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Abstract—Power line communication (PLC) advances smart
grid technology by offering a convenient and efficient data
transmission service. However, due to the severe PLC channel
condition and ever-growing traffic load in the PLC backhaul,
reliable communications among widely distributed in-home PLC
users is highly energy-consuming. In this paper, we put forth
a cache-enabled PLC network comprising a single master base
station (MBS) and mutiple slave base stations (SBSs) each bound
with an in-home network to alleviate the backhaul traffic load
and reduce the backhaul energy consumption. In the proposed
scheme, the SBSs with the local caches pre-download the popu-
lar contents from the MBS through the PLC backhaul, and the
in-home users request the contents from nearby caching nodes
(CNs) or the MBS. Apart from the cache-enabled PLC design,
our contributions also lie in the selection of CNs and optimal con-
tent placement algorithm. First, we propose a selection algorithm
to activate the SBSs with high influence as the CNs, according to
a directed graph that models the requesting relations among all
SBSs. Second, we design an optimal content placement algorithm
to minimize the backhaul energy consumption for the contents
with different sizes and user preferences. Simulation results show
that our cache-enabled PLC scheme with the caching node selec-
tion and optimal content placement can dramatically reduce
the backhaul energy consumption, compared with the existing
caching strategies.

Index Terms—Smart grid, power line communications, content
placement, backhaul energy, caching node selection.

I. INTRODUCTION

SMART grid makes integrated use of energy, information,
and communication technologies to provide sensing, mea-

surement, and management for power grids. The distributed
sensing and measurement for electrical systems have generated
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massive data, which demands a reliable transmission among
electrical devices connected with the power lines. As the
natural candidate communication for smart grid, power line
communication (PLC) has been widely adopted.

Similar to modern wireless networks, the PLC networks
also confront with two nail-biting challenges. On one hand,
in practice, PLC encounters a more hostile communication
environment compared with conventional wired and wireless
communications due to severe signal fading and impulsive
noises. In particular, the presence of impulsive noises in the
PLC channels severely degrades the signal reception. In addi-
tion, PLC channels vary fast with the locations of transmitters,
network topologies and connected loads [1]. Thus, it is a great
challenge for PLC to provide reliable and fast communications
for the smart grid users. On the other hand, in the near future,
the PLC network will be struggling with the huge backhaul
burden, caused by the unprecedented growth of data traffic
attributing to the widespread use of smart equipments and
applications in smart grid.

To address the first challenge, much effort has been devoted
to research in the wireless domain on the small base networks
integrated with advanced signal processing and coding tech-
nologies to enhance communication reliability and network
coverage [2], [3]. These small cell deployments are mainly
in the form of home small cells, known as femtocells and
picocells. In regard to the second challenge, recent research
outcome makes plain that duplicate downloads of a few popu-
lar contents occupy a significant portion of total data traffic [4].
Driven by the finding, the concept of caching revives in the
field of wireless networks to bring popular contents closer to
users, which alleviates the traffic load over backhaul [5]. The
enticing benefit has elevated the wireless caching to a central
position in the small cell networks, which has been attracted
significant research interest in various cache-enabled small cell
networks [6]–[8].

However, it should be stressed that wireless caching can-
not be easily plugged into the PLC systems for the following
reasons. First, the fading and noise effects in the PLC chan-
nels are different from those in the wireless channels, making
the data delivery even more challenging [9]. Second, wireless
caching cannot offer the data storage service for those elec-
trical devices without any wireless interfaces. Therefore, how
to design a cach-enabled PLC networks with SBSs is a great
challenge and remains open. In addition, long distance PLC
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transmissions over the PLC backhaul links are energy con-
suming. How to minimize the backhaul energy cost is also a
crucial issue for the cache-enabled PLC networks.

As the first major concern in the cache-enable network,
installing the cache devices for all SBSs may result in not only
an unaffordable cost but also a waste of caching resource. To
reduce the cost, prior works in the field of wireless networks
has made some effort on the caching node selection. For exam-
ple, [10] proposed a caching node selection strategy based
on the influence factor to reduce the system overheads in the
device-to-device (D2D) networks. In addition, [11] combined
social-aware networks via D2D with the caching mechanism,
in which the crucial caching nodes are selected according to
social relationship. As follow-up, [12] proposed the matching
theory based algorithm with the aid of social utility function to
select the important users in cellular networks as the caching
nodes. Therefore, the research on selecting the caching nodes
in the cache-enabled PLC networks remains open.

Second, to reduce backhaul energy consumption, the effi-
cient content placement has captured intensive attention in
various wireless caching networks. In [13], the authors inves-
tigate the cache placement problem in fog radio access
networks, by taking into account flexible physical-layer trans-
mission schemes and diverse content preferences of different
users. In [14], the authors put forth an energy-efficient content
placement approach to maximize the total system energy. In
addition, [15] developed an optimal content placement method
to minimize the backhaul energy consumption in a densely
deployed wireless access network.

