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Caching content by users constitutes a promising solution to decrease the costly transmissions with going through the base
stations (BSs). To improve the performance of in-network caching in device-to-device (D2D) communications, caching placement
and content delivery should be jointly optimized. To this end, we jointly optimize caching decision and content discovery
strategies by considering the successful content delivery in D2D links for maximizing the in-network caching gain through D2D
communications.Moreover, an in-network caching placement problem is formulated as an integer nonlinear optimization problem.
To obtain the optimal solution for the proposed problem, Lagrange dual decomposition is applied in order to reduce the complexity.
Simulation results show that the proposed algorithm has a near-optimal performance, approaching that of the exhaustive search
method. Furthermore, the proposed scheme has a notable in-network caching gain and an improvement in traffic offloading
compared to that of other caching placement schemes.

1. Introduction

The recent explosion in the number of smart mobile devices
and new applications has caused data traffic to rise sharply,
which challenges the capacity of network infrastructure. To
address this, caching has been leveraged as an efficient way
that increases offloading demand for various types of contents
[1, 2] and recognized as a service component of future 5G
networks [3].

D2D communication is a new technology that enables
mobile users to communicate directly with neighboring
users, without going through the BSs. In particular, D2D
communication can enable caching and sharing of content of
common interest with nearby devices [4].

Recent research has focused on caching placement in
D2D communications from different perspectives. However,
due to the limited storage capacity at devices, two main chal-
lenges exist in employing caching at D2D communications:(1) the content preference of devices should be considered in
cache placement and (2) ways to maximize content sharing
via D2D communication should be found. The authors of

[5] formulated a problem of the selection of communication
pairs with a high transmission rate, in which devices without
the caching and matching mechanism cannot utilize D2D
communication. Although this work presents a distributed
caching mechanism and maximal cellular traffic offloading
with D2D communications, it does not address the success of
content delivery over a D2D link sufficiently. However, joint
optimization of caching and discovery, with consideration
of successful content delivery among devices, is crucial for
improving the performance of D2D caching network.

In this paper, we describe a joint design of caching
decision and content discovery strategy to improve the
performance of in-network caching in D2D communica-
tions. We model the in-network caching placement as a
joint optimization problem of caching decision and content
discovery strategy by deriving the probability of success for
a content delivery to maximize in-network caching gain. The
optimization problem is formulated as an integer nonlinear
problem. To reduce the complexity and obtain a near-
optimal solution, dual decomposition is used to solve the
maximization problem. Simulation results demonstrate that
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the proposed scheme provides a distributed solution that
can achieve performance comparable to that of exhaustive
search. This will allow us to characterize the optimality
test of the proposed algorithm, compared to that of the
optimal search-based solution. Further, the performance of
the proposed scheme is markedly greater than that of other
caching placement policies.

The remainder of this paper is organized as follows. In
Section 2, we summarize the relatedwork. Section 3 describes
the model and defines the probability of success for a content
delivery. In Section 4, the joint caching decision and content
discovery optimization problem framework is formulated
and defined as an in-network caching placement problem.
In Section 5, we analyze the proposed optimization problem.
In Section 6, the simulation results are discussed, and the
conclusions of the study are presented in Section 7.

2. Related Work

Wireless D2D caching networks have been studied in differ-
ent ways. Cooperative caching at base stations can improve
the spectral efficiency gain [6, 7] and reduce the impact
on the backhaul network [8, 9]. When cooperative caching
occurs between BSs and devices, the network performance
can be improvedwhen cache placement is optimally designed
[10], and content delivery delay can be decreased [11, 12]. By
caching the popular files on mobile devices and exploiting
D2D communications, content distribution in cellular net-
works and the system capacity can be enhanced [13].

Several studies on D2D networks have focused on dif-
ferent aspects of the caching placement policy to improve
the efficiency of cache [14–18]. The authors of [14] showed
an optimal caching placement scheme to maximize the
offloading probability with considering the impact of trans-
mission device availability. In [15], the authors described a
probabilistic caching placement scheme that takes the cache-
aided throughput into account; it measures the density of
successfully served requests through own local cache of the
user or through its nearby devices via D2D transmission.
Moreover, in [16], the authors identified a conflict between
the cooperative distance (i.e., the distance at which a device
can find a requested content cached on another device) and
interference and focused on the optimal caching distribution
to maximize the average number of connections.The authors
of [17] modeled the distribution of the total number of
observed requests and analyzed cache performance focusing
on the tradeoff between the cache insertion rate and the
cache miss rate. The authors of [18] provided closed-form
expressions for the optimal content caching distribution and
the optimal caching strategies that aimed to maximize the
average density of successful receptions in the presence of
interference and noise. In these studies, caching placement
strategies have often overlooked the following issues: first,
it is unclear whether a cache-enabled user is interested in
caching a specific content; second, it is not known which
user, who has already cached the desired content, can
serve a requesting user through a D2D link or a cellular
link.

