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Abstract— With the drastic increase of mobile devices, there
are more and more mobile traffic and repeated requests for
content. In 5G networks, small cell base stations (SBSs) caching
and caching in wireless device-to-device network can effectively
decrease the mobile traffic during peak hours. Currently, most of
the related work is focused on how to cache content on SBSs and
on mobile devices, and it is assumed that the user can download
the entire requested content through the connected SBSs and
mobile devices. However, few works have taken user mobility
and the randomness of contact duration into consideration. How
to improve the caching strategy by exploiting user mobility is still
a challenging problem. Thus, in this paper, we first investigate
the problem of how to conduct caching placement on SBS and
on mobile devices leveraging user mobility, aiming to maximize
the cache hit ratio. Specifically, the caching placement on SBSs
and on mobile devices is formulated as an integer programming
problem, and submodular optimization is adopted to solve the
formulated problem. Then, we give the optimal transmission
power of SBSs and mobile devices to deliver the caching content
in order to reduce the energy cost. Simulation results prove that
our caching strategy is more efficient than other existing caching
strategies in terms of both cache hit ratio and energy efficiency.

Index Terms— Content caching, device-to-device communica-
tions, 5G networks, human mobility, cache hit ratio.

I. INTRODUCTION

HE he demand for the capacity of wireless networks has

been increasing exponentially over the past few years.
According to a report by Cisco [1], the global mobile traffic
will exceed 24.3 exabytes per month. As such, it is expected
that the future fifth generation (5G) wireless networks have to
support 1000x higher capacity and 100x lower delay. In partic-
ular, densification of wireless networks using small cells have
received tremendous interests in the research communities as
an effective means to meet the challenging goals.
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5G networks [2] mainly include macrocell base
stations (MBSs) and small cell base stations (SBSs).
By bringing the base stations closer to the device in small
cell networks, the spectral efficiency can be significantly
enhanced due to increased spatial reuse. However, such benefit
comes at the expense of potentially intense interference and
high backhaul cost. Specifically, as the density of the SBS
increases, the inter-cell interference becomes more severe,
which limits the spectral efficiency of the ulta-dense small
cell networks. To cope with the interference issue, cooperative
MIMO or, Cooperative Multi-Point (CoMP) techniques have
been proposed [3]. By sharing the payload between SBSs,
they can cooperatively serve multiple users and therefore
eliminating cross-cell interference. However, CoMP will
increase the backhaul load due to payload sharing between
the SBS. Since the number of backhaul scales with the
number of SBSs, the backhaul can easily become the system
bottleneck in small cell networks.

On the other hand, it is reported that most of the capacity
demand will originate from high quality multimedia streaming
applications [4]—[8]. A few popular contents may be repeatedly
requested by nearby users within a window of time. Unlike
generic data applications, these content-centric applications are
cachable. If the requested contents are cached at the radio
access network, i.e., at the SBS or at the devices, they may be
requested by nearby users in the immediate future. In this case,
the new requests can be served by the cache instead of from
the core network via the backhaul. Caching at the radio access
networks has the potential to significantly reduce the loading
of the backhaul and can alleviate the backhaul bottleneck in
ultra-dense small cell networks.

There are a number of recent works on caching in wire-
less networks. In [9], femto-caching has been proposed.
In [10], [11], physical layer (PHY) caching has been proposed
to exploit the BS cache to exploit CoMP opportunities. Specif-
ically, when the requested contents of the users exist in the
caches of multiple BSs simultaneously, the BSs can engage
in CoMP without inducing extra loading to the backhaul for
payload sharing. In [12], algorithms for distributed caching
are proposed for the data dissemination in the downlink of
heterogeneous networks. Furthermore, in [13] and [14], the
optimal cache scheme was designed in terms of a small cell
video caching system, and a data-driven cache strategy was
proposed in [15]. In [16]-[18], caching at the devices have
been proposed to enhance the capacity of D2D networks. It has
been recognized that popular content should be cached on
mobile devices and throughput of network may be improved
by D2D communications. However, these works are based on
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the assumption that user remains static, i.e., assumed fixed
network topology.

Since user mobility in a caching network is a very critical
problem, there are some preliminary works considering user
mobility. These works can be classified into two categories,
i.e., cache in SBS, and cache in mobile device. Cache in
SBS. Due to the dense deployment, the handovers between
mobile device and SBSs are quite frequent. Such mobil-
ity should be considered during the design of a caching
policy. Wang et al. [19] discuss the femtocaching without
file coding under user mobility. Poularakis et al. [20] tried
to minimize the workload at MBS by making strategy of
content caching at SBS when the user mobility is considered.
Mobilecacher in [21] describes caching placement which is
mobility-aware in SBSs. Cache in mobile device. Through
transmission opportunity by D2D links, the D2D caching
delivers content to contacted user by opportunistic connec-
tions. Lan et al. [22] proposed mobility-aware caching in D2D
networks. Wang et al. [23], [24] further discussed the mobility-
aware coded caching strategy in D2D network.

However, all of above work assume that the whole cached
file [22] or encoded segments [20], [24] can be successfully
delivered within the contact duration when mobile device
request file from SBS or other mobile device. However,
according to the study in [25], the transmission data is related
to the contact duration. Thus, takeing into account the con-
tact duration randomness caused by user mobility, the above
assumptions are not practical. Considering the caching system
designed is consisted of two separated phases [26], i.e., content
placement phase and delivery phase. Thus, the challenges
of caching content on SBSs and on mobile devices under
condition of the randomness of contact duration are mainly
two-fold: mobility-aware content placement and green content
delivery. For the former, we need to optimally determine
how to cache in the mobile device and the SBSs in order
to maximize the cache hit ratio. For the latter, how can
we improve the energy efficiency of 5G network during the
content delivery.

