading
in the D2D underlaying cellular system.

V. PERFORMANCE EVALUATION

We considered realistic BS deployment with both synthetic
and real-world human mobility traces. The synthetic trace
employed was the recently proposed human mobility model
of Self-Similar Least Action Walk) (SLAW) [22], where the
number of system nodes can be changed in the simulation.
The two real-world human mobility traces considered were the
contact trace Infocom05 and the GPS trace KAIST.

A. Evaluation Environment and Experimental Settings

Infocom05 was gathered by the Haggle Project [23]. It
recorded the contacts among users carrying Bluetooth devices,
which periodically discovered their contacts with peers in the
communication range and recorded them. For this trace, we
assumed that the devices having contacts could communicate
with each other in the D2D mode and could also choose to com-
municate in the cellular mode. Since this trace was collected
in conference site, we assumed that all the users were covered
by one cellular BS. To simulate more generic and realistic user
mobility environments, we used a GPS trace KAIST. KAIST was
collected in the university campus at Korea Advanced Institute
of Science and Technology (KAIST), Daejeon, Korea, in which
the GPS traces were recorded by Garmin GPS 60CSx handheld
receivers, which are GPS devices with a position accuracy of
better than 3 m 95% of the time [24]. Specifically, the GPS
receivers took the readings of their current positions every 10 s
and recorded them into a daily track log, and the readings
were taken by the students that were randomly selected from
those enrolled in a course at the computer science department.
As for the SLAW, we used its typical settings given in [22],
where the speed of every user was set to 1 m/s, and a truncated
Pareto distribution was used to generate the pause time of
which the minimum and maximum values were 30 s and 700 s,
respectively, while the network area was set to 1000× 1000 m2.
These three human mobility traces are summarised in Table II.

Except for the trace of Infocom05 which had a single BS
deployment in the simulation, multiple BSs, each with the
coverage radius of 400 m, were deployed for the other two
cases, and the number of BSs deployed depended on the area
covered. Specifically, we randomly varied the deployed BSs
in the SLAW model based simulation from 5 to 11, while the
deployed BSs in KAIST were varied from 3 to 9. For the D2D
communication, we limited the maximum transmission range of
a node to 50 m. The achievable network-layer rate between any
two UE nodes was adjusted according to the distance between
them. In our network simulation, the wireless propagation was
modeled by WINNER II channel models. In particular, the D2D
communication channel was based on the scenario that two
communicating UEs were physically in close proximity, while
the cellular communication channel was simulated according to
the urban microcell scenario.
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TABLE II
TRACE SUMMARY

Under the above simulation settings, we generated the dy-
namic graph that represented the mobile content download-
ing process and solved the corresponding flow maximization
problem on the generated dynamic graph. Specifically, we
obtained the optimal resource allocation and transmission mode
selection as well as the flows related to the amount of the
mobile content that the downloaders received. According to the
solution of the max-flow problem, we evaluated the following
three performance metrics:

1) The average amount of the mobile content downloaded,
which is defined as the total amount of the downloaded
mobile content divided by the number of downloaders.

2) The Jain’s fairness measure [25], which determines
whether downloaders are receiving fair share of the sys-
tem resources. Specifically, since the amount of content
received by downloader si, 1 ≤ i ≤ S, is given by

f̄i =
N∑
l=0

f
(
sli, d

)
(9)

the Jain’s fairness measure of the content downloading
process is computed as

J(f̄1, f̄2, · · · , f̄S) =

(
S∑

i=1

f̄i

)2

S ·
S∑

i=1

f̄2
i

. (10)

3) The amounts of downloaded content through directly
cellular transmission, D2D connected transmission and
D2D opportunistic transmission, respectively.

Since these performance metrics were evaluated based on
the output of the flow maximization problem which yields the
optimal mode selection and resource allocation, these results
represented the best performance that could be attained under
the simulated D2D communication underlaying cellular net-
work system. To assess the impact of different system settings,
we first evaluated the system with the above mentioned metrics
using the SLAW mobility model by changing the number of
the UEs with the fixed helper-downloader ratio of 4 : 6. Next,
we used the GPS trace of KAIST to investigate the influence of
the helpers to the achievable performance bound. Finally, we
used the contact trace of infocom05 to study the influence of
the content transmission modes and hop limits.