There are also a few existingworks that have addressed the
joint design of caching and association strategies. In [19], the
authors proposed a joint design caching and routing policy
that minimizes the requests routed to the macro base station
(MBS) by considering the scenario of content delivery that is
satisfied by the small cell base stations (SBSs). The authors of
[20] investigated the joint design and optimization of the user
association and caching policy to minimize the average delay
of small cell users, which is aware of the transmission delay
over the backhaul.

However, most of these works have largely focused on
how a user can be associated efficiently with BSs (MBS
and SBS) in the joint strategy, and ignored exploiting D2D
communications. Exploring the joint caching and association
policy design in D2D communications is the goal of this
paper.

3. System Model and Successful Content
Delivery Criterion

3.1. System Model. We consider the locations of the base sta-
tions (BSs), and the users are modeled as two homogeneous
Poisson point processes (PPPs) denoted as Πb and Πu with
density 𝜆b and 𝜆u, respectively, such that 𝜆u ≫ 𝜆b. We
assume a D2D communications system in the downlink with
single-antenna BSs. Let 𝜑 ∈ [0, 1] denote the proportion of
cache-enabled users who serve as D2D transmitters (DTs).
The set of contents is denoted as K = {1, 2, . . . , 𝐾}, and the
size of content item 𝑘 is 𝑠𝑘, 𝑘 ∈ K. The content popularity
distribution follows a Zipf distribution [21], which is given as

𝑝𝑘 = 𝑘−𝜂∑𝐾
𝑙=1 𝑙−𝜂 . (1)

Here, the parameter 𝜂 indicates the skewness of the popu-
larity. From (1), a content with a smaller 𝑘 corresponds to a
higher popularity.

To describe the cache strategy decision, we introduce𝑐𝑗,𝑘 ∈ [0, 1], which is defined as the content caching decision
probability that DT user 𝑑𝑗 decides to cache content 𝑘 ∈ K,
randomly. As a result, the distribution of the DTs deciding
to cache content 𝑘 follows the PPP with density 𝜑 𝑐𝑗,𝑘𝜆.
Let us assume that D2D pairs can be assigned only within
a cooperative distance 𝑅 of the requesting user 𝑑𝑖, within
which DTs can establish D2D links with the requesting
user.

3.2. Successful Content Delivery Criterion. Per the successful
content delivery in D2D link, a requesting user can be
associated with a DT device. We define the probability of
success for a content delivery as the probability that a user
successfully receives its requested content from nearby DTs,
which is given by

𝑃d2d
succ = ∑

𝑘∈K
𝑝𝑘𝑃 [𝑆𝐼𝑅𝑘 > 𝜓] . (2)

The following lemma expresses this probability numerically.



Wireless Communications and Mobile Computing 3

Lemma 1. The probability of success for a content delivery
between the neighboring DT and the requesting user, 𝑃𝑑2𝑑

𝑠𝑢𝑐𝑐, is

𝑃𝑑2𝑑
𝑠𝑢𝑐𝑐 = ∑

𝑘∈𝐾
𝑝𝑘 [ 𝜑𝜆𝑢𝑐𝑗,𝑘𝑁1𝑐𝑗,𝑘 + 𝑁2

(1 − 𝑒−𝜋𝑅2(𝑁1𝑐𝑗,𝑘+𝑁2))] . (3)

Here 𝑁1 = 𝜑𝜆𝑢(𝑍1(𝜓) − 𝑍2(𝑟0) + 1) and 𝑁2 =𝜆𝑏(𝑃𝑏/𝑃0)2/𝛼𝑍1(𝜓) + 𝜑𝜆𝑢𝑍2(𝑟0).
Proof. The probability density function (pdf) of the distance
between a typical user requesting the 𝑘-th content who is
located at the origin and its nearest neighboringDT is𝑓(𝑘)

𝑟 (𝑟);
it is given by the following equation:

𝑃 (𝑟 > 𝑅) = 𝑃 [the typical user has no partner]
= 𝑒−𝜑𝑐𝑗,𝑘𝜆𝑢𝜋𝑅2 , (4)

so, 𝑃(𝑟 ≤ 𝑅) = 1 − 𝑒−𝜑𝑐𝑗,𝑘𝜆𝑢𝜋𝑅2 , which is the cumulative
distribution function (cdf) 𝐹(𝑘)

𝑟 (𝑅). As a result, the pdf of the
D2D link distance can be expressed as follows.