In order to overcome the above challenges, we present the
green and mobility-aware caching model for SBSs and mobile
devices, which includes mobility-aware content placement
model and green content delivery model. For mobility-aware
caching model, we derive a solution to maximize the cache
hit ratio on the SBS and mobile devices by using submodular
optimization. For green content delivery model, we analyze
the optimal transmission power of SBSs and mobile devices.

In summary, the contributions of this paper include as
follows.

e How to Cache: we considered how to conduct caching on
SBSs and mobile device leveraging user mobility, aiming
to maximize the cache hit ratio. This problem is formu-
lated as a mixed integer nonlinear programming (MINLP)
problem, which is NP-hard. Submodular optimization is
introduced and a greedy algorithm is developed to solve
this problem.

e How to Delivery: we analyzed the energy efficiency
when SBS and mobile device deliver the cached content
under condition of the randomness of contact duration.
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Furthermore, we put forward the optimal transmit power
of SBSs and mobile device in order to reduce the delivery
energy cost.

o Performance Analysis: Simulation results prove that our
caching strategy is more efficient than other existing
caching strategies in terms of both cache hit ratio and
energy efficiency. Through the experiments, we find that
more popular contents are cached on SBSs and mobile
devices when user mobility is low, when the mobility of
users is high, it is necessary to consider the diversity of
files.

The remainder of this article is organized as follows. The
system model is described in Section II. We present the
green and mobility-aware caching scheme in Section III and
propose the solution for green and mobility-aware caching
strategy optimization in Section IV. Our experimental results
and discussions are provided in Section V. Finally, Section VI
concludes this paper.

II. SYSTEM MODEL

In this paper, we consider a 5G network with macro cell
base station (MBS), small cell base stations (SBSs), and
mobile devices. A specific scenario is illustrated as Fig. 1,
there are five mobile device users Rachel, Eva, Tommy, Suri
and Cindy. The file requested by Rachel includes four encoded
segments, i.e., s1, §2, s3, s4. Considering the limitation of
storage capacity at user’s mobile device, we assume each
user only stores one coded segment. Given an example shown
in Fig. 1, Eva, Tommy, Suri and Cindy store s1, s2, s3 and s4,
respectively. Considering user mobility to make a caching
strategy, Rachel obtains s1, s and s3 from Eva, Tommy,
Suri, while retrieving s4 from SBS2. The example shows the
reduction of the traffic load at MBS. From the above discuss,
it is observed that user mobility has significant influence on
the content cache of mobile device and SBS. Below we will
propose a model for how to cache on mobile device and
SBSs according to the user mobility. Denote by / and n the
number of SBS and mobile device, respectively. Let § =
{$1,8,---,8} and D = {D{,D;,---,D,} be the set of
SBSs and mobile devices, respectively. The MBS can connect
to the SBSs and mobile devices, and each user requests the
content independently. The main notations used in this paper
are given in Table I.

A. Mobility Model

The mobility model to be used in this paper is a peer-to-
peer connectivity model [27] which is widely investigated in
wireless network [23]-[25] and delay tolerant network [28].
Similar to [23], [25], [27], we assume pairwise contact process
is independent Poisson process.

1) The Mobility Model for Users in the Small Cell Network:
The condition for successful communication between mobile
device D; and SBS Sy is that D; is within the communication
radius of Sx. We define the contact duration 7; x when mobile
device D; is within communication range of SBS S as
Tix = {(t — 1) : |14 — Ll < Rs,t > 1o}, where 19
stands for the most recent time when mobile device D; just
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Fig. 1.

An illustration of mobility-aware caching in 5G networks.
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TABLE I
L1sT OF COMMONLY USED NOTATIONS

Notation Explanation
S The set of SBSs.
D The set of mobile devices.
F The set of files.
cy Cache size of SBS Sy,
CiD Cache size of mobile device D;.
pr Probability that a request for file Fy.
/\fk Exponential distribution parameter of pairwise contact duration between mobile device D; and SBS Sy.
)\fj Exponential distribution parameter of pairwise contact duration between mobile device D; and D;.
Ak The amount of data delivered can be sent from SBS S} to mobile device D; during a contact duration.
B The amount of data delivered can be sent from mobile device D; to D; during a contact duration.
Ta The deadline for user requests.
PIP The transmission power of mobile device.
PYB The transmission power of SBS.
PCD The circuit power consumption of the mobile device.
Pg The constant power of SBS.
Wp The D2D channel bandwidth.
Wp The downlink transmission bandwidth from SBS to mobile device.

enter the communication range Rg of SBS Si. £; and £
stand for the locations of SBS S; and mobile device D; at
time 7, respectively. Since the contacts process between SBS
and mobile devices follows independent Poisson processes,
the pairwise contact duration 7;; of mobile device D; and
SBS Sk follows the exponential distribution with parameter
1B e where A8 ik is named as the contact rate of mobile device
D and SBS Sk In consideration of limited storage capacity
of SBSs, we define cache size of SBS S as Ck.

2) The Mobility Model for Users in the D2D Network:
Communication can only be successful when the shortest
distance between any two mobile devices is within Rpjp.
Define the contact duration 7; ; between any two users D;
and D; as T;; = {(t —10) @ ||Lf — L;.|| < Rpoap,t > 1o}
Similarly, 7o stands for the most recent moment when mobile
device D; just enter the communication range Rpyp of mobile

device Dj; Ll? and £’ stand for the locations of user D; and
D; at moment ¢, respectively. Similar to the above, the contact
duration between any two mobile device D; and Dj; also
follows the exponential distribution with parameter /ID where
/1Dj is termed the contact rate of mobile device D; and D;.
In a similar way, in consideration of limited storage capacity
of mobile device, we denote the cache size of mobile device
as CiD .

