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On Consideration of Content Preference and
Sharing Willingness in D2D Assisted Offloading

Yijin Pan, Cunhua Pan, Huiling Zhu, Member, IEEE, Qasim Zeeshan Ahmed, Member, IEEE,
Ming Chen, and Jiangzhou Wang, Fellow, IEEE

Abstract— Device-to-device (D2D) assisted offloading heavily
depends on the participation of human users. The content
preference and sharing willingness of human users are two
crucial factors in the D2D assisted offloading. In this paper, with
consideration of these two factors, the optimal content pushing
strategy is investigated by formulating an optimization problem
to maximize the offloading gain measured by the offloaded
traffic. Users are placed into groups according to their content
preferences and share content with intergroup and intragroup
users at different sharing probabilities. Although the optimization
problem is nonconvex, the closed-form optimal solution for a
special case is obtained, when the sharing probabilities for
intergroup and intragroup users are the same. Furthermore,
an alternative group optimization (AGO) algorithm is proposed
to solve the general case of the optimization problem. Finally,
simulation results are provided to demonstrate the offloading
performance achieved by the optimal pushing strategy for the
special case and AGO algorithm. An interesting conclusion drawn
is that the group with the largest number of interested users is
not necessarily given the highest pushing probability. It is more
important to give high pushing probability to users with high
sharing willingness.

Index Terms— Content offloading, device-to-device communi-
cations, sharing willingness, content preference

I. INTRODUCTION
OBILE communications have been developed
extremely fast [1]-[7]. The explosion in cellular traffic
has instilled a significant strain on the current network
infrastructure [8]. A promising solution is to offload traffic
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via device-to-device (D2D) communications [9], [10], called
D2D assisted offloading, by exploiting the caching ability of
the user equipment (UE) [11]. It is shown in [12] that the
peak-time traffic can be substantially reduced by proactively
caching the contents in UEs or BS at off-peak time. Moreover,
D2D caching network with spatial reuse was proved to have
great potential of improving the system throughput [13].
Specifically, in case multiple UEs request the same content
from a base station (BS), instead of serving the multiple UEs
individually with the requested content, the BS first pushes
the content to some of these UEs. For other UEs requesting
the content, if the pushed UEs are in the proximity, they can
then get it via D2D communications. Otherwise, the UEs
receive the requested content from the BS. By exploiting
D2D assisted offloading in content dissemination, the cellular
traffic load can be relieved from the cellular network
infrastructure [14], [15].

The D2D assisted content dissemination process is divided
into two stages, content pushing for pushing content from
BS to UEs and content transmission for disseminating contents
from a UE to another UE via D2D communications. It can be
seen that human users are directly involved in D2D assisted
content dissemination, which leads to an inevitable impact of
the human behavior on the quality of service (QoS) [16], [17].
This situation is different from the situation in traditional
network where QoS can be fullly controlled by the BS.
Specifically, content preference and sharing willingness of the
human users are two crucial factors in the two stages of content
dissemination.

The content preference features the different desires of
human users for the same content. In this paper, content
preference is modeled as the probability that a content is
wanted by a UE. In the pushing stage, given UEs’ content
preferences, the BS will initially select some UEs to push
the content. If one of the selected UEs is not interested,
the UE will refuse the pushing request. Several approaches
have been adopted to explain content preference [18]—-[21].
A common approach is that a content consists of keywords
and associated weights [20], [21]. The weights help determine
the importance of the keywords in the content. Then UEs’
different preferences on the keywords will lead to different
content preferences.

The sharing willingness of UEs directly affects the success
of establishing D2D links, and it is a key factor in the content
transmission stage. In this paper, the sharing willingness is
represented by the probability that a UE will share the content

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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via D2D communications. In current literature, the sharing
willingness can be either individually based [22]-[24] or group
based [25], [26]. The investigation in [24] showed that sharing
willingness depends on the closeness of the social relationship
between UEs. However, the complexity of tracking its social
relationship with each UE is extremely high. Therefore, in [25]
sharing willingness was estimated in a group manner. Since
intragroup UEs have similar human behavior, [26] considered
that UEs were more willing to share contents with intragroup
UEs as compared to intergroup UEs.

Even though researchers have revealed that content prefer-
ence and sharing willingness both affect the content dissemina-
tion process, their joint impact has not been fully investigated
in the current offloading schemes. Some offloading approaches
even did not consider these two factors, such as [27] and [28],
where assumptions were made that all UEs in cell requested
the same content and shared it altruistically. The content
preference was considered in [20] and [21], where UEs were
assumed unselfish. While in [29], only the sharing behaviors
of UEs were considered for designing offloading approach,
but UEs’ content preferences were not addressed. Similarly,
in [30], although the different content preferences were con-
sidered, the sharing behaviors of UEs were simplified as only
allowing sharing among a group of UEs.

Since content preference and sharing willingness of human
users are all involved in D2D assisted content dissemination,
it is essential to address the two factors in designing the
pushing strategy to maximize the traffic offloaded via D2D
communications. For instance, if the content is pushed to the
interested UEs who are not willing to share, BS still has to
serve the download for other interested UEs via cellular link.
On the contrary, if the content is only pushed to the UEs who
are willing to share but not interested in it, all the pushing
requests will be refused. The interested UEs still need to be
served by the BS via the cellular link. In both cases, there is no
traffic offloaded via D2D communications. Therefore, current
content dissemination strategies developed unilaterally either
only based on content preference or sharing willingness cannot
be directly applied to D2D assisted offloading. Furthermore,
the combination of the two factors further complicates the
pushing strategy design. The formulated optimization problem
can be nonconvex, which cannot be solved by the interior-point
methods in polynomial-time [31].

In this paper, content dissemination for D2D assisted
offloading is designed and evaluated under the consideration
of the impact of human behaviors. Specifically, we investigate
the pushing probabilities for different UEs to maximize the
D2D offloaded traffic with the consideration of their content
preferences and sharing willingness. In this paper, UEs are
classified into groups according to their content preferences,
and each group shares the content with inter- and intragroup
UEs with different sharing probabilities. For the proposed two
stages of content dissemination process, in the pushing stage,
BS pushes the content to some UEs according to a pushing
probability. However, the pushing will only be accepted by the
UESs with interests. In the transmission stage, the probability of
content sharing via D2D transmission is related to the sharing
willingness of the pushed UEs in each group. Based on this

content dissemination process, the pushing probability for UEs
in each group is optimized in order to maximize the traffic
offloaded via D2D communications. The main contributions
of this paper are outlined as follows.

o We define the system offloading gain as the offloaded
traffic in a unit area, which is derived as a function of the
pushing probability in each group. In this paper, the main
aim is to maximize the system offloading gain, which is
formulated as an optimization problem, and an alterna-
tive group optimization (AGO) algorithm is proposed to
solve it. Although the formulated optimization problem is
nonconvex, the proposed AGO algorithm has polynomial
complexity in terms of the UE group number.

« We consider the optimization problem for a special case
where UEs share contents with intergroup and intragroup
UEs at the same probability. Although this problem is
still non-convex, we have successfully derived the closed-
form solution based on Karush-Kuhn-Tucker (K.K.T)
conditions. In this case, the optimal pushing strategy
indicates that groups with high sharing probabilities
always need to offload the large portion of traffic. The
group with largest request density is not necessarily
given the highest pushing probability, and its pushing
probability is affected by the sharing behavior of other
groups.

« Simulation results are provided to show the offloading
performance achieved by the optimal pushing strategy in
the special case, where the impacts of content preference
and sharing willingness are investigated. The proposed
AGO algorithm is also simulated and the converged result
is shown to be near the global optimum.

The rest of this paper is organized as follows. The system
model is described in Section II, and the optimization problem
is formulated in Section III. A closed-form optimal solution
for a special case is theoretically derived in Section IV and
the algorithm for the general case is introduced in Section V.
Finally, we present the simulation results in Section VI, and
conclude our work in Section VII.

II. SYSTEM MODEL

In our system, the proposed content offloading scheme
focuses on how to disseminate a certain piece of content
(hereafter referred to as the reference content) through the
cellular network, where UEs can share the cached contents via
D2D communications. As shown in Fig. 1, the D2D trans-
mission range is represented by radius r. For content dis-
semination, BS first pushes the reference content to a subset
of UEs denoted by the shaded circles and triangles. Then
the pushed UEs could transmit the downloaded content to
other interested UEs within » via D2D links. The D2D links
conducted by the pushed UEs are assumed to be all scheduled
by BS. Since all UEs receive the same content from the
pushed UEs, it is assumed no co-channel interference in D2D
transmissions [32].!

IThe transmission for the pushed UEs can be modeled as a practical
multicast distributed antenna system in [32]. Since there is one common
content for transmission, the signals from all the pushed UEs are regarded as
useful signals.
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A UEin group G, A Pushed UE ingroup G 7 : D2D distance
O UEingroupG, @ Pushed UEingroupG, <— Cellular Link
<«— — intragroup D2D link <= intergroup D2D link

Fig. 1. An example of D2D assisted offloading with M = 2, where UE4
and UE3 provide D2D link to UE 1 with intergroup sharing probability p{

and intragroup sharing probability pé, respectively.

We assume that UEs are classified into M disjoint groups
according to their content preferences. The set of group index
is M ={1,2,---,M}. The group m is denoted by G,,. For
the given reference content, we define w,, as the request
probability that a UE in group G, requests the content, where
0 < wy < 1(m € M). In another word, w,, represents the
content preference of UEs in group G, for the reference con-
tent. The value of w,, for each group can be determined either
by the keywords feature extraction method in [20] and [21] or
by the machine learning method in [33] and [34] according to
the UEs’ download history. In this paper, request probability
and content preference will be used alternatively.

Another key factor is the sharing willingness of UEs to
share their cached content via D2D communications, which is
represented by the sharing probability. It is observed that UEs
who share common preferences are more likely to have similar
personality and character [35]. Therefore, we logically assume
that the UEs in the same group also have the homogeneous
sharing probability. Here, two types of sharing probabilities are
considered. We define p,’n as the intragroup sharing probability
in group G, under which a UE in group G, will exchange
content with another UE in the same group. p;, denotes the
intergroup sharing probability under which a UE in G, can
exchange its content with another UE in another group.
Normally, it holds that p}, > p2, due to the fact that UEs
prefer to share content with those having similar preferences
and social behaviors [26].

