
Energy-Aware Cooperative Traffic Offloading
via Device-to-Device Cooperations:

An Analytical Approach
Yuan Wu,Member, IEEE, Jiachao Chen, Li Ping Qian,Member, IEEE,

Jianwei Huang, Fellow, IEEE, and Xuemin Sherman Shen, Fellow, IEEE

Abstract—In this paper, we investigate the cooperative traffic offloading among mobiles devices (MDs) which are interested in

receiving a common content from a cellular base station (BS). For offloading traffic, the BS first sends the content to some selected

MDs which then broadcast the received data to the other MDs, such that each MD can receive the entire content simultaneously.

Due to each MD’s limited transmit-power and energy budget, the transmission rate of the content should be properly designed,

since it strongly influences whether and how long each MD can perform relaying. Therefore, different from most existing MDs

cooperative schemes, we focus on a novel joint optimization of the content transmission rate and each MD’s relay-duration, with the

objective of minimizing the system cost accounting for the energy consumption and the cellular-link usage. To tackle with the

technical challenge due to the coupling effect between the content transmission rate and each MD’s relay-duration, we exploit the

decomposable property of the joint optimization problem, based on which we characterize different possible cases for achieving

the optimal solution. We then derive the optimal solution for each case analytically, and further propose an efficient algorithm for

finding the globally optimal solution of the original joint optimization problem. Numerical results are provided to validate the

proposed algorithm (including its accuracy and computational efficiency) and demonstrate that the optimal MDs’ cooperative

offloading can significantly reduce the system cost compared to some heuristic schemes. Several interesting insights about the

cooperative offloading are also obtained.

Index Terms—Device-to-device communications, mobile user cooperation, traffic offloading, and radio resource allocations

Ç

1 INTRODUCTION

WITH the explosive growth of mobile applications,
people are relying more heavily on mobile devices

for sharing contents and watching video streaming, which
yields a tremendously heavy traffic demand in cellular net-
works. As predicted by Cisco, the global mobile traffic will
increase nearly tenfold between 2014 and 2019, and nearly
three-fourths of the mobile traffic will be video streaming
by 2019. Offloading traffic by exploiting mobile devices’
(MDs’) cooperations is widely considered as a promising
approach for relieving such a traffic pressure. Given
a group of MDs in close proximity and interested in down-
loading a common content, the cooperative offloading

enables the cellular Base Station (BS) to first send part of
the content to some selected MDs, which will in turn relay
the received data to their local neighbors.1 By exploiting
close proximity among the MDs, the cooperative offloading
improves the efficiency of content distribution, by lowering
the energy consumption and reducing the traffic demand
at the BS. The recent technology advances, e.g., WiFi-direct
and LTE-Direct [1], [2], have made the device-to-device
(D2D) communications implementable in practice [3] and
have motivated a lot of academic studies [4], [5], [6], [7],
[8], [9], [10], [11] as well as industry standardization efforts
(such as using D2D as an underlay to LTE-Advance net-
works) [12], [13].

A successful exploitation of the MDs’ cooperative off-
loading requires a careful design of the cooperative scheme
as well as the associated radio resource allocations. There
is a large body of related studies devoted to this area,
which roughly can be categorized into two groups: those
focusing on the MDs’ cooperative offloading for distribut-
ing real-time traffic and those focusing on distributing
delay-tolerant traffic via cooperation. The studies in the
first group mainly investigated how different MDs cooper-
ate for distributing contents (e.g., which MDs relay which
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1. To facilitate the content relay, each MD is equipped with two
radio interfaces of similar capabilities. This property has been con-
ceived as a practice for most users’ equipments in near future [1], [2],
[12], [13].
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parts of the data) and how to motivate the MDs to cooper-
ate. The studies in the second group, on the other hand,
mainly investigated different opportunistic offloading
(or forwarding) schemes that provided different tradeoffs
between radio resource usage and delay performance in
disseminating contents.

Our study here belongs to the first group of studies. In
particular, we focus on the joint optimization of the trans-
mission rate for content delivery as well as each MD’s relay-
duration. Although this issue has received little attention in
the literature, it is an important issue in radio resource man-
agement for the following two reasons.

� First, due to each MD’s limited transmit-power and
energy budget, the transmission rate of the content
influences the MDs’ cooperations, i.e., which MDs
can be selected for relaying and how long to relay.
To better understand this point, consider a particular
MD (labeled as MD 1) located at the center of a
group of MDs. Such a location makes MD 1 an ideal
candidate for relaying traffic to other MDs in the
group. However, suppose that MD 1 has very lim-
ited transmit-power capacity and energy budget for
relaying.2 In this case, MD 1 might be infeasible to
perform relaying (or it can only perform relaying for
a very short duration), if the transmission rate of the
content is large, which requires a large transmit-
power of MD 1 to perform relaying.

� Second, the transmission rate of the content directly
influences the usage of the cellular-link (under a fixed
size of the content). Setting a smaller transmission
rate of the content, although making more MDs eligi-
ble to perform relaying (as explained before), pro-
longs the transmission duration of the entire content.
Thus, a longer use of cellular-link is required, which
is unfavorable from network operator’s point of view.

In this work, we are motivated to investigate an optimi-
zation framework that jointly controls the transmission rate
of the content and the consequent relay-duration of each
MD, with the objective of minimizing the total system cost
accounting for both the energy consumption and the cellu-
lar-link usage.

The rest of this paper is organized as follows. In Section 2,
we review the related studies and describe our key contri-
butions in this study. In Section 3, we illustrate the system
model and the cooperative traffic offloading scheme. In Sec-
tion 4, we present the joint optimization framework, and
decompose it into two subproblems. Sections 5 and 6 solve
the two subproblems, respectively, by using backward
induction. Numerical results are presented in Section 7, and
we conclude this study in Section 8.

2 LITERATURE REVIEW AND CONTRIBUTIONS

The existing studies that investigated the resource manage-
ments for cooperative traffic offloading can be roughly cate-
gorized into the following two groups.

The first group of studies focused on the MDs’ coopera-
tive offloading for distributing real-time traffic. These results

mainly investigatedwhichMDs relaywhich parts of the con-
tents, with the objective of optimizing different system-wide
performances (e.g., saving the energy consumption or reduc-
ing the traffic at the BS). Specifically, Al-Kanj et al. in [7]
investigated how to separate mobile users into different
groups and select one leader of each group for relaying con-
tent, with the objective of minimizing the total power con-
sumption. Further in [8], Al-Kanj et al. investigated the
grouping and leader-selection problem for minimizing the
bandwidth usage of the cellular link. Wang et al. in [14] con-
sidered cooperative traffic offloading in vehicular networks,
and proposed a coalition game based approach for distribut-
ing contents within a group of vehicles. In [15], Cheng et al.
took into account mobility of vehicles and studied the traffic
offloading via WiFi networks. In [16], Kang et al. focused on
optimizing network operator’s revenue by selectively off-
loading users’ traffic to third-party WiFi networks. Another
related and important question is how to incentivize mobile
users to cooperatively offload traffic. For instance, in [10],
Gao et al. proposed a hybrid pricing-reimbursing policy for
motivating the mobile users to play as WiFi-hosts and pro-
vide Internet connectivity for other users. In [17], Vu et al.
proposed a heuristic tit-for-tat incentive mechanism to moti-
vate users’ cooperations. In [18], Niyato et al. proposed a
sequential game model to analyze the cooperations between
network operators and content providers for content deliv-
ery. In [19], Han et al. studied the cooperative traffic offload-
ing from cellular operators to internet service providers
(ISPs) which are usually closer to end users.

The second group of studies focused on distributing
delay-tolerant traffic via the MDs’ cooperative offloading.
The main focus is to design different opportunistic offload-
ing schemes for content distribution. In [23] and [24], differ-
ent schemes were proposed to migrate delay-tolerant traffic
from cellular networks to WiFi networks and D2D net-
works, respectively. In [25], Li et al. proposed an energy-
efficient opportunistic forwarding scheme for maximizing
the message-delivery probability. In [26], Wang et al. pro-
posed a hybrid pull-and-push scheme for opportunistic
content delivery. In [27], Whitbeck et al. considered a push-
based architecture for opportunistic content delivery and
evaluated the influence of the number of content copies. In
[28], Golrezaei et al. proposed a femto-caching scheme for
video distribution.3 In [29] and [30], Mavromoustakis et al.
proposed a traffic-aware scheduling scheme and a social-
aware process-offloading scheme for conserving energy
consumptions of wireless devices (and thus prolonging
their lifetimes), respectively.

Our study here belongs to the first group of studies. Dif-
ferent from the existing studies in Group 1 that modeled
and analyzed the MDs’ cooperations from a macro-view,
we adopt a micro and analytical approach for modeling and
optimizing the radio resource usage for a typical MDs’
cooperation model. We focus on investigating the coupling
effect between the transmission rate of the content and the
MDs’ relay-strategies. As we described before, such a

2. The energy budget helps avoid the situation that an MD uses up
its entire energy capacity to perform relaying.

3. Besides the aforementioned two groups of studies, there also exist
a huge body of research that investigated different aspects about con-
tent distributions in wireless networks. Interested readers please refer
to [20] for a survey study.
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coupling effect significantly influences the resource usage
and the performance of the cooperative scheme. Moreover,
incorporating the coupling effect in problem formulation
leads to a challenging nonconvex problem, which requires a
carefully designed solution methodology. Specifically, we
focus on a scenario where a group of MDs are in close geo-
graphical proximity with each other, and are interested in
downloading a common content from the BS. We consider a
typical cooperative model [7], [8], [17], in which the BS first
unicasts to some selected MDs, which at meantime broad-
cast their received data to the other MDs, such that each
MD can obtain the entire content simultaneously.4 Consid-
ering the MDs’ limited energy budgets for receiving and
relaying the content, we allow the BS to sequentially select
different MDs to perform relaying.

Our key contributions in this study are summarized in
the following three aspects.

First, we formulate an optimization framework that
jointly controls the transmission rate of the content and the
relay-duration of each MD, with the objective of minimizing
a system-wide cost while guaranteeing a delay constraint
for content delivery. The system-wide cost includes the total
energy consumption of the BS and all MDs as well as the
cost for cellular-link usage. In particular, our optimization
framework considers both the transmit-power limit and the
energy consumption budget of each MD to ensure that each
MD’s budget on its total energy consumption (for both
receiving and relaying data) is respected.