3) The Mobility Pattern: For user’s mobility, we utilize
the real dataset to verify that the contact duration between
user and user as well as between user and SBS follows the
exponential distribution. For the contact duration between user
and user, the Infocom in Cambrige/Haggle dataset provided
in [29] is plotted in Fig. 2(a). The comparison therein with the
exponential distribution validates the current model for peer-
to-peer contact duration. For the distribution of the contact
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duration between user and SBS, our model of contact duration
between users and SBS has been developed using the dataset
from the Wireless Topology Discovery (WTD) project at
UCSD [30]. Similar to [20], we treat WiFi APs in the dataset
as SBS and chose 2002/10/16 as the day in the experiment.
This results in the curve of the contact duration of all users
with SBS as shown in Fig. 2(b). It is observed from the
figure that the contact duration can be also suitablly modeled
by the exponential distribution.

In [23], the experiments show that user contact rate is
linearly proportion to the user’s moving speed. A higher
mobility leads to a larger contact rate. Thus, user’s moving
speed can be deemed as the user’s contact rate. However,
the contact duration is decreased accordingly with the increase
of user’s moving speed. When the contact duration is not
enough to finish the data transmission of cached file, it will
cause the failure of file transmission. Thus, it is impractical
to assume 100% delivery ratio [20], [22], [24] in mobile net-
works. The contact duration follows exponential distribution.
Thus, we assume the throughput of content delivery during the
contract duration also follows exponential distribution. Let the
random variable lei""k denote the maximum amount of content
delivered from SBS Si to D; during the wth contact duration.
Let the random variable 'ij’j denote the maximum amount
of content delivered from D; to D; during the wth contact
duration.

B. Content Request Model

Consider a content library (also called the file library) with
m contents. Let # = {Fy, F>, --- , Fy,} be the set of all files in
the content library.This paper adopts coded caching strategy,
i.e. file F'y can be encoded into sy encoded segments through
rateless Fountain coding [31] and each encoded segments have
same size. We also assume that Fy can be restored through
the sy code segments [23], [32]. Denote size of Fy as [Fy|.
Then, the size of each encoded segment can be calculated as
gr = %ff‘ Contents are ordered according to their popularity,
i.e., ranking from the most popular file (F7) to the least
popular file (F,). Each user requests content Fy randomly
and independently from the content library with a probability
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of pr, and we assume p follows the Zipf distribution with
parameter y [33]. Then, We have:

f_)’

= <m :1925"'9 B 1
Pr=sm s f m M

where y indicates the uneven distribution of popularity in the
contents. Let 7, denote the deadline for user requests. When
a user requests content with 7y, he or she can obtain content
mainly through the following three ways as shown in Fig. 3

o Local-Caching: The user would check his or her own
mobile device. If the required content is cached on
his or her device, then the user would obtain the required
content from the local cache.

o D2D-Caching or SBS-Caching: If the required content
is not cached on the mobile device, then the user may
obtain the required content through one of the following
two ways within 7;. (i) D2D-Caching: Assume there is
another mobile device within its D2D range Rpyp that
stores the required content. Then D2D communication
will be established between them, to obtain the required
content from the neighboring device. (ii) SBS-Caching:
Assume there is a SBS within its communication range
Rg that stores the required content. Then SBS commu-
nication will be established between them, to obtain the
required content from the SBS. In this paper, we assume
that the D2D communication is assisted by the SBSs [34]
and the SBSs have the global information to make
caching decision for all mobile devices.

o« MBS-Caching: If within the deadline 7, for the
requested content, the user cannot obtain the required
content with the above-mentioned methods, then
his or her request will be processed by the MBS, to obtain
the required content from the MBS.

C. Energy Consumption Model

In this section, we present the energy consumption model
when mobile device or SBSs send content to content requester.
We present the energy cost model for D2D communications
and SBS communications, respectively.
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MBS Cachin

SBS Caching

Fig. 3.

1) Energy Cost for D2D Communications: First, we con-
sider the energy consumption when mobile device D; trans-
mits cached code segment to D;. For the sake of simplicity,
the interference of D2D communications is not considered.
According to [35], the average D2D data rate can be obtained:

PDh2 —a
Rp=FE [ WDlog2(1 + Ti’;r’))]
9p

PDr*a
Wplog2(1 + %) )

D

%

where PTD is the mobile device transmission power, Wp is the
channel bandwidth from D; to D; hp represents channel gain,
follow zero mean complex Gaussian distribution with unit
variance rp is the distance between D; and D;. 012) denotes
white Gaussian noise o is path loss factor.

According to [36], the power consumption of D; can be
modeled as ﬁDPTD + PCD + PP, where PCD represents the
circuit power consumption of the mobile device D;, and fp is

the inverse of power amplifier efficiency factor. P 1{1) represents
the energy consumption of caching hardware devices. In this
paper, we ignore the energy consumed for delivering the
cached content. Our focus is to obtain the optimal transmission
power within contact duration. Thus, when D; transmits file
B?. to D;, the corresponding energy consumption of D; can

be calculated as:
(1)

B
Ep=—L(ppPP + PP, 3)
Rp

2) Energy Cost for SBS: Here, we investigate the energy
consumed SBS Sy when S; delivers coded segment to D;.
Similar as before, we do no consider the interference between
SBSs. Denoted Pf as the SBS transmission power. Then,
the downlink speed of mobile device can be calculated as:

PBh2 —p
E [ ngog2(1 + #)}
o
B

PBrfﬂ
W310g2(1+ - ) 4)

Op

Rp

%

where Pf is the SBS transmission power, Wp is the downlink
transmission bandwidth from SBS to mobile device, hp is the

Small cell BS 1
‘,\‘ Rachd
i
! ny
...
*
Cmmm® -
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D2D Caching

Local Caching

Ilustration of the three ways for content access: local-caching, D2D or SBS caching, and MBS caching.

channel power gain, follow zero mean complex Gaussian dis-
tribution with unit variance rp represents the distance between
D; and S, and al% is the variance of additive white Gaussian
noise, f means the path loss factor. Similarly, we ignore
the energy consumption for file storage in SBSs. According
to [36], when SBS send file ;  to D;, the energy consumption
at the SBS can be calculated as:

q%
Ep= —R“" (BsPE + PE), (5)
B

where Pg denotes an offset of site power including the
baseband processor, the cooling system and etc, and fSp is
the inverse of power amplifier efficiency factor.