The location of the UEs in each group is modeled as a
Poisson Point Process (P.P.P) [36] and is independent from the
other group. In P.P.P, the number of UEs in a bounded area is a
Poisson random variable with a constant density. The density
reflects the average number of UEs in a unit area. The UEs’
density in group G, is denoted by 1,,m € . Under this
assumption, for a UE, it is possible to have UEs from other
group in proximity.

As illustrated in Fig. 1, according to different content
preferences, UEs are divided into two groups, i.e., G; and Ga,
which are represented by triangles and circles. Some UEs are
able to get content from the pushed UEs of same or different
groups in the proximity. For example, UE 1 gets the content

TABLE I
UE TYPES IN CONTENT PUSHING STAGE

Type pushing ? interested ? UE behavior

UE-A Received Yes accept and download content
UE-R Received No refuse or ignore pushing request
UE-T | Not received Yes ask for content transmission
UE-N | Not received No irrelevant with dissemination

from UE 3 with intragroup probability pé, and from UE 4
with intergroup probability p{ via D2D communications. All
the nearby UEs of UE 2 do not have the content, so the
BS will assist in downloading. In order to clearly describe
the dissemination process we have divided it into two stages;
namely, content pushing and transmission. Details of each
stage are given as follows:

1) Content Pushing: In this stage, the BS pushes the ref-
erence content to some UEs which are selected from all the
M groups. The probability of UEs in each group that will
be selected for pushing will be optimized in this work. It is
assumed that the selection of UEs is done randomly by the
BS for the sake of fairness. For example, the shaded circles in
Fig. 1 are randomly chosen from all the circles. In previous
work [20]-[22], [27]-[30], it was assumed that UEs who have
received a pushing request will always accept it. However,
UEs will accept the pushing only when they are interested in
the pushed content. Otherwise, they will simply ignore it and
refuse the pushing. Therefore, there will be four kinds of UEs
at this stage as shown in Table 1.

In Table I, when UEs have received the content pushing
request, those who accept the request and download the
content from BS are referred to as UE-As, while those who
refuse the pushing request are called as UE-Rs. For the other
UEs who do not receive pushing request, if they are interested
in the reference content, such as UE 1 in Fig. 1, they will ask
for content transmission. These UEs are named as the UE-Ts.
Finally, UEs who are not involved in the content dissemination
process are represented as UE-Ns.

Let ¢, be the pushing probability for UEs in group G-
cm also represents the probability that a UE in group G, will
receive the pushing from the BS. To be a UE-A, this UE should
satisfy two conditions. One is that the UE wants this content,
and the other is that a pushing has been received. Given the
UEs density 4,, and content request probability w,,, under the
P.P.P model, we can calculate the density of UE-As in group
Gm denoted by [, as

Im = AmWmCm- (1)

Similarly, the density of UE-Ts in group G, denoted as n,,
is obtained as

i = AmWp (1 — cp). (2)

The density of UE-Rs and UE-Ns can also be calculated in
the same way, which are ignored for brevity since they are not
involved in the upcoming analysis.

2) Content Transmission: Since the UE-Ts did not get the
reference content in the content pushing stage, they will make
transmission requests to download it from the BS or the
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nearby UE-As. Let P, denote the probability that a UE-T
in Gy can download the content via D2D links, which means
there is at least a nearby UE-A will share it via D2D
transmission. IP,, is also called as the D2D success probability
and will be derived in the rest of this section.

For the P.P.P distribution, the number of UEs is a Poisson
random variable with density 1. Therefore, the probability that
there are n UEs in area A is calculated as

(1A)"
n!

P(n, A) = exp(—4A). 3)
To obtain the density of the UEs that are willing to share the
content, we need to consider two types of UEs: intragroup
UE-As and intergroup UE-As. These two types of UEs are
classified due to the different social sharing willingness. For
a UE-T in G,, let L, denote the density of intragroup
UE-As willing to share the content via D2D transmissions.
It is obtained as

L = piyln = Zon Py - )

The density of intergroup UE-As from other groups with the
willingness to share the content via D2D transmissions is
denoted by O,,, which is given by

Om = Z PRl = Z Akwg pck. (5)

k#m k#m

Based on (3)-(5), the probability that no UE within D2D
transmission distance r will transmit this content to a UE-T
in Gy, is calculated as

P(0, 7”,2) = eXP(—FVZ(Lm + Ow)), (6)

and the success probability P, that a UE-T in G, can
download the content by D2D offloading is obtained as

Pp=1— PO, 7r*) =1—exp(—ar*(Lm + Op)). (7)

III. PROBLEM FORMULATION

Based on the system model in Section II, we will now
characterize the quality of content service for UEs. Given the
UE-T density n, and the D2D success probability P, for
UE-Ts, the offloading gain G,, of group G, is defined as

G = npPy. (8)

G, can be regarded as the expected offloaded traffic of group
Gm 1n a unit area, which is similar to the measure of offloading
gain used in [37].

The system offloading gain G is the performance measure
for a D2D assisted offloading network. G is defined as the
sum of offloading gain over all the groups.

G=Y Gun= D nuPu. 9)
mem mem

It can be seen from (9) that G represents the successfully
offloaded content copies from all the M groups, therefore,
reflecting the offloading ability of the system. Substituting 7,

Algorithm AGO
in Section V

Closed-form
solution in
Section IV.A

Non-uniform
/ sharing

Partial-
uniform
sharing

General
case

independent
haring casg

Algorithm I
in Section
IV.B

O Scenario  [J Solution

Fig. 2. The considered scenarios and the corresponding solutions.

and P, in (9) with (2) and (7), we have the following
equivalent expression,

G= Z tm (1 — cm)(1 — exp(—Btyp! c;y — B Z PLCck))s
meM k#m
(10)

where t,, = 4,,w,, is the requested density and represents the
average number of UEs from group G, in unit area requesting
this content. B is the D2D cooperation area, i.e., B = xrl.

Given the request density, intergroup and intragroup sharing
probability of each group, G is then determined by the pushing
probability ¢, in all the M groups. In order to show the
relationship between G and c,, we consider two extreme
cases; namely, all pushing case and all request case. In all
pushing case, ¢, = 1 for all m (m € M). Then n,, = 0 for all
the M groups. While, in all request case, ¢, = 0 for all m.
Then P,,, = 0 for all m. In both cases, G = 0. Therefore, we
aim to find out the optimal value of pushing probability ¢,
for each group G, to maximize G.

As our objective is to maximize the offloading gain, the
optimization problem is formulated as

Pl : max G(c) = Z NP, (11a)
mem
st.0<c¢, <1, forall me M. (11b)

In problem PI1, vector ¢ in (lla) is described by ¢ =
[c1,c2,--+,cp], and represents the pushing strategy of the
system. The constraint (11b) ensures that ¢,,,Vm € M is a
valid probability. For the groups with zero request probabili-
ties, the optimal pushing probabilities are zeros, since all the
pushing requests will be refused. Therefore, in the following
solution we assume that all the M groups have positive request
probabilities, i.e., w,, > 0 for all m.

As shown in Fig. 2, the solutions of P1 are presented for
different cases in the following section IV and V. First of all,
it is easily verified that problem 21 is nonconvex. Therefore,
AGO algorithm with polynomial complexity is proposed in
Section V to solve it. However, the optimal closed-form
solution can be obtained for a special case, when intragroup
sharing probability equals intergroup sharing probability, i.e.,
pl = p° = p, for any m. We refer to this case as group
independent sharing case. Moreover, based on the sharing
probability distribution, group independent sharing case is
divided into a non-uniform sharing scenario and a partial-
uniform sharing scenario. In non-uniform sharing scenario,
the sharing probabilities are different for different groups, i.e.,
Pk £ pm, if m # k. In partial-uniform sharing scenario, a part
of groups have the same sharing probability, i.e., there exists
Pm = pn,n # m. The uniform scenario where every group
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has the same sharing probability is a special case of partial-
uniform sharing scenario, and thus it is not listed separately.
The reason for this classification is that the optimal pushing
strategy for partial-uniform sharing scenario is not unique.
However, a special case of the alternative optimal solutions
will be investigated in Algorithm 1 of Section IV B.

IV. SOLUTION ANALYSIS FOR GROUP
INDEPENDENT SHARING SCENARIO

In group independent sharing case, the objective func-
tion (11a) is simplified as

Grle)= D tm(l —cn)(l —exp(—=B > tiprer)).  (12)
meM keM
Consequently, the formulated problem P1 is
P2 : max Gy(c),
c
st.0<cy <1, meM. (13a)

A. Non-Uniform Sharing

In this section, we discuss the solution for non-uniform
sharing scenario. Although Problem 22 is simplified, it is
still nonconvex. However, by the following proof line, we
can obtain the optimal pushing strategy in a closed form.
First, a special structure of the optimal solution is revealed
by Lemma 1. Second, this special structure is shown to be
associated with the order of sharing probabilities in Lemma 2.
Then, by applying the special structure of the optimal pushing
strategy in K.K.T conditions, one case of the optimal solu-
tions is given in Theorem 5. Finally, the general closed-form
expression of the optimal pushing strategy is summarized in
Theorem 8.

Lemma 1: In the optimal pushing strategy c¢* =
[c],c3, -+, ch], at most one group has the optimal pushing
probability lying in the range O < ¢/ < 1, and for all the other
groups, i.e., j # 1, c;f =0 or c;’f =1.

Proof: Refer to the Appendix A for the detailed
proof. |

To find the optimal solution, we invoke Lemma 1 and
investigate the relationship between the pushing probability,
¢m, and sharing probability, p,,, in the following lemma.

Lemma 2: If the optimal pushing probability for group G,
is between 0 and 1, ie., 0 < ¢}, < 1, then for any group G;
with p; < pp, the optimal pushing probability is ¢ = 0,
and for any group G; with p; > py, the optimal pushing
probability is c;f =1.