𝑓(𝑘)
𝑟 (𝑟) = {{{

2𝜑𝑐𝑗,𝑘𝜆𝑢𝜋𝑟𝑒−𝜑𝑐𝑗,𝑘𝜆𝑢𝜋𝑟2 0 ≤ 𝑟 ≤ 𝑅
0 𝑟 > 𝑅 (5)

The probability 𝑃[𝑆𝐼𝑅𝑘 > 𝜓] indicates the successful
detection of content 𝑘 between the typical user and its
corresponding neighboringDTwith respect to a given signal-
to-interference ratio (𝑆𝐼𝑅) target 𝜓. In addition, the received𝑆𝐼𝑅 at the user requesting the 𝑘-th content is given by

𝑆𝐼𝑅𝑘 (𝑟) = 𝑃0ℎ𝑟−𝛼∑𝑗∈Πt
u\{𝑗0}

𝑃0ℎ𝑗𝑟𝑗−𝛼 + ∑𝑗∈Πb
𝑃bℎ𝑗𝑟𝑗−𝛼

= 𝑃0ℎ𝑟−𝛼𝐼𝑘,𝑢 + 𝐼𝑘,𝑏 ,
(6)

where Πt
u denotes the set of DTs; 𝑃0 and 𝑃𝑏 denote the

transmit power for each DT and BS, respectively; ℎ is the
channel power gain, denoted as ℎ ∼ exp(𝜇) with mean 1 for
Rayleigh fading; 𝑟 is the distance between the user and the
serving neighboring DTwith the requested content 𝑘 cached;𝛼 > 2 is the path loss exponent; 𝐼𝑘,𝑢 = ∑𝑗∈Πt

u\{𝑗0}
𝑃0ℎ𝑗 𝑟𝑗−𝛼 is

the total interference power from all neighboring DTs except
the serving DT 𝑑𝑗0 ; 𝐼𝑘,𝑏 = ∑𝑗∈Πb

𝑃𝑏ℎ𝑗𝑟𝑗−𝛼 is the interference
from the BSs; and ℎ𝑗 denotes the interference channel power
from a DT or from a BS. Therefore, the probability 𝑃[𝑆𝐼𝑅𝑘 >𝜓] is given by

𝑃 [𝑆𝐼𝑅𝑘 (𝑟) > 𝜓] = 𝑃 [ℎ > 𝑟𝛼𝜓𝑃0 (𝐼𝑘,𝑢 + 𝐼𝑘,𝑏)]
(𝑎) 𝐸𝑘,𝑟 [L𝐼𝑘,𝑢 (𝑟𝛼𝜓𝑃0−1)L𝐼𝑘,𝑏 (𝑟𝛼𝜓𝑃0−1)]
= ∫∞

0
L𝐼𝑘,𝑢 (𝑟𝛼𝜓𝑃0−1)L𝐼𝑘,𝑏 (𝑟𝛼𝜓𝑃0−1) 𝑓(𝑘)

𝑟 (𝑟) 𝑑𝑟,
(7)

where (a) is given from the complementary cumulative
distribution function of ℎ, which follows the exponential

distribution with unit mean, and L𝐼(𝑠) = 𝐸𝐼[𝑒𝑥𝑝(−𝑠𝐼)] is
the Laplace transform of the interference 𝐼. The Laplace
transforms can be calculated using the following procedure.

We have L𝐼𝑘,𝑢(𝑟𝛼𝜓𝑃0−1), shown as follows,

L𝐼𝑘,𝑢 (𝑟𝛼𝜓𝑃0−1) = 𝐸Πt
u ,ℎ𝑗

[
[exp(−𝑟𝛼𝜓𝑃−1

0 ∑
𝑗∈Πt

u\{𝑗0}

𝑃0ℎ𝑗𝑟𝑗−𝛼)]
]

= 𝐸Πt
u
[
[ ∏
𝑗∈Πt

u\{𝑗0}

𝐸ℎ𝑗 [exp (−𝑟𝛼𝜓ℎ𝑗𝑟−𝛼𝑗 )]]]
(𝑎) 𝑒(−2𝜋𝜑𝜆𝑢(𝑐𝑗,𝑘 ∫∞𝑟 (V/(1+𝑟−𝛼𝜓−1V𝛼))𝑑V+(1−𝑐𝑗,𝑘) ∫∞𝑟0 (V/(1+𝑟−𝛼𝜓−1V𝛼))𝑑V))
(𝑏) 𝑒(−𝜋𝜑𝜆𝑢𝑟2𝜓2/𝛼(𝑐𝑗,𝑘 ∫∞𝜓−2/𝛼 (1/(1+𝑥𝛼/2))𝑑𝑥+(1−𝑐𝑗,𝑘) ∫∞(𝑟0𝛼𝜓)−2/𝛼𝑟02 (1/(1+𝑥𝛼/2))𝑑𝑥))
(𝑐) 𝑒(−𝜋𝜑𝜆𝑢𝑟2(𝑐𝑗,𝑘𝑍1(𝜓)+(1−𝑐𝑗,𝑘)𝑍2(𝑟0))),