Second, we characterize the optimal solution of the joint
optimization problem and propose an efficient algorithm to
compute the solution. We would like to emphasize that the
joint optimization problem is difficult to solve, since the
transmission rate of the content influences each MD’s relay-
duration in a complicated manner, which yields a difficult
nonconvex optimization. To tackle with this difficulty, we
identify the decomposition property of the joint optimiza-
tion, based on which we characterize different possible
cases when achieving the optimum. We then analytically
derive the corresponding optimal solution for each of these
cases, and finally propose an efficient algorithm to find the
optimal solution of the original joint optimization problem
by using the derived analytical results.

Third, we perform extensive numerical simulations to val-
idate the derived analytical results and the proposed algo-
rithm to compute the optimal solution (i.e., the optimal
transmission rate of the content and the optimal relay-dura-
tion of each MD). The results show that the proposed algo-
rithm saves more than 90 percent of the computational time
compared to an exhaustive search method, while guarantee-
ing to achieve the optimal solution. Besides, we show
through simulations that the cooperative offloading with the
jointly optimized content transmission rate and the MDs’

relay-durations can significantly reduce the total system
cost. Moreover, the optimal cooperative offloading can bene-
fit the system more (i.e., saving a larger portion of the total
system cost) when more MDs coexist for cooperations. The
MDs’ distribution also influences their consequent coopera-
tions, i.e., more cooperations will be invoked when the MDs
are further away from the BS and closer with each other.

3 SYSTEM MODEL

3.1 System Model and Cooperative Scheme

We consider a set I ¼ f1; 2; . . . ; Ig of MDs who are in close
proximity of each other and interested in downloading a
common content from the BS. The size of the content is L
bits, and the corresponding transmission rate is r bits/sec-
ond. Hence, the total transmission duration of the content is
x ¼ L=r (notice that the values of the decision variables r
and x determine each other under a fixed L). Each MD has
two radio interfaces, with one interface for receiving data
from the BS (i.e., the cellular-link) and the other interface for
local communications with the other MDs (i.e., the device-
to-device link).

The cooperative offloading model works as follows. The
BS first unicasts part of the content via the cellular-link to
MD i at a rate r for a duration zi. At the same time, MD i
broadcasts its received data via the device-to-device link to
all the other MDs at the same rate r. Followed by this proce-
dure, the BS sequentially chooses different MDs for unicast-
ing the data of the content, and the selected MDs then
broadcast their received data to the other MDs to exploit the
MDs’ close proximity. Similar to [7], [8], [10], [38], we
assume that the processing delay at each MD (when it per-
forms relaying) is small enough and can be ignored, which
simplifies our following quantitative modeling and analysis
and enables us to derive clear analytical insights. Besides,
we consider that the MDs are required to use the same
transmission rate as the BS, which corresponds to a bench-
mark case that each MD uses the same coding rate/scheme
(as that of the BS) for relaying the content, without invoking
adaptive coding scheme.

Fig. 1a illustrates the case that MD 1 performs the relay
(i.e., local broadcasting) for duration z1. Specifically, the
blue solid arrow represents the unicast transmission from
the BS, and the two red dash-lines represent the broadcast-
transmission from MD 1 for relaying its received data.
Fig. 1b illustrates the case that MD 2 performs the relay for
duration z2. Notice that as different MDs relay the content
at non-overlapping time periods, there is no interference
among the MDs. Besides, we assume that when an MD is
broadcasting content over its device-to-device link, it uti-
lizes a frequency channel non-overlapping with that of the
cellular-link, e.g., based on the LTE-Direct [12].

Due to the MDs’ limited transmit-powers and energy
capacities, the BS might need to broadcast some data to all
MDs to finish the delivery of the whole content. The dura-
tion for the BS to broadcast, if needed, is x�Pi2I zi. Fig. 1c
shows the case that the BS broadcasts to all MDs (i.e., the
green dash-lines). However, the BS’s broadcast-transmis-
sion is undesirable, since it consumes a significant transmit-
power due to taking account of the MDwith the worst chan-
nel condition from the BS.

4. Such a cooperative model has been widely adopted in the litera-
ture, e.g., for video streaming [21] and for distributing multimedia con-
tents like the music-group-play [22]. Although the considered MDs’
cooperative model shares a similar rationale as the peer-to-peer content
sharing in wired networks, our proposed joint optimization framework
that accounts for the coupling effect between the content transmission
and the MDs’ relay-strategies and the associated analysis of radio
resource usages make our study a novel contribution to the state-of-
the-art.
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Based on the above cooperative model, we aim at jointly
optimizing the content transmission rate r (or equivalently
its transmission duration x) and each MD i’s relay-duration
zi, in order to minimize the total system cost for the content
delivery. The total system cost includes three parts: i) the
energy consumption of the BS, ii) the energy consumption
of each MD, and iii) the usage (occupancy) of the cellular-
link. The details of the modeling are presented in the next
two sections. Since the optimal transmission duration for
one content is usually very short (as we will show in the
simulation section), we assume that the MDs’ locations are
relatively static (e.g., in indoor environment).

3.2 Energy Consumption of the BS

The energy consumption of the BS includes two parts, i.e.,
that for unicasting to MD i (when MD i is selected for
relaying), and that for broadcasting to all MDs. The details
are as follows.

Energy consumption of the BS for unicasting. Suppose that
MD i is selected by the BS for relaying with a duration zi.
During zi, the BS unicasts to MD i at the transmission rate r.
We use FBiðrÞ to denote the required transmit-power by the
BS to perform this unicasting (the subscript “B” stands for
the BS), and such power depends on the choice of MD i

(hence, the subscript i is included). Using the Shannon’s
channel capacity formula, FBiðrÞ can be expressed as
FBiðrÞ ¼ ð2r � 1Þn=gBi, where for the sake of clear presenta-
tion, we assume an unit bandwidth of the channel. Parame-
ter gBi denotes the channel power gain from the BS to MD i,
and parameter n denotes the power of the background
noise. In addition to the transmit-power, the BS also con-
sumes a static circuit power dissipation qB when it is trans-
mitting data (due to the operations of the device electronics
such as mixers, filters, and digital-to-analog converts). We
assume that qB is independent of the transmit-power. Tak-
ing into account the transmit power and the circuit power,
the total energy consumption of the BS when selecting MD i
for relaying with a duration zi is given by5:

EBiðx; ziÞ ¼
�
FBiðrÞ þ qB

�
zi ¼ ð2r � 1Þ n

gBi
zi þ qBzi: (1)

Energy consumption of the BS for broadcasting. When
x�Pi2I zi > 0 (i.e., the total relay-duration of all MDs is

less than the transmission duration x of the content), the BS
needs to finish the content transmission by broadcasting to
all MDs for a period of x�Pi2I zi. In particular, we use

function FB0ðrÞ ¼ ð2r � 1Þ n
mini2I fgBig to denote the required

transmit-power of the BS for successfully broadcasting to all
the MDs at the transmission rate r. The mini2IfgBig in the
denominator is due to the fact that the broadcasting of the
BS should take into account the MD with the worst channel
power gain. Then, the part of energy consumption for the
BS to perform broadcasting is given by:

EB0ðx; fzigi2IÞ ¼
�
FB0ðrÞ þ qB

�
x�

X
i2I

zi

 !

¼ ð2r � 1Þ n

mini2IfgBig þ qB

� �
x�

X
i2I

zi

 !
:

(2)

Summarizing (1) and (2), the BS’s total energy consumption is

Etot
B ðx; fzigi2I Þ ¼ EB0ðx; fzigi2I Þ þ

X
i2I

EBiðx; ziÞ: (3)

3.3 Energy Consumption of Each MD

The energy consumption of each MD i also includes two
parts, i.e., that for data reception, and that for relaying its
received data. The details are as follows.

Energy consumption of each MD for data reception. The main
operation of the MDs is data reception. According to [6], [8],
the circuit power consumption of each MDwhen it is receiv-
ing data can be modeled as a constant, and we denote it by
hi for MD i. In particular, there are three possible scenarios
in which MD i is receiving data, namely, i) when the BS uni-
casts the data to MD i (when MD i is selected as a relay), ii)
when some other MD i0 6¼ i broadcasts to MD i (when MD i0

is selected as a relay), and iii) when the BS broadcasts to all
MDs. Considering these three scenarios, the energy

Fig. 1. Illustration of the considered cooperative scheme among three
MDs, i.e., I ¼ f1; 2; 3g. The transmission-duration for whole content is x.
MD 1 and MD 2 are selected for relaying the data for relay-durations z1
and z2, respectively. The BS broadcasts to all MDs for the duration
x� z1 � z2 to finish the delivery of the whole content.

5. Similar model of the BS’s energy consumption, i.e., the one
includes a dynamic part dependent on the served traffic rate and a
fixed part accounting for the circuit processing, has been widely
adopted [19], [31], [32], [33].
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consumption of MD i for receiving the whole content is
given by:

Erec
i ðxÞ ¼ hi

��
x�

X
i2I

zi

�
þ zi þ

X
i0 6¼i;i02I

zi0

�
¼ hix: (4)

Energy Consumption of each MD for Relaying. Besides
receiving data, if selected, MD i also relays its received data
to the other MDs for a duration zi. We use the following
function

FiðrÞ ¼ ð2r � 1Þ n

mini0 6¼i;i02Ifgii0 g
; (5)

to denote the required transmit-power of MD i for broad-
casting to the other MDs (where gii0 is the channel gain from
MD i to a different MD i0). Thus, the energy consumption of
MD i for relaying its received data to all the other MDs is

equal to
�
FiðrÞ þ qi

�
zi. In practice, the circuit power con-

sumption of mobile device (when transmitting) is usually
significantly smaller than that of the cellular base station.
For example, according to [31], [32], [33], [34], [35], the cir-
cuit power consumption of cellular base stations when
transmitting is around the order of 1-10W. In comparison,
according to [7], [36], [37], the circuit power of mobile devi-
ces when transmitting is around the order of 10 mW, which
is 1 percent or less of that of the BS. Therefore, for simplicity,
we do not explicitly consider qi in each MD’s energy con-
sumption in the rest of this paper (we will show in Section 7
through numerical examples that the resulting relative error
due to such an approximation is very marginal).