III. GREEN AND MOBILITY-AWARE CACHING MODEL

In this section, we present green and mobility-aware caching
model. Considering the randomness of contact duration caused
by user mobility, we need to decide which contents should be
cached at SBSs and mobile devices, in order to maximize the
cache hit ratio (the number of requests delivered by the cache
server, divided by the total number of requests). Furthermore,
in order to ensure the green of 5G network, we describe how
to reduce the energy consumption during content delivery.

A. Motivation

We illustrate how to utilize user mobility with an example,
and then design the content placement and delivery for SBSs
and mobile devices, as shown in Fig. 4. In Fig. 4(a), user
Tommy requests content includes two code segments with
deadline T,. Due to the low mobility of Tommy, the number of
contacts with SBS and other users is relatively small, yet the
contact duration is long. As shown in Fig. 4, Tommy obtained
requested file from SBS1. For this case, the code are cached
at SBS1. In Fig. 4(b), likewise, user Tommy requests content
including two code segments with deadline 7,. However,
the mobility is high for this time. Thus, Tommy only finishes
the transmission of one code segment during the contact with
SBS1. In T;, Tommy meets Rachel and obtain code segment
from Rachel’s cache. Thus, the caching strategy is more
complicated, since both SBS1 and Rachel contribute requested
code segments with Tommy’s personalized moving speed.
In the delivery phase, the SBS1 and user Rachel deliver the
content to user 7ommy with the minimum energy consumption,
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Fig. 4. Tllustration for the impact of user mobility on caching.

when they are in the contact duration. So, the cache strategy
are closely related to contact duration. Green and mobility-
aware caching model which included mobility-aware content
placement model and delivery model is shown below.

B. Mobility-Aware Content Placement Model

Let matrix X;x,, define the caching strategy of the encoded
segments in SBS, where x; s € X represents the number of
code segments in SBS Si. Let matrix Y, «;;, denote the caching
strategy of the encoded segments in mobile device, where
vj,r € Y is the number of code segments cached at mobile
device D;. Define matrix Z = [X; Y] as the caching strategy
matrix, which needs to be solved out. Let ‘uif (Z) denote the
total amount of code segments that D; can obtain from SBS
and mobile device within 7. Thus, the caching strategy with
maximal cache hit ratio can be expressed as

= f
max1Zmlze Z Z prPr(u (Z) > sy) (6a)
i=1 f=1
m
subject to Zxkjfgf <C{, Vkefl,---,1}, (6b)
f=1
m
f=I
.xk’fe{(),l,"',Sf}, Vk’f (6d)
y],fe{oa 1,,Sf}, V.]af (66)

where the objective function (6a) represents how to cache in
SBS and mobile device, so as to maximize the cache hit ratio.

Two constraints (6b) and (6¢) mean the total size of cached
files cannot exceed the cache capacities of SBS and mobile
devices, respectively. Constraints (6d) and (6e) represents the
number of cache is integer.

Next, we will give the solution to Pr(‘uf (Z) = syp).
According to the mobility model discussed in Section II,
the contact number between mobile device with SBS or other
mobile device follows Poisson distribution. Within time T,
let M; ) denote the number of contacts between D; and Sg;
let N; ; denote the number of contacts between D; and D);.
Both M; and N;; are random variables following Poisson
distribution. Then, the total size of file Fy, which D; can
obtained within 7, from D; and Sk, can be calculated as:

Nij

Z& t 2 @

where félff’k follows an exponentlal distribution with parame-
ter Alsk, and Q?‘j’j follows an exponential distribution with
parameter B
Since the number of contacts follows the Poisson distribu-
tion, the average contact number for D; getting contact with
S can be denoted as l 2 T4, while the average contact number
for D; getting contact w1th Dj is denoted by/lD T. Through
such simplification, we can obtain
1B A",-lj)- Ty
Viie= 20 At DB ®)
w=1 1

w=
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Denote Vi]; = Zw'ﬁld AP, since A5 (@0 = 1,2, , A3 Ty)
is a collection of 1ndependent and 1dentlcally dlstributed
random variables, according to [37], we obtain Vl.fk ~

t/d

!
Gamma(i Td,A ). Denote Vlj = >, lj, likewise,

ij ~ Gamma(iDTd, BD) Thus, D; can obtaln the size of
the file Fy as follows

[ n
=2 Vit 2V ©)
k=1 j=1

Now, we give the probability distribution function (PDF) of
Iy f(l)) Let f, i (v1) denote the probability distribution func-

tlon of varlable Vl r. Let f f (v2) denote the probability distri-

bution function of V; ;. Accordmg to above analysis, the prob-
ability distribution function of f, v (v) is the discrete convolu-

ti £ i . Then,
ion of f, ; (v1), ,fV_.f(Ul),fVi.’fl (v2), vy, (v2). Then

oM Ti—1 =0 A oM Ta—1,—0 B},
fyr@) = o ® @ ——
' (As) " LGAT) (B T GET)
D) zITd 1 H 1)’1111Td 1 71)3111)1
—ibT, —1BT,
(BY) "MIT (WA Ty) (BY) "B 1))

(10)

Due to the intrinsic difficulty feature to solve the convolution,
Welch-Satterthwaite estimation [25] is used to obtain
o7 -1 eft(S

fV[f(U) ~ SIT()

(11)
where
i AE T A3 +z’} | AP T4BE)?
Zk | AB T (A, ) +2>0 1/1DTd(BD)
e M Ta(AY, )+ S0 AR T(BD)
St VABT AS + 3 1/1DTdB

Then, random variable Vif can be estimated as a gamma
distribution, i.e., Vl.f ~ Gamma(y, 9).
Now, we give the computation of Pr(‘uf (Z) > sy). Since

uf = mln(L Vig J gr), and ‘llf is a discrete random variable,
and Vi.r is a contlnuous random variable, we can conclude
that:

Pr('llif(Z) >sp)=1- Pr(‘uif(Z) <sf)

f
=1- ZPr('uif(Z) =a)

a=0

12)

Here, we give the solution to Pr(’aif (Z) = a) as follows
Pr(ul(Z) = a)

gla+1)
/ fyr@)do, it 0<a < (xkr+yjf)
I R (13)
| Uem] [ f,r@)do, if a= (xkr+yjr)
ga
0, otherwise

Finally, the distribution of Pr(‘uif (Z) > sy) can be calculated.
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C. Green Content Delivery Model

When SBS and mobile device deliver the content, energy
will be consumed. This section will discuss how the SBS
or mobile device deliver the content to the requested mobile
device with minimal energy consumption. Given that D2D is
used, we formulate the following optimization problem:

minimize Ep
Py

< pb

subject to: 0 < PP A

(14)

The objective function is to find the optimal transmit power
of Dj, which send the cached content B;; to requesting D;,
to minimize the energy consuming by D;. The constraint
is that the transmit power Pf’ of mobile device is within
(0, PP 1, where P is the maximized transmit power of
mobile dev1ce.

Similarly, we formulate the following optimization problem
for SBSs:

minimize Epg
Pt

B
= Pmax

subject to 0 < PT (15)

The objective function is to find the optimal transmit power
of Sk, which send the cached content 4;; to requesting D;, to
minimize the energy consuming by Si. The constraint is that
the transmit power Pﬁ of SBSs is within (0, P where
PB s the maximized transmit power of SBSs.

max ]

IV. GREEN AND MOBILITY-AWARE
CACHING PoLICY SOLUTION

In this section, we first give a solution of mobility-aware
content placement model using submodular optimization.
Then, we derive a solution to the content delivery model.

A. Solution of Mobility-Aware Content Placement Model

The optimization problem (6) is related with the number
of cached code segments at SBS and mobile devices, which
is a mixed integer programming (MIP) problem. It is proved
as NP-hard problem to cache file in small cell and D2D net-
works [20], [22]. The problem targeted in this paper not only
considers how to cache file at SBS and mobile device, we also
consider the content amount per transmission. Therefore this
problem is NP-hard.

In this section, we propose to utilize submodular optimiza-
tion to solve the optimization problem (6). In submodular opti-
mization problem, if object function is monotone submodular
function and the constraint is matroid constraint, the greedy
algorithm can be used. Furthermore, let O PT represent the
optimization solution of original problem; let Z* denote the
solution by greedy approach, then, Z* > (1 — é)OPT,
i.e., the greedy algorithm can get approximate optimal solu-
tion [38]. In the remainder of this section, original problem
will be converted into a submodular optimization problem.
We then present a greedy algorithm to solve the converted
problem.
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1) Submodular Optimization Problem: Define a set Z =

{zigoli = 1ol 4+n, f =1, mv=1--,s¢} =

Zluzz,where
:{Zk,f,l)'k:l""’lﬂf:19"'5m5v:19"'5sf}
:{Zj’f’u|j:1,"',n,le,"‘,m,l)zl,"‘,Sf}

That is, when i = I Ziifv = Zk,fv. When i =
I4+1,---,1+nz v =2zj rv- Let set Ay denote the caching
policy at SBS, where A} C 7. If element U, fv S Al
it represents that small cell Sy caches v code segments of
file f. Let set A> denote the caching strategy at mobile
device, where Ay C 72, If element 2k, f,v S, it means there
are v code segments of file f stored at mobile device D;.
Let set le,f = {zx,yvlv = 1,---,ss} denote the overall
configuration of code segments of file f cached at small cell
Sy. Likewise, set Z?,f = {zj,fvlv =1,---, 55} represent the
overall configuration of code segments of file f cached at
mobile device D;. Then, the original variables x; s and y; ¢
can be obtained

Xip=1A10Z 1, yjg=142N0Z3 |

where |-| represents the number of elements in the set. Define
A = AjUA», then we can obtain the object function of original
problem as follows:

n
f(A) = ZprPr |:m1n(L—J Sf)<Sf:|
i=1 f=1
Define Zk ={z,mlf =1, ,m,v =1, ,Sr} as all
of the cached code segments at SBS Si. Define 22 {zj, fvl

=1, ,m,v = 1, ,sr}. Then, original optimization
f g P
problem can be rewrite as: I = [} U I, where

= (AilgflAINZ) < Cik=1,---,1)
b :{A2|gf|AzﬁZ?|§C5,k:1,... 1)

Therefore, the original problem can be rewritten as:
maxgmize f(A)

subject to: A C I. (16)

Theorem 1: In problem (16), f(A) is a monotone submod-
ular function, and the (Z, I) is matroid constraint.

Proof: It is proved that f(A) is a monotone submodular
Sfunction. If f(A) is a monotonic submodular function, then
VACBCZand Vzizy € Z—B, f(AUz ) — f(A) >
f(BUZz fv) — f(B) >0 can be proven, i.e.,

F(AUz f0) = f(A) = f(BUzip0) — f(B) 20
f(AUzj0) = f(A) = f(BUzj 1) — f(B) =0

can be proven to be correct.

First, we prove f(AU{z fv}) — f(A) = f(BU{zk,£v}) —
f(B) > 0. SinceVACBCZ E=B—-A,Vzfy € Z—B,
define Vlf St 1 kstk Vlk + 2o ij, then where Vl];(
denotes the content amount obtained by D; from SBS Sk for
file f. Apply total probability formula, we can obtain, the

equation as shown at the top of the next page.
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; ; Vif 1 2
Since min (ng, |BiNZ T Ei|+|BN Zj’f — E2|)
: v/ 1 2
< mm(LgJ, BINZ) I+ |Bmzj,f|) and

1
2
1B2NZj ¢~

Eil = BiNZ; ;| —|EiNZ |
Ex| = |ByNZ 4|~ |E2N Z] |

We can further get

Similarly, we have f(A U {zjr,}) — f(A) = f(B U
{zk,fv}) — f(B). Then, we prove that f(A) is a Monotonic
submodule function.