(8)

where (a) results from the assumption of the exponential
distribution of ℎ𝑗 with mean 1 and following Theorem 2 in
[22]. Note that this step comes from the interferer devices
with content 𝑘 cached and without content 𝑘 cached; (b)
is derived from a change in variable 𝑥 = (V/𝑟𝜓1/𝛼)2; (c)
is from the integration in [23]; 𝑟0, 𝑟0 → 0 for the DTs
caching other contents except content 𝑘, 𝑍1(𝜓) = (2𝜓/(𝛼 −2)) 2𝐹1[1, 1 − 2/𝛼, 2 − 2/𝛼, −𝜓], 𝑍2(𝑟0) = 𝜓2/𝛼(2𝑟01 − 𝛼/2/(𝛼 −2)) 2𝐹1[1, 1 − 2/𝛼, 2 − 2/𝛼, −𝑟0− 𝛼/2], and 2𝐹1[⋅] denotes the
Gauss hypergeometric function.

Similar to (8), the Laplace transform L𝐼𝑘,𝑏(𝑟𝛼 𝜓𝑃0−1) can
be obtained as

L𝐼𝑘,𝑏 (𝑟𝛼𝜓𝑃0−1) = exp(−𝜋𝜆𝑏 (𝑃𝑏𝑃0)
2/𝛼 𝑟2𝑍1 (𝜓)) , (9)

and then we complete the proof by substituting (5), (8),
and (9) into (7).

Note that upon receipt of a request for content 𝑘, the
cache-enabled user can access the requested content from its
local cache if content 𝑘 is locally cached, otherwise from a
DTwith the content cached through the cooperative distance.
Else, the nearest BS handles the access request. In this
paper, we focus on in-network caching placement in D2D
communications and then neglect local-service impact in the
following analysis, similar to the authors of [24–26].

4. In-Network Caching Placement and
Problem Formulation

In this section, we present the optimal caching decision and
content discovery strategies in conjunction.This can facilitate
an improvement in traffic offloading through D2D commu-
nications. Let us consider the caching decision and content
discovery variables, denoted as 𝑐𝑗,𝑘 and 𝐿(𝑘)𝑖𝑗 , respectively.
The caching decision variable 𝑐𝑗,𝑘 is described in Section 3.
Further, the caching decision matrix is defined as follows:

𝑐 = {𝑐𝑗,𝑘 : 𝑘 ∈ K, 𝑗 ∈ Πt
u} . (10)
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To indicate the content discovery strategy for a D2D pair(𝑑𝑖, 𝑑𝑗), we introduce a binary discovery variable 𝐿(𝑘)𝑖𝑗 ∈ {0, 1}.
A random user 𝑑𝑖 in Πu can access content 𝑘 from a DT 𝑑𝑗
that has the requested content via a D2D link; in this case,𝐿(𝑘)𝑖𝑗 = 1. Otherwise, 𝐿(𝑘)𝑖𝑗 = 0. Content discovery can be
described through the following 3-D matrix:

𝐿 = {𝐿(𝑘)𝑖𝑗 : 𝑘 ∈ K, 𝑗 ∈ Πt
u, 𝑖 ∈ Πu} . (11)

With consideration of the successful content delivery in
D2D link, the joint caching decision and content discovery
problem to maximize the in-network caching gain through
D2D communication is formulated as

max
𝑐,𝐿

∑
𝑘∈K

∑
𝑗∈Πt

u

∑
𝑖∈Πu

𝑝𝑘𝑃 [𝑆𝐼𝑅𝑘 > 𝜓] 𝑐𝑗,𝑘𝐿(𝑘)𝑖𝑗 (12)

Subject to: ∑
𝑘∈K

𝑐𝑗,𝑘𝑠𝑘 ≤ 𝑀𝑑 ∀𝑗 ∈ Πt
u, (13)

∑
𝑗∈Πt

u

𝐿(𝑘)𝑖𝑗 ≤ 1 ∀𝑘 ∈ K, 𝑖 ∈ Πu (14)

∑
𝑖∈Πu

𝐿(𝑘)𝑖𝑗 ≤ 1 ∀𝑘 ∈ K, 𝑗 ∈ Πt
u (15)