B. Results of SLAW Mobility Model

In the SLAW mobility model based simulation which lasted
600 s, we varied the number of UEs from 10 to 170 and we
changed the number of BSs from 5 to 11. Note that the BS
deployment with 11 BSs provided a completed coverage of
the 1000× 1000 m2 network area. No limit was imposed on

the number of hops in D2D transmission. The results obtained
by the flow maximization problem are shown in Fig. 4, in
terms of the three evaluation metrics, the average amount of
the content downloaded, the content downloading fairness, and
the amounts of the content downloaded by different modes.

Fig. 4(a) indicates that the average received content flow
increases with the number of UEs. This is because as the
number of UEs increases, the D2D transmission opportunities
also increase due to the increase in the helper density. The
steepest growth in content downloading seems to occur when
the number of UEs in this simulated network lies between 50
to 90. In terms of the impact of the number of deployed BSs,
we note from Fig. 4(a) that increasing the number of BSs from
5 to 7 as well as increasing the number of BSs from 9 to
11 bring large system performance enhancement. The former
represents the scenarios of sparse BS deployment, while the
latter corresponds to the situations of dense BS deployment.
Therefore, in the D2D enabling cellular system, we should
pay special attention to the cellular coverages achieved under
sparse and dense BS deployments. We also note that a more
dense cellular coverage helps the both cases of low and high
numbers of UEs. Indeed, a pervasive 11-BS deployment results
in a performance gain of about 2.4 times over a sparse 5-BS
deployment when the number of UEs is 170, while this gain is
about 2.8 times when the number of UEs is 10.

To obtain some insight on how the content downloading
task is actually shared among the downloaders, we depict the
Jain’s fairness index of (10) in Fig. 4(b). We observe that
changing the number of UEs has a non-obvious influence on the
fairness of the content downloading process since the numbers
of helpers and downloaders are changed with the fixed ratio of
4 : 6 in this simulated system. But the increase in the number
of deployed BSs has a major impact on the fairness of the
content downloading process. More specifically, we observe
from Fig. 4(b) that some unfairness arises under a sparse BS
deployment, and this is because in the system of a low-number
BS deployment, the downloaders traveling in the areas with
little cellular coverage will have far fewer chances to benefit
from the content downloading than the downloaders traveling
in the cellular coverage areas. The system however becomes
increasingly fair for the pervasive BS deployment where all the
areas are enjoying cellular BS coverage.

Next we examined the amounts of content downloading by
the three different transmission modes, separately. The results
obtained by solving the flow maximization problem of the
content downloading system with the deployment of 7 BSs are
shown in Fig. 4(c). From Fig. 4(c), we observe that the largest
amount of content downloading is achieved by the directly
cellular mode, which accounts for about 65.3% of the total con-
tent downloaded when the number of UEs is 10 and for about
53.4% of the total content flow when the number of UEs is 170,
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Fig. 4. Performance of mobile content downloading as a function of the numbers of UEs and BSs in the D2D underlaying cellular network with the SLAW
mobility model. (a) Average amount of content downloading. (b) Fairness of content downloading process. (c) Content downloading amounts by directly cellular
mode, D2D connected mode, and D2D opportunistic mode, given the deployment of 7 BSs. (d) Fraction of content downloading by D2D.

respectively. It is also clear that most of the data downloaded by
D2D communications are via the D2D opportunistic mode, and
the importance of opportunistic transmission tends to increase
with the number of UEs. On the other hand, the D2D connected
mode is only responsible for a very small amount of the content
downloaded, which indicates that the connected path from a BS
with the assistance of some helper relays to a downloader may
not be a most efficient way for mobile content downloading.

To further observe the important role played by the D2D
communication in the mobile content downloading, we plot the
ratio of the content downloaded by the two D2D transmission
modes over the total downloaded content in Fig. 4(d). We note
from Fig. 4(d) that the percentage of the D2D downloading de-
creases when the number of UEs changes from 10 to 50, while
the D2D downloading percentage increases with the number of
UEs when the number of UEs in the system is larger than 50.
The reason we believe is due to the fact that for the system
with very few UEs, the direct cellular transmission can meet
the needs of most UEs and D2D transmission opportunities
are also very few. By contrast, when the density of UEs is
high, the directly cellular mode along becomes insufficient for
the needs of all the UEs, and the D2D modes, particularly the
opportunistic one, play an increasingly important role. In terms
of the impact of the number of deployed BSs, we observe that

the D2D downloading fraction has the smallest value when the
number of deployed BSs is the largest, i.e., 11 BSs. The reason
is that when the system employs a pervasive BS coverage, the
directly cellular mode is available for most of the UEs and,
consequently, D2D transmissions are less needed. Overall, the
D2D mobile content downloading accounts for about 31% to
48% of the total content flow when the number of UEs is larger
than 80. This clearly demonstrates the significant role of D2D
transmissions in the mobile content downloading system.