Proof: Refer to the Appendix B for the detailed
proof. |

According to Lemma 2, when the groups are sorted in the
ascending order of sharing probabilities, i.e., p; < pp < ---
< pum, there exists a special group G, called “watershed”
with respect to the all pushing groups (c;’f = 1) and
non-pushing groups (c; = 0). If “watershed” group Gp
is determined, the optimal pushing strategy for this D2D
offloading system is obtained, which can be written as
c*=1[0,---,0,ch,1,---, 1], where (m — 1) zeros represents

—_———

m—1 M—m

the non-pushing group while (M —m) ones are the all pushing
groups.

Furthermore, proof of Lemma 2 leads to the following two
corollaries.

Corollary 3: If ¢, = 0, for group Gp, ¢; = 0 for group
Gi where p; < pp. If ¢} =1, cjf = 1 for group G; where
Pj = Pm-

Similar as Lemma 2, Corollary 3 can also be proved by
K.K.T conditions. Details are omitted for brevity.

The optimal pushing probability for “watershed” group is
determined according to the following Corollary 4.

Corollary 4: Assuming that M groups are sorted in the
ascending order of sharing probabilities, i.e., p1 < p2 <

- < pum. For group G, if the optimal pushing probability
0 <c} <1, then

l m
¢k = B t+1
" Bpmtm Pm l—zl it

M m
—W(exp(B z pjti + Bpm zti + 1)1,
Jj=m+1 i=1

(14)

where 7/ is the Lambert-W function [38].
Proof: Refer to the Appendix C for the detailed proof. B
However, the following key problem is to find “watershed”
group. To solve this problem, Theorem 5 is introduced to show
the necessary and sufficient conditions of “watershed” group.
Theorem 5: Assuming that M groups are sorted in the
increasing order of py,, i.e., p1 < p2 < --- < pum, the optimal
solution of problem 22 is ¢* = [0,---,0,ch,1,---,1],
—— ———
m—1 M—m
where ¢}, is given by (14), if and only if the following two
inequalities

m M

1 + Bpm Zti > exp(B Z 1jipj), (15)
i=1 j=14+m
m—1 M

L+ Bow Dt < exp(B D 1jp)), (16)
i=1 j=m

hold at the same time.
Proof: Refer to the Appendix D for the detailed proof. B
Theorem 5 shows how request density and sharing probabil-
ity jointly impact the optimal pushing strategy. Furthermore,
it is worth noting that the conditions in Theorem 5 guarantee
that (14) is always feasible. Finally, the uniqueness proved
by Lemma 15 is consistent with Lemma 1, which shows that
the pushing strategy given by Theorem 5 is exclusive. For
simplicity, we define two functions as follows,

m M
IoCtmspm) =1+ Bpn D ti—exp | B D> tjp; |, (A7)
i=1 j=1+m

M
It pm) =exp | B D tjp; (18)

Jj=m i=1

From Theorem 5, we can infer the following two corollaries.
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Corollary 6: For group Gp, if fnll(tm,pm) < 0, then
=0
Corollary 7: For group Gp, if f,g(tm,pm) < 0, then

=1
The proofs of Corollary 6 and Corollary 7 are also carried
out by contradiction, which is similar to “if” proof part
in Theorem 5. Details are omitted for brevity. Based on
the foregoing analysis, at non-uniform sharing scenario, a
closed-form optimal solution of the nonconvex problem P2
is summarized in the following theorem.

Theorem 8: Assuming that M groups are sorted in the order

p1 < p2 < --- < py, the optimal solution of problem P2 is
given as
1
t <0
[0,---,0,1,---,1], Vim frg(rmpm)_ )
fm+1(tm+1, pm+1) <0.
ct = m M—m
1
t 0
[O;"',O,Cm,l,"-,l], Im fn(;(m>pm)> ,
— S @ms pm) > 0,
m—1 M—m

19)

where ¢, is given by (14).

Proof: The first case is readily obtained by Corollary 6
and Corollary 7, and the second case is obtained by Theorem 5.
Thus, Theorem 8 is proved. ]

Algorithm 1 A Special Case of Optimal Pushing Strategy for
Partial-Uniform Sharing Scenario

Step 1: Sort the M groups in the ascending order of p,, i.e.,

PL< <Py =-=pf, < - <pPM.
kn kn
Step 2: Define group 0 as tp = > tg,co = % > teck.

k=ki k=ki
Substitute group O for the n groups, i.e., Gk, - Gk,

Step 3: Calculate the optimal pushing strategy c¢* =
le], -+ ,¢(, -+, cy] for the M —n + 1 groups according
to Theorem 8.

Step 4: Set the pushing probabilities of the replaced n groups
to be the same as c;.

B. Partial-Uniform Sharing

In partial-uniform sharing scenario, we will prove that the
optimal pushing strategy is not unique, and a special case of
the alternative optimal pushing strategies will be given in this
section.

Theorem 9: If n groups have the same sharing probability,
where 2 < n < M, the optimal pushing probabilities of these
n groups are not unique.

Proof : Refer to the Appendix F for the detailed proof. B

Based on the proof of Theorem 9, we propose an algorithm
to find a special case of the alternative optimal pushing strate-
gies for partial-uniform sharing scenario, which is described
in Algorithm 1. It is worth pointing that the pushing strategy
obtained in Algorithm 1 is the optimal solution, and the
obtained offloading gain achieves the maximum value. It is
shown in the proof of Theorem 9 that the variable substitution
(group 0) in Step 2 transforms partial-uniform sharing scenario

Dividing Line

groupl

—
[

S
I ——

NN
P

v

Above
group

Watershed| |
group

group2

—> <

|4

i

(c): larger t3

‘\:\?\t\ Q\‘\odupz groupl

(a) (b): larger t1

Fig. 3. An example of the optimal pushing strategy, where the shaded ratio
of each group represents its pushing probability. The blue blocks represent the
above groups, red blocks represent the watershed groups and the yellow ones
represent the below groups. Compared with case (a), case (b) has a larger #1,
and it leads to a higher “dividing line”. While case (c) has a larger 3, and it
leads to a lower “dividing line”.

into an equivalent non-uniform sharing scenario. In addition,
according to Theorem 8, the pushing strategy for the equivalent
non-uniform sharing scenario in Step 3 is the global optimal.
Therefore, the solution in Step 4 is an optimal solution,
although it is not unique.

C. Impact of System Parameters

In this section, a brief discussion is conducted to show
the insights given by the optimal pushing strategy. Accord-
ing to the above solution analysis, the optimal solution of
partial-uniform sharing scenario is obtained by transforming
it to the equivalent non-uniform sharing scenario. Therefore,
the following discussion is based on the analytical solution
obtained in non-uniform sharing scenario.

An example of the pushing strategy is shown in Fig. 3,
where 3 groups are sorted in the order p1 < p» < p3. The
length of each group is their request density, and the shaded
proportion in each group represents its pushing probability. For
example, in the case (a) of Fig. 3, group 3 is all in shadow
as it has the 100% pushing probability. Group 2 is partial
shaded due to that the pushing probability is between O and 1.
There is no shadow part in group 1 resulting from no pushing.
Therefore, there is a “dividing line” which is responsible to
define three types of groups in the optimal pushing strategy;
“watershed” group with “dividing line”, “below” groups with
100% pushing and “above” groups with 0% pushing. These
three types of groups play different roles in determining the
“dividing line”, which are explained in details separately.

1) Group Gn is a “Watershed” Group:

Proposition 10: When the request density t,, € (0, 00)
increases, the “dividing line” goes down, but it is still located
in group G.

Proof: By taking derivatives of f,,ll (tm, pm) with respect
to (w.r.t) t,, and fn? (tm, pm) W.I.t 1, Tespectively, it is easy to
infer that

Of o (tm Pm) - AfO(tm, pm) N
Otm ’ Otm

0. (20)
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Therefore, the conditions that fnll (tm, pm) >0, f,g (tm, pm) > 0
are always satisfied for group G, when ¢, increases. In addi-
tion, we define function

m
g(ch tm) = (Bpm (Z f — tmc;:,) + l)exp(—Btmpmcf;)-
i=1
(2D

From (C.1) in Appendix C, the following equation is obtained.

M
g(ch.tm)=exp| D Btjp;
j=m+1

(22)

Given the request density and the sharing probability in each
group, the RHS of (22) is a positive fixed value. By taking
the derivatives of g(cj,, tn) w.r.t c;;, and t,, we have

og(cy,) og(c,,)
och, Oty

<0, < 0. (23)
Regarding to the results in (23), ¢} decreases when f,
increases. However, group G, is still “watershed” group. W
To explain it further, as illustrated in the case (a) of Fig. 3,
increase of #» makes the shaded ratio of group 2 decrease,
but this will not formulate another group to be “watershed”
group. Unfortunately, the impact of sharing willingness p,, on
the pushing strategy is more complex, which will be explained
in the simulation results.
2) Group Gy, is an “Above” Group:
Proposition 11: When the request density f,, € (0, 00)
increases, the “dividing line” goes up.
Proof: We assume that group Gy is “watershed” group.
The following derivatives are obtained.

afl (tk, pi) _ afd(te, pr) _

Bpm,
Oty Pm Ol

—Bppm. (24)
Therefore, with the increase of ¢,,,, fk1 (tx, pr) > 0 always holds
for Gi. Nevertheless, f,g (tm, pm) decreases with t,,.

If condition f,?(tk,pk) > 0 is not satisfied, Gx is not
“watershed” group and ¢} = 1. In this case, since fko(tk, Pk)
is a decreasing function of k, only the group G;,Vi < k has
the possibility to be the next “watershed” group.

If condition fko(tk, pr) > 0 is satisfied, for “watershed”
group Gi, (21) is rewritten as

k
gciotm) = | Bo [ D tittm—tci | +1
i=l,i#m
xexp(— Bk picy). (25)
The derivative of g(cf, tiy) W.r.t t, is obtained as

og(cy, tm)

% = Bpyexp(—Blipicy)- (26)
m

Furthermore, from (C.1) in Appendix C, the following equa-
tion holds for g(cy, tm).

M
g(cf,tm) = exp Z Btjpj
j=k+1

27)

Since g(cy, 1) is a decreasing function of ¢}/, we can claim
that ¢ increases with 7. [ |

Overall, the “dividing line” goes up when the request
density of an “above” group increases. For example, in Fig. 3,
group 1 in case (b) has a larger request density #; compared
with case (a). This leads to the condition that fzo(tz, p2) >0
is no longer satisfied for group 2. The “dividing line” goes up
to group 1, and it becomes the new “watershed” group.