However, the content placement methods in [14], [15]
focused on the files with equal size, which is an ideal
assumption for practical systems. Considering the files with
arbitrary sizes, the authors of [16] proposed a cooperative
coded caching scheme to improve the energy efficiency in
heterogeneous small cell networks. In [17], the authors inves-
tigated an optimal content placement scheme to minimize the
energy consumption for the heterogeneous wireless networks
by encoding the files with maximum-distance separable codes.
In these coded prefetching systems, coded files are first
parted into blocks and stored in different SBSs and then and
then cooperatively delivered to users [18]. Nonetheless, when
adopting the coded prefetching, it will cause the PLC network
to be overwhelmed due to the frequent cooperations among
SBSs that connect with each other via the narrow-band PLC
channel.

To tackle the first concern, we propose a small-cell cache-
enabled PLC network comprising a single master base station
and multiple slaver BSs each providing Internet access for in-
home users (IUs). All SBSs connect to the backbone networks
through an MBS installed at the transformer unit and connect
to each other via power lines. Building upon the concept of
wireless caching, we install cache devices in some SBSs as the
caching nodes to predownload the popular contents requested
by the IUs. As such, the backhaul traffic in the PLC network is
offloaded and the burden on the PLC backhaul can be allevi-
ated. In particular, we illustrate the requesting relations among
all SBS through a directed grapha and propose a selection
algorithm to activate the SBSs with high IoS as the caching

nodes. Regarding the second concern, we develop an optimal
content placement strategy to minimize the backhaul energy
consumption for the proposed caching network. Overall, the
contributions of this paper are summarized as follows:

• We design a small-cell cache-enabled PLC network,
where the cache devices are installed in the SBSs at the
PLC access nodes to prefetch the popular contents in the
off-peak time and serve the IUs in the peak time. As such,
the proposed system can alleviate backhaul traffic of the
PLC networks (see Section II).

• We propose a selection strategy to activate a group of
SBSs with high IoS as the caching nodes, aiming at an
efficient use of limited caching resources. The core of the
selection strategy lies in the influence of SBS (IoS) char-
acterization according to the requesting relations among
all SBSs (see Section III).

• We develop an optimal content placement to minimize the
backhaul energy consumption. Considering the request-
ing files with arbitrary sizes, we put forth a heuristic
algorithm to obtain the optimal solution (see Section IV).

The rest of this paper is organized as follows. Section II
describes the system model. Section III presents the cache
node selection algorithm. Section IV-C formulated the optimal
content placement problem and numerical results are presented
in Section V. Finally, Section VI concludes this paper.

II. SYSTEM MODEL

A. Cache-Enabled PLC Network

As shown in Fig. 1, we propose a cache-enabled PLC
network with a single master base station (MBS) and K slaver
base stations (SBSs). The MBS is deployed in the transformer
to connect the local network with the backbone network. The
SBSs are installed in the indoor power meters to provide
network access for in-home users (IUs) [9]. We refer to the
unique SBS bound with each in-home network as the serving
SBS of IUs in this network.

Before delving into the specific designs, we clarify the PLC
links among the IUs, SBSs, and MBS, as illustrated in Fig. 2.
First, there is a direct link of low voltage (LV) power line
between the IU and its serving SBS in the same in-home
network. Second, there is no direct link between the IU and the
SBSs in different homes. Third, all SBSs are connected with
each other via LV power lines. Fourth, IUs in different in-home
networks communicate with each other only via their serving
SBSs. Finally, the MBS and SBSs are connected with the LV
power lines, referred to as the PLC backhaul. In the proposed
cache-enabled network, cache devices are installed in some
selected SBSs. For simplicity, we refer to the SBSs with cache
devices as caching nodes (CNs). Notably, the proposed scheme
selects a portion of SBSs as the CNs. The motivations behind
the CN selection are as follows: First, from PLC providers’
point of view, the CN selection reduces the hardware cost and
makes an efficient use of limited caching resources. Second,
in practice, some IUs are traditional electricity customers that
only require basic services without any multimedia contents.
As such, it is not cost-effective to install the cache devices in
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Fig. 1. The cache-enabled PLC network with a single MBS and K SBSs,
where some SBSs are selected as the CNs to buffer popular contents and each
SBS can obtain its requested contents from nearby CNs or the MBS.

Fig. 2. The connections among the IUs, SBSs, and MBS.

the serving SBSs of these IUs. We will specify how to select
the CNs in Section III.