Summarizing the above two parts, the total energy con-
sumption of MD i is given by:

Etot
i ðx; ziÞ ¼ Erec

i ðxÞ þ FiðrÞzi: (6)

4 PROBLEM FORMULATION & DECOMPOSITION

4.1 Problem Formulation

We formulate an optimization problem that jointly controls
the transmission rate r of the content, its transmission dura-
tion x, and the relay-duration zi of each MD i. Our objective
is to minimize the total system cost that includes the total
energy consumption of the BS and all MDs as well as the
cellular-link usage cost. Problem (P1) below gives the
detailed problem formulation.

ðP1Þ : min
x;r;fzigi2I

Oðx; fzigi2I Þ ¼ aEtot
B ðx; fzigi2I Þ

þ
X
i2I

biE
tot
i ðx; ziÞ þ gx

subject to : x ¼ L

r
; (7)

x � Tmax; (8)X
i2I

zi � x; (9)

0 � zi � xIðFiðrÞ � Pmax
i Þ; 8i 2 I ; (10)

Etot
i ðx; ziÞ � Eb

i ; 8i 2 I : (11)

In Problem (P1), the first two terms in Oðx; fzigi2I Þ capture
the energy consumption of the BS (weighted by a) and
that of each MD i (weighted by bi). The third term in
Oðx; fzigi2I Þ accounts for the cost for the cellular-link usage
(weighted by g) .

Constraint (7) explains the relationship between r and x,
under the given file size L. Constraint (8) ensures that the
transmission duration x cannot exceed a prefixed upper
bound Tmax, which corresponds to the strict deadline for
delivering the content. Constraint (9) ensures that the total
relay-duration of all MDs cannot exceed the transmission
duration x. Constraint (10) means that MD i is eligible for
relaying, only if its required transmit-power for broadcast-
ing FiðrÞ in (5) is below its transmit-power limit Pmax

i . Here,
the indicator function IðmÞ ¼ 1 if condition m is satisfied,
and IðmÞ ¼ 0 otherwise. Constraint (11) ensures that MD i’s
total energy consumption Etot

i ðx; ziÞ (as in (6), for both
receiving and relaying the content) cannot exceed its energy

consumption budget Eb
i (where the superscript “b” repre-

sents “budget”). Each MD i sets its own energy budget Eb
i

based on its own interest in contributing in relaying6, and

reports Eb
i to the BS truthfully. This means that we focus on

the network performance optimization with complete net-
work information (including energy budgets). We will con-
sider the mechanism design problem that aims at inducing
truthful telling behaviors with incomplete network informa-
tion in our future work.

We notice that Problem (P1) is always feasible, since at
least the BS can send the content to all MDs via broadcast-
ing without invoking any MD’s relaying. In this work, we
use x� (which leads to r� ¼ L=x�) and fz�i gi2I to denote the
optimal solution of Problem (P1). To derive x� and fz�i gi2I
analytically, we focus on the resource consumption for
delivering one piece of content (the similar model also
appeared in [26]). Our problem formulation can be further
extended to investigate the case of multiple contents.

In Problem (P1), besides the linear constraint (9), the
decision variable x (i.e., the transmission duration of the
content) influences the decision variables fzigi2I (i.e., each
MD’s relay-duration) in a complicated manner. Specifically,
x determines the required transmit-power of each MD for
performing the consequent relaying, which thus influences
i) whether MD i is eligible to be selected for relaying
(according to (10)), and ii) how long MD i can perform
relaying (according to (11)).

It can be verified that Problem (P1) is a nonconvex opti-
mization problem with respect to x and fzigi2I , since the
objective function Oðx; fzigi2IÞ is not jointly convex in x and
fzigi2I [39]. Thus, there does not exist a generic algorithm
that can efficiently compute x�; r�, and fz�i gi2I . This moti-
vates us to solve Problem (P1) by exploiting its intrinsic
decomposable structure as follows.

4.2 Decomposition of Problem (P1)

Function Oðx; fzigi2I Þ in Problem (P1), after making some
manipulations, can be expressed as follows:

6. A small budget Eb
i implies that MD i is more interested in receiv-

ing the content, and a large budget Eb
i implies that MD i is also inter-

ested in helping other MDs by acting as a relay.
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Oðx; fzigi2IÞ

¼
X
i2I

aFBi
L

x

� �
� aFB0

L

x

� �
þ biFi

L

x

� �� �
zi

þ a FB0
L

x

� �
þ qB

� �
xþ

X
i2I

bihixþ gx; (12)

in which only the first term depends on fzigi2I . Hence,
Problem (P1) can be decomposed into two subproblems as
follows.

First, it is easy to see from (4), (6), and (11) that the trans-

mission duration of the content x cannot exceed mini2IfE
b
i

hi
g,

otherwise some MD will violate its energy budget con-

straint even by just receiving. Together with (8), we can

limit x in the interval of
�
0;minfmini2IfEb

i =hig; Tmaxg�. In
particular, if we fix the value of x, then we have the bottom-
layer subproblem that optimizes the relay-durations fzigi2I of
each MD as follows:

ðP1-BottomÞ: ObotðxÞ ¼

min
fzigi2I

X
i2I

aFBi
L

x

� �
� aFB0

L

x

� �
þ biFi

L

x

� �� �
zi

subject to :
X
i2I

zi � x; (13)

0 � zi � xI Fi
L

x

� �
� Pmax

i

� �
; 8i 2 I ; (14)

Fi
L

x

� �
zi � Eb

i � hix; 8i 2 I : (15)

In Problem (P1-Bottom), we have replaced r by x via using
(7). Notice that the value of x is fixed in (13), (14), and (15),
which are thus different from the original constraints (9),
(10) and (11) in Problem (P1). We denote the optimal value of
the bottom Problem (P1-Bottom) as ObotðxÞ, which depends
on x. Wewill analytically driveObotðxÞ in Section 5.

After deriving ObotðxÞ, we can substitute ObotðxÞ back
into (12) and obtain the top-layer subproblem that optimizes the
transmission duration x for the whole content as follows:

ðP1-TopÞ: min
x

ObotðxÞ þ a FB0
L

x

� �
þ qB

� �
xþ

X
i2I

bihixþ gx:

subject to : 0 � x � Xup ¼ min mini2I
Eb

i

hi

� 	
; Tmax

� 	
:

(16)

By solving Problem (P1-Bottom) and Problem (P1-Top) in a
way of backward induction, we can solve the original Prob-
lem (P1). The details are illustrated in the next two sections.

5 OPTIMAL SOLUTION OF (P1-BOTTOM)

In this section, we focus on solving Problem (P1-Bottom).
Under a fixed value of x, the objective function and con-
straints (13), (14), and (15) of Problem (P1-Bottom) are linear
with respect to the decision variables fzigi2I . Therefore,
Problem (P1-Bottom) is a linear programming problem.

To avoid confusion, we use fzboti ðxÞgi2I to denote the
optimal solution of Problem (P1-Bottom), which depends

on the given x. To derive fzboti ðxÞgi2I , we first introduce
parameterMi of each MD i as follows:

Mi ¼ a
n

gBi
þ bi

n

mini0 6¼i;i02Ifgii0 g
� a

n

mini02IfgBi0 g
; 8i 2 I :

(17)

As we will illustrate soon, Mi is an important parameter
that indicates how helpful MD i is in terms of performing
relaying. For the sake of easy presentation, we make the fol-
lowing assumption in the rest of the paper.

Assumption 1 (An initial ordering of the MDs). In the rest
of this paper, we assume that all MDs in I have already been
ordered according to an ascending order, i.e.,

M1 � M2 � � � �MN < 0 � MNþ1 � � � � � MI; (18)

always holds, where parameter N denotes the number of MDs
whoseMi < 0. Recall that I denotes the total number of MDs.

Based on Assumption 1, we can derive fzboti ðxÞgi2I in the
following proposition.

Proposition 1. The optimal solution of Problem (P1-Bottom)
under a given value of x is as follows. For each MD i with
1 � i � N , its unique optimal relay-duration is

zboti ðxÞ ¼ min hiI Fi
L

x

� �
� Pmax

i

� �
;
Eb

i � hix

FiðLxÞ

( )
; (19)

where hi represents the available relay-duration of MD i,
and it can be recursively computed as follows:

hi ¼ max x�
Xi�1

i0¼1

zboti0 ðxÞ; 0
( )

; (20)

with the initial condition of h1 ¼ x. Besides, for each MD i
with N þ 1 � i � I, its unique optimal relay-duration is

zboti ðxÞ ¼ 0.

Proof.Using Mi defined in (17), we first denote the objec-
tive function of Problem (P1-Bottom) under a fixed
value of x by

Hðfzigi2IÞ ¼ ð2L
x � 1Þ

X
i2I

Mizi: (21)

Based on (21) and Assumption 1, it is easy to see that

zboti ðxÞ ¼ 0 holds if i > N (otherwise, we can always

decrease Hðfzigi2I Þ by setting zboti ðxÞ ¼ 0 without violat-
ing any constraint).

We next prove (19) and (20) by showing contradiction.
Without incurring any ambiguity, suppose that

fzboti ðxÞgi2I is an optimal solution of Problem (P1-Bot-
tom), but it does not satisfy (19) and (20). Our objective is

to show via contradiction that fzboti ðxÞgi2I cannot be an
optimal solution of Problem (P1-Bottom). Specifically,
we consider the following three possible cases regarding

fzboti ðxÞgi2I :
� Case I: suppose that i) there exists an MD i (with

i < N), whose zboti ðxÞ < min


hiI
�
FiðL=xÞ � Pmax

i

�
;

ðEb
i � hixÞ=FiðL=xÞ

�
, and ii) there at least exists
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another MD i0 (with i < i0 �N) whose zboti0 ðxÞ > 0.

