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Abstract. In this paper, we investigate the problem of content caching
in wireless cellular networks (CN) using device-to-device (D2D) trans-
mission method to reduce subscriber’s download delay. We focus on how
to efficiently allocate files to the selected important nodes (INs), and
propose a novel approach for minimizing the downloading latency. In
particular, we first model the problem of minimizing delay as a matching
game. Then we tackle this game by exploiting the popularity of contents
as well as users’ social properties to generate the utility functions of two-
side players: INs and files. Based on the utility function, the preference
lists of cache entities is developed. For solving this game, we design a
user-file caching (UFC) algorithm to achieve a stable matching between
INs and files. Simulation and analytical results show that the proposed
mechanism is capable of offering a better delay performance than bench-
marks, e.g., random caching and recent-used-file caching scheme.
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1 Introduction

With the proliferation of smartphones and other derivative intelligent equip-
ments, the network traffic has witnessed a trend of explosive growth. It is
expected to increase by 40 fold over the next five years [1], due to mobile video
stream and social network traffic. This increasing need for high rate transmis-
sion and low-cost power has impelled mobile operators to redesign and find more
efficient techniques to meet the increase. In this respect, device-to-device (D2D)
communication [2,3] has emerged as a promising technique to achieve high effi-
ciency. User equipments can obtain data from other mobile devices or small
base station rather than the cellular base station (BS) by employing D2D com-
munications [4]. Although it is a promising technology for the next generation
communication to meet unprecedented traffic demands, D2D has to overcome
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some challenges such as mutual interference and transmission distance limita-
tion. However, most researches on D2D communications have focused on the
physical layer. In fact, the social-aware networks among the D2D participators
can be investigated to further increase the transmission rate.

Social network provides various platforms to users for the purpose of online
content sharing with their friends, or searching someone who has common inter-
ests in the virtual network. Interestingly, the connection established in the virtual
network actually is tightly associated with our offline life. For example, on cam-
pus our connected friends in Facebook, Twitter, Youtube, or Sina Blog, usually
have a very close physical distance. The authors in [5] make a detailed sum-
mary and analysis to the features of social network and propose a social-aware
D2D communication architecture. As shown in [5], the social network charac-
teristics consist of ties, community, centrality and bridge. Moreover, eigenvector
centrality, closeness centrality and betweenness centrality are commonly used in
the identification of social importance. In [6], the authors present a novel app-
roach utilizing eigenvector centrality to judge the relationship in social network.
Recently, social network has been proposed to combine with the caching mech-
anism [7,8]. In [9], the placement of popular content is proposed considering
the importance of nodes in social layer. However, how to efficiently match the
contents with users remains a challenge.

Matching theory is an effective method for solving the combinatorial prob-
lem of matching players in two distinct sets. In [10], the classic classification
of matching problem includes one to one matching, many to one matching and
many to many matching. Specially, the many to one matching game is utilized
in resources allocation, where two players have different preferences towards net-
work resources [11]. Additionally, many to many has been widely applied to the
resource and spectrum allocation in wireless network [12].

In this paper, we are inspired to research on the social-aware content allo-
cation in wireless cellular networks (CN) using matching algorithm. Popular
contents and important nodes (INs) are modeled as two sides of the matching
game. To this end, we model the content allocation problem as a matching game.
Our main contributions can be summarized as follows:

1. We present an framework of INs selecting where three social characteristics
are considered.

2. We propose a many to one matching game to solve the content allocation
problem. In this game, the two sides of players establish their preferences
towards each other considering content popularity, social connection features,
and the wireless physical layer metrics.

3. The stability of the proposed matching algorithm is proved. Simulation is
carried out to evaluate the performance of the proposed algorithm.