The role of the CNs is to pre-download the popular contents
requested by IUs from the MBS in the off-peak time. Then
each IU can obtain its requested contents from nearby CNs
in the peak time. As such, the proposed network can alleviate
the backhaul traffic load caused by duplicated transmissions
of popular contents from the MBS to IUs.

According to the connections in Fig. 2, we emphasize that
each IU cannot directly contact the CN in different homes
unless the CN is the serving SBS in the same home. In this
context, we require that the user requests in the same in-home
network can only be forwarded by its serving SBS to the MBS
or CNs. From now on, we treat the request of IU equivalently
as that of its serving SBS.

This paper considers two cases for the IUs to download con-
tents. First, the content requested by the SBSs are buffered in

the CNs. In this case, each SBS directly fetches the contents
from the CNs and forwards them to its IUs. Second, the con-
tent requested by the SBSs are missed in the CNs. In this case,
each SBS fetches the contents from the MBS via backaul.

B. PLC Channel Model

In this paper, the backhaul transmissions from the MBS to
SBSs are over the typical PLC channels. The received signal
at the kth SBS is

yk = hkx + zk , (1)

where k = 1, 2, . . . ,K . In (1), x is the signal transmitted from
the MBS, yk and zk are the received signal and noise at the kth
SBS respectively, hk is the channel transfer function from the
MBS to the kth SBS. Since the PLC channel can be modeled
as the multi-path propagation channel, we have [19]

hk =

I∑

i=1

gi ,kAi ,k

(
f , di ,k

)
e
−j2πfτi,k , (2)

where I is the number of paths in the PLC channel, gi ,k and
di ,k are the weight factor and distance of the ith path respec-
tively, τi ,k is the time delay of the signal via the ith path from
the MBS to the kth SBS, f is the frequency, and the attenuation
of PLC channel is given by

Ai ,k

(
f , di ,k

)
= e−(a0+a1·f a3 )di,k , (3)

where a0, a1, and a3 are the attenuation parameters.
In addition, the noise of PLC channels can be modeled with

the Bernoulli-Gaussian noise by [19]

zk = nG + nBnI , (4)

where nG and nI are zero-mean Gaussian random variables
with the variances σ2G and σ2I respectively, and nB is a
Bernoulli random variable with parameter q. From (4), the
variance of noise zk is

σ2k = E
(
n2
G

)
+ E

(
n2
B

)
E
(
n2
I

)
= σ2G + qσ2I , (5)

where E(·) is the statistical expectation operator.

C. Requesting Probability Distribution

Let F = {f1, f2, . . . , fN } be a set that collects all N con-
tents with fn being the nth content. In general, different SBSs
request different types of contents, leading to different con-
tent popularity. The paper assumes the requests for different
contents follow the Zipf distribution. Then, the requesting
probability of the kth SBS for the nth content is [20]

Qk ,n = φ−β
k ,n

/ N∑

ζ=1

φ−β
k ,ζ , (6)

where φk ,n denotes the preference degree of the kth SBS for
the nth content, φk ,n = 1, 2, . . . ,N , and the Zipf parameter β
is determined by the popularity of contents. According to (6),
a smaller φk ,n corresponds to a higher probability that the kth
SBS requests the nth content.

In this paper, we focus on the backhaul energy consumption
from the MBS to the SBSs rather than that from each SBS to
its IUs, as the energy consumption in the in-home network is
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Fig. 3. The directed graph G according to the requesting relation among
four SBSs.

much less that in the backhaul. As such, from power suppliers’
perspective, it is of particular interest to minimize the backhaul
energy consumption by a proper CN selection.

III. PROPOSED CN SELECTION

In this section, we elaborate the selection strategy of CNs.
First, we formulate the directed graph based on the requesting
relations among the SBSs. Second, we select the SBSs that
are frequently requested as the CNs.

A. Graph Model of Requesting Relations

Recall that each SBS in the in-home network can forward
the IU requests within the network, and all these SBSs are
fully connected with each other. We establish the requesting
relation between any two SBSs, if one SBS has received the
content request from the other SBS before. We call the SBS
that have received the requests before as the target SBS. We
remark that some SBS may have multiple target SBSs.

Let U = {u1, u2, . . . , uK } be the set of SBSs with uk being
the kth SBS. To select CNs, we propose to use the directed
graph to model the requesting relations among SBSs. Define a
graph as G = (U , E), where E is the set of directed edges and
U is the set of nodes (i.e., SBSs). In the graph, each edge in E
represents the requesting relation between two related nodes
in U . As an illustrating example, Fig. 3 shows a directed graph
that models the requesting relations among four nodes.