The {Z, I} is Matroid: In other words, we prove that both
(Z', I) and (Z2, I) are matroid. For (Z', I}), we have:

o Ve I],

o If BfC I and A; C By, then A| C I;

o If A|,B; € I} and |A|| < |Bj|, there exists an element

k € B — A that makes AU {k} € I.

Therefore, (Z', I7) is a matroid. Similarly, we can show that
(Z2, I) is also matroid. Hence, we conclude that (Z, I) is a
matroid. [ ]

Though above proof, we conclude that the object function
of the optimization problem (16) is monotone submodular
function with constrain of a matroid. Thus, greedy algorithm
can be applied for the solution. Next, we will provide the
detailed algorithm.

2) Mobility-Aware Content Placement Algorithm: Based on
Theorem 1, we can know that greedy algorithm could also
resolve our optimization problem (16). The specific solution
algorithm is provided below: we set an empty cache placement
set A, in each iteration, we add a file which can maximize the
object function until the capacity of SBS or mobile device is
full.

Algorithm 1 Mobility-Aware Content Placement Algorithm
Input:
Input All z; s, combinations, Z;
Reminding set of Z, Z,;
Capacity for SBSs and mobile devices, C.
Output:
Optimal cache policy, A;
A< W0, Z, < Z
: Repeat
D Zie, e = ATgMAX;, ez L (Z+2zirx) — [(Z))]
A<« A + Zi*,f*,l)*
Zr < Z,- — Zi*,f*,l)*
If |JANZi«x| =C, Then Z, <— Z,\Z;x
. end if
 Until [A] > (X CF + 370, CP)

I = N N S N e

From step 3 we can see that caching k* encoded segments
of file Fy+ to SBS or mobile terminal is the optimal cache
policy, so z;+, f+ x+ is added into optimal cache strategy A in
step 4. Step 6 indicates that there could not be more files to be
cached in mobile device or SBS once the amount of cached
files reaches their storage capacity C. So the files Z;+ cached
at i* are deleted from Z,. From step 8, we notice that the
iteration proceeds until |A| > (Zizl C,f +>0,CP).
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f f

V. V.

{Pr |:m1n(L—J A1 N Z), fI + AN Z5 fl)—i-mln(LLkJ, [A1 N Z,lf| + 1) > Sf:|
8f 8f ’

v/ v/
— Pr |:m1n(L—J A1 NZ), fl + AN Z5 ﬂ)—l—mm([ij, [A1 N Z,lf|) > Sf:| ]
8f 8 ’

n m f
1
FAUzip0) = [(A) == > psPr [L—J > A NZ |+ 1]

i=1 f=1

!
V.
x Pr [min(L;J, |A1 mz,i,,f| +]A2 N zif|) =sp—1A1NZ; ;| — 1}

=133 e[

i=1 f=1

f
. V;
x Pr [mm([#], |[B1 N Zli’,f —Eil 41BN Z?,f -

E1|+1j|

E2|)=Sf—|B1ﬂZ]1,f—E1|—l:|

f
F(AUZ 1) — f(A) = —ZprPr [L—J = |BINZl |~ EiNZ] 4|+ 1]

i=1 f=1

f

V.
X Pr[min(L;J, | By ﬂZ;, = IEiNZp ¢| + 1By ﬂZ]2-
8r ’ '

f|—|EznZ§,f|)

!
v,
=s;—|BINZ |- |E1ﬂZkf|—1i|>—ZprPr|:L—J > |BiNZ ;| + }

i=1 f=1

f
(Vi
x Pr [mm([é], BN Zy |+ |Bzmz§,f|)=sf —BiNZ —1] = f(BU {zx.tv)) — f(B)

B. Solution of Green Content Delivery Model

In this section, we provide the solution of optimization
problems (14) and (15), i.e., the optimal transmit powers of
SBS and mobile device are given as follows:

Theorem 2: According to the optimization problems (14)
and (15), we can get the optimal transmit powers of SBS and
mobile device, PTD and PTB , are as shown in (20) and (21).

Proof: We first give the optimal transmit power of mobile
For (15), we define x = PP, 6 = ’g, 0 =

)
np PCD . Then we can get the objective function in (15) can

be transformed as follows:
gij (x+ 0)

devices.

fw=—" g (17)
Take the derivative of (17), Then we have
P B [(1 + 6x) logd ™ In2 — (1 + 6x) — (86 — 1)]
npWp log2(1+5x)(1 +0x)In2
(18)

From the (18), we can obtain that the denominator of f”(x)
is always positive, when the numerator of f’(x) is greater
than 0, f'(x) > 0, and vise versa. Due to x € (0,
I1+dxe (1,140P,

max]

], define y = 14+ dx, & = 060 — 1, then

max

the (18) can be rewritten as:
Bij[ylogyIn2 — y — ]

fy) = 2y
npWplogy (y)In2

19)

Define g(y) = Bijy logg In2 —y—¢, and taking the derivative
of g(y) on y, we can obtain g'(y) = B;; logg In2, thus we
know that when y € (1,1 4 0Pmax], g(y) is monotonic
increasing function. Further, when y — 1, g(y) < 0. And
if g(1+0 max) < 0, f'(y) < 0, then we can know f(x)
is monotonlc decreasing function, so it gets minimum when
x = PP . Besides, if g(1 + 6PL ) > 0, there exists zero
point yg making g(yp) = 0, so we conclude that function f(x)
is first monotonic increasing, then monotonic decreasing, and
achieves the minimum at yg. Finally, we obtain the optimal
PTD * as follows:

PP+ = pb ., if gl +6PL ) <0, 20)
Py,, ifg(1+oP2)>0
In the same way, we can get Pf* as follows:
pEe — pB., ifg(+oPB,) <O, @)
Py, if g(l+aP, ax) >0
|
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By solving (14) and (15), we can obtain the optimal transmit
power of mobile device and SBS (denoted by PTD * and PTB*,
respectively). Furthermore, the minimum energy consumption
of mobile device and SBS can be calculated, denoted as E *[‘)
and E7, respectively.