The rest of this paper is organized as follows. In Sect. 2, we describe the system
model in detail and present the content allocation problem. In Sect. 3, we propose
the many to one matching framework. In addition, we design a novel matching
algorithm and prove that the algorithm is stable. Simulation results are shown
in Sect. 4, the performance of the proposed method is analysed. Finally, we draw
the conclusions in Sect. 5.
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2 System Model and Problem Formulation

We focus our attention on a cellular network consisting of one BS and an amount
of mobile users randomly located in the cellular area. Mobile users would like to
acquire some interested files that belong to content providers, such as YouTube
and Youku. A sample model of combination of social network and D2D commu-
nication is shown in Fig. 1. Such a system can be divided into two layers: the
physical layer and social layer and each node in social layer can be projected
onto a real user equipment in physical layer. In the social layer, the virtual con-
nections between social users can reflect their offline activities [13]. Thus, we
can infer the close degree of user’s relationship by observing their behaviors in
social network platform. Besides, in the physical layer, users can access to the
cellular network or establish D2D connection to obtain required files. Taking the
social characteristics of D2D communication pairs into account, we can select
INs for caching popular files. For example, in physical layer of Fig. 1, if V6 and
V9 are active in social layer, the popular files can be downloaded within their
storage capacity for disseminating to their linked users. The problem of how to
select INs will be introduced in the following. However, there exists some dif-
ference between social layer and physical layer. For example, node V6 has social
link with node V8, but in physical layer the D2D link does not exist between
them due to the faraway distance. Also, In physical layer, V1 and V3 have close
distance, but they don’t have a social link.

In this paper, we construct the network model considering both the social
layer and physical layer [14]. If the D2D link and social link exist simultaneously
between two users, we say that the two users are connected, which means that if
the connection exists, the connecting users are not only within the transmission
range but also have certain social relationship. We denote the set of M user
equipments by V = {V1, · · · , Vm, · · · , VM}, where Vm, m ∈ {1, 2, 3, · · · ,M} rep-
resents the mth user equipment. Moreover, the set of INs is Mc = {1, 2, · · · ,mc},
which is chosen by BS for sake of proactive caching within their storage.
The set of Md = {1, 2, · · · ,md} represents the general users. In addition,
F = {f1, f2, · · · , fL} denotes requesting file set controlled by content provider.

Fig. 1. A detailed description of combination of social network and D2D communica-
tion.
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2.1 System Description

We suppose that the probability of content requests pq obeys the Zipf distribution

pq =
1/qα

∑L
i=1 1/iα

, for q = 1, · · · , L (1)

where α characterizes the skewness of the distribution, reflecting different content
popularity. However, generally speaking, people usually have different preference
towards files. Thus, The content popularity matrix for all users is given by P ∈
RM×L where each entry Pm,fi

represents the probability that the mth user
requests the ith file fi. The relation between Pm,i and pq is illustrated in [15] in
detail.

Here, we use G = (V, E) to denote a social relationship graph, in which
V = Mc ∪Md represents the set of all nodes and E is the set of edges connecting
Mc and Md. Adjacent nodes (mc,md) are connected by a bidirectional edge
e(mc,md) ∈ E , where mc ∈ Mc and md ∈ Md. For simplicity, e(mc,md) = 1
represents the connection between mc and md, while e(mc,md) = 0 represents
the disconnection.

We suppose that a dedicated frequency band of bandwidth W is allocated to
the downlink channels. The wireless channels with path-loss is considered here.
For the purpose of offloading data from BS, we assume that each user will firstly
try to download data from its connected INs. If a user cannot find its requested
files from INs, it will then turn to BS for help. The cellular BS contains the whole
content library and can serve all user terminals in the system. Moreover, the
channels of D2D connection and cellular connection is assumed to be orthogonal
in the frequency domain.

In general, BS is far away from the mobile users. Therefore, the download
rate supported by the base station is generally lower than that supported by
the D2D link. It will not only encourage the users to download from the D2D
transmission first, but also effectively reduce the data traffic of BS imposed by
files downloading. In addition, general users can only communication with INs
that the connection exists between them.