Generally, the nodes in U fall into two categories. The first
one is the nodes that have target SBSs, such as uj , uk , and
uo in Fig. 3. For example, uj has two target SBSs uk and
ui . Define U1 as the set that collects the nodes in the first
category, and U1 = {uj , uk , uo} in this figure. We use the
solid arrow lines to illustrate the directed edges induced by the
real requesting relations among the nodes in the first category.
The second one is the nodes that are not related to any target
SBS, such as ui in the figure. In this scenario, we randomly
select one out of the four SBSs as the target SBS of ui . Put
differently, all SBSs can serve as the contents provider for ui .
We use the dash arrow lines to illustrate the random requesting
relations induced by ui . Define U2 as the set that collects the
nodes in the second category and U2 = {ui} in this figure.

In addition, the set E = {(uj , ui ), (uj , uk ), (uk , uo),
(uo , ui ), (ui , u∗)}, where u∗ denote an randomly selected tar-
get SBS for ui and (uj , uk ) represents the directed edge from
uj to uk . Given (uj , uk ), uk is an adjacent node of uj , and
uk is a target SBS of uj .

Then, we use the adjacency matrix to collectively express
the relations induced by adjacent nodes in the graph G. Define
A = {aj ,k}K×K as the adjacency matrix, where aj ,k is the
weight of the directed edge (uj , uk ). Moreover, aj ,k represents
the probability that uk is selected as the target node of uj .
Fig. 3 indicates

A =

⎡

⎢⎢⎣

ai ,i ai ,j ai ,k ai ,o
aj ,i aj ,j aj ,k aj ,o
ak ,i ak ,j ak ,k ak ,o
ao,i ao,j ao,k ao,o

⎤

⎥⎥⎦. (7)

The entries of A are identified as follows: First, aj ,j = ak ,k =
ao,o = 0, since there is no relations between the uj and itself
in Fig. 3 (uk and uo follow similarly). Second, if uj has
multiple adjacent nodes (i.e., target nodes), the adjacent nodes
are selected as the target SBSs of uj with equal probability. Let
Φj denote the number of target SBSs of uj . In Fig. 3, Φj = 2
and the probabilities that uk and ui are selected as the target
SBSs of uj are both 1

Φj
= 1/2. That is, aj ,i = aj ,k = 1/2.

Furthermore, given that ui falls into the second category, all
SBSs can be the target node of ui with equal probability. Thus,
ai ,i = ai ,j = ai ,k = ai ,o = 1/4. Overall, we have

aj ,k∗ =

⎧
⎨

⎩

1
Φj
, if j ∈ U1,

1
K , if j ∈ U2,
0, otherwise,

(8)

where uk∗ denotes any target node of uj . From (8), we can
rewrite (7) as

A =

⎡

⎢⎢⎣

1
4

1
4

1
4

1
4

1
2 0 1

2 0
0 0 0 1
1 0 0 0

⎤

⎥⎥⎦. (9)

B. Calculation of IoS

We refer to the target SBS as the influential SBS if this
target SBS more frequently receives the requests than others.
To evaluate the frequency, we define the influence of SBS (IoS)
as the probability that an SBS receives requests from other
SBSs. Generally, we select the SBSs with IoS larger than a
specific threshold as the CNs.1

The spirit of the IoS computation builds upon the simplified
algorithm of PageRank that was proposed by Google Search to
measure the importance of website pages [21]. The underlying
assumption of PageRank is that more important websites are
likely to receive more links from other websites. Similar to
PageRank, we use IoS to measure the importance of a typical
SBS. The typical SBSs with higher IoS implies that the SBSs
are more frequently requested and the targets of the typical
SBS are more likely to be selected as CNs. It is stressed that

1The threshold of IoS is preset as shown in Algorithm 1 of Section III-C.
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the IoS of each SBS will be divided equally among all out-
bound links and passed to its target nodes. Let p(k) be IoS of
the kth SBS. In the general case, the IoS for any SBS can be
expressed as

p(k) =
∑

aj ,k=1/Φj ,uj∈U1

p(j )

Φj
+

∑

ui∈U2

p(i)

K
, 0 < p(k) < 1,

(10)

where the IoS of uk attributes to that of nodes in two different
categories. To be specific, the first term in the right-hand side
of (10) comes from the weighted IoSs of adjacent nodes of
uk in the first category, while the second term reflects the
weighted IoSs of nodes in the second category. In this paper,
we compute the IoS of each SBS iteratively. The key idea of
the iteration lie in the following three steps.

The first part is the IoS from each SBS uj in the SBS set
containing all SBSs linking to uk , divided by the number Φj

of targets from uj . The second part is the IoS from each SBS
ui without target, which is an element in U2 and randomly
selects uk as the target with the probability 1/K.

Step 1: Iteration of the IoS vector. With (8) and (10), we
have⎛

⎜⎝
pn+1(1)

...
pn+1(K )

⎞

⎟⎠ =

⎛

⎜⎝
a1,1 · · · aK ,1
...