Then, we can further reduce Hðfzigi2I Þ by rep-

lacing zboti ðxÞ and zboti0 ðxÞ with zboti ðxÞ þ � and

zboti0 ðxÞ� � (where � is a very small positive number),

respectively. Such an operation will not violate any
constraint in Problem (P1-Bottom), which thus

leads to a contradiction that fzboti ðxÞgi2I is optimal.
� Case II: suppose that i) there exists an MD i (with

i < N), whose zboti ðxÞ < min


hiI
�
FiðL=xÞ � Pmax

i

�
;

ðEb
i � hixÞ=FiðL=xÞ

�
, and ii) for each MD i0 with

i < i0 � N , there exists zboti0 ðxÞ ¼ 0. Then, we can

further reduce Hðfzigi2I Þ by directly replacing

zboti ðxÞ with zboti ðxÞ þ � (where � is a very small
positive number). Such an operation will not vio-
late any constraint in Problem (P1-Bottom), which

thus leads to a contradiction that fzboti ðxÞgi2I is
optimal.

� Case III: if MD N ’s zbotN ðxÞ < min


hN I
�
FNðL=xÞ �

Pmax
N

�
; ðEb

N � hNxÞ=FNðL=xÞ
�
, then we can also

reduce Hðfzigi2IÞ by directly replacing zbotN ðxÞ
with zbotN ðxÞ þ � (where � is a very small positive
number). Such an operation will not violate any
constraint in Problem (P1-Bottom), which thus

leads to a contradiction that fzboti ðxÞgi2I is optimal.
Through examining the above three cases of contra-

dictions, we have finished the proof of Proposition 1. tu
Proposition 1 leads to the following corollary.

Corollary 1. Let MD iw denote the MD with the worst channel
power gain from the BS, i.e., iw ¼ argmini2IfgBig. Then,

zbotiw ðxÞ ¼ 0 always holds.

Proof. According to (17), MD iw always has its Miw > 0,
which yields the above result. tu
Proposition 1 means that we do not need to consider

those MDs with N þ 1 � i � I when deriving the optimal
transmission duration of the content, since they are unhelp-
ful for relaying the content. Thus, we define the following sub-

set of the MDs, denoted by eI , as follows:eI ¼ fiji ¼ 1; 2; . . . ; Ng: (22)

Notice that eI ¼ ; if N ¼ 0. Specifically, the MDs in eI are
potentially helpful in terms of relaying the content. Nevertheless,
we emphasize that at the optimal solution of Problem (P1),

not necessarily all MDs in eI will be selected for relaying.
Using Proposition 1, we can express the optimal objective

value of Problem (P1-Bottom) as follows:

ObotðxÞ ¼
X
i2eI Miz

bot
i ðxÞð2L

x � 1Þ; (23)

which will be used in the next section to solve Problem
(P1-Top).

6 OPTIMAL SOLUTION OF PROBLEM (P1-TOP)

Using ObotðxÞ, we continue to solve Problem (P1-Top)
(repeated below) to determine the optimal transmission
duration x�,

ðP1-TopÞ : maxObotðxÞ þ a ð2L
x � 1Þ n

mini2IfgBig þ qB

� �
x

þ x
X
i2I

bihi þ gx

subject to: 0 � x � Xup ¼ min
i2I

Eb
i

hi

� 	
; Tmax

� 	
:

Deriving x� analytically is difficult, since x influences

fzboti ðxÞg in (19), and consequently influences ObotðxÞ in (23)
in a complicated fashion. In particular, the transmission

duration x influences fzboti ðxÞg in the following two aspects.
First, x influences whether MD i can relay or not according to

whether the constraint that FiðLxÞ � Pmax
i is met or not. For

instance, suppose that x is so small such that the transmit-
power required by MD i for relaying exceeds Pmax

i . Then,
MD i cannot be selected for relaying. Second, x influences
how long MD i can be selected for relaying (according to the con-

straint that ziFiðLxÞ � Eb
i � xhi). Specifically, the smaller x,

the larger transmit-power required by MD i for relaying,
and thus the smaller relay-duration for MD i.

To derive x� analytically, we characterize different subre-
gions for x, such that we can obtain the analytical form of
ObotðxÞ. The key idea of characterizing different subregions is

that wewill further identify thoseMDs (in set eI , i.e., the set of
potential helpfulMDs for performing relaying) that are not eli-
gible to perform relaying under a given value of x, due to their
limited transmit-powers. The details are shown in the next
sections.

6.1 Characterizing Different Subregions for
Variable x

Thresholds for excluding MDs not eligible for relaying data. We
first consider the following threshold

Gi ¼ L

log 2 1þ Pmax
i

mini0 6¼i;i02I fgii0 g
n

� 
 ; 1 � i � N; (24)

regarding whether MD i is an eligible candidate to perform
relaying or not. Specifically, MD i is eligible for relaying,
only if the transmission duration x satisfies x � Gi (which
leads to FiðL=xÞ � Pmax

i ). Otherwise, MD i is not eligible for

relaying. Thus, starting from x ¼ min


mini2IfEb

i =hig; Tmax
�
,

a decrease in xmeans that the transmission rate of the content
increases, and lessMDs are eligible for performing relaying.

Based on the above consideration, we further re-order the
thresholds defined in (24) in an ascending order as follows:

G1 � G2 � � � � � Gl�1 � Gl � Glþ1 � � � � � GN: (25)

Different from (24), we now use subscript l as the index for
thresholds fGlg1�l�N that follow the ordering in (25), i.e.,

Gl � Glþ1 always holds.
Moreover, given the index l of threshold Gl following

(25), we define a mapping T ðlÞ to find the index of the MD
that yields threshold Gl according to (24), i.e.,7

7. Given index l, if there exist several different MDs in eI such that
condition in (26) is met, then T ðlÞ just represents such a set of MDs.
This will not influence our following analytical results and the pro-
posed algorithm. However, because of the randomness in different
MDs’ locations and the fading effect of the channel power gains, such
case rarely happens.
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T ðlÞ ¼ s 2 eIjmini0 6¼s;i02Ifgsi0 gPmax
s

n
¼ 2

L
Gl � 1

� 	
: (26)

Recall that due to the reordering in (25), Gl does not corre-
spond to MD l, and that’s why we need to define the map-
ping T ðlÞ in (26). To clarify the ambiguity, we emphasize
that in the rest of this paper, subscript l is solely used as the
index for thresholds fGlg1�l�N .

Remark 1 (Illustration of the effect of ordering (25)). If

x > GN , then all MDs in eI are eligible for performing
relaying. On the other hand, if x < G1, then none of the
MDs is eligible (which results in that the BS needs to
broadcast to all MDs directly). If x meets Gl � x < Glþ1,
then we can define a set J l as follows:

J l ¼ T ðlþ 1Þ; T ðlþ 2Þ; . . . ; T ðNÞf g; (27)

and each MD i 2 J l is not eligible for performing relay-
ing (Fig. 2 plots an example to show this point). Notice

that J l � eI always holds for 1 � l � N . Thus, by consid-
ering different subregions of x in terms of ½Gl;Glþ1	;
l ¼ 0; 1; 2; . . . ; N , we can differentiate the influence of x
on constraint (14). To facilitate discussions, we introduce
G0 ¼ 0 and GNþ1 to be a sufficiently large value.

Special MD on the “Boundary”. Even if we focus on the
subregion of x 2 ½Gl;Glþ1	, we still cannot analytically
express the optimal solution of Problem (P1-Bottom)

fzboti ðxÞgi2I . We need to further consider the influence of x
in constraint (15). The key step is to characterize a special

MD (let us say MD v), such that the energy budget Eb
v of

MD v is not used up, while the available relay-duration hvþ1

given by (20) is zero. In particular, if such an MD v exists,
then the BS does not need to perform broadcasting, since
the MDs’ capabilities have not been fully utilized. Other-
wise, the BS needs to perform broadcasting to finish deliver-
ing the whole content. Therefore, we consider the following
two different types of cases: i) Type-I cases in which the BS
does not need to perform broadcasting, and ii) Type-II cases
in which the BS needs to perform broadcasting. The details
are as follows.

Type-I cases that do not require the BS to perform broadcast-
ing. The common property of the Type-I cases is as follows.
Given x in the subregion ½Gl;Glþ1	, there always exists a spe-

cial MD v 2 eI n J l, such that the energy budget Eb
v of MD v

is not used up, while the available relay-duration hvþ1 given
by (20) is zero. We denote this case by case ðl; vÞ, whose defi-
nition is as follows.

Definition 1 (Case ðl; vÞ). Given that x in the subregion

½Gl;Glþ1	, MD v 2 eI n J l has its energy budget not used up,

i.e., Eb
v � Evðx; zbotv ðxÞÞ > 0 (where Evðx; zbotv ðxÞÞ is given

in (6)), while the available relay-duration hvþ1 given by (20) is

zero, i.e., x ¼Pv

i02eInJ l

zboti0 ðxÞ.

There exist at most NðN þ 1Þ=2 such cases of Type-I.
Given case ðl; vÞ, the optimal solution of Problem (P1-Bot-
tom), which is given in Proposition 1 before, can be further
detailed as follows.

Proposition 2. Given x and case ðl; vÞ, the optimal solution of
Problem (P1-Bottom) can be given by:

zboti ðxÞ ¼ Eb
i
�hix

ð2Lx�1Þ n
mini0 6¼i;i02I fgii0 g

;

when 1 � i � v� 1; and i 2 eI n J l;

(28)

zbotv ðxÞ ¼ x�Pv�1

s¼1;s2eInJ l

zbots ðxÞ; (29)

zboti ðxÞ ¼ 0;when v < i � I; or i 2 J l: (30)

Proof. This proof is based on Proposition 1 and the definition
of case ðl; vÞ (i.e., Definition 1). According to Definition 1,

for each MD i 2 eI n J l and 1 � i � v� 1, constraint (15)
should be binding, which leads to (28). Besides, for MD v,
constraint (13) should be binding, which leads to (29).
Finally, (30) holds, because of the following three points:

i) for each MD i with N < i � I, zboti ðxÞ ¼ 0 holds based
on Proposition 1, ii) for each MD i with v < i � N ,

zboti ðxÞ ¼ 0 holds because of hi ¼ 0, and iii) for each MD

i 2 J l, z
bot
i ðxÞ ¼ 0 holds because of constraint (14). tu

Type-II cases that require the BS to perform broadcasting. The
common property of the Type-II cases is as follows. Given
that x in the subregion ½Gl;Glþ1	, each MD i 2 eI n J l has
used up its energy budget, while there still exists a nonzero

available relay-duration, i.e.,
P

i2eInJ l
zboti ðxÞ < x. This

means that the BS needs to perform broadcasting to finish
delivering the content. We denote this case by case ðl;BÞ
(where the capital letter “B” represents the BS), and its defi-
nition is as follows.