C. Results of GPS Mobility Trace KAIST

We ran the the simulated D2D underlaying cellular system
with the GPS human mobility trace of KAIST for 600 s. To
observe the role played by the D2D transmission in the system,
we varied the number of helpers in the system. The number
of deployed BSs for the system also varied from 3 to 9, with
the last BS deployment of 9 BSs providing a complete cellular
coverage of the whole UEs’ mobility area. Again, we did not
set the limit on the number of hops in D2D transmission. The
system performance metrics were then evaluated, in terms of
the average amount of content downloading, D2D download-
ing fraction and content downloading fairness, and the results
obtained are depicted in Fig. 5.



3606 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 13, NO. 7, JULY 2014

Fig. 5. Performance of mobile content downloading as a function of the numbers of helpers and BSs in the D2D communication underlaying cellular network
with the human mobility trace of KAIST. (a) Average amount of content downloading. (b) Fraction of content downloading by D2D. (c) Fairness of content
downloading process. The number of UEs in KAIST trace is 92.

Fig. 6. Performance of mobile content downloading as a function of the downloading time and the hop limit for the D2D communication underlaying cellular
network with the human mobility trace of Infocom05. (a) Content downloading amounts by directly cellular mode, D2D connected mode, and D2D opportunistic
mode, respectively, with no limit imposed on the number of hops. (b) Amounts of content downloading given different hop limits.

We observe that the average received content flow increases
with the increase of the number of helpers in the system, as
clearly seen in Fig. 5(a). This is because the increase of helpers
creates more opportunities of both the D2D opportunistic and
connected transmissions. Fig. 5(a) also shows that the impact
of varying the number of deployed BSs is similar to the case
of the SLAW based system. From Fig. 5(b), we can see that
the percentage of the D2D downloading increases with the
number of helpers in the system. Specifically, with the dense
coverage of 9 BSs the fraction of D2D downloading is about
18.6% to 53.2%, while with the sparse coverage of 3 BSs the
percentage of D2D downloading is about 60.8% to 74.6%, as
the number of helpers increases from 25 to 80. From Fig. 5(c),
we observe that the increase of the helpers only has a small
influence on the fairness of the content downloading process.
By contrast, the fairness of the content downloading process
is mainly determined by the number of deployed BSs. In
particular, when the system is under the pervasive coverage of
9 BSs, the system’s fairness is above 0.8, which indicates that
the content downloading is well shared among the downloaders.
The results for the GPS mobility trace of KAIST are consistent
with those observed in the SLAW based simulation, which indi-

cates that these properties reflect the true system characteristics
of the optimal content downloading in the D2D underlaying
cellular system.

D. Results of Contact Mobility Trace Infocom05

We used the contact mobility trace of Infocom05 to further
investigate the impact of different content transmission modes
and different hop limits on the achievable system performance.
In this mobility trace, since we only have the nodes’ contact
information but without their trajectories, we varied the time of
the content downloading to measure the average received con-
tent flows corresponding to the different transmission modes as
well as corresponding to different hop limits. Also it is worth
mentioning again that only one BS was deployed. The results
obtained are shown in Fig. 6.

As shown in Fig. 6(a), both the directly cellular mode and the
D2D opportunistic mode are responsible for large percentages
of the content downloaded, while the D2D connected mode
only provides a very small fraction of the content downloaded.
This observation is also consistent with the results obtained by
the SLAW based simulation. From Fig. 6(a), we can compare
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the behaviors of the directly cellular transmission and the
D2D opportunistic transmission under small and large content
downloading times. Specifically, for the system downloading
time smaller than 400 s, the amount of the content downloaded
by the directly cellular mode is larger than that of the D2D op-
portunistic mode. But for the system downloading time higher
than 400 s, the amount of the content downloaded via the D2D
opportunistic transmission exceeds that of the directly cellular
transmission. This is not surprising since D2D opportunities oc-
cur with inherently long delay. When the content downloading
latency is short, there are fewer D2D opportunistic transmission
opportunities and the system must rely mainly on the directly
cellular mode. As the system’s allowed downloading latency
increases, the opportunities of D2D opportunistic transmission
increase too.