0 ≤ 𝑐𝑗,𝑘 ≤ 1 ∀𝑘 ∈ K, 𝑗 ∈ Πt
u, (16)

𝐿(𝑘)𝑖𝑗 ∈ {0, 1} ∀𝑘 ∈ K, 𝑗 ∈ Πt
u, 𝑖 ∈ Πu. (17)

Constraints of the optimization problem are specified in (13)-
(17). Constraint (13) dictates that the desired content at a DT
cannot exceed the cache storage capacity 𝑀𝑑 constraint of
the device. Constraints (14) and (15) ensure that requested
content cached in one of the DTs can be shared with only one
requesting user and that each requesting user can commu-
nicate with only one DT that provides content, respectively.
Constraint (16) defines the range of the content caching
decision probability. Finally, constraint (17) guarantees the
integer nature of the binary variable.

5. Duality-Based In-Network
Caching Placement

The proposed optimization problem is an integer program-
ming problemwith nonlinear constraints. It is difficult to find
the optimal solution. A well-known approach for solving the
above problem is to introduce a new constraint in place of
constraint (13), which also satisfies the cache storage capacity
constraint, as follows:

∑
𝑘∈K

∑
𝑖∈Πu

𝑐𝑗,𝑘𝑠𝑘𝐿(𝑘)𝑖𝑗 ≤ 𝑀𝑑 ∀𝑗. (18)

Therefore, by applying (18), the optimization problemdefined
in (12)–(17) can be formulated as

min
𝑐,𝐿

− ∑
𝑘∈K

∑
𝑗∈Πt

u

∑
𝑖∈Πu

𝑝𝑘𝑃 [𝑆𝐼𝑅𝑘 > 𝜓] 𝑐𝑗,𝑘𝐿(𝑘)𝑖𝑗 (19)
s.t. ∑

𝑘∈K
∑
𝑖∈Πu

𝑐𝑗,𝑘𝑠𝑘𝐿(𝑘)𝑖𝑗 ≤ 𝑀𝑑 ∀𝑗
∑
𝑖∈Πu

𝐿(𝑘)𝑖𝑗 ≤ 1 ∀𝑗, 𝑘
∑
𝑗∈Πt

u

𝐿(𝑘)𝑖𝑗 ≤ 1 ∀𝑖, 𝑘
0 ≤ 𝑐𝑗,𝑘 ≤ 1 ∀𝑗, 𝑘
𝐿(𝑘)𝑖𝑗 = {0, 1} ∀𝑖, 𝑗, 𝑘.

(20)

In the following, it is shown that the solution of the opti-
mization problem can be obtained by applying the dual
decomposition method [27].

By plugging (3), the Lagrangian function of problem (19)
is given by

L (𝑐, 𝐿, 𝜇) = [
[−∑

𝑘∈𝐾
∑
𝑗∈Π𝑡𝑢

∑
𝑖∈Π𝑢

𝑝𝑘𝑃 [𝑆𝐼𝑅𝑘 > 𝜓] 𝑐𝑗,𝑘𝐿(𝑘)𝑖𝑗 + ∑
𝑗∈Π𝑡𝑢

𝜇𝑗 (∑
𝑘∈𝐾

∑
𝑖∈Π𝑢

𝑐𝑗,𝑘𝑠𝑘𝐿(𝑘)𝑖𝑗 − 𝑀𝑑)]
]

= [
[∑
𝑘∈𝐾

∑
𝑗∈Π𝑡𝑢

∑
𝑖∈Π𝑢

( 𝜑𝜆𝑢𝑝𝑘𝑐𝑗,𝑘𝑁1𝑐𝑗,𝑘 + 𝑁2
(𝑒−𝜋𝑅2(𝑁1𝑐𝑗,𝑘+𝑁2) − 1) + 𝜇𝑗𝑠𝑘) 𝑐𝑗,𝑘𝐿(𝑘)𝑖𝑗 − ∑

𝑗∈Π𝑡𝑢

𝜇𝑗𝑀𝑑
]
] .