Definition 2 (Case ðl;BÞ). Given x in subregion ½Gl;Glþ1	, each
MD i 2 eI n J l has used up its energy budget, i.e.,

Eiðx; zboti ðxÞÞ ¼ Eb
i , and the BS still needs to perform broad-

casting to finish delivering the content, i.e., x �P
i2eInJ l

zboti ðxÞ > 0.

There exist N þ 1 such cases of Type-II. Given case ðl;BÞ,
the optimal solution of Problem (P1-Bottom), which is given
in Proposition 1 before, can be further detailed as follows.

Proposition 3. Given x and case ðl;BÞ, the optimal solution of
Problem (P1-Bottom) can be given by:

zboti ðxÞ ¼ Eb
i
�hix

ð2Lx�1Þ n
mini0 6¼i;i02I fgii0 g

; when i 2 eI n J l; (31)

zboti ðxÞ ¼ 0;when i 2 I n eI or i 2 J l: (32)

Fig. 2. Relationship between threshold Gl and MD T ðlÞ. We consider the
case of G2 � x � G3 as an example, and illustrate set J 2 ¼ fT ð3Þ;
T ð4Þ; . . . ; T ðNÞg which are not eligible for performing relaying.
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Correspondingly, in order to finish delivering the whole con-
tent, the BS broadcasts for the duration which is equal to

x�
X

i2eInJ l

Eb
i � hix

ð2L
x � 1Þ n

mini0 6¼i;i02I fgii0 g
: (33)

Proof. This proof is based on Proposition 1 and the defini-
tion of case ðl;BÞ (i.e., Definition 2). According to Defini-

tion 2, for each MD i 2 eI n J l, constraint (15) should be
binding, which leads to (31). Meanwhile, for each MD

i 2 J l, z
bot
i ðxÞ ¼ 0 holds because of constraint (14), and

for each MD i with N < i � I, zboti ðxÞ ¼ 0 holds based
on Proposition 1, which together lead to (32). Finally, the
broadcasting duration of the BS (given in (33)) stems
from (13) and Definition 2. tu
Until now, under a given x, we have analytically derived

the optimal solution in (28)-(30) of Problem (P1-Bottom) in
Proposition 2 by supposing that case ðl; vÞ (of Type-I) holds.
Meanwhile, we also derive the corresponding optimal
solution in (31)-(33) of (P1-Bottom) in Proposition 3 by sup-
posing that case ðl;BÞ (of Type-II) holds. As a result, the
optimal value of Problem (P1-Bottom), i.e., ObotðxÞ in (23),
can be analytically detailed. We thus continue to solve Prob-
lem (P1-Top) in the next two sections, in which we will also
provide the conditions to verify whether case ðl; vÞ (or case
ðl;BÞ) holds or not.

6.2 Analytical Solution for Each Case ðl; vÞ
Given x and case ðl; vÞ, we introduce function Wl;vðxÞ to
denote the objective function of Problem (P1-Top) under
case ðl; vÞ. By substituting (28) and (29) into (23), we can
compactly express functionWl;vðxÞ as follows:

Wl;vðxÞ ¼ ð2Lx � 1Þx a
n

gBv
þ bv

n

mini6¼v;i2Ifgvig
� �

þ x aqB þ
X
i2I

bihi þ g þ Sl;v

 !
þQl;v;

(34)

where both Sl;v and Ql;v are constant and depend on case
ðl; vÞ:

Sl;v ¼
Xv�1

i¼1;i2eInJ l

a
1

gBv
� 1

gBi

� �
þ bv

1

mini0 6¼v;i02Ifgvi0 g
�

� bi
1

mini0 6¼i;i02Ifgii0 g
�
hi min

i0 6¼i;i02I
fgii0 g;

(35)

Ql;v ¼
Xv�1

i¼1;i2eInJ l

a
1

gBi
� 1

gBv

� �
þ bi

1

mini0 6¼i;i02Ifgii0 g
�

� bv

1

mini0 6¼v;i02Ifgvi0 g
�
Eb

i min
i0 6¼i;i02I

fgii0 g: (36)

Therefore, given case ðl; vÞ, solving Problem (P1-Top)
becomes equivalent to solving

ðP1-Top-ðl; vÞÞ : min
x

Wl;vðxÞ;
subject to : Gl � x � min



Xup;Glþ1

�
;

whereXup has been defined in (16).

Let x�l;v denote the optimal solution of Problem (P1-Top-
(l,v)). Although Wl;vðxÞ is complicated, we can analytically
derive x�

l;v in the following proposition.

Proposition 4. Given case ðl; vÞ, the optimal solution for Problem
(P1-Top-(l,v)) can be given by:

x�
l;v ¼ ðln 2Þ L

1þW�e�1ðBl;v

Al;v
� 1Þ�

24 35minfXup;Glþ1g

Gl

; (37)

where expression ½x	ba ¼ minfmaxfa; xg; bg, and Wð:Þ rep-
resents the Lambert W-function [40], i.e., the inverse func-
tion of fðwÞ ¼ w expðwÞ. Meanwhile, parameters Al;v and
Bl;v are given by:

Al;v ¼ a
n

gBv
þ bv

n

mini6¼v;i2Ifgvig ; (38)

Bl;v ¼ aqB þ
X
i2I

bihi þ g þ Sl;v: (39)

Accordingly,W �
l;vðx�

l;vÞ ¼ Al;vx
�
l;vð2

L
x�
l;v � 1Þ þBl;vx

�
l;v þQl;v.

Proof. Before presenting the proof, we first give the follow-
ing Lemma, which will be used for proving Proposition 4
later on.

Lemma 1. The following two results always hold:
i) For each case ðl; vÞ, we always haveSl;v > 0 andQl;v < 0,

where Sl;v andQl;v are given in (35) and (36), respectively.
ii) For each case ðl;BÞ, we always have Sl;B > 0 andQl;B <

0, where Sl;B andQl;B are given in (46) and (47), respectively.

Proof of Lemma 1. We first prove result i). Based on
the ordering in (18), Mj � Mv < 0 holds for j < v < N .
By further using the definition of fMig in (17), we have

a
1

gBv
� 1

gBj

� �
þ bv

1

mini 6¼v;i2Ifgvig � bj

1

mini 6¼j;i2Ifgjig > 0;

for j < v < N:

As a result, Sl;v > 0 always holds. Similarly, we can
show that Ql;v < 0 always holds. We next prove result
ii). According to ordering in (18), Mj < 0 holds for
j � N . By further using the definition of fMig in (17), we
have Sl;B > 0 and Ql;B < 0. tu
Now, we start to present the proof for Proposition 4.
Under case ðl; vÞ, Ql;v (defined in (36)) in Wl;vðxÞ (defined
(34)) is independent on x. Thus, solving Problem (P1-Top-
(l,v)) is equivalent to solving the following Problem (P2):

ðP2Þ : min
x

Vl;vðxÞ ¼ min
x

Al;vð2L
x � 1ÞxþBl;vx;

subject to : Gl � x � minfXup;Glþ1g:

Notice that parameters Al;v and Bl;v (defined in (38) and
(39), respectively) are both positive constants, since Sl;v

(defined in (35)) is positive according to Lemma 1.
In particular, we can show that Problem (P2) is a convex

optimization problem [39], since the second-order deriva-
tive of the objective function is always positive, i.e.,
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dV 2
l;vðxÞ
dx2

¼ L2

x3
2
L
xðln 2Þ2 � 0; 8x � 0; (40)

and the constraint in Problem (P2) is linear.
The convexity of Problem (P2) enables us to use the

necessary and sufficient Karush-Kuhn-Tucker (KKT)
condition to compute its optimal solution. By setting
dVl;vðxÞ

dx ¼ 0, we obtain

dVl;vðxÞ
dx

¼ Gl;vðxÞ þBl;v

Al;v
¼ 0; (41)

where the auxiliary function Gl;vðxÞ is defined as follows:

Gl;vðxÞ ¼
�
2
L
x � 1

�� L

x
2
L
xðln 2Þ:

Notice that Gl;vðxÞ is increasing in x, since (40) holds.
Moreover, Gl;vðxÞ < 0 holds, since limx!1 Gl;vðxÞ ¼ 0.
Therefore, the root of (41), if it exists, is unique. More-
over, if the root of (41) exists, then it corresponds to the
optimal solution of Problem (P2). Although (41) is com-
plicated, its root can be derived analytically. Specifically,
(41) is equivalent to:

1� L

x
ln 2

� �
2
L
x ¼ 1�Bl;v

Al;v
:

By defining y ¼ 1� L
x ðln 2Þ and substituting x by the

newly introduced variable y, we obtain

y ¼ �W 1

e

Bl;v

Al;v
� 1

� �� �
;

where Wð:Þ denotes the Lambert W-function [40], which
corresponds to the inverse function of fðwÞ ¼ w expðwÞ.
Consequently, we can obtain

x�
l;v ¼ ðln 2Þ L

1þW 1
e

Bl;v

Al;v
� 1

� 
� 
 : (42)

In addition, x�
l;v should be lower bounded by Gl and be

upper bounded by minfXup;Glþ1g (as required by case
ðl; vÞ). We thus need to consider the following two cases:

(Case i): If x�l;v given in (42) is smaller than the lower

bound Gl, then
dVl;v
dx is positive when x 2 ½Gl;minfXup;

Glþ1g	 (recall that the convexity of Problem (P2) implies

that its first-order derivative
dVl;v
dx is strictly increasing).

Thus, tominimize the objective function, x should be set as
the lower boundGl.

(Case ii): If x�
l;v given in (42) is larger than the upper

bound minfXup;Glþ1g, then
dVl;v
dx is negative when x 2

½Gl;minfXup;Glþ1g	. Thus, to minimize the objective func-
tion, x should be set as the upper boundminfXup;Glþ1g.