To observe the influence of the number of hops on the
achievable performance, we set the hop count to one, two and
no limit, respectively, and simulated the corresponding content
downloading systems. From the results of Fig. 6(b), we can
see that for the system with the downloading time restricted
to smaller than 400 s, increasing the number of hops has
little impact on the achievable system performance. This is not
surprising. Since the two D2D modes inherently require long
delay, the system must rely on the directly cellular (one-hop)
transmission to meet the time deadline. When the downloading
time is allowed to exceed 400 s, the addition of two-hop
transmission leads to a considerable performance enhancement.
For example, the average amount of the downloaded content
is increased by about 13.5% by allowing the two-hop trans-
mission when the downloading time is 1000 s, compared with
the cellular only system. However, performance enhancement
achievable by increasing the number of hops from two to no
limit is negligible for this one-BS system.

E. Summary

Based on the above system simulation results involving
the synthetic human mobility model and real-world human
mobility traces, we have observed the critical influence of
the numbers of UEs and deployed BSs in the system to the
achievable system performance metrics of the optimal D2D
underlaying cellular system. Specifically, under the optimal
system resource allocation and mode selection for the mo-
bile content downloading, our general observations are as
follows.

1) Increasing the number of UEs, especially the number of
helpers, in the system significantly enhances the average
amount of mobile content downloading as well as the
amount of the mobile content downloaded by D2D trans-
missions, but it has little influence on the fairness of the
mobile content downloading process.

2) The cellular coverage has important influence on the
achievable system performance. In particular, increasing
the number of deployed BSs increases the amount of
content downloading as well as improves the fairness of
the mobile content downloading process, but decreases
the percentage of the D2D content downloading.

3) The D2D underlaying cellular system with only two-hop
D2D transmissions is capable of attaining almost all the
achievable performance of the optimal mobile content
downloading system. The D2D opportunistic mode plays
a much more significant role than the D2D connected
mode in the mobile content downloading system.

As a further note, our results are obtained under the condition
that the mobile data is delay tolerant and the content dissemi-
nation latency is not critical. If the contents are delay sensitive,
some of the outcomes will need to be changed.

VI. CONCLUSION AND FUTURE WORK

We has studied the performance bound of the D2D commu-
nication underlaying cellular system under realistic network-
ing scenarios with large-scale node mobility and all possible
transmission modes. By formulating the optimal mobile content
downloading as an optimization problem that maximizes the
content downloading flows from all the cellular BSs to the con-
tent downloaders through the three possible modes of directly
cellular transmission, D2D enabled connected transmission and
D2D opportunistic transmission, we have obtained the solution
representing the theoretical upper bound to the achievable per-
formance of the content downloading process. Using realistic
human mobility model and real-world human mobility traces
driven simulations, we have evaluated and validated the effects
of the different system settings on the performance bound of
the mobile content-downloading system. In particular, in our
extensive simulation study, by varying the number of UEs,
the number of helpers, the number of deployed BSs, and the
content downloading time, we have revealed some fundamental
influences of the D2D communication to the D2D underlaying
cellular network.

In this paper, we assume the knowledge of the deployment
and coverage of BSs and the UEs’ mobility trajectories as well
as the scheduling of data transmission in terms of resource allo-
cation and mode selection. Therefore, our solution represents
the idealised system throughput upper bound. Considerable
future works are required to investigate how to implement
such a D2D communication underlaying cellular network in
practice by designing optimal scheduling schemes with the
consideration of QoS guarantee, such as content delivery de-
lay. In particular, further research is warranted to study the
acquisition of the required system information, including the
UEs’ mobility statistics. In our current simulation investigation,
we mainly use human mobility. Our future work will evaluate
the proposed mobile content downloading system in realistic
D2D underlaying cellular networks under vehicular mobility
environments.
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