. . .
...

a1,K · · · aK ,K

⎞

⎟⎠

⎛

⎜⎝
pn(1)
...

pn (K )

⎞

⎟⎠,

(11)

where n is the number of iterations. Then, we rewrite (11) as
a matrix form:

pn+1 = ATpn , (12)

where pn = (pn (1), pn (2), . . . , pn (K ))T is the IoS vector in
the nth iteration and T is the transposition operator.

Step 2: Adjustment of the adjacency matrix. This step is
used to adjust A to deal with the cases where the targets of
some SBSs are not consistent with the relations given in A.
Notably, A indicates the requesting relations in the past time
slots, which can be used to predict the targets in the future.
Thus, each SBS selects its targets according to A with large
probability in future. However, there exists the SBSs that select
their targets randomly without following the relations in A. For
example, from A in Fig. 3, uo is the target of uk for the time
being. Thus, it is more likely that uk will request from uo
with a large probability in the next time slot. Nevertheless, it
is possible that uk randomly selects the targets from all SBSs.

Let ρ be the probability that the SBSs select the target SBSs
according to A. Otherwise, the SBSs randomly select their tar-
gets with probability 1−ρ. Thus, we can adjust the adjacency
matrix as

Â =
1− ρ

K
eeT + ρA, (13)

where e is a K-dimensional unit column vector.
Step 3: Computation of IoS vector. Assuming that the MBS

is aware of Â, the IoS vector is updated as

pn+1 = ÂTpn . (14)

Theorem 1: The iteration in (14) is convergent.

Algorithm 1 CN Selection
Input: A, ρ;
Output: C;

1: Initialize p0 and set n = 0;
2: repeat
3: Update pn with (14);
4: Set n = n + 1;
5: until ||pn+1 − pn ||1 < τ ;
6: Set p∗ = pn , M = 1, and Γ;
7: for k = 1 to K do
8: Select p(k) from p∗;
9: if p(k) ≥ Γ then

10: Select the k th SBS as the M th CN;
11: Set cM = uk ;
12: Set M = M + 1;
13: end if
14: end for
15: return C = {c1, c2, · · · , cM }.

Proof: See the Appendix.
Finally, from (14), the IoS vector is given by

p∗ = lim
n→∞ pn , (15)

where the solution p∗ keeps almost invariant as n goes large.
In practice, we can find such p∗ when n>40.

C. Algorithm of CN Selection

Complying with the IoS iteration in (14), we develop the
CN selection algorithm as Algorithm 1.

From lines 1 to 6 of Algorithm 1, we calculate the p∗ in (15)
with reference to the power iteration method in [22]. In line 1,
we initialize the IoS vector as

p0 = (p(1), . . . , p(K ))T =

(
1

K
, . . . ,

1

K

)T

. (16)

In line 5, τ is an arbitrarily small positive value. From lines 6
to 13, we select the SBSs as the CNs according to p∗. In line 6,
we choose an IoS threshold Γ(0 ≤ Γ ≤ 1) to select the CNs.
As lines 9-13 indicated, the SBSs whose IoSs are larger than
Γ are selected as the CNs. In line 15, the algorithm returns the
CN set C = {c1, c2, . . . , cM } that contains M CNs selected
from the K SBSs. From line 11, C ⊂ U .

IV. MINIMIZATION OF BACKHAUL ENERGY

CONSUMPTION

This section formulates the optimization problem of
the backhaul energy consumption in the proposed caching
network. Then, we convert the NP-hard problem to be
tractable. Finally, we present an algorithm to solve the
problem.

A. Problem Formulation

To characterize the backhaul energy consumption, we com-
pute the transmission rate of the backhaul link. Let Rk be
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the backhaul transmission rate from the MBS to the kth SBS.
First, we have [19]

Rk = B

1∑

i=0

ξi log2(1 + αiγk ), (17)

where B is the PLC channel bandwidth, ξi = q i (1− q)1−i

with q defined in (5), and

α0 = 1 + qη, α1 =
1 + qη

1 + η
, (18)

with η =
σ2
I

σ2
G

. In addition, the received signal to interference

plus noise ratio (SINR) at the kth SBS is

γk =
PM→k |hk |2

K∑
j=1,j �=k

PM→j

∣∣hj
∣∣2 + σ2k

, (19)

where PM→k is the transmit power of MBS targeting at the
kth SBS, and the channel transfer function h and the noise
power σk are defined in (2) and (5) respectively.

Second, let Ek ,n be the energy consumed by the transmis-
sion of the nth content from the MBS to the kth SBS. Then,
we have

Ek ,n = PM→k
ln
Rk

, (20)

where ln is the size of the nth content. Define the set of content
sizes corresponding to F as L = {l1, l2, . . . , lN }.