In summary, given case ðl; vÞ, we obtain the optimal
transmission duration x�

l;v in (37) for Problem (P1-Top-

(l,v)). Further by using x�
l;v, we can obtain Wl;vðx�

l;vÞ ¼
Vl;vðx�l;vÞþ Ql;v for case ðl; vÞ. This finishes the proof of

Proposition 4. tu
The result in Proposition 4 is based on the assumption

that case ðl; vÞ holds. We thus need to use the derived x�
l;v in

Proposition 4 to verify whether case ðl; vÞ holds or not. This
leads to the following proposition.

Proposition 5 (Validation of case ðl; vÞ). Case ðl; vÞ holds, if
the derived x�

l;v in (37) meets the following two conditions:

x�
l;vð2

L
x�
l;v � 1Þ þ x�

l;v

Xv�1

i¼1;i2eInJ l

hi

n
min

i0 6¼i;i02I
fgii0 g

�
Xv�1

i¼1;i2eInJ l

Eb
i

n
min

i0 6¼i;i02I
fgii0 g;

(43)

x�
l;vð2

L
x�
l;v � 1Þ þ x�

l;v

Xv
i¼1;i2eInJ l

hi

n
min

i0 6¼i;i02I
fgii0 g

�
Xv

i¼1;i2eInJ l

Eb
i

n
min

i0 6¼i;i02I
fgii0 g:

(44)

Proof. According to the definition of case ðl; vÞ, MD v is the

“boundary”MD to perform relaying in set eI . Therefore, i)
condition x�

l;v �
Pv�1

i¼1 z
bot
i ðx�

l;vÞ > 0 should hold, which

yields (43) based on (28)-(30), and ii) condition x�
l;v�Pv�1

i¼1 z
bot
i ðx�

l;vÞ< ðEb
v � hvx

�
l;vÞ
�
Fvð L

x�
l;v
Þ��1

should hold, which

yields (44). tu

6.3 Analytical Solution for Each Case ðl;BÞ
Given x and case ðl;BÞ, we introduce Wl;BðxÞ to denote the
objective function of Problem (P1-Top). By substituting (31)
and (33) into (23), we can compactly express function
Wl;BðxÞ as follows:

Wl;BðxÞ ¼ ð2L
x � 1Þxa n

mini2IfgBig

þ x aqB þ
X
i2I

bihi þ g þ Sl;B

 !
þQl;B;

(45)

where both Sl;B andQl;B are constant and depend on index l:

Sl;B ¼ �
X

i2eInJ l

�
a

1

gBi
þ bi

1

mini0 6¼i;i02Ifgii0 g

� a
1

mini02IfgBi0 g
�
hi min

i0 6¼i;i02I
fgii0 g;

(46)

Ql;B ¼
X

i2eInJ l

�
a

1

gBi
þ bi

1

mini0 6¼i;i02Ifgii0 g

� a
1

mini02IfgBi0 g
�
Eb

i min
i0 6¼i;i02I

fgii0 g:
(47)

Given case ðl;BÞ, solving Problem (P1-Top) becomes
equivalent to solving

ðP1-Top-ðl;BÞÞ: min
x

Wl;BðxÞ;
subject to: Gl � x � min



Xup;Glþ1

�
:

Let x�
l;B denote the optimal solution of Problem (P1-Top-

(l,B)). We can analytically derive x�
l;B in the following

proposition.
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Proposition 6. Given case ðl;BÞ, the optimal solution of Problem
(P1-Top-(l,B)) can be given by:

x�l;B ¼ ðln 2Þ L

1þW�e�1
� Bl;B

Al;B
� 1
��

24 35minfXup;Glþ1g

Gl

; (48)

where parameters Al;B and Bl;B are respectively given by:

Al;B ¼ a
n

mini2IfgBig ; (49)

Bl;B ¼ aqB þ
X
i2I

bihi þ g þ Sl;B: (50)

Accordingly,

W �
l;Bðx�

l;BÞ ¼ Al;Bx
�
l;Bð2

L
x�
l;B � 1Þ þBl;Bx

�
l;B þQl;B.

Proof. The proof is similar as that for proving Proposition 4,
in which we just need to use Al;B and Bl;B to replace Al;v

and Bl;v, respectively. Recall that both Al;B and Bl;B are
positive according to Lemma 1. tu
The result in Proposition 6 is based on the assumption

that case ðl;BÞ holds. We thus need to use the derived x�
l;B in

Proposition 6 to verify whether case ðl;BÞ holds or not. This
leads to the following Proposition.

Proposition 7 (Validation of case (l,B)). Case ðl;BÞ holds,
if the derived x�

l;B in (48) meets the following conditions:

x�
l;Bð2

L
x�
l;B � 1Þ þ x�

l;B

X
i2eInJ l

hi

n
mini0 6¼i;i02Ifgii0 g

�
X

i2eInJ l

Eb
i

n
mini0 6¼i;i02Ifgii0 g:

(51)

Proof.According to the definition of case ðl;BÞ, the BS needs
to perform broadcasting for finishing the content deliv-

ery. Thus, x�
l;B >

P
i2eInJ l

zboti ðx�
l;BÞ should hold, which

yields (51) based on (31)-(33). tu

6.4 Efficient Algorithm for Finding the Global
Optimum Solution of Problem (P1-Top)

Using the above analytical results, we propose a Joint Opti-
mization of Transmission and Relay Durations (JOTRD)
algorithm to solve Problem (P1-Top) and compute the opti-
mal transmission duration for the whole content and each
MD’s relay-duration.

Algorithm JOTRD enumerates all Type-I cases and
Type-II cases. To this end, it consists of a two-layered loop,
i.e., i) an outer While-Loop from Step 3 to Step 25 for enu-
merating all possible index l, and ii) given index l, an inner
While-Loop from Step 5 to Step 15 for enumerating index v
such that each possible case ðl; vÞ is evaluated, and more-
over, the additional steps from Step 16 to Step 23 for evaluat-
ing case ðl;BÞ. Specifically, for each enumerated case ðl; vÞ,
we derive x�

l;v based on Proposition 4 in Step 6, and further

verify whether case ðl; vÞ holds in Step 7. If case ðl; vÞ is
valid and the obtained Wl;vðx�

l;vÞ can improve the currently

best value f, then we update f and record the currently

best solution of Problem (P1) in Step 11. Similarly, for each
enumerated case ðl;BÞ, we derive x�l;B based on Proposition

6 in Step 16, and further verify whether case ðl;BÞ holds in
Step 17. If case ðl;BÞ is valid and the obtained Wl;Bðx�

l;BÞ
can improve the currently best value f, then we update f

and record the currently best solution of Problem (P1) in
Step 21. Finally, Algorithm JOTRD outputs the optimal
solution of Problem (P1) in Step 26 based on the currently
best solution.8

Algorithm JOTRD. To Find the Optimal Solution of
Problem (P1)

1: Initialize f as a very large positive number, e.g., f ¼ 108.
2: Set l ¼ N , where N is obtained from the ordering (18).
3: while l � 0 do
4: Set v ¼ 1.
5: while v � N and v =2 J l do
6: Derive x�

l;v according to (37).
7: if x�

l;v meets (43) and (44) simultaneously then
8: EvaluateWl;vðx�

l;vÞ according to (34).
9: ifWl;vðx�

l;vÞ < f then
10: Derive fzbotj ðx�

l;vÞgj2I according to (28)-(30).
11: Update f ¼ Wl;vðx�

l;vÞ, and record the currently best

solution of Problem (P1) as: x�;c ¼ x�
l;v, r

�;c ¼ L
x�
l;v
,

and z�;cj ¼ zbotj ðx�
l;vÞ; 8j 2 I

12: end if
13: end if
14: Set v ¼ vþ 1.
15: end while
16: Derive x�

l;B according to (48).
17: if x�

l;B meets (51) then
18: EvaluateWl;Bðx�

l;BÞ according to (45).
19: ifWl;Bðx�

l;BÞ < f then
20: Derive fzbotj ðx�

l;BÞgj2I according to (31) and (32).
21: Update f ¼ Wl;Bðx�

l;BÞ, and record the currently best

solution of Problem (P1) as: x�;c ¼ x�
l;B, r

�;c ¼ L
x�
l;B
, and

z�;cj ¼ zbotj ðx�
l;BÞ; 8j 2 I .

22: end if
23: end if
24: Set l ¼ l� 1.
25: end while
26: Set the optimal solution of Problem (P1) as: x� ¼ x�;c,

r� ¼ r�;c, and z�j ¼ z�;cj ; 8j 2 I .

Proposition 8. Algorithm JOTRD is guaranteed to find the opti-
mal solution of Problem (P1).

Proof. Notice that Algorithm JOTRD is designed to enumer-
ate all possible Type-I cases and Type-II cases. Specifi-
cally, for each enumerated Type-I case ðl; vÞ, Proposition 4
and Proposition 2 together give the unique optimal solu-
tion of Problem (P1). Meanwhile, for each enumerated
Type-II case ðl;BÞ, Proposition 6 and Proposition 3
together give the unique optimal solution of Problem

8. We emphasize that the proposed two-step backward induction, in
which we first derive the optimal fzboti ðxÞgi2I as analytical functions of
x in the bottom-problem and then optimize x in the top-problem by
substituting each zi with zboti ðxÞ, can optimally solve Problem (P1).
However, backward induction with the alternative order (i.e., optimiz-
ing x first followed by fzigi2I ) fails to solve Problem (P1) optimally.
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(P1). Furthermore, based on Definition 1, there exist
NðN þ 1Þ=2 different Type-I cases (where N is specified
in the ordering (18)), and based onDefinition 2, there exist
N þ 1 different Type-II cases. Therefore, by enumerating
and comparing with all these ðN þ 1ÞðN þ 2Þ=2 cases,
Algorithm JOTRD is guaranteed to find the optimal solu-
tion of Problem (P1). tu
The complexity of Algorithm JOTRD is analyzed as

follows. First, Algorithm JOTRD requires a total of

O
�ðN þ 1ÞðN þ 2Þ=2� rounds of iterations, because there

exist NðN þ 1Þ=2 different Type-I cases and ðN þ 1Þ differ-
ent Type-II cases. Recall that the value of N , which denotes
the number of helpful MDs according to the ordering (18),
is always smaller than I, i.e., the total number of the MDs.
Second, within each iteration, for case ðl; vÞ enumerated,
Proposition 4 and Proposition 2 together give the optimal

solutions x� and fzbotj ðxÞgj2I analytically. Meanwhile, for

case ðl;BÞ enumerated, Proposition 6 and Proposition 3

together give the optimal solutions x� and fzbotj ðxÞgj2I ana-

lytically. Thus, no additional iterative calculation is required
within each round of iteration. In summary, Algorithm
JOTRD is computationally efficient and is easy to be imple-
mented at the BS.