(21)

Here𝜇 = [𝜇1, 𝜇2, . . . , 𝜇𝑁]T is the dual vector for the user cache
storage constraint.Then, the dual problem can be achieved as

max
𝜇

min
𝑐,𝐿

L (𝑐, 𝐿, 𝜇) = max
𝜇≥0

𝑓 (𝜇)
s.t. 𝜇 ≥ 0

∑
𝑖∈Πu

𝐿(𝑘)𝑖𝑗 ≤ 1 ∀𝑗, 𝑘
∑
𝑗∈Πt

u

𝐿(𝑘)𝑖𝑗 ≤ 1 ∀𝑖, 𝑘
0 ≤ 𝑐𝑗,𝑘 ≤ 1 ∀𝑗, 𝑘
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𝐿(𝑘)𝑖𝑗 = {0, 1} ∀𝑖, 𝑗, 𝑘.
(22)

Here 𝑓(𝜇) = min𝑐,𝐿L(𝑐, 𝐿, 𝜇) is the Lagrange dual function.
The duality gap of any optimization problem is negligible if

the optimization problem satisfies the time-sharing condition
for a significantly large number of contents. Typically, the
number of contents is sufficiently large; therefore, we can
neglect the duality gap [28]. 𝑓(𝜇) can be decomposed into 𝐾
subproblems, which are solved independently at each caching
decision. The 𝑘-th subproblem can be formulated as follows:

min
𝑐𝑘 ,𝐿(𝑘)

L𝑘 (𝑐𝑘, 𝐿(𝑘)) = ∑
𝑗∈Πt

u

∑
𝑖∈Πu

[ 𝜑𝜆𝑢𝑝𝑘𝑐𝑗,𝑘𝑁1𝑐𝑗,𝑘 + 𝑁2
× (𝑒−𝜋𝑅2(𝑁1𝑐𝑗,𝑘+𝑁2) − 1) + 𝜇𝑗𝑠𝑘] 𝑐𝑗,𝑘𝐿(𝑘)𝑖𝑗

s.t. ∑
𝑖∈Πu

𝐿(𝑘)𝑖𝑗 ≤ 1 ∀𝑗, 𝑘
∑
𝑗∈Πt

u

𝐿(𝑘)𝑖𝑗 ≤ 1 ∀𝑖, 𝑘
0 ≤ 𝑐𝑗,𝑘 ≤ 1 ∀𝑗, 𝑘
𝐿(𝑘)𝑖𝑗 = {0, 1} ∀𝑖, 𝑗, 𝑘

(23)

where 𝑐𝑘 and 𝐿(𝑘) are the vector of 𝑐𝑗,𝑘 and thematrix of 𝐿(𝑘)𝑖𝑗 at
content 𝑘, respectively. By visiting the constraints in (23), we
assume that 𝐿(𝑘)𝑖𝑗 is a matrix of all zeros, except for one binary
nonzero entry. Thus, we first obtain the optimal value of

𝑉{𝑖,𝑗} (𝑘)

= {{{{{{{
min
𝑐𝑘

[
[
𝜑𝜆𝑢𝑝𝑘𝑐2𝑗,𝑘 (𝑒−𝜋𝑅2(𝑁1𝑐𝑗,𝑘+𝑁2) − 1)

𝑁1𝑐𝑗,𝑘 + 𝑁2
+ 𝜇𝑗𝑠𝑘𝑐𝑗,𝑘]]

s.t. 0 ≤ 𝑐𝑗,𝑘 ≤ 1 ∀𝑗, 𝑘
(24)

at each 𝑘; then, the optimal value for subproblem 𝑘 within
the matrix of 𝑉(𝑘)

𝑖,𝑗 ∀𝑖, 𝑗 can be determined for any given 𝜇. In
(24), the numerator of the fraction and the single function are
convex functions and the denominator is a concave function
with respect to 𝑐𝑗,𝑘, which satisfy the conditions specified of
the problem in [29]. Thus, the optimization problem in (24)
can be solved by using a similar method to that in [29] to
obtain an approximate global optimal solution of 𝑐𝑗,𝑘.

Then, the optimal content discovery of D2D pair (𝑑𝑖, 𝑑𝑗)
for content 𝑘 in (23) is given by

𝐿(𝑘)𝑖𝑗 = {{{
1, for (𝑑𝑖, 𝑑𝑗) = argmin

𝑑𝑖 ,𝑑𝑗
{𝑉(𝑘)

𝑖,𝑗 | 𝑗 ∈ Πt
u, 𝑐𝑗,𝑘 = 𝑐∗𝑗,𝑘}

0, otherwise. (25)

In (25), the D2D link between devices 𝑑𝑖 and 𝑑𝑗 can be
assigned if and only if the content 𝑘 has been already cached
by device 𝑑𝑗.