Finally, we derive the energy consumption in our proposed
caching network. Let Sm,n be the total backhaul energy con-
sumption of all SBSs when fn is cached by the mth CN.
According to (6) and (20), we have

Sm,n =

K∑

k=1

(
1− Ik ,m

)
Qk ,nEk ,n , (21)

where En,k is the backhaul energy consumption for the kth
SBS downloading fn from MBS. In (21), Ik ,m is an indicator,
defined as

Ik ,m =

{
1, if cm is a target node of uk ,
0, otherwise,

(22)

where uk ∈ U is the kth SBS and cm ∈ C is the mth CN.
To minimize the backhaul energy consumption, we formu-

late the optimal content placement problem as

P0: min
xm,n

M∑

m=1

N∑

n=1

Sm,nxm,n (23a)

s.t.

N∑

n=1

lnxm,n ≤ Cm , ∀m (23b)

M∑

m=1

xm,n ≤ 1, ∀n (23c)

xm,n ∈ {0, 1}, ∀m,n, (23d)

where Cm is the cache size of the mth CN, and we define

xm,n =

{
1, if fn is cached in cm ,
0, otherwise,

(24)

where fn ∈ F and cm ∈ C.

It is notable that P0 is a NP hard problem. However,
we can equivalently transform this intractable problem into a
knapsack assignment problem [23]. To be consistent, we map
the commonly used notations in this paper to that in [23].
First, we treat C = {c1, c2, . . . , cM } as the knapsack set
and Cm as the size of the mth knapsack. Second, we regard
F = {f1, f2, . . . , fN } as the item set. Therefore, the problem
that the N items are assigned with the M knapsacks is
equivalent to P0.

B. Problem Conversion

According to [24], the NP-hard problem can be solved with
the Lagrangian relaxation.

First, we relax (23b) with a Lagrange multiplier vector
defined as λ = (λ1, λ2, . . . , λM ) and P0 can be converted as

P1 : min
xm,n

M∑

m=1

N∑

n=1

Sm,nxm,n

+

M∑

m=1

λm

(
N∑

n=1

lnxm,n − Cm

)
(25a)

s.t.
M∑

m=1

xm,n ≤ 1, ∀n (25b)

xm,n ∈ {0, 1}, ∀m,n (25c)

λm ≥ 0, ∀m, (25d)

where λm is the mth Lagrange multiplier.
For simplicity, we rewrite (25) as

P2 : min
xm,n

M∑

m=1

N∑

n=1

ψm,nxm,n −
M∑

m=1

λmCm

s.t. (25b), (25c), (25d), (26)

where ψm,n = λm ln + Sm,n .
Given λ, we equivalently transform P2 into

P∗
2 : min

xm,n

M∑

m=1

N∑

n=1

ψm,nxm,n

s.t. (25b), (25c). (27)

Obviously, P2 is tractable by decomposing P∗
2 into N

sub-problems, and the nth sub-problem that deals with the
placement of the nth content fn is formulated as

P2,n : min
xm,n

M∑

m=1

ψm,nxm,n

s.t. (25b), (25c). (28)

Then, we can obtain the optimal solution vector to P2 by
solving the N sub-problems given λ.

Finally, due to the Lagrange relaxation, P2 is the lower
bound to P0 [24]. In this case, we use the Lagrangian dual
problem to maximize P2, given by

P3 : max
λ

P2

s.t. (25b), (25c), (25d). (29)
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Algorithm 2 Optimal Content Placing Algorithm

1: t = 0, λ = 0,
∣∣∣
∣∣∣∇(λ(t))

∣∣∣
∣∣∣
2
= ∞;

2: Set Sm,n , T;

3: while t ≤ T or
∣∣∣
∣∣∣∇(λ(t))

∣∣∣
∣∣∣
2 ≤ ε do

4: for n = 1 to N do
5: Solve P(n) according to (28) as m∗;
6: Set the m∗th CN to place fn ;
7: end for
8: Update λ(t);
9: t = t+1;

10: end while
11: Obtain X;
12: Calculate Θ;
13: w = Sort(F , Θ);
14: for j = N to 1 do
15: Set m∗ = Find_CN(w[j ],X);
16: if Length(w[j ]) ≤ Cm then
17: Set m ′ = m∗
18: else
19: M = Available_CN_Set(w[j ]);
20: m ′ = Find_optimal_CN(w[j ], M);
21: end if
22: Cm ′ = Cm ′ − Length(w[j ]);
23: end for
24: return X′.

To solve P3, we use the sub-gradient approach in [24]. In
this way, the optimal solution to P3 is also optimal for P0.

C. Solution Algorithm

In the part, we develop the optimal content placement
algorithm (OCPA) to solve P0, as shown in Algorithm 2.