Thus, the user average energy consumed when requesting
file can be obtained as follows:

M;k

Zzpf ZEB(ﬂvk)‘*‘ZED(

1_1 f=1 w=1

(22)

Since the number of contacts follows the Poisson distribution,
the average time count for D; getting contact with SBS Sk
can be expressed as ifk T4, while the average time count for
D; getting contact with D; can be expressed as /15 ;T Then,
we can obtain the average minimum energy consumption of
network when the content is delivered as follows:

/1D T

ZZM z ER(a%) + z Ep (B

z—l f=1 w=1

(23)

V. PERFORMANCE EVALUATION

In this section, we evaluate the performance of the proposed
green and mobility-aware caching system. We consider a
ultra-dense cellular network including 5 SBSs and 60 mobile
devices. According to [20] and [36], we set the size of each
file to 10 MB and file library contains 10* files, each file can
be encoded into 2 code segments [23]. We assume that file
request probability follows a Zipf distribution with y = 0.5
and the deadline 7; = 600s. For simplicity, assume the cache
size for all mobile devices is the same and can cache 1 percent
of file library size in maximum. Similarly, assume the cache
size for all SBSs is the same and can cache 10 percent of file
library size in maximum.

For user mobility parameter settings according to [23],
we use Gamma distribution to represent contact rate, i.e., the
contact rate /ID. between mobile device D; and D; fol-
lows the I'(4. 43 1/1088), and the contact rate /IB between
mobile device D; and SBS S; follows the F(lO 1/100).
Wang et al. [23] show that the contact rate increases with
the increasing use moving speed. Thus, larger ifj and ifk
are, faster a user moves. According to [20] and [23], we set
the amount of data that SBS and mobile device can deliver
to a requested mobile device during a contact duration fol-
lows exponential distribution with means 10 MB and 5 MB,
respectively.

In our experiments, the parameters regarding energy con-
sumption at SBS and mobile devices are referred to [35].
The simulation parameters and their values are summarized
in Table II. To evaluate the system, we measure the cache hit
ratio and energy consumption.

A. Comparison With Other Methods

Green and mobility-aware caching (GM-caching), proposed
in this paper, is compared with three different caching
strategies: Popular caching [39], Random caching [23] and

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 16, NO. 12, DECEMBER 2017

TABLE 11
SIMULATION PARAMETERS OF ENERGY COST

Parameters Value
Maximize transmit power of SBS, PE 63 W
Constant power of SBS, Pg 56 W
Transmission bandwidth of SBS, W 20 MHz
Gaussian noise of SBS, a% -104 dBm
Power amplifier efficiency of SBS, 1/8p 0.38
Transmission bandwidth of D2D, Wp 20 MHz
Maximize transmit power of user mobile device, PL, 0.2W
Circuit power consume of user mobile device, Pc 115.9 mW
Gaussian noise ’UQD -95dBm
Power amplifier efficiency of user mobile device, 1/8p | 0.2

Path loss factor, «, 8 4

mobility-aware caching with fixed amount data can be
delivered (MCF) [20], [21], [23].

o Popular Caching: The popular caching strategies on SBSs
and on mobile devices are as follows, (i) caching strategy
on SBSs: C kS most popular contents should be cached on
each SBS Si. (ii) caching strategy on mobile devices:
C ]D most popular contents should be cached on each
mobile device D;.

o Random Caching: The random caching caching strategies
on SBSs and on mobile devices are as follows, (i) caching
strategy on SBSs: randomly choose C kS contents to be
cached on each SBS Si. (ii) caching strategy on mobile
device: randomly choose CJD contents to be cached on
each mobile device D;.

e MCF: Under this strategy, we assume the amount of
content delivered is the average of 47 and 3.

B. Evaluation Results

Impact of User Mobility: In Fig. 5, the influence of user
mobility on caching strategy with three different caching
strategies is demonstrated. In this experiment for sake of
convenient representation, let abscissa be /Il ¢ and /Il j» cor-
responding to the mean value of Gamma distribution that user
mobility follows. In other words, If « stands for the average

contact rate of mobile device D; and SBSs S, and Ifj stands
for the average contact rate of mobile device D; and D;.
It can be seen from Fig. 5 that the proposed GM-caching
strategy is superior to the popular caching strategy, random
caching strategy and MCF caching strategy. This is because the
popular caching strategy, the most popular contents are cached
by SBS and mobile device, so there are less opportunities for
cooperation and sharing. The random caching strategy does not
consider user mobility, so it is not as good as the GM-caching.
Although the MCF cache strategy takes into account the user
mobility, it does not consider whether the encoded segments
can be transmitted in a contact duration. Thus, the performance
of the green and mobility cache strategy is the best.

From Fig. 5(a) and Fig. 5(b), we can obtain that when
the user mobility is low, the cache hit ratio of GM-caching
and popular caching is not significant. This is because when
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the user mobility is low, mobile device not only less handoff
between different SBS, but also less opportunity to meet other
mobile devices. However, there is great demand for popular
contents. Thus, the popular contents should be cached on SBSs
and on mobile devices to improve the cache hit ratio. When the
mobility of user is high, we can see that the gap between the
GM-caching and the random caching is small. This is because
the cache network is relatively active, user have more contact
opportunities with SBSs, so the probability of the user access
to popular file become large. Thus, in this case, the cache
hit ratio can be improved by considering the diversity of
files.