By solving all subproblems in (23) and obtaining the
values of 𝑐 and 𝐿, we apply the subgradient method to
update the dual variable at each iteration and achieve the dual
optimum 𝜇∗. In the 𝑡-th iteration, for ∀𝑗 ∈ Πt

u, the dual
variable is updated as

𝜇𝑗 (𝑡 + 1) = max {0, [𝜇𝑗 (𝑡) + 𝜉 (𝑡) 𝑑 (𝜇𝑗 (𝑡))]} , (26)

where 𝜉(𝑡) is the step size of the 𝑡-th iteration, 𝑑(𝜇𝑗(𝑡)) is the
subgradient of the dual problem with respect to 𝜇𝑗(𝑡), and𝑑(𝜇𝑗(𝑡)) is represented as follows:

𝑑 (𝜇𝑗 (𝑡)) = ∑
𝑘∈K

∑
𝑖∈Πu

𝑐𝑗,𝑘𝑠𝑘𝐿(𝑘)𝑖𝑗 − 𝑀𝑑 ∀𝑗. (27)

Denote the selected step size as 𝜉(𝑡) = 𝑤((𝑈𝐵 −𝑔(𝑡))/‖𝑑(𝜇(𝑡))‖2), where 𝑤 is the positive constant value, 𝑈𝐵
is the upper bound on each iteration, and 𝑔(𝑡) is the value
of the Lagrange function at the 𝑡-th iteration [20]. A feasible
solution of the primal problem is used to obtain the𝑈𝐵. Note
that, for a nonsummable diminishing step length rule, the
algorithm is guaranteed to converge to the optimal value. A
summary of the proposed algorithm is given in Algorithm 1.

6. Simulation Results

In this section, we provide simulation and numerical results
to validate the analysis and evaluate the performance of the
proposed scheme. We considered a cellular network wherein
the BSs and devices are distributed according to independent
homogeneous PPPs with densities of {𝜆b, 𝜆u} = {5 × 10−6, 4 ×10−3}/m2.The systemparameters are listed inTable 1. For per-
formance comparison, we compare three different caching
placement schemes in terms of the in-network caching gain:
(i) theMost Popular Content (MPC) caching policy, in which
users cache the most popular contents; (ii) a greedy caching
policy, inwhich a set of any content (i.e., a contentwithout rel-
ative popularity) is considered to be cached (Greedy Cache);
and (iii) the proposed caching placement scheme. Further, we
examine data offloading ratio of our system to demonstrate
the effectiveness of the proposed scheme compared to the
other caching placement policies in traffic offloading. The
data offloading ratio is defined as the percentage of requested
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Require: 𝑡 = 1, 𝑔(1) = 0, 𝜇𝑗(1) = 0, 𝑈𝐵 = + ∝, 𝜖 =
0.001, 𝑡max = 2500.(1) while |(𝑈𝐵 − 𝑔(𝑡))/𝑈𝐵| ≥ 𝜖 and 𝑡 ≤ 𝑡max do(2) Find the optimal 𝑐𝑗,𝑘.(3) Obtain 𝑉(𝑘)

𝑖,𝑗 through (24).(4) Find the optimal content discovery 𝐿(𝑘)𝑖𝑗 of D2D pair (𝑑𝑖, 𝑑𝑗)
for content 𝑘 by using (25).(5) Update 𝑈𝐵.(6) Set 𝑔(𝑡) = L(𝑐, 𝐿, 𝜇) and 𝜉(𝑡) = 𝑤((𝑈𝐵 − 𝑔(𝑡))/‖𝑑(𝜇(𝑡))‖2) .(7) Update the dual variable 𝜇𝑗(𝑡 + 1) according to (26).(8) Update 𝑡 = 𝑡 + 1.(9) end while

Algorithm 1: Joint caching decision and content discovery algorithm.

Table 1: Simulation parameters.

Parameters Values
Cooperative distance (𝑅) 15m
Proportion of users who serve as DTs (𝜑) 0.5
Cache storage capacity(𝑀𝑑) 60 Mbytes
Number of contents (𝐾) 1000
Size of content 25 Mbytes
Path loss exponent (𝛼) 4
Zipf distribution parameter (𝜂) 0.8
Transmit power of DT (𝑃0) 23 dBm
Transmit power of BS (𝑃𝑏) 43 dBm
Target SIR (𝜓) 0.4 dB

content that can be obtained through D2D communication
rather than served from the BS.

First, the proposed algorithm was compared against
exhaustive search in a small network where devices with a
cache storage capacity of𝑀𝑑 = 20were located randomly and
independently. The number of contents and the size of each
content were set to 50 and 8, respectively. Figure 1 shows that
the proposed algorithm had nearly the same caching gain as
exhaustive search, which demonstrates the close optimality
condition of our algorithm. It can also be seen that the
in-network caching gain increased substantially when the
cooperative distance 𝑅 was small, which implies that caching
placement through D2D communications is more applicable
for devices within a small cooperative distance.