Generally, the algorithm consists of two modules. From
lines 1 to 11, the first module adopts a sub-gradient approach
to solve P3. However, the Lagrange relaxation used in this
module may lead to a infeasible solution to P3. As lines 12
to 24 shown, the second module adjusts the solution from
the first module to be feasible by a heuristic approach. In the
following, we elaborate Algorithm 2.

Lines 1 and 2 initialize the parameters. For example, we
set T as the maximal iterations, obtain Sm,n from (21), and
compute the sub-gradient as follows:

∇
(
λ
(t)
m

)
=

N∑

n=1

lnx
(t)
m,n − Cm , (30)

where λ(t)m ∈ λ(t) denotes the mth Lagrange multiplier in the
tth iteration.

In line 5, we identify the optimal solution of the nth sub-
problem in (28) as

m∗ = argmin
m∈{1,...M}

ψm,n , (31)

where m∗ is the optimal CN to place the nth content. Thus,
according to (24), xm∗,n = 1. If m 	= m∗, xm,n = 0. Then,
we solve P2 by the optimal solutions to all N sub-problems.

In line 8, λ(t) is updated by

λ(t+1) = max
{
λ(t) + ϑt∇

(
λ(t)

)
, 0
}
, (32)

where ϑt is given by

ϑt =
Vub(t)− Vlb(t)∣∣∣∣∇(λt)∣∣∣∣2

δt , (33)

where δt is the step size and Vub(t) and Vlb(t) are the upper
and lower bounds of P0, respectively.

We note that ε is a small positive number in line 3. When
the loop terminates, X is the solution to P3. However, due to
the relaxation with (23b), it is possible that the placement size
for some CN induced by X is larger than its cache size. In this
case, X is an infeasible solution. To cope with the problem,
we design a heuristic approach to adjust X to be feasible in
the second module. In this approach, we first devise a placing
order for the contents according to X, and then select the CNs
whose remaining cache size is enough to place the contents.
Thus, the key of the heuristic approach lies in the design of
the placing order.

In lines 12 and 13, we sort the contents such that the con-
tent with the smaller placement energy is placed with higher
priority. Let Θ denote the placement order vector with Θ(n)
being the placement order of fn , given by

Θ(n) =
φ(n)

ln
, ∀fn ∈ F , (34)

where the size of the nth content ln is defined in (20) and φ(n)
is the average preference degree of all SBSs on fn , given by

φ(n) =
1

K

K∑

k=1

φk ,n , ∀fn ∈ F . (35)

Let us elaborate (34). The larger ln costs a larger energy
consumption for downloading fn , while the larger φ(n) cor-
responds to the smaller requesting probability of fn from (6).
As a result, the smaller Θ can save more energy. Thus, the
content with smaller Θ has the higher priority to be placed.

As shown in line 13, we sort the contents according to Θ in
ascending order and the sorted contents are stored in an array,
denoted as w. From lines 14 to 24, we adjust X to be feasible.
In line 15, we find the m∗th CN to place the content w[j]
according to X. If the CN has enough memory to cache the
content, we adopt X as the placement solution, as depicted in
lines 16 and 17. Otherwise, we adjust the placement solution.
In line 19, we find the available CN set for the content w[j],
defined as

M = {m ∈ {1, . . . ,M }|Length(w[j ]) ≤ Cm }. (36)

where Length(w[j]) is the operator used to obtain the size
of w[j]. In line 20, we identify the optimal CN according
to (28) as

m ′ = argmin
m∈M

ψm,n , (37)

where the m′th CN is the adjusted CN selected from M. Note
that a content will not be downloaded if there is no available
CN in M for the content. Finally, in line 24, the algorithm
returns the feasible optimal content placement X’.
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TABLE I
PARAMETERS SETTING FOR PLC NETWORKS

Fig. 4. Running time versus the different numbers of CN.

V. NUMERICAL RESULTS

We simulate a cache-enabled PLC network with an MBS
and K SBSs in Fig. 1. The content set has N contents with
different sizes and the sizes are randomly generated with the
uniform distribution, denoted as U(1, 5). The requesting prob-
abilities of the SBSs follow the Zipf distribution with β = 0.85
and a randomly generated φk ,n in (6). Moreover, we use the
parameters of the PLC networks according to the HomePlug
AV2 standard [25], as listed in Table I.

To evaluate the performance of proposed optimal place-
ment algorithm, three typical contents placement algorithms
are used as the benchmark, described as follows.

• Random Algorithm (RA): Contents are randomly assigned
with CNs.

• Popularity Based Algorithm (PBA): Contents with higher
popularity are more likely to be downloaded by the CNs.

• Branch and Bound Algorithm (BBA): Contents are placed
with the integer programming algorithm [26].