Proposition 12: The optimal solution ¢* keeps the same
with the change of p, € (0, px), as long as the constraint
pm < pr holds, and p; is the sharing probability of
“watershed” group.

Proof: As shown in (14) (17) and (18), when p,, < pg,
pm 18 not involved in the expressions of fk1 (tx, pr), fko (tx, pr)
and c¢*. Therefore, the proposition is proved. |

Proposition 12 implies that the D2D transmission for UEs
in “above” group are offered by the groups with high sharing
probability. This leads to the result that the pushing strategy
does not change when the sharing probabilities of “above”
groups increase.

3) Group Gy, is a “Below” Group:

Proposition 13: When t,, € (0,00) and p,, € (pm—1, 1]
increases, the “dividing line” declines.

Proof: The proof is similar with proposition 11. Details
are omitted for brevity. |

For example, in Fig. 3, group 3 in case (c) has a larger #3
compared with case (a). In case (c), the condition le (2, p2) >
0 is no longer satisfied for group 2, and group 3 becomes
“watershed” group.

V. SOLUTION ANALYSIS FOR PROBLEM 21

When the intragroup sharing probabilities are different with
the intergroup sharing probabilities, i.e., p}, # p2, the optimal
pushing strategy to Group Independent Case is feasible but not
an optimal solution for problem 21. To solve problem P1, we
propose an alternative group optimization algorithm (AGO) in
this section.

For problem 21, it is hard to find the closed-form optimal
solution due to its nonconvexity. However, this problem has a
nice property to be explored as follows. For each group Gp,
if the pushing probabilities of other groups {G;|j # m}
are given, the optimal pushing probability of G, can be
achieved. For group G, the pushing probabilities of other
groups {Gjlj # m} are denoted by a vector ¢, =
[c1, 5 cm=1>Cm+1, - > cm]- If ey, is given, the offloading
gain is dependent on ¢, i.e G(cp|c—y). In this case, the
objective function (11a) in problem P1 is reduced to

G_n(cm) = tm(1 —cm) (1 - exp(_Bth,inCm - (l’m)
M

+ z Ok (1 —exp(—Btyppcm — CDk)) .
k#m
where ¢, = Z%&m Btipick, Or = (1 — ), @ =

Zg/[;ﬁm,k thpgcq + Btkp,ick.
Therefore, we have the following problem formulated.

P3: max G_,(cm), (28a)
Cm
st.0<c¢, <1. (28b)
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The second derivative of the objective function (28a) is
derived as

02G_p(cm)
oc2,
= — Bt puexp(—Btwp},cm — om) 2 + Btwpl, (1 — cm))
M
— (Btup)* D Qxexp(—=Btmpycm — D) (29)
k#m

Thus, we can claim that the objective function (28a) is a
concave function, and problem P3 is convex. Thanks to the
convexity of 23, the optimal pushing probability is derived in
the following proposition.

Proposition 14: The optimal pushing probability for group
Gn in problem P3 is ¢, = [Fm](l), where I, is the unique
solution of equation g,,(x) = 0.

gn(x) = (14 Binp},(1 = x))exp(—Bimpy,X — ¢m)

+ Bl ppexp(=Btmpy,x) — 1 (30)

where 1, = Z,ﬁ;m Qrexp(—Dy). x = [a](l) means that if
a>1,x=1,ifa<0,x=0;andif0<a<1,x =a.

Proof: Refer to the Appendix G for the detailed proof. l

Algorithm 2 Alternative Group Optimization Algorithm for
Solving Problem P1
Input: UE densities 4,,; popularities w,,; D2D cooperation
area B;maximum iterations Iy,
intra- and intergroup sharing probabilities p;;, =
(p1s - s Py Pour = 1p7s -+ 5 piyls
Step 1: Tnitialize ¢ = [0, - - - , 0]; iteration number i = 0;
Step 2: Repeat for iteration i = 1,2, -+, Lyax

Step 3: Repeat for groupm =1,2,--- , M
' ' ' i—1 i—1
]

Step 4: Update cl__m =lcls s s Cppprs " 5 Cy
Step 5: Update ¢}, according to proposition 14.

: , SO -
Step 6: Update ¢ = [c], -, CpuCopigs=o > Cop 1.

Step 7: Update G*™ (c"™) according to equation(11a);

If m = M, go to step 8. Otherwise, go to step 3.
Step 8: Leti =i+ 1, and go to step 2 until i = gy
Output: G>M(c?), M,

Based on this, we adopt AGO algorithm to solve the original
problem 21. The details of the proposed iterative algorithm are
given in Algorithm 2. In AGO algorithm, the D2D offloading
gain increases after optimizing each ¢, as shown in step 7,
and the convergence of AGO algorithm is guaranteed. The
computation in each iteration is dominated by step 5, where
solution of transcendental equation g,,(x) = 0 is achieved by
root-finding algorithm. For simplicity, we adopt the bisection
method [39] to find the root, and the maximum iteration
number of bisection search is denoted by Kj. Therefore, the
total computation complexity is O(1;qx M Kp).

The convergence of AGO algorithm is proved as follows.
Let ¢!, be the optimal pushing probability for group G,, in i th
iteration. Then the offloading gain is obtained as G*™ (¢! |¢' )
in step 7. According to step 4 and step 6, G*"(cl, |¢",,) can

0.03

——CaseA: p, =03,p,=03, ©,=02

0.025 " | g CaseB: p,=03,p,=07, ©,=02

—u— CaseC: P = 0.7, p,= 0.3, (uZ=OA2

0.02

0.015

Offloading gain

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

o, Request probability of group 1

Fig. 4. Offloading gain performance versus w; with M=2.

be rewritten as
im0 .0 _ im0 i i—1 i—1
G (lec—m) - G (Clﬂ"' ’Cm9cm+15"' ’CM

= Gl el i) 31)

After updating the pushing probability c,’n i for' group Gm+1,
the offloading gain is denoted by G”’"H(c;nJrl |c’7(m+1)).
Therefore, we have the following inequality.

G (Gt le i) = Gl ) (32)

The reason is that c,’n 41 1s obtained by proposition 14, which

is the optimal pushing probability for group Gpn+1 given
ci_ (1) in i th iteration. However, the Cfn_+11 is obtained as
the optimal solution for group Gpm+1 in i — 1 th iteration,
which is not necessarily optimal in current iteration. Hence, in
each iteration of AGO algorithm, the offloading gain is non-
decreasing after each group updates its pushing probability at
step 5. Furthermore, the objective function of problem 2?1 is

upper-bounded by

G(e) < Z tm(1 —cp) < z Im

mem meM

(33)
Thus, AGO algorithm is convergent.

VI. SIMULATION RESULTS

In this section, we carry out simulations to evaluate
the offloading performance achieved by the optimal push-
ing strategy in Group Independent Case and the proposed
AGO algorithm. We consider a single cell scenario where UEs
density 1,, of each group is set to be 0.05 UE per m?. The
D2D communication range is r = Sm.

A. Offloading Performance in Group Independent Case

In this part, we study the offloading performance achieved
by the optimal pushing strategy in Group Independent Case,
and the impacts of sharing probability and content request
probability on the optimal pushing strategy.

1) Offloading Performance: Fig. 4 shows the system
offloading gain G versus the content request probability in
group 1, where three cases with different system configura-
tions are considered. p; represents the sharing probability in
group 1, and py and w; represent the sharing probability and
the request probability in group 2, respectively. In general,
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Fig. 5. Offloading gain performance versus p; with M=2.

when there is an increasing number of UEs requesting the
content, the offloading gain grows in all considered cases,
which benefits from the increased UE-Ts’ density and D2D
transmission success probability. Therefore, more UEs can
get this content via D2D transmission. Compared with other
cases, Case A has the lowest offloading gain, which results
from the small sharing probabilities. When w; = 0, only
group 2 has the interested UEs. At this point, Case B has
a larger offloading gain compared with Case A and Case C,
which is due to the higher sharing probability (0.7) of group 2.
However, after w; reaches 0.3, the offloading gain in Case B is
less than that of Case C. This is because most of UEs having
interests are from group 1 in this interval. In Case B, most
of the interested UEs are from a low sharing group, while the
majority of requests are from a high sharing group in Case C.
In Case B, more pushing efforts are made towards the low
sharing group. Therefore, the offloading gain in Case C is
better, since there are more content holders from a high sharing
group.

Fig. 5 shows the system offloading gain G versus the sharing
probability in group 1. In Fig. 5, when p; is less than pj, the
system offloading gain stays the same in all the considered
cases. The reason is that the pushing effort is made to the
UEs in group 2, and no pushing is made to the group 1 in
this interval. The D2D communications are supplied by the
content holders in group 2, since they are more willing to
share. Only when the sharing probability of group 1 is larger
than group 2, the UEs in group 1 will receive pushing from BS.
This indicates that the emphasis of pushing is always placed
in the group with higher sharing probability. After p; is larger
than p,, the system offloading gain increases with p;. This
is because most of the pushing effort is made to group 1 in
this interval. Thus, the growth of p; makes the UE-Ts easier to
find D2D helpers, so that the system offloading gain increases.
The offloading gain in Case B is less than that of Case A,
which results from the smaller request probability in group 2.
Similarly, since the request probability of group 2 in Case C
is largest, the offloading gain in Case C is the largest. It is
interesting to see that the offloading gain increases no matter
whether the increased requests belong to a high sharing group.
This implies that the proposed pushing strategy is attractive for
distributing the “popular” contents.
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Fig. 6. Optimal pushing strategy versus w; with p; = 0.2, pp = 04,
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Fig. 7. Optimal pushing strategy versus p; with w; = 0.4, wy = 0.6,
p2 =0.25.

2) Optimal Pushing Strategy: Fig. 6 shows the optimal
pushing probability in each group and the associate D2D suc-
cess probability versus the content request density in group 1.
In Group Independent Case, the D2D success probability is
the same for each group. Thus, the subscript of P, is ignored
and it is rewritten as P. In Fig. 6, when w; increases, the
pushing probability in group 2 increases to 1 due to the higher
sharing probability. When w; is larger than 0.4, the number
of UE-As in group 2 is not large enough to cope with the
requests from increased number of UE-Ts in groupl. This
leads to the increase of pushing probability of group 1. For the
D2D success probability P, it increases due to more pushing
efforts are made. The increasing rate of P becomes slow when
w1 > 0.2, because most of the interested UEs in the high
sharing group have already got the pushing, and the increased
pushing efforts are made to UEs in low sharing group.