Figure 2 shows the results of the evaluation of the pro-
posed caching placement scheme for various cache storage
capacities as the value of the Zipf parameter was varied.
It can be seen that as the size of cache storage increases,
the in-network caching gain increases as the value of Zipf
parameters increases. This may be attributed to the increase
in popularity distribution; when a small number of contents
are more popular, the in-network caching effectiveness is
improved. Moreover, larger cache storage provides more
opportunities to cache more of the popular contents. As a
result, more contents can be accessed from the caches of

Exhaustive Search: R = 4m
Proposed Algorithm: R = 4m
Exhaustive Search: R = 6m
Proposed Algorithm: R = 6m
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Figure 1: Performance comparison of the proposed scheme and
exhaustive search.

neighboring DTs within a cooperative distance instead of via
BS.

In Figure 3, the optimal content caching decision prob-
ability of each content 𝑘 is plotted against various values of
the Zipf parameter, where lower indexed content indicates
higher popularity; i.e., 𝑝𝑘 ≥ 𝑝𝑙 if 𝑘 ≤ 𝑙. We observe
that with an increase in the Zipf parameter value, the
optimal content caching decision probability of the contents
with a high indexes decreases monotonically. This result is
consistent with expectations. For highly concentrated content
popularity (𝜂 = 1.5), the caching decision probability for
the contents with higher popularity is higher. Therefore, we
can conjecture that for high values of the Zipf parameter, the
caching decision for the most popular contents is beneficial
for improving the in-network caching performance.

Figure 4 compares the three different caching placement
schemes in terms of the in-network caching gain. It can
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Figure 2: Impact of Zipf parameter on the in-network caching gain.
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Figure 3: Optimal content caching decision probability for each
content under various Zipf parameter values.

be inferred that the proposed scheme improves the in-
network caching performance for any given Zipf parameter𝜂. For high values of the Zipf parameter, the gain is more
substantial, which indicates that this parameter significantly
affects the joint optimization of the caching decision and
content discovery strategies. On the other hand, for large
values of 𝜂, the performance of the MPC scheme is better
than that of the Greedy Cache scheme, and approaches the
performance of the proposed scheme. This can be attributed
to the fact that a large value of 𝜂 leads tomore requests, which
are influenced by the popularity of the contents cached.

Proposed caching placement policy
MPC
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Figure 4: Performance comparison of different caching schemes.
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Figure 5: Comparison of data offloading ratio among three different
caching schemes versus the Zipf parameter.

In Figures 5 and 6, we compare the three different
caching placement policies for the data offloading ratio under
different Zipf parameters 𝜂 and cooperative distances 𝑅.

In Figure 5, the data offloading ratio increases with an
increment in the Zipf parameter 𝜂, as expected. We can see
that with a higher value of 𝜂, our proposed scheme outper-
forms other policies significantly, which shows that the joint
optimization of the caching decision and content discovery
strategies highly depends on the popularity distribution, as is
also observed from Figure 4.

In Figure 6, the data offloading ratio of the proposed
scheme improves more with the increase of the cooperative
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Figure 6: Comparison of data offloading ratio among three different
caching schemes versus the cooperative distance.

distance 𝑅 compared to the other policies. This is because
the proposed scheme has a greater possibility of sharing
the content via D2D links to offload traffic. On the other
hand, with the increase in 𝑅, the traffic ratio achieved by all
three schemes increases slower. The reason for this is that
the increase of the cooperative distance leads to more DTs,
generating more interference.

Lastly, we discuss the complexity of the proposed algo-
rithm. The complexity of the caching decision for each
content is 𝑂(𝐾). Further, the complexity to solve all sub-
problems in (23) is 𝑂(𝐾𝑁), where 𝑁 denotes the number
of devices. Hence, the complexity of the proposed algorithm
in each iteration can be named by 𝑂(𝐾2𝑁(N + 1)2). As a
result, the overall complexity of the proposed algorithm is𝑂((𝐾2𝑁(𝑁+1)2) ⋅ log(1/𝜖))where 𝜖 is the accuracy required
of subgradient method [30].

7. Conclusion

In this paper, we have proposed caching decision and content
discovery strategies for maximizing the in-network caching
gain through D2D communications. We first considered the
successful content delivery between D2D users for cooper-
ation. Then, we modeled an in-network caching placement
scheme in D2D communications as a joint optimization
problem of the caching decision and content discovery
strategies by formulating an integer nonlinear optimization
problem. To reduce the complexity and find the optimal
solution of the problem, we applied Lagrange dual decom-
position.The simulation results demonstrated the notable in-
network caching gain achieved by the proposed scheme and
the improvement in traffic offloading of the proposed scheme
compared to other caching placement policies. However, the
limited cache storage and the mobility of devices necessitate

the consideration of caching decision and content discovery
scheme, where we tried to determine which contents must
be stored in a cache-enabled device and which cache-enabled
device can serve the requested content.
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