Impact of Mobile Devices: As shown in Fig. 6, the rela-
tionship between cache size of mobile devices and the cache
hit ratio is examined. In Fig. 6, the abscissa stands for
the ratio of mobile device cache capacity to the entire file
library size. For instance, abscissa 0.6 represents mobile device
can store up to 0.6 percent of the entire file library size.
It can be concluded from the figure that the cache hit ratio
increases when the user device average cache size increases.
This is because more contents can be cached when cache
capacity for mobile device is larger, so as to achieve a
higher cache hit ratio. Besides, it can also be seen from
the figure that the influence on cache hit ratio with random

on cache hit ratio.

caching is greater than that with popular caching, when the
cache size for mobile devices is larger. This is because the
diversity of contents that can be cached with random caching
is superior to that with popular caching, when storage capacity
for mobile devices is larger, thus to achieve a higher cache hit
ratio.

Impact of SBSs: As shown in Fig. 7(a), the influence of
cache size for SBSs on cache hit ratio is presented. Similarly,
when the average cache size for SBSs is larger, the cache hit
ratio is higher. This is because more contents can be cached
when the cache capacity for SBSs is larger, so as to achieve
a higher cache hit ratio.

We explore how the number of SBSs impacts the cache hit
ratio in Fig. 7(b). From the figure, we observe that when the
number of SBS is less than 6, the cache hit ratio increase with
the increase of the number of SBS. While when the number of
SBS is more than 6, this is not significant. Furthermore, it can
also seen from the figure that, when y = 0.7, the number
of SBS to 4 when the cache hit ratio is not changed, and
y = 0.9, the number of SBS reached a little change when the
number of up to 6. Thus, the deployment of SBSs should be
more decentralized as popularity y increase, i.e., the quantity
of SBSs is large but the capacity for each SBS is small.
This is because mobile device would be more concerned
about popular content as y increases. With decentralized
deployment, the most popular content will be cached on each
SBS, thus to meet the requirements of most users, so as to
achieve a higher hit ratio.

Impact of Files: In Fig. 8(a), the cache strategies under
different Zipf parameter y is evaluated. It can be seen from the
figure that as popularity y increases, the cache hit ratio with
GM-caching is lager. It can also be seen from the figure that
with the increase of y, the cache hit ratio of popular caching
strategy increase gradually, but the cache hit ratio of random
caching strategy does not change much, i.e., the influence of
y on popular caching is greater while that on random caching
is less. This is because the requirements of user for popular
contents are greater as y increases, the requirements of users
can be better met with popular caching. Therefore, popular
caching increases as y increases.
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In Fig. 8(b), the influence of average file size on the cache
hit ratio is presented. In this experiment, consider the entire
file library size is fixed, i.e., the large size of file, the less
number of file. The abscissa stands for the size of each file.
From the figure, we observe that when the the size of each
file is large, the cache hit ratio is smaller. This is because as
the size of file is large and the cache capacity for SBSs and
mobile devices is fixed, the amount of files that can be cached
on SBSs and on mobile devices would be smaller, so that the
cache hit ratio becomes lower.

Energy Consumption: Fig. 9(a) and Fig. 9(b) discuss the
relationship between cache hit ratio and energy consumption.
In this experiment, the energy consumption is normalized.
From the Fig. 9(a) and Fig. 9(b), we can observe that with
the increase of the cache hit ratio, energy consumption is also
rising. This is because with the increase in cache hit ratio,
the probability that the requested file download from SBS and
mobile device increase, which increases the energy consump-
tion of the SBS and mobile device. Furthermore, Fig. 9(a)
shows that, when the mobile device D; and SBS S; average
contact rate Ifj increase, more energy will consumes under
the same cache hit ratio. Similarly, Fig. 9(b) has the same
conclusion. Thus, under the same cache hit ratio, the higher

user mobility, the less energy consumed. Fig. 9(c) shows that,
under the same cache hit ratio, GM-caching is more energy
efficient than popular caching, random caching and MCF. This
is because GM-caching not only takes into account the user
mobility, but also considers the randomness of the contact
duration.

C. Discussion

In this article, for user’s mobility, we describe the user’s
mobility by utilizing the peer-to-peer connectivity model from
the two perspectives: contact duration and contact frequency.
The model reflects a primitive level of social interaction
between users. However, the effects of more elaborate social
relations and behaviours on user’s mobility has not been taken
into account. These effects of social networks on caching
design have been studied in existing work (see e.g., [40]-[43]).
It is an interesting direction for further investigation by extend-
ing the current work to include a mobility model account for
more elaborate effects by social networks. Another direction
warranting future research is to consider joint user-and-SBS
caching powered by energy harvesting [44]. The technology
can reduce transmission energy consumption but the energy
randomness makes the optimal design more challenging.



CHEN et al.: GREEN AND MOBILITY-AWARE CACHING IN 5G NETWORKS

1 o
= "O

5 —=)\5 =01 {
208 -4=35, =02 e 1
g e X =03 e
S 0.6} Ao 1
&
504f ]
(5]
s
3
£02 ]
o
z

02" “0a° 0.6 0.8 1

Cache hit ratio
(a)

Normalized energy consumption

8359

1 o
- ?

—a— )\ =0.02 I

0.8t - i -4
-4-=)=0.03 ©

vo AP =0.04 '

0.6t & AR
1

Cache hit ratio
(b)

0.81

0" MCF

=== Popular caching
=< =Random caching

= & = GM-caching

0.21

Normalized energy consumption

035 04 045 05 055 06 065

Cache hit ratio

Fig. 9. Energy consumption under different caching strategies.

Furthermore, it is also a very interesting topic to consider
caching and computing offloading together in edge cloud [45]
to meet the delay sensitive application requirements [46].

VI. CONCLUSION

In this paper, we first studied the influence of mobility
on caching on SBSs and on mobile devices, and proposed
a mobility-aware content placement model, where specific
caching strategies were developed for SBSs and mobile device
leverages user mobility, aiming to maximize the cache hit ratio.
Then, we discussed the energy consumption for delivery the
caching content and given the optimal transmission power of
SBS and mobile device. The simulation results showed that
the proposed GM-caching strategy outperforms other caching
strategies in prior work, in terms of cache hit ratio and energy
efficiency of 5G networks.
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