Fig. 7 shows the optimal pushing strategy versus the sharing
probability in group 1. When p; < p;, the pushing effort is
made in group 2 due to a higher sharing probability. Only
when p; > po, the pushing effort is changed to group 1.
However, it is interesting to see that the pushing probability
decreases with the growth of p;. This is because the content
holders are more willing to offer D2D transmission, and the
pushing effort can be saved. For the D2D success probabil-
ity P, it stays the same when p; < p; because the pushing
probability is not changed. Since the sharing probability in
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Fig. 9. Convergence behavior in the first iteration of AGO algorithm.

group 1 increases, P keeps to go up, though the pushing
probability decreases.

B. AGO Algorithm Performance

In this part, we will study the proposed AGO algorithm
performance in terms of convergence property and the impact
of initializations due to the nonconvexity of the original
problem 21. For each system configuration, content request
probability w,, is randomly drawn from uniform distribution
in interval [0,1]. Given the constraint that pJ, < pfn, the
intergroup sharing probability p¢ and intragroup sharing prob-
ability p,’;1 are randomly drawn from uniform distribution in
interval [0,0.3] and [0.7,1], respectively.

1) Convergence Property: Fig. 8 shows the total offloading
gain versus the number of iterations for AGO algorithm
with different number of groups. As shown in Fig. 8, the
total offloading gain increases with iterations. The algorithm
converges rapidly to the optimum value within 2 iterations
for all considered cases, which makes this method attractive
for implementation. Therefore, we set the maximum iteration
number to be 2 in the following simulations.

Fig. 9 illustrates the convergence behavior at the first
iteration of AGO algorithm. As expected, we can see that the
offloading gain increases after each group updates its pushing
probability in step 5. This result also verifies the theoretical
results given in proposition 14.

2) Impact of Initialization: Although the convergence of
AGO algorithm is guaranteed, different initializations may

& 1

—¥— Optimal ¢ " initialization
0,043 —e— Zero initialization 1

~&— Random initialization
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Fig. 10. Impact of initialization on AGO algorithm.
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Fig. 11. Performance comparison of AGO algorithm and exhaustive search.

result in different local maximum due to the nonconvexity
of problem 21. To test the impact of different initializations,
four methods are investigated for M = 3. In Fig. 10, ¢
represents the optimal pushing strategy achieved in Group
Independent Case where only intergroup sharing probabilities
are considered, i.e., pn = pg. Similarly, ¢ represents the
optimal pushing strategy achieved in Group Independent Case
where p,, = pin. In zero initialization, the pushing probability
of each group is set to be zero. In random initialization,
the pushing probability of each group is randomly generated.
In Fig. 10, AGO algorithm converges to the same optimum for
all considered cases within 2 iterations, which shows that AGO
algorithm is not sensitive to the initialization value. In addition,
Fig. 10 shows that ¢°*' initialization is closer to the potential
optimum compared with other methods.

Fig. 11 compares the performance of AGO algorithm and
exhaustive search method in 30 randomly generated system
realizations. The pushing strategy in AGO algorithm is initial-
ized by ¢°", and the iteration number is set to be 2. The search
step size for pushing probability of each group in exhaustive
search is 0.001, and its total complexity is (1001)™. It can be
seen that the converged optimum is almost the same as that
of exhaustive search, which can be approximately viewed as
the globally optimum.

VII. CONCLUSION

In this paper, with the consideration of content preference
and sharing willingness of the human users, we investigated
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the optimal pushing strategy to maximize the system offload-
ing gain. UEs are classified into groups according to their
content preferences, and shared content with intergroup and
intragroup UEs at different sharing probabilities. In the con-
tent dissemination process, only the UEs having interests
will accept the content pushing. The D2D transmissions are
affected by the different sharing probabilities between groups.
By optimizing the pushing probability in each group, the
system offloading gain in terms of offloaded traffic was
maximized. Although the optimization problem is nonconvex,
the closed-form optimal pushing strategy was achieved when
intergroup sharing probability is same with the intragroup
sharing probability. In addition, an alternative group optimiza-
tion algorithm, AGO, was proposed to solve the general case
of the optimization problem. Finally, the simulation results
showed that the converged result of AGO algorithm is near
the global optimum. The impacts of the content preference and
sharing willingness on the optimal pushing strategy were also
uncovered. Specifically, the following insights are observed.

o The sharing willingness of human users is crucial to
offloading performance. Therefore, the pushing effort
should be focused on people who are more willing
to share for them to carry out D2D assisted content
offloading.

« When the majority of the interested people have low
sharing willingness, the offloading gain achieved is less
as compared to the opposite case, where majority of
interested users are willing to share the content, even
though more pushing effort is made.

When the proposed offloading algorithm is applied to the
multiple contents scenario, a coupling effect will be considered
due to the limited energy budget of UEs. Moreover, the
frequency resource allocation and interference management
could be integrated into the proposed scheme, which will be
investigated in our future work.

APPENDIX A
PROOF OF LEMMA 1

Assuming that there exist two different groups G; and G;,
such that their optimal pushing probabilities ¢ and c’; are

between zero to one. Since the objective function G r(c) of

problem P2 has the maximum value at point ¢*, ¢* is the
solution of the following equation set:

0G(c) _0 0G(c) _

oc; o ocj a

0. (A.1)

To make it more clear, the equation set is rewritten as

1+ Bp; Z tx(1 —cx) = exp (B Z lkPka), (A.2)

ke ke
1+ Bp; Z (1l —cp) = exp(B Z l‘kpkck). (A3)
keM keM

In non-uniform sharing scenario, we have p; # pj, so that the
equation set has no feasible solution. Hence, there is at most
one group G; with the optimal ¢; between 0 and 1. |

APPENDIX B
PROOF OF LEMMA 2

For problem P2, it is not hard to verify that the linear
independence constraint qualification (LICQ) [40] holds for all
feasible pushing strategies. Therefore, the qualification applies
at the global optimum. This implies that the Karush-Kuhn-
Tucker (K.K.T) conditions are necessary conditions for the
global optimum. The Lagrangian associated with problem P2
is

L, B.e) = D im(l - cm>(1 —exp(-B Y rkpkcw)

memM keM
+ D tmem = D Bulen —1) (B.1)
mem memM

where & = [a1, a2, -+ ,am], B =[P1, B2, , Pm]. om and
pm are the non-negative dual variables associated with the
constraints ¢, > 0 and ¢, — 1 < 0, respectively.

Thus, we have the following K.K.T conditions.

oL
L@ B9 _ o e ar, (B.2)
ocm
omem =0, Vme M, (B.3)
Pmem —1) =0, Vme M, (B.4)
am > 0,0, >0, VmeM, (B.5)
0<cy <1, Vme M. (B.6)
From (B.2), we can obtained that
exp(—B Z tk PiCr) (Bpm Z (1 —ck) + 1) -1
keM keM
1
= t_(ﬁm — Om), Ym € M (B.7)
m

At the global optimal pushing strategy, if 0 < ¢}, < 1, then
om =0, and B, = 0. Therefore, following equation holds,

Bpw D t(l —ci) + 1 =exp(B D tupcr).  (BS)

ke ke
For the group gG;, from its associated K.K.T condition
g—é = 0, the following equation holds in the global optimal

pushing strategy,

exp(—B Z tkkak)(Bpi Z (1 —cp) + 1) -1

ke ke

1
=~ (fi—a) (BY)

If p; < pm, combing (B.9) with (B.8), it can be derived that

,Bi —o; < 0. (B.lO)

Given the fact that the dual variables are non-negative, thus

a; > 0 and ¢} = 0. Similarly, for group G;, if p; > pp, from

its associated K.K.T condition that % = 0, we can obtain
J

that
ﬁj—aj>0. (B.11)

Therefore, it can be inferred that f; > 0 and c}f =1. |
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APPENDIX C
PROOF OF COROLLARY 4

According to Theorem 2, for each group G; with 1 <i <
m — 1, the optimal pushing probability is ¢} = 0. For each
group G; with m+1 < j < M, the optimal pushing probability
is c;f =0, so that (B.8) is simplified to

m M
Bpm(z ti — tmepy) + 1 =exp z Btjpj + Btympmcy,
i=1 j=m+1
(C.1)
By employing the following equation that
d 1 a
e —ex+d—>x=——— —‘W(—gebf%), (C2)
c a c

where % is the Lambert-W function, the equation (14) is
obtained. |

APPENDIX D
PROOF OF THEOREM 5

Lemma 15: Assuming that M groups are sorted in the order
p1 < p2 < --- < py, then there is at most one group that
satisfies the conditions (15) and (16) at the same time.
Lemma 15 is introduced to facilitate the proof, where its proof
is provided in Appendix E.

The proof of Theorem 5 goes by contradiction for both “if”
part and “only if” part.

First consider the proof of “if” part. If the conditions
in (15) and (16) hold for group @G, simultaneously, we
suppose that group G, is not “watershed” group. According
to Lemma 1, the optimal pushing probability of group G, is
either ¢, = 1 or ¢}, = 0. In the following part, we will show
that the assumption ¢, = 1 contradicts condition (16) and
¢ = 0 contradicts condition (15).

If ¢} = 1, according to Corollary 3, it is inferred that cjf =1
for all groups G; with m+1 < j < M. Therefore, the optimal
pushing strategy is ¢* = [c], - ,c 1,---,1], and the

—_——

M—m+1

%
m—1°

K.K.T condition (B.7) is reduced to

m—1 M
exp(—B > tipicf =B D 1jp;)
j=m

i=1
m—1
X(Bpm Dl —chH+ 1)— 1
i=1

1
= t_(ﬁm — Om) (D.1)

In addition, since ¢}, = 1, then a;,; = 0 and B, > 0. The
following inequality is inferred from (D.1).

m—1 m—1 M
Bpm D ti(1=c))+1=exp| B tipict +B D tjp;

i=1 i=1 j=m

(D.2)

Due to the fact that 0 < ¢; < 1, from the RHS of (D.2), we
obtain that

m—1 M M
exp BZtipic;k—i—Bthpj zexp(Bthpj).

i=1 j=m j=m
(D.3)
From the LHS of (D.2), the following inequality is obtained.

m—1 m—1

Bpm Zt,- + 1> Bpp Zt,-(l —cH)+1.

i=1 i=1
Substituting (D.4) and (D.3) in (D.2), the following inequal-
ity is obtained, which contradicts condition (16).