According to the CN model, the transmission rates of directly cellular net-
work and D2D connections can be expressed as

Rb,Vm
= W log2

(

1 +
Pb,Vm

G2
b,Vm

σ2

)

, (2)

and

Rmc,md
= W log2

(

1 +
Pmc,md

G2
mc,md∑

m′
d∈Md

Pmc,m′
d
G2

mc,m′
d

+ σ2

)

, (3)

respectively [9], where Pmc,md
, and Pb,Vm

denote the transmission powers by the
mcth IN and BS, respectively. Gmc,md

is the D2D channel gain and Gb,Vm
is

BS’s the channel gain, and σ2 is the noise variance.
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2.2 Social Importance Analysis

Taking social importance and battery capacity into account, to choose the INs,
we define the following importance measurement matrix X

X = μB + νS + υC, (4)

where B = {bj,k}, S = {sj,k}, and C denote the matrices of betweenness central-
ity, similarity, and battery capacity, respectively, and μ, ν and υ are adjustable
parameters with constraint μ + ν + υ = 1. bj,k is the edge betweenness of the
link between nodes j and k, and sj,k is the degree of similarity between j and
k. Betweenness centrality is one commonly used way to measure the nodes cen-
trality property. The betweenness centrality of node i can be calculated as

bj,k =
∑

j,k∈V

djk(i)
djk

, (5)

according to [16]. In this equation above, djk is the number of shortest distance
paths of connecting from node j to node k, and djk(i) is the number of geodesic
paths including node i. In order to facilitate the calculation, a normalized element
(j, k) of matrix B is as follows

B(j, k) =
bj,k

(M − 1)2
. (6)

Similarity Matrix: in [9], for a pair of nodes, (j, k), their similarity matrix is
defined as

sj,k =

{∑
z∈M(j)∩M(k)

1
k(z) if j is connected with k,

0 otherwise,
(7)

where M(j) is the set of neighbors of j, z ∈ M(j) ∩ M(k) denotes the set
of the common neighbors between node j and k. k(z) is the number of nodes
connected with z. Similarly, in order to facilitate the calculation, the simple
additive weighting (SAW) method is considered. Also, the normalized entries of
S are

S(j, k) =
sj,k

max sj
, (8)

where sj denotes the jth row of S. In the Eq. (4), because of the adjustability
of parameters, we formulate a constraint on the value as shown below

h∑

n=1

Rm,n ≥ γ, (9)

where n ∈ Θ � {1, 2, · · · , h} denotes the nodes connected with node m, and γ
represents the predefined minimum sum-rate threshold according to network
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performance. In this case, if the node m is selected as IN, it transmission should
meet the limitation.

Through analysis and calculation of the centrality of all nodes, we sort the
element of X in a descending order and then choose top |Mc| as INs. A number
of vital users in our cellular network are selected. Thus, these nodes can be
exploited for proactive caching. We will elaborate on the problem of content
allocation to the INs and will focus on this issue in the next subsection.

2.3 Problem Formulation

To formulate the allocation problem between files and INs, we set up a file
distribution matrix A|Mc|×L, where L is the total number of files cached. The
entry λmc,fi

∈ {0, 1} in A|Mc|×L indicates whether fi is cached by the mcth IN
or not as follows

λmc,fi
=

{
1, if fi is cached by mcth IN,
0, otherwise.

(10)

In the CN, the strategy of D2D users is selecting caching files for sake of
minimizing the transmission delay by optimizing the matrix A|Mc|×L. According
to the consideration, the delay of downloading the file fi by user n can be
calculated as

Tn,fi
=

⎧
⎪⎪⎨

⎪⎪⎩

Y
max{Rmc,n}

, ∃λmc,fi
�= 0, e(mc, n) = 1,

∞, ∃λmc,fi
�= 0, e(mc, n) = 0,

Y
Rb,n

, otherwise,

(11)

where Y denotes the size of the requested file fi. In this case, If general users
request the INs that have no connection between them, we suggest that the delay
is infinite. Based on the request probability of each file, the delay for user n to
download a file from F can be written as

Tn = Pn,fi
· Tn,fi

for fi ∈ F , (12)

where fi ∈ F and Pn,fi
∈ P. Thus, the content allocation strategy can be solved

by the following optimization problem

min
A

∑

n∈Md

∑

mc∈Mc

L∑

i=1

λmc,fi
Tn,

s.t. ①

L∑

i=1

λmc,fi
≤ 1, mc ∈ Mc,

② λmc,fi
∈ {0, 1},

③

|Mc|∑

mc=1

λmc,fi
≤ Q, fi ∈ F .