Although the channel power gain information is required
by the BS to perform Algorithm JOTRD, we notice that there
is no need for the BS to collect all detailed information about
each pair of two MDs. Instead, each MD i only needs to
report the BS its worst channel gain involved to perform
broadcasting to the other MDs (i.e., mini0 6¼i;i02Ifgii0 g), which

can be estimated by MD i itself via the state-of-art channel
estimation techniques.

7 NUMERICAL RESULTS

7.1 Setup of the Network Scenario

In this section, we perform numerical simulations to vali-
date Algorithm JOTRD and the performance achieved by
the MDs’ optimal cooperations. We setup a scenario as
shown in Fig. 3, in which the BS is located at the origin
ð0; 0Þ. The group of MDs are randomly and independently
located (according to a uniform distribution) within a circle.
The central of the circle is ðD; 0Þ, and its radius is R. We set
D ¼ 50 m and R ¼ 5 m at the beginning (but will vary D
and R later on). In particular, we assume that the MDs do
not move during the period of interest, e.g., one period of
Tmax (i.e., the delay bound for finishing delivery of the con-
tent). Thus, the channel power gain from the BS to each MD
and that between the MDs remain unchanged (e.g., within

one period of Tmax). In particular, we model the channel

power gain from the BS to each MD i as gBi ¼ �Bi
lk
Bi
, where

parameter lBi denotes the distance between the BS and MD
i, parameter k denotes the power-scaling factor for the path-
loss, and parameter �Bi follows an exponential distribution
with unit mean for capturing the fading.

Similar to [31], we set the static circuit power consump-
tion of the BS during data transmission as qB ¼ 1W, the cir-
cuit power consumption of MD i during data reception as
hi ¼ 0:01W (i.e., 1 percent of the static circuit power con-
sumption of the BS). Besides, the maximum transmit-
power of each MD is Pmax

i ¼ 0:1W, and the energy budget

of each MD is Eb
i ¼ 0:1J. The channel bandwidth is 1 MHz

for the cellular-link and the link between different MDs.
The size of the content is L ¼ 1 Mbits. Besides, we set
a ¼ 1, bi ¼ 2; 8i 2 I , and g ¼ 1.

7.2 Performance of Algorithm JOTRD

Fig. 4 validates the accuracy of Algorithm JOTRD in solving
Problem (P1) optimally. We vary the number of the MDs
I ¼ 10; 20; . . . ; 50 and the distance D ¼ 20; 40; 60. For each
tested case, we plot the average result (i.e., the total system
cost) over 200 network scenarios which are randomly gener-
ated as described earlier. Fig. 4 shows that Algorithm
JOTRD achieves the optimal total system cost which is
exactly same as the global optimum found by the exhaus-
tive search method,9 thus validating the accuracy of Algo-
rithm JOTRD. Besides, it is observed that the total system
cost increases in the number of the MDs.

Fig. 5 validates the computational efficiency of Algorithm
JOTRD. Specifically, we vary the distance D ¼ 30; 40; 50; 60
and the number of the MDs I ¼ 10; 20; . . . ; 50. For each
tested case, we plot the average result (i.e., the computa-
tional time) over 200 randomly generated network

Fig. 3. Network scenario used for numerical experiments. We use
I ¼ f1; 2; 3; 4; 5g as an example. The MDs are randomly located within a
circle. The central of the circle is ðD; 0Þ. The radius of the circle is R.

Fig. 4. Accuracy of Algorithm JOTRD in solving Problem (P1). We vary
the number of the MDs I ¼ 10; 20; . . . ; 50 and the distance
D ¼ 20; 40; 60. For each tested case, the result (i.e., the total system
cost) is averaged over 200 randomly generated network scenarios.

9. The exhaustive search method enumerates the transmission dura-
tion x by using a very small step-size. For each enumerated x, we again
use (19) to determine fzbotj ðxÞg and thus evaluate ObotðxÞ. Therefore, the
exhaustive search method is guaranteed to achieve the global optimum
for Problem (P1) with a negligible loss, as long as the chosen step-size
is small enough. However, the downside of the exhaustive search
method is that it consumes a significant computational time.
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scenarios. Fig. 5 shows that Algorithm JOTRD consumes
a significantly less computational time than the exhaustive
search method. Specifically, for each tested distance D,
Algorithm JOTRD reduces the computational time by more
than 90percent on average. Furthermore, by comparing dif-
ferent subplots in Fig. 5, we can observe that the computa-
tional time of Algorithm JOTRD increases mainly as the
number of the MDs increases, but varies slightly as the dis-
tance D changes. This result is consistent with our earlier
description about the computational complexity of Algo-
rithm JOTRD (close to the end of Section 6).

7.3 Performance Gain Achieved by Cooperations

We present the advantage of reducing the total system cost
by using the optimal MDs cooperation in Figs. 6 and 7. To
show this advantage, we compare the result of Algorithm
JOTRD with those of two other heuristic approaches,
namely, the BS-only approach and the Equal-division approach.
In the BS-only approach, the BS directly broadcasts the
whole content to all MDs and only optimizes its transmis-
sion-duration to minimize the total system cost. In the
Equal-division approach, all the helpful MDs in eI equally
share the transmission-duration for relaying the content,

i.e., zi ¼ x=N , for all MDs in eI10, and the BS optimizes its
transmission-duration accordingly.

In Fig. 6, we consider the distance between the BS and
the central of circle D ¼ 50 (in the left subplot) and D ¼ 60
(in the right subplot), and vary the number of the MDs
I ¼ 10; 15; . . . ; 30. Fig. 6 shows that Algorithm JOTRD sig-
nificantly outperforms the BS-only approach and the equal-
distribution approach in terms of lowering the total system
cost. For each tested case, we mark out the average saving
ratios of the total system cost (i.e., the numbers listed on the
top of subplot) by using Algorithm JOTRD against the
Equal-distribution approach and the BS-only approach,

respectively. Remarkably, the proposed optimal coopera-
tion can save more than 60 percent of the system cost com-
pared to the Equal-distribution approach, and saving more
than 70 percent of the system cost compared to the BS-only
approach. Moreover, the results show that the average sav-
ing ratio increases in the number of the MDs, i.e., a larger
portion of the system cost is reduced. This is because a
larger number of the MDs provides a larger freedom in per-
forming cooperative relaying, which consequently yields a
larger gain in terms of lowering the total system cost.

Fig. 5. Computational Efficiency of Algorithm JOTRD. We vary the dis-
tance D ¼ 30; 40; 50; 60 and the number of the MDs I ¼ 10; 20; . . . ; 50.
For each tested case, the result (i.e., the computational time) is averaged
over 200 randomly generated network scenarios.

Fig. 6. Advantage of saving the total system cost by using the optimal
MDs cooperations. We plot the average total system versus different
number of the MDs I ¼ 10; 15; . . . ; 30. Left subplot: the distance between
the BS and the central of the circle D ¼ 50. Right subplot: D ¼ 60. For
each tested case, the result (i.e., the total system cost) is averaged over
200 randomly generated network scenarios. The numbers illustrated on
the top of each subplot denote the average saving ratios of the total sys-
tem cost by using Algorithm JOTRD against the Equal-distribution
approach and the BS-only approach, respectively.

Fig. 7. Advantage of the MDs’ cooperations in saving the total system
cost. We plot the average total system versus different distance
D ¼ 20; 30; . . . ; 60. Left subplot: We fix the number of MDs I ¼ 10. Right
subplot: I ¼ 20. For each tested case, the result (i.e., the total system
cost) is averaged over 200 randomly generated network scenarios.
Besides, the numbers illustrated on the top of each subplot denote the
average saving ratios of the total system cost by using Algorithm JOTRD
against the equal-distribution approach and the BS-only approach,
respectively.

10. If some MD (let us say MD i) cannot afford the required trans-
mit-power or the required relay-duration, then the BS takes over the
job of MD i to deliver the content via broadcasting.
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In Fig. 7, we consider the number of MDs I ¼ 10 (in the
left subplot) and I ¼ 20 (in the right subplot), and vary the
distance D ¼ 20; 30; . . . ; 60. For each tested case, we mark
out the average saving ratios of the total system cost (i.e.,
the numbers listed on the top of each subplot) by using
Algorithm JOTRD. Fig. 7 again shows that algorithm JOTRD
can significantly reduce the total system cost compared to
the equal-distribution approach and the BS-only approach.
Meanwhile, the comparisons between the two subplots also
verify that a larger saving ratio can be achieved when more
MDs coexist for cooperation.

To further evaluate the advantage of the optimal cooper-
ative scheme that jointly optimizes the content transmission
rate and the MDs’ relay-durations, we compare the optimal
cooperative scheme with another heuristic scheme with
fixed content transmission rate in Fig. 8. Specifically, in the
heuristic scheme, the content transmission duration x is
heuristically fixed (which corresponds to a heuristically
chosen transmission rate r), but the MDs’ relay-durations
are optimally given according to Proposition 1. Each result
in Fig. 8 represents the average result for 200 randomly gen-
erated network scenarios.

In the left subplot of Fig. 8 (with D ¼ 40m), the rightmost
result labelled with x� denotes the output of Algorithm
JOTRD.11 Meanwhile, the other five results labelled with
x ¼ 0:4; 0:6; 0:8; 1:0, and 1:2 denote the output of the heuris-
tic scheme with the content transmission duration fixed at
x ¼ 0:4; 0:6; 0:8; 1:0, and 1:2 second (which correspond to
that the transmission rate r ¼ 2:5; 1:67; 1:25; 1:0; 0:83 Mbps),
respectively. As shown in the left subplot of Fig. 8, Algo-
rithm JOTRD can effectively reduce the total system cost
as well as total cost for energy consumption, compared to
the heuristic scheme with fixed transmission durations.
In particular, as we have marked out in the left subplot, the
average optimal transmission rate is 2.84 Mbps. The right
subplot of Fig. 8 (with D ¼ 50 m) shows the similar

advantage of Algorithm JOTRD, with the average optimal
transmission rate equal to 2.57 Mbps. The results in Fig. 8
again verify the importance of jointly optimizing the content
transmission rate and the MDs’ relay-durations.