(D.4)

m—1 M
Bpm D _ti+1>exp(B D tjp)). (D.5)
i=1 j=m

If ¢}, = 0, according to Corollary 3, we infer that c;“ =0
for all groups G; with 1 < i < m — 1. Therefore, the

optimal pushing strategy is ¢* = [0,---,0,¢; 4, -+, ¢yl
The K.K.T condition in (B.7) is reducean to
M
exp(—B Z tjpjc;)
Jj=m+1
M m
<[ Bow D tj(l=¢H)+Bpm D ti+1] -1
j=m+1 i=1
1
= —(fm — om) (D.6)
Im

In addition, since ¢, = O, then a,, > 0 and B, = 0, the
following inequality is inferred from (D.6).

M

m M
Bpm Z l‘j(l—c}‘f)—i-Bpmzti—i-lfeXp Bthpjc}’f .
j=m+1 i=1 j=m

D.7)

Due to the fact that 0 < ¢; < 1, the following inequalities are
obtained from the RHS and the LHS of (D.7), respectively.

M M
exp Bthpjc;f exp Bthpj ,

<
j=m Jj=m
(D.8)
M m m
Bpm > tj(1—c¥)+Bpm D ti+1> Bpy > 1 + 1.
j=m+1 i=1 i=1

(D.9)
Combine (D.8) (D.9) with (D.7), the following inequality is
readily obtained.

m M
Bmeti—i—lfexp Bthpj

i=1 j=m

(D.10)

Obviously, (D.10) contradicts the condition (15).
Overall, if the conditions in (15) and (16) hold for group Gp
at the same time, the optimal solution of group G, is larger
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than O and less than 1. Therefore, the optimal solution of P2 is
obtained as ¢* = [0,---,0,c},1,---, 1], where ¢}, is given
—— ——

m—1 M—m

by (14).

Next, consider “only if” part. Suppose that ¢* =
[0,---,0,¢ck,1,---, 1]is the optimal pushing strategy, mean-
—— ———

m—l o Mom » . .
while condition (15) or condition (16) is not satisfied. Never-
theless, the following proof proves that there exists a different
pushing strategy which achieves a larger offloading gain

than ¢*. The offloading gain achieved by ¢* is

m
Gr(c") = (Z t — tmcj;,)
i=1

M
x| 1—exp|—B Z tipj — Btwpmey,
j=m+1
(D.11)

According to the proof of Corollary 4, the following equa-
tion holds for c};,.

m M
Bpm, (Z i — tmc;;)—i—l = exp Z Btipj + Btympmey, |-
i=1 j=m+1
(D.12)
Substituting the LHS of equation (D.12) into (D.11), we have
Bp, L?
Gr(c"y=—"F"""2—, D.13
7(€?) Bom Loy 1 (D.13)

m M
where Ly, = D ti—twcy, and Ry = D Btjpj+Btupmcy,.
i=1 j=m+1
If the condition (15) is not satisfied, the following inequality
holds.

m M
L+ Bpw D ti<exp|B D tjp; (D.14)
i=1 j=1+m
We define a feasible pushing strategy as ¢ =
[0,---,0,1,---,1]. It is easy to verify that the objective
—— e N
m M—m

value of 22 achieved by ¢ is

m M
Gf(co)=2ti l—exp|—B Z tipj

i=1 j=m+1

(D.15)

Then, according to equation (D.14), it can be inferred that

m 2
Bpm (Z ti)
i=1

m

Bpm > ti +1

i=1

Gr(c®) > (D.16)

2 2
ax / ax“+2ax
2ot We have u'(x) = arr? >

0, Vx > 0. Therefore, function u(x) is a strictly increasing

Denote function u(x) =

m
function. Since > # > L,,, it can be obtained that G f(co) >
i=1

G r(c*). Therefore, this contradicts with the presumption that
¢* is the optimal pushing strategy.

If the condition (16) is not satisfied, we can find another
feasible solution denoted by ¢l =10,---,0,1,---,1]. It is

—_——— ——

m—1 M—m+1
easy to verify that G f(cl) > G r(c*), which also contradicts
that ¢* is global optimum. The proof is similar with the
procedure from (D.14) to (D.16), and it is omitted for brevity.
Therefore, the ¢* = [0,---,0,¢},1,---, 1] is the optimal
——— ———
m—1 M—m

solution of problem P2, where ¢}, is given by (14), only if

the two conditions (15) and (16) hold at the same time.
By combining the proofs of “if” part and “only if” part,
Theorem 5 is proved. |

APPENDIX E
PROOF OF LEMMA 15

We prove the uniqueness by contradiction. It is assumed that
two different groups G, and Gi both satisfy the two conditions
(16) and (15). Without loss of generality, it is assumed that
Pk > pm. In this case, since M groups are sorted in the order
p1 < p2 < --- < pum, then k — 1 > m. For group Gy, the
condition (16) is written as

k—1 M

l—i-Bpkzti < exp thjpj
i=1 =k

However, for the left hand side (LHS) of (E.1), we have the
following inequality

(E.1)

m k—1
L+ Bpm D i < 1+ Bpe D 1. (E.2)
i=1 i=1
For the right hand side (RHS) of (E.1), we have
M M
exp Bthpj <exp|B Z tipj (E.3)

j=k j=m+1

Substituting (E.2) and (E.3) into (E.1), the following inequality
is obtained.
M

m
l—}-BmeI,- < exp(B z tipj).

i=1 j=m+1

(E4)

However, according to the above assumption, condition (15)
also holds for group G,,, which is contradictory to (E.4). When
Pk < pm, similar proof will follow. Therefore, when the
sharing probabilities are different by different groups, there
is at most one group that satisfies (15) and (16) at the same
time. |

APPENDIX F
PROOF OF THEOREM 9

Sort the M groups in the ascending order of p,,, i.e., p1 <
L PR = =Py, < < PM. Let X = {kl,"‘ ,kn}
denotes the set of groups with the same sharing probabil-
ity. We define a new group O with sharing probability that



PAN et al.: CONSIDERATION OF CONTENT PREFERENCE AND SHARING WILLINGNESS IN D2D ASSISTED OFFLOADING 991

po = Pk, =+ = pk,. and the request density of this group 0
is denoted as fy, which is given by

kn 1 kn
o = Z tk,Cco = 5 Z tkCk.

k=k k=k

(F.1)

where cp is the pushing probability of group O.
By substituting group O for the groups in X, the objective
function G is caculated as

Gf = Z tm(l _Cm)+t0(l _CO)
mem’
—B Z thmCm_BtOPOCO
x{1—e mex (E2)
Problem P2 is reduced to
P2.1: max Gy (F.3a)
Cm,»CO
st.O0<cp <1, mewM (F.3b)
0<c¢<1 (F3¢)

where M’ is set of the left M — n groups, ie., M =
M — K. Obviously, problem P2.1 is the same as non-uniform
sharing scenario, except that total group number is changed to
M —n + 1, and the optimal solution can be obtained directly
from Theorem 8.

We denote the optimal pushing strategy of group 0 as cg.
It is easy to verify that for a given cfj, there exists multiple
(cf,» -+, c,) that satisfy the following condition.

kn
t()cg = Z tkc;:.

k=k;

(F.4)

For example, a special case is = = ¢, = Cp- |

APPENDIX G
PROOF OF PROPOSITION 14

Since Pz is a convex problem and satisfies the Slater’s
condition, we can solve P; by solving its dual problem due to
the zero gap between them [31]. The Lagrangian associated
with this problem is written as

L"(Cms Yms m) = G—m(cm) + YmCm — Hm(cm — 1), (G.1)

where y,, and 7, denote the dual variables associated with
constraint ¢, > 0 and ¢,, < 1, respectively. The dual problem
of P3 is given by

min sup L" (Cms Yim» im)- (G.2)
Ymslm ¢,
Accordingly, the K.K.T conditions are given by
oL"

(™ Yms M) —0, (G.3)

ocm
YmCm = 0, (G4)
fnm(cm — 1) = 0, (G.5)

cm>0,1—-c¢, > 0.

(G.7)

For simplicity, we define function

gm(x) = (1 + Btmpm(1 — x))exp(—=BtmpmX — ¢m)
+ Bl ppexp(—Btmpyx) — 1

where I, = Z,ﬁ;m Qrexp(—y).

It is easy to verify that g/, (x) < 0, so that g,(x) is a
monotonically decreasing function w.r.t x for all m € M. First,
it follows that lim g, (x) > 400 > 0,and lim g,(x) =

X—>—00 X—>+00

(G.8)

—1 < 0. This implies that function g, (x) = O has a unique
solution for each m € 9. The unique solution for a given m
is denoted by I';,, which can be calculated by the root-finding
algorithms, e.g., the bisection method.

By taking the deritivative of the Lagrangian w.r.t ¢, (G.3)
is given by

1
gm(cm) + —ym — nm) = 0. (G.9)

Im

Then we discuss the optimal solution satisfying K.K.T condi-
tions in the three possible regions of ', i.e., (—o0, 0), [0, 1],
and (1, 400), respectively.
e When I'), € (—00,0), we have g,,(cy,) < 0 for any ¢, €
[0, 1]. Therefore, from (G.9), we can infer that y,, —#,, >
0. Since dual variables are non-negative, we can claim
that y,, > 0 and the optimal pushing probability ¢}, = 0.

e When [}, € [0, 1], due to the complementary slackness
conditions in (G.4) and (G.5), it follows that y,, = #,, =
0. Thus, the optimal pushing probability ¢, = I'y,.

e When I, € (1,400), gn(cn) > 0 for ¢, € [0, 1].
Therefore, we have 5, > 0 and ¢}, = 1.