(13)
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In the above optimization, constraint ① states that a maximum number 1 of files
can be matched for an IN, and condition ② guarantees that λmc,fi

is a binary
variable. Also, condition ③ denotes a maximum number Q of nodes that can
be selected for caching by file fi. The optimization problem (13) is a NP-hard
combinatorial binary optimization problem [17]. However, since (13) contains
only one binary variable, it can be modeled as a matching problem. Thus, in
the next section, we propose a matching algorithm to solve the optimization
problem.

3 Matching Algorithm

Caching files in INs can make other users to require files directly from the caching
nodes rather than from the cellular network. In this section, we propose a novel
content allocation method of utilizing matching game in allocating files.

3.1 Matching Related Definitions

We first introduce some notations to facilitate the solving process. There are two
non-intersect sets of participants: M = {Mi}I

i=1 and F = {Fj}J
j=1. Here 
M=

{
Mi
} and 
F = {
Fj

} denote, respectively, the set of preference relations of
two players.

Definition 1. A matching relationship Φ is defined as a function from the set
M ∪ F based on the preference list.

Let Vm(·) and Uf (·) denote the utility function of user m and pre-cached
file f , respectively. Given these utilities, we can get the following instructions

Vm(fi) > Vm(fj) ⇔ fi 
m fj , (14)

Above shows that a user m prefers file fi to fj . Similarly, a pre-cached file f
prefers user mi to mj can be expressed as

Uf (mi) > Uf (mj) ⇔ mi 
f mj . (15)

Consequently, we denote this matching function Φ:(Mc,F , Q), where (Mc,F)
is the set of matching pairs and Q denotes the maximum number of INs that
per file can be cached in.

3.2 Proposed Matching Algorithms

User-file caching (UFC) problem is further comprised of two types of game play-
ers including D2D users and files regulated by BS. The matching problem that
we elaborate on is a many-to-one game. Based on the above definition, in the
system model, limited by the storage capacity of mobile users, an IN can save
only one file set but one file can be stored many times at INs of D2D links.
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The strategy of both D2D users and BS is to maximize their respective
profits in matching algorithm based on the preference over opposite sets. On
the other hand, BS makes its content allocation decision based on its local
information without relying on a central coordination. So the UFC matching
algorithm attend to solve the optimization problem in (13). To design the algo-
rithm, we first design an algorithm for allocating files for one BS. Denote by
Hmc

= {Hm1,Hm2, · · · ,Hmh} the index set of nodes connected with IN mc.
Based on this consideration, D2D utility function over the file fi is defined as

Vmc
(fi) =

1
|Hmc

|
∑

n∈Hmc

Pn,fi
, (16)

where Pn,fi
represents the connected node n’s preference degree to the file fi

and the above equation illustrates that the INs’ preference over files is ranked
based on the degree of content popularity. Furthermore, the favourite file can
be obtained by sorting the utility function in a descending order. Similarly, the
utility for file fi∈ F to be matched with the mcth IN can be written as

Ufi
(mc) =

1
|Hmc

|
∑

n∈Hmc

Pn,fi
Tn,fi

. (17)

The utility function over D2D users is affected by the average transmission delay
and social network structure. Besides, by sorting the utility function in a ascend-
ing order, we can obtain the preference list.

The matching problem proposed in this paper is not a traditional match-
ing game, since the preference lists of files and INs depend not solely on the
information available locally but on the character of social-layer architecture.
Our proposed matching problem exhibits externality such as peer effects, which
means that the users and files may change their preferences during the game,
due to the constantly updated social relationship among users. Nevertheless,
traditional matching game algorithm may not be able to converge to a stable
matching, especially when the game has peer effects [3]. Therefore, we need to
develop a new algorithm to find a stable solution of this problem in this paper.

Let A(Mc,F) denotes the set of ultimate matching pairs, and η(m, f) denotes
the subset of A(Mc,F), where (m, f) are matched. Thus, the concept of blocking
pair and stability is introduced as follows.