7.4 Impact of the MDs’ Geographical Distribution

We show the impact of the MDs’ geographical distribution
on the system performance by varying the distance D and
the radius R. Recall that the tuple of ðD;RÞ locates the circle
in which the MDs are randomly distributed. The left subplot
of Fig. 9 plots the total system cost (produced by Algorithm
JOTRD) under different D and R, with the total number of
MDs I ¼ 20. The left subplot of Fig. 9 shows that the total
system cost increases in R, since a larger geographical distri-
bution of the MDs necessitates a larger transmit-powers of
the MDs for performing relaying and thus yields a greater

Fig. 8. Impact of the transmission duration x on the total system cost and
total cost for energy consumption. Each result represents the average
result over 200 randomly generated network scenarios. We fix the num-
ber of MDs I ¼ 10 and a ¼ bi ¼ g ¼ 0:5;8i 2 I . Left subplot: D ¼ 40 m.
Right subplot:D ¼ 50m.

Fig. 9. Impact of the MDs’ distribution on the optimal total system cost
and the optimal transmission duration x� (produced by Algorithm
JOTRD). Left subplot: the total system cost versus different ðD;RÞ. For
each tested case, the result (i.e., the total system cost) is averaged over
200 randomly generated network scenarios. The number illustrated
above each tested case represents the ratio between the cellular-link
usage cost and the total system cost. Right subplot: the optimal trans-
mission duration x� versus different ðD;RÞ.

Fig. 10. Ratio between the total relay-duration of all MDs and the optimal
transmission duration (produced by Algorithm JOTRD) versus different
ðD;RÞ. Left subplot: The total number of MDs I ¼ 5 with Eb

i ¼ 0:01J .

Right subplot: I ¼ 10 with Eb
i ¼ 0:01J.

11. For each randomly generated scenario, the corresponding x� is
different. That is why we label the result with x�, instead of a particular
numerical value.
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system cost. For the similar reason, the total system cost also
increases inD, since the BS needs a larger transmit-power to
transmit to some selected MDs (this point also has been
reflected in Figs. 4, 6, and 7). Moreover, in the left subplot,
we use the optimal solution produced by Algorithm JOTRD
to compute the ratio between the cellular-link usage cost
and the total system cost, and mark out this ratio for each
tested case. Interestingly, the results show that the ratio
increases in R, which means that the cellular-link usage cost
tends to be more significant in the total system cost. The
trend is reflected in the right subplot of Fig. 9 which shows
the optimal transmission duration x� versus different values
of radius R, with the parameter-settings corresponding to
the left subplot. The results show the optimal transmission
duration x� also increases in R. This is because a larger R
means a larger transmit-power required by each MD to per-
form relaying, while prolonging transmission duration can
reduce the content transmission rate and thus reduce the
required transmit-powers.

We next show the impact of the MDs’ distribution on
their consequent optimal cooperation in Fig. 10. To this end,
we plot the ratio between the total relay-duration of all MDs
and the total transmission duration, i.e.,

P
i2I z

�
i =x

� (pro-
duced by Algorithm JOTRD) versus different ðD;RÞ. Intui-
tively,

P
i2I z

�
i =x

� ¼ 1 means that the content delivery is

completely performed via the MDs’ cooperations. In com-
parison,

P
i2I z

�
i =x

� 
 1 means that the delivery is mainly

performed by the BS’s broadcasting, and little cooperation
among the MDs is invoked. For easy comparison, we con-
sider the scenario with a fixed distribution of the MDs, i.e.,
all the MDs are evenly distributed on the circle (whose central
point is ðD; 0Þ and radius is R). Specifically, in the left sub-
plot of Fig. 10, we consider 5 MDs (i.e., I ¼ 5) whose respec-

tive phases on the circle correspond to angles of 0; 2p5 ; 4p5 ; 6p5 ,

and 8p
5 . And in the right subplot, we consider 10 MDs (i.e.,

I ¼ 10). Both subplots in Fig. 10 show that the evaluated
ratio increases in D, and decreases in R. This is because the
larger D (which can be considered as a measure of the aver-
age distance between the BS and the MDs) encourages more
cooperations among the MDs, and thus yields a greater ratioP

i2I z
�
i =x

�. On the other hand, the larger R (which can be

considered as a measure of the average distance between
different MDs) discourages the cooperation among the
MDs, and thus yields a smaller ratio

P
i2I z

�
i =x

�.
Fig. 11 plots the ratio

P
i2I z

�
i =x

� versus different energy

budget Eb
i of each MD. The similar trend, namely,P

i2I z
�
i =x

� increases in D and decreases in R, is also

reflected in Fig. 11. Moreover, it is also observed that the
degree of cooperation (represented by

P
i2I z

�
i =x

�) is a non-

decreasing function of each MD’s energy budget Eb
i . When

the MDs have higher energy budgets, they are more likely
to take advantage of cooperative relaying in order to reduce
the total system cost.

7.5 Tradeoff Between Energy Consumption
and Cellular-Link Usage

We next show the tradeoff between the energy consumption
and the cellular-link usage. In particular, we consider I ¼ 10
MDs, and fix a ¼ bi ¼ 0:5; 8i 2 I . Meanwhile, we vary g
from 0.25 to 1.5 to obtain different ratios g=a. For each tested
case, we plot the average result over 200 randomly gener-
ated network scenarios. The left subplot of Fig. 12 shows
that when the ratio g=a increases, the average optimal trans-
mission duration x� decreases. This is because a larger
weight on the cellular-link cost makes the BS more conser-
vative in using the cellular-link for delivering the content,
which leads to a shorter transmission duration x. However,
reducing the cellular-link usage leads to a larger total
energy consumption, which is reflected in the right subplot
of Fig. 12. Specifically, the right subplot of Fig. 12 shows
that when the ratio g=a increases, the total energy consump-
tion of the BS and all MDs (which is produced by Algorithm
JOTRD) increases. This is because that a shorter transmis-
sion duration requires greater transmit-powers for both the
BS and each MD to send data, which thus yields a larger
total energy consumption. Meanwhile, as shown in Fig. 12,
the optimal transmission duration for the content (of
1 Mbits) is usually very short (and the optimal transmission
duration will be even shorter for a smaller content size).
Such a short transmission duration allows us to assume that
the MDs’ locations are relatively static.

Fig. 11. Ratio between the total relay-duration of all MDs and the optimal
transmission duration (produced by Algorithm JOTRD) versus different
fEb

i gi2I . Left: The total number of MDs I ¼ 5. Right: I ¼ 10.
Fig. 12. Tradeoff between the total energy consumption and the cellular-
link usage. We fix the number of the MDs I ¼ 10 and a ¼ bi ¼ 0:5;
8i 2 I . Left subplot: The average optimal transmission time versus dif-
ferent g=a. Right subplot: The average total energy consumption versus
different g=a, corresponding to the left subplot.
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7.6 Marginal Error Due to Without Considering
the MD’s Circuit Power Consumption When
Transmitting

Finally, to evaluate the error due to ignoring MD i’s circuit
power consumption qi during data transmission, we per-
form some numerical tests and show the results in
Table 1.12 Specifically, we vary the topology-settings by
varying the tuple of ðD;RÞ, and for each setting, we test
200 randomly generated scenarios of the MDs’ locations
and compute the average relative error (with and without
considering fqigi2I ). The results in Table 1 verify that the
relative error due to without considering fqigi2I is very
marginal, i.e., no greater than 3 percent for all the cases
which we have tested. In particular, according to [7], [31],
[32], [33], [34], [35], [36], [37], the value of qi=qB is usually
even smaller than 1 percent (as used for testing in Table 1),
and hence, the corresponding relative errors are believed
to even smaller than those shown in Table 1. Therefore,
the analytical results in this paper are of a sufficient accu-
racy. In other words, it is accurate enough to use Algo-
rithm JOTRD in practice.

8 CONCLUSION

In this paper, we have investigated the MDs’ cooperative
traffic offloading for content distribution, by jointly optimiz-
ing the transmission rate of the content and the MDs’ relay-
durations. Due to the MDs’ limited transmit-powers and
energy budgets, the transmission rate of the content
strongly influences the MDs’ relay-durations, which makes
the joint optimization problem difficult to solve. Our key
idea to tackle this challenging problem is to exploit the
decomposable structure of the joint optimization problem,
based on which we characterized all possible cases for
achieving the optimum. We then derived the optimal solu-
tion for each of these cases in an analytical manner, and fur-
ther proposed an efficient algorithm to find the optimal
solution of the original joint optimization problem based on
the derived analytical results.

Extensive numerical results verify that the proposed
Algorithm JOTRD can achieve the optimal solution of the
joint optimization problem, while saving more than
90 percent of the computational time compared to the
exhaustive search method. Meanwhile, numerical results
also show that the optimal MDs’ cooperation can signifi-
cantly reduce the system cost. Moreover, we find that the
optimal MDs’ cooperation can save a larger portion of the
system cost when more MDs coexist for cooperation, and
more cooperations are invoked when the MDs are further
away from the BS while closer with each other (in which
case the MDs’ cooperation is more beneficial for reducing
the system cost).

In this paper, we have focused on a cellular-controlled
centralized approach, and the corresponding results can be
considered as the performance benchmark for evaluating
other relevant cooperative schemes. An interesting future
direction is to design a distributed algorithm to implement
this jointly optimal content transmission rate and the MDs’
relay-durations, taking into account the impact of incom-
plete network information and the MDs’ incentives for
cooperations. Another important future direction is to fur-
ther investigate the case of delivering multiple pieces of
contents, and to design an efficient MDs’ cooperative
scheme that captures the coupling-effect among the MDs
who are allowed to select different pieces of contents
to relay.
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