Overall, we can conclude that the optimal pushing proba-
bility for group G, in problem P3 is [Fm](l), where a = [x](l)
means thatif x > 1,a=1;ifx <0,a=0,andif 0 <x <1,
a = x. Thus, the Proposition 14 is proved. ]

REFERENCES

[1] H. Zhu and J. Wang, “Chunk-based resource allocation in OFDMA
systems—Part I: Chunk allocation,” IEEE Trans. Commun., vol. 57,
no. 9, pp. 2734-2744, Sep. 2009.

[2] H. Zhu and J. Wang, “Chunk-based resource allocation in OFDMA
systems—Part II: Joint chunk, power and bit allocation,” IEEE Trans.
Commun., vol. 60, no. 2, pp. 499-509, Feb. 2012.

[3] H. Zhu, “Radio resource allocation for OFDMA systems in high speed
environments,” IEEE J. Sel. Areas Commun., vol. 30, no. 4, pp. 748-759,
May 2012.

[4] H. Zhu, “Performance comparison between distributed antenna and
microcellular systems,” IEEE J. Sel. Areas Commun., vol. 29, no. 6,
pp. 1151-1163, Jun. 2011.

[5] J. Wang, H. Zhu, and N. J. Gomes, “Distributed antenna systems
for mobile communications in high speed trains,” IEEE J. Sel. Areas
Commun., vol. 30, no. 4, pp. 675-683, May 2012.

[6] C. Pan et al., “Pricing-based distributed energy-efficient beamforming
for MISO interference channels,” IEEE J. Sel. Areas Commun., vol. 34,
no. 4, pp. 710-722, Apr. 2016.

[7]1 C.Pan et al., “Totally distributed energy-efficient transmission in MIMO
interference channels,” IEEE Trans. Wireless Commun., vol. 14, no. 11,
pp. 6325-6338, Nov. 2015.

[8] Cisco Visual Networking Index, “Global mobile data traffic forecast
update, 2014-2019,” Cisco, San Jose, CA, USA, Tech. Rep. white-paper-
c11-520862, 2017.

[9] F. Rebecchi, M. D. D. Amorim, V. Conan, A. Passarella, R. Bruno,
and M. Conti, “Data offloading techniques in cellular networks: A
survey,” IEEE Commun. Surveys Tuts., vol. 17, no. 2, pp. 580-603,
2nd Quart., 2015.



992

(10]

(11]

(12]

[13]

[14]

[15]

(16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 35, NO. 4, APRIL 2017

X. Chen, J. Wu, Y. Cai, H. Zhang, and T. Chen, “Energy-efficiency
oriented traffic offloading in wireless networks: A brief survey and a
learning approach for heterogeneous cellular networks,” IEEE J. Sel.
Areas Commun., vol. 33, no. 4, pp. 627-640, Apr. 2015.

H. Zhang, Y. Li, D. Jin, M. M. Hassan, A. Alelaiwi, and S. Chen,
“Buffer-aided device-to-device communication: Opportunities and
challenges,” IEEE Commun. Mag., vol. 53, no. 12, pp. 67-74,
Dec. 2015.

E. Bastug, M. Bennis, and M. Debbah, “Living on the edge: The role
of proactive caching in 5G wireless networks,” IEEE Commun. Mag.,
vol. 52, no. 8, pp. 82-89, Aug. 2014.

M. Ji, G. Caire, and A. F. Molisch, “Wireless device-to-device caching
networks: Basic principles and system performance,” IEEE J. Sel. Areas
Commun., vol. 34, no. 1, pp. 176-189, Jan. 2016.

V. Sciancalepore, D. Giustiniano, A. Banchs, and A. Hossmann-
Picu, “Offloading cellular traffic through opportunistic communications:
Analysis and optimization,” IEEE J. Sel. Areas Commun., vol. 34, no. 1,
pp. 122-137, Jan. 2016.

J. Jiang, S. Zhang, B. Li, and B. Li, “Maximized cellular traffic
offloading via device-to-device content sharing,” IEEE J. Sel. Areas
Commun., vol. 34, no. 1, pp. 82-91, Jan. 2016.

D. Chatzopoulos, M. Ahmadi, S. Kosta, and P. Hui, “OPENRP: A repu-
tation middleware for opportunistic crowd computing,” IEEE Commun.
Mag., vol. 54, no. 7, pp. 115-121, Jul. 2016.

Y. Zhao, W. Song, and Z. Han, “Social-aware data dissemination via
device-to-device communications: Fusing social and mobile networks
with incentive constraints,” IEEE Trans. Serv. Comput., to be published.
M. F. Alhamid, M. Rawashdeh, H. Dong, M. A. Hossain, and
A. E. Saddik, “Exploring latent preferences for context-aware per-
sonalized recommendation systems,” IEEE Trans. Human—Mach. Syst.,
vol. 46, no. 4, pp. 615-623, Aug. 2016.

C. Lei, D. Liu, and W. Li, “Social diffusion analysis with common-
interest model for image annotation,” IEEE Trans. Multimedia, vol. 18,
no. 4, pp. 687-701, Apr. 2016.

Y. Li, M. Qian, D. Jin, P. Hui, Z. Wang, and S. Chen, “Multiple
mobile data offloading through disruption tolerant networks,” [EEE
Trans. Mobile Comput., vol. 13, no. 7, pp. 1579-1596, Jul. 2014.

H. H. Cheng and K. C. J. Lin, “Source selection and content dissem-
ination for preference-aware traffic offloading,” IEEE Trans. Parallel
Distrib. Syst., vol. 26, no. 11, pp. 3160-3174, Nov. 2015.

Y. Zhao, Y. Li, Y. Cao, T. Jiang, and N. Ge, “Social-aware
resource allocation for device-to-device communications underlaying
cellular networks,” IEEE Trans. Wireless Commun., vol. 14, no. 12,
pp. 6621-6634, Dec. 2015.

J. Li, Q. Yang, P. Gong, and K. S. Kwak, “End-to-end multiservice
delivery in selfish wireless networks under distributed node-selfishness
management,” [EEE Trans. Commun., vol. 64, no. 3, pp. 1132-1142,
Mar. 2016.

J. Wiese, P. G. Kelley, L. F. Cranor, L. Dabbish, J. I. Hong, and
J. Zimmerman, “Are you close with me? Are you nearby?: Investigating
social groups, closeness, and willingness to share,” in Proc. 13th Int.
Conf. Ubiquitous Comput., 2011, pp. 197-206.

R. A. Shaikh, H. Jameel, B. J. D’Auriol, H. Lee, S. Lee, and
Y.-J. Song, “Group-based trust management scheme for clustered wire-
less sensor networks,” IEEE Trans. Parallel Distrib. Syst., vol. 20, no. 11,
pp. 1698-1712, Nov. 2009.

Y. Li, G. Su, D. O. Wu, D. Jin, L. Su, and L. Zeng, “The impact of node
selfishness on multicasting in delay tolerant networks,” IEEE Trans. Veh.
Technol., vol. 60, no. 5, pp. 2224-2238, Jun. 2011.

L. Al-Kanj, H. V. Poor, and Z. Dawy, “Optimal cellular offload-
ing via device-to-device communication networks with fairness con-
straints,” IEEE Trans. Wireless Commun., vol. 13, no. 8, pp. 4628-4643,
Aug. 2014.

Y. Wu, J. Chen, L. P. Qian, J. Huang, and X. S. Shen, “Energy-
aware cooperative traffic offloading via device-to-device cooperations:
An analytical approach,” IEEE Trans. Mobile Comput, vol. 16, no. 1,
pp. 97114, Jan. 2017.

T. Wang, Y. Sun, L. Song, and Z. Han, “Social data offloading in D2D-
enhanced cellular networks by network formation games,” IEEE Trans.
Wireless Commun., vol. 14, no. 12, pp. 7004-7015, Dec. 2015.

Y. Guo, L. Duan, and R. Zhang. (2015). “Cooperative local caching and
file sharing under heterogeneous file preferences.” [Online]. Available:
https://arxiv.org/abs/1510.04516

S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge, U.K.:
Cambridge Univ. Press, 2004.

(32]

(33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

H. Ren, N. Liu, and C. Pan, “Energy efficient transmission for multicast
services in MISO distributed antenna systems,” IEEE Commun. Lett.,
vol. 20, no. 4, pp. 756-759, Apr. 2016.

M. Chen, W. Saad, C. Yin, and M. Debbah, “Echo state networks for
proactive caching in cloud-based radio access networks with mobile
users,” IEEE Trans. Wireless Commun., to be published.

M. Chen, M. Mozzaftari, W. Saad, C. Yin, M. Debbah, and C. S. Hong,
“Caching in the sky: Proactive deployment of cache-enabled unmanned
aerial vehicles for optimized quality-of-experience,” IEEE J. Sel. Areas
Commun., vol. 35, no. 4, pp. 1-16, Apr. 2017.

K. Lewis, M. Gonzalez, and J. Kaufman, “Social selection and peer
influence in an online social network,” Proc. Nat. Acad. Sci. USA,
vol. 109, no. 1, pp. 68-72, 2012.

S. N. Chiu, D. Stoyan, W. S. Kendall, and J. Mecke, Stochastic Geometry
and its Applications. Hoboken, NJ, USA: Wiley, 2013.

B. Chen, C. Yang, and A. F. Molisch. (2016). “Cache-enabled device-
to-device communications: Offloading gain and energy cost.” [Online].
Available: https://arxiv.org/abs/1606.02866

E. W. Weisstein. (2002). Lambert W-Function. [Online]. Available:
http://mathworld. wolfram.com/LambertW-Function.html

M. S. Bazaraa, H. D. Sherali, and C. M. Shetty, Nonlinear Programming:
Theory and Algorithms. Hoboken, NJ, USA: Wiley, 2013.

R. G. Eustaquio, E. W. Karas, and A. A. Ribeiro, “Constraint quali-
fications for nonlinear programming,” Federal Univ. Parana, Curitiba,
Brazil, Tech. Rep., 2008.

Yijin Pan received the B.S. and M.S. degrees in
communication engineering from Chongqing Uni-
versity, Chongging, China, in 2011 and 2014, respec-
tively. She is currently pursuing the Ph.D. degree
with the National Mobile Communications Research
Laboratory, Southeast University, Nanjing, China.
She visited the University of Kent, Kent, U.K., from
2015 to 2016. Her research interests include D2D
content caching and resource allocation in wireless
network.