Definition 2. A matching η∗(m, f ′) � A(Mc,F), but comparing with the
matching pair η(m, f), there exists relation that η∗ 
m η, that it to say, the
current matching does not maximize the utility. We define this matching pair
η∗(m, f ′) as the blocking pair. If and only if there is no blocking pair, the pro-
posed matching algorithm is stable.

The UFC matching algorithm considers one BS, and is the solution to the
problem in (13). The algorithm is displayed in Table 1. In the following, we
describe the process of the algorithm briefly. The preferences are calculated by
INs and files, respectively. Then, INs make proposals to the most prefer files,
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and in turn, the content provider’s files decide to accept or reject these proposals
based on their preference lists. For a particular user, if it requests for the top of
file fi within the set F , the file fi updates its utility and accepts the request if
the action do not yield a degradation of its utility.

Table 1. Proposed UFC matching algorithm

We prove the stability of the algorithm proposed in Table 1. Here, we merely
discuss the situation in a stable community, which means all the nodes may not
readily add or remove any connections established between them. This condition
guarantees that the peer effects cannot make any change in community. Observ-
ing from our algorithm, the preference is strictly monotone and subjects to (13).
In this case, the blocking pairs can not exist because all the players select their
matching pairs based on the preference. Moreover, the number of storage is finite
and our matching pair selecting method always adheres to the utility maximum
principle. Accordingly, under the situation of a stable community, our proposed
algorithm is stable.

4 Simulation Results

In this section, we study a wireless network consisting of one BS. This BS is
designed as a regulator with 300 meters coverage. And in this range, M = 20
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and user equipments are randomly distributed in the community. The relation-
ship among them considers both the social online connections and their off-line
physical locations.

In this simulation, we set the path-loss exponent β = 4, noise power σ2 =
10−10 and transmission power of BS Pb,Vm

= 20W and D2D transmission power
Pmc,md

= 2W. In addition, we assume that there are L = 10 files and the
distance between equipments and BS is randomly generated within a certain
range, besides, Q = 2, the tunable variables μ, v and ν are set to 1/3.

In this simulation, we compare the proposed UFC matching algorithm with
random file allocation (randomly choosing files), RUC (caching most recent used
files) [18], and no caching algorithms. In the random allocation algorithm, we
assign the files randomly to the INs. In the RUC algorithm, the recently used files
are allocated to the INs. Figure 2 shows the average download delay for different
caching strategies varying with the number of INs. It can be seen that as the INs
number increases, all the three algorithms employing caching mechanism show
a declining trend. While the download delay of no caching algorithm is fixed at
15 units, due to the reason that no caching method acquires files only through
the BS. However, it is clear that the proposed UFC algorithm yields significant
performance improvements compared with other methods.
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Fig. 2. Average download delay vs. the number of INs

In the file allocation stage, it is critical to choose the INs. Figure 3 depicts
the differences between the proposed algorithm and the random file allocation
algorithm. As we expected, the proposed algorithm taking the social importance
into consideration can bring prominent improvement than the random file allo-
cation algorithm. It can be seen from Fig. 3, when the number of INs is 6, the
proposed algorithm’s average transmission delay is 8.47 units, while the random
file allocation algorithm is 9.24 units.

Figure 4 illustrates that the quota value has a great impact on the transmis-
sion delay. We set the quotas to be 1 and 2, respectively. It inspires us that we
need to make full use of the storage space of user equipments for the purpose of
gaining low transmission delay.
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5 Conclusion

In this paper, we design a novel distributed caching optimization algorithm to
solve the cache allocation problem in D2D underlaid cellular networks. We for-
mulate a many to one matching game combining the social relationship with
physical locations in order to minimize the average transmission delay. To solve
the D2D transmission problem, we propose a UFC matching algorithm. Also, we
prove the stability of the proposed algorithm. At last, the simulation results are
provided to demonstrate the validity of this algorithm that considering the social
importance can greatly reduce the transmission delay. Furthermore, increasing
the quota of files can also reduce the transmission delay.
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