Fig. 4 compares the average running time between the
proposed OCPA and BBA versus the number of CNs. The
number of SBSs is set as 100 and the numbers of contents
(i.e., N) are 500 and 1000. First, we observe that the running
time of OCPA is much less than that of BBA. The average
running time for OCPA is mainly affected by the number of
contents rather than the number of CNs. Additionally, the run-
ning time of OCPA is less than 30 seconds even though the
number of CNs is up to 40. Second, we observe that the run-
ning time of BBA increases slightly when the number of CNs
(i.e., M) is less than 15. However, when M>15, the running

Fig. 5. Backhaul energy consumption comparison among different caching
algorithms.

Fig. 6. Backhaul energy consumption comparison under different Ios
thresholds.

time increases in an exponential way. The running time reaches
120 seconds when M = 40. The reason is that the complexity
of the integer programming algorithm dramatically increases
with the numbers of CNs and contents.

Fig. 5 dipects the backhaul energy consumption versus the
size of the cache sizes in the CNs under different caching
algorithms. The number of CNs, SBSs, and contents are set
as 17, 50, and 1000, respectively. First, we observe that the
backhaul energy consumption decreases as the cache size goes
up. Second, BBA slightly outperforms OCPA due to a smaller
energy consumption. The reason is that the OCPA is the
approximate solution algorithm while the BBA is an exact one.
Third, we can also find that the backhaul energy consumption
of OCPA is much smaller than RA and PBA.

Fig. 6 shows the backhaul energy consumption with differ-
ent algorithms versus the threshold of IoS. The cache size is set
as 20. We observe that all caching algorithms consume more
backhaul energy under a larger Γ. The reason is that a larger
Γ implies that a smaller number of SBSs can be selected as
the CNs. For example, when Γ = 0.36, 3 out of 50 SBSs are
selected as the CNs since their associated IoS are larger than
Γ. When Γ = 0.2, 7 out of 50 SBSs are selected as the CNs.
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Since the cache size of each CN is fixed, a smaller number
of CNs implies that the total cache memory shrinks, resulting
in less cached contents. Consequently, this will cause more
backhaul energy consumption due to higher backhaul traffic.

VI. CONCLUSION

In this paper, we have designed a cache-enabled PLC
network to reduce the backhaul energy consumption. Toward
this end, we first deployed the cache devices at some SBSs
to serve the IUs by storing the popular contents from the
MBS. Second, we modeled the requesting relations among the
SBSs as a directed graph. In particular, we proposed an algo-
rithm to select a portion of SBSs as the CNs by computing
the IoS according to the directed graph. Third, we formu-
lated the optimal content placement problem to minimize
the backhaul energy consumption. Going forward, several
follow-up directions deserve further investigation. First, wire-
less caching can be used to further extend the coverage of the
PLC networks. The hybrid design of PLC and wireless caching
networks remains open. Second, it is of interest to select the
SBSs as CNs in PLC networks according with the social
networks, where each CN is selected from the SBSs clustered
by friendship relation with the same content preference.

APPENDIX A
PROOF OF THEOREM 1

We model the iteration in (14) with a Markov process, where
pn corresponds to the nth state of the Markov process and
Â is the state transfer matrix. In this way, the convergence
of (14) is equivalent to the convergence of the Markov process.
From [27], the corresponding Markov process is convergent
under the condition that the state transfer matrix is stochastic,
irreducible and non-periodic. Therefore, to validate the con-
vergence of (14), we need to prove Â is stochastic, irreducible
and non-periodic.

According to (13), we denote the sum of jth row of Â as

rj =
K∑

k=1

rj ,k = (1− ρ)
K∑

k=1

1

K
+ρ

K∑

k=1

aj ,k ,

j = 1, 2, . . . ,K . (38)

From (8), we have

aj =

K∑

k=1

aj ,k =

{∑K
k=1,uj∈U1

1
Φj
, Φj ≥ 1

∑K
k=1,k �=j

1
K , Φj = 0

(39)

With (39) and (38), Â is a stochastic matrix, since rj = 1, ∀j .
Moreover, Let J = {πj ,k}K×K be the accessibility matrix

of Â, where

πj ,k =

{
1, rj ,k > 0
0, rj ,k = 0.

(40)

In (13), 1−ρ
K eeT is composed of K 2 positive value 1−ρ

K ,
which ensures that rj ,k is positive. Then, πi ,j ≡ 1 from (40).
Therefore, Â is irreducible, since J is irreducible.

Finally, given a positive integer i, the ith power of Â,
denoted as Âi , is also positive, since Â is positive. Thus, Â
is non-periodic.

Overall, the Markov process is convergent, since Â is a
stochastic, irreducible, and non-periodic. As such, the iteration
in (14) is convergent.
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