Cunhua Pan received the B.S. and Ph.D. degrees
(Hons.) from the School of Information Science and
Engineering, Southeast University, Nanjing, China,
in 2010 and 2015, respectively. From 2015 to 2016,
he was a Research Associate with the Univer-
sity of Kent, U.K. He is currently holds a post-
doctoral position with the Queen Mary University of
London, U.K.

His research interests include C-RAN, mm-Wave
communications, NOMA, D2D, large-scale MIMO,
and cloud computing. He is a TPC Member of the

IEEE ICC and Globecom from 2015 to 2017.

Huiling Zhu (M’04) received the B.S degree from
Xidian Univeristy, Xi’an, China, and the Ph.D.
degree from Tsinghua University, Beijing, China.
She is currently a Reader (Associate Professor)
with the School of Engineering and Digital Arts,
University of Kent, Canterbury, U.K. Her research
interests are broadband wireless mobile commu-
nications, covering topics, such as radio resource
management, distributed antenna systems, MIMO,
cooperative communications, device-to device com-
munications, and small cells and heterogeneous net-

works. She received the Best Paper Award from the IEEE Globecom2011,
Houston, TX, USA. She has participated in a number of European and
industrial projects in these topics and held a European Commission Marie
Curie Fellowship from 2014 to 2016. She has served as the Publication
Chair of the IEEE WCNC2013, Shanghai, China, the Operation Chair of
the IEEE ICC2015, London, U.K., a Symposium Co-Chair of the IEEE
Globecom2015, San Diego, CA, USA, and a Track Co-Chair of the IEEE
VTC2016-Spring, Nanjing, China. She currently serves as an Editor of the
IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY.



PAN et al.: CONSIDERATION OF CONTENT PREFERENCE AND SHARING WILLINGNESS IN D2D ASSISTED OFFLOADING 993

Qasim Zeeshan Ahmed (M’-16) held a lectureship
position with the University of Kent, U.K., where
he was involved in several EU research projects on
millimeterWave, device to device, and 5G commu-
nications technologies. He has also held research
positions with the University of Exeter and also
with the King Abdullah University of Science and
Technology, Saudi Arabia. He was an Assistant
Professor with the National University of Science
-‘Y and Emerging Sciences, Pakistan. He is currently a

Lecturer in electronic engineering with the School
of Computing and Engineering, University of Huddersfield, U.K. He has
participated in EPSRC and EU research projects and was involved in grants
submission for a number of EU and EPSRC projects. He has authored or
co-authored over 40 IEEE papers in refereed journals and conferences. His
current research interests are mm-Wave, D2D techniques, MIMO communi-
cations, ultrawide bandwidth systems and cooperative communications. He is
a member of the IEEE Vehicular Technology Society.

Ming Chen received the B.Sc., M.Sc., and Ph.D.
degrees in mathematics form Nanjing University,
Nanjing, China, in 1990, 1993, and 1996, respec-
tively. In 1996, he joined the National Mobile Com-
munications Research Laboratory, Southeast Univer-
sity, as a Lecturer. From 1998 to 2003, he was an
Associate Professor, and since 2003, he has been a
Professor with the Laboratory. His research interests
include signal processing and radio resource man-
agement of mobile communication systems.

Jiangzhou Wang (F’17) is currently the Head of
the School of Engineering and Digital Arts and
a Professor of Telecommunications, University of
Kent, UK. He has authored over 200 papers in
international journals and conferences in the areas
of wireless mobile communications and three books.
He is an IET Fellow. He received the Best Paper
Award from the 2012 IEEE GLOBECOM and was
an IEEE Distinguished Lecturer from 2013 to 2014.
He was the Technical Program Chair of the 2013
IEEE WCNC, Shanghai, and the Executive Chair of
the 2015 IEEE ICC, London. He serves/served as an Editor for a number
of international journals. He was an Editor of the IEEE TRANSACTIONS
ON COMMUNICATIONS from 1998 to 2013, and was a Guest Editor of the
IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, and the /EEE
Communications Magazine. He is currently an Editor of the Science China
Information Science.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Aachen-Bold
    /ACaslon-AltBold
    /ACaslon-AltBoldItalic
    /ACaslon-AltItalic
    /ACaslon-AltRegular
    /ACaslon-AltSemibold
    /ACaslon-AltSemiboldItalic
    /ACaslon-Bold
    /ACaslon-BoldItalic
    /ACaslon-BoldItalicOsF
    /ACaslon-BoldOsF
    /ACaslonExp-Bold
    /ACaslonExp-BoldItalic
    /ACaslonExp-Italic
    /ACaslonExp-Regular
    /ACaslonExp-Semibold
    /ACaslonExp-SemiboldItalic
    /ACaslon-Italic
    /ACaslon-ItalicOsF
    /ACaslon-Ornaments
    /ACaslon-Regular
    /ACaslon-RegularSC
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /ACaslon-SemiboldItalicOsF
    /ACaslon-SemiboldSC
    /ACaslon-SwashBoldItalic
    /ACaslon-SwashItalic
    /ACaslon-SwashSemiboldItalic
    /AGaramondAlt-Italic
    /AGaramondAlt-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-BoldItalicOsF
    /AGaramond-BoldOsF
    /AGaramondExp-Bold
    /AGaramondExp-BoldItalic
    /AGaramondExp-Italic
    /AGaramondExp-Regular
    /AGaramondExp-Semibold
    /AGaramondExp-SemiboldItalic
    /AGaramond-Italic
    /AGaramond-ItalicOsF
    /AGaramond-Regular
    /AGaramond-RegularSC
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AGaramond-SemiboldItalicOsF
    /AGaramond-SemiboldSC
    /AGaramond-Titling
    /AJensonMM
    /AJensonMM-Alt
    /AJensonMM-Ep
    /AJensonMM-It
    /AJensonMM-ItAlt
    /AJensonMM-ItEp
    /AJensonMM-ItSC
    /AJensonMM-SC
    /AJensonMM-Sw
    /AlbertusMT
    /AlbertusMT-Italic
    /AlbertusMT-Light
    /Americana
    /Americana-Bold
    /Americana-ExtraBold
    /Americana-Italic
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /AvantGarde-Demi
    /BBOLD10
    /BBOLD5
    /BBOLD7
    /BermudaLP-Squiggle
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chaparral-Display
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /Cutout
    /EMB10
    /EMBX10
    /EMBX12
    /EMBX5
    /EMBX6
    /EMBX7
    /EMBX8
    /EMBX9
    /EMBXSL10
    /EMBXTI10
    /EMCSC10
    /EMCSC8
    /EMCSC9
    /EMDUNH10
    /EMFF10
    /EMFI10
    /EMFIB8
    /EMITT10
    /EMMI10
    /EMMI12
    /EMMI5
    /EMMI6
    /EMMI7
    /EMMI8
    /EMMI9
    /EMMIB10
    /EMMIB5
    /EMMIB6
    /EMMIB7
    /EMMIB8
    /EMMIB9
    /EMR10
    /EMR12
    /EMR17
    /EMR5
    /EMR6
    /EMR7
    /EMR8
    /EMR9
    /EMSL10
    /EMSL12
    /EMSL8
    /EMSL9
    /EMSLTT10
    /EMSS10
    /EMSS12
    /EMSS17
    /EMSS8
    /EMSS9
    /EMSSBX10
    /EMSSDC10
    /EMSSI10
    /EMSSI12
    /EMSSI17
    /EMSSI8
    /EMSSI9
    /EMSSQ8
    /EMSSQI8
    /EMTCSC10
    /EMTI10
    /EMTI12
    /EMTI7
    /EMTI8
    /EMTI9
    /EMTT10
    /EMTT12
    /EMTT8
    /EMTT9
    /EMU10
    /EMVTT10
    /EstrangeloEdessa
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /Fences
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FreestyleScript
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Giddyup
    /GreymantleMVB
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /ICMEX10
    /ICMMI8
    /ICMSY8
    /ICMTT8
    /ILASY8
    /ILCMSS8
    /ILCMSSB8
    /ILCMSSI8
    /Impact
    /jsMath-cmex10
    /Kartika
    /Khaki-Two
    /LASY10
    /LASY5
    /LASY6
    /LASY7
    /LASY8
    /LASY9
    /LASYB10
    /Latha
    /LCIRCLE10
    /LCIRCLEW10
    /LCMSS8
    /LCMSSB8
    /LCMSSI8
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LINE10
    /LINEW10
    /LOGO10
    /LOGO8
    /LOGO9
    /LOGOBF10
    /LOGOD10
    /LOGOSL10
    /LOGOSL8
    /LOGOSL9
    /LucidaBlackletter
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaBright-Oblique
    /LucidaBrightSmallcaps
    /LucidaBrightSmallcaps-Demi
    /LucidaCalligraphy-Italic
    /LucidaCasual
    /LucidaCasual-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaNewMath-AltDemiItalic
    /LucidaNewMath-AltItalic
    /LucidaNewMath-Arrows
    /LucidaNewMath-Arrows-Demi
    /LucidaNewMath-Demibold
    /LucidaNewMath-DemiItalic
    /LucidaNewMath-Extension
    /LucidaNewMath-Italic
    /LucidaNewMath-Roman
    /LucidaNewMath-Symbol
    /LucidaNewMath-Symbol-Demi
    /LucidaSans
    /LucidaSans-Bold
    /LucidaSans-BoldItalic
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /LucidaTypewriter
    /LucidaTypewriterBold
    /LucidaTypewriterBoldOblique
    /LucidaTypewriterOblique
    /Mangal-Regular
    /MicrosoftSansSerif
    /Mojo
    /MonotypeCorsiva
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MTEX
    /MTEXB
    /MTEXH
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MT-Symbol-Italic
    /MTSYN
    /MVBoli
    /Myriad-Tilt
    /Nyx
    /OCRA-Alternate
    /Ouch
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Pompeia-Inline
    /Postino-Italic
    /Raavi
    /Revue
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RSFS10
    /RSFS5
    /RSFS7
    /Shruti
    /Shuriken-Boy
    /SpumoniLP
    /STMARY10
    /STMARY5
    /STMARY7
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /UniversityRoman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /WASY10
    /WASY5
    /WASY7
    /WASYB10
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


