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Abstract—To deal with the huge traffic demand in wireless
networks, small base stations (SBSs) are introduced in cellular
networks, not only with dense deployment, but also with caching
capabilities. Due to the short distances between users and SBSs,
files can be downloaded at higher transmission rate from the
cache of SBSs than being downloaded over backhaul links.
However, user mobility makes the file allocation in SBS caches
more challenging, mostly because the user association to SBSs
dynamically changes. Moreover, the amount of data that users
can download depends on the sojourn time within the coverage of
SBSs. In this paper, based on the assumption that the user sojourn
time obeys exponential distribution, we get the upper bound of
the mean download time of files. A file allocation strategy is then
proposed based on the derived bounds of mean sojourn time.
Optimal file allocation strategies under low and high mobility
are further obtained. Simulations show that the strategy performs
notably better than the popularity-based allocation strategy.

I. INTRODUCTION

With the development of smartphones and other intelligent

terminals, people will witness a tremendous increase in mobile

traffic data in the next few years. It is predicted that by year

2020, the mobile data traffic will reach 30.6 exabytes/month

globally [1]. To handle the stern challenge, densely deployed

small base stations (SBSs) have been widely introduced by

network operators to boost the network capacity. However, the

costly and heavily-loaded backhaul link between SBSs and the

core network is becoming the bottleneck. To address the prob-

lem, SBSs are expected to have additional storage spaces and

popular files can be stored in the SBS cache in advance [2][3].

Given proper caching strategies, most requests can be satisfied

at SBSs locally thanks to the file reuse, avoiding redundant file

retrieving over the backhaul links. Also, downloading directly

from SBSs reduces download delay substantially due to the

short transmission distance and thus high rate. But on the

other hand, the storage on SBSs is generally limited, and thus

caching strategies should be carefully designed to make the

best use of the SBS cache and decrease mean download time.
There are some recent works focusing on designing file

caching strategies in cellular networks. The idea was initially

introduced in [2], where a user can access multiple SBSs, and

the coverage overlap of different SBSs make the design of file

allocation strategy intractable. Finding the optimal placement

to maximize hit ratio turns out to be NP complete. Reference

[4] takes multicast into account and proposes a caching scheme

to exploit the multicast opportunities. Reference [5] jointly

considers the limited capacity of backhaul links and the

popularity of videos at the SBSs and formulates the caching

problem as a matching game.

Using the uncoded caching, most of the optimization prob-

lems above are hard to solve because of the integrity of files.

Some other papers take coded caching into account. Taking

fountain code for example, the original file is divided into k
packets and then coded into a potentially infinite large set of

packets, from which any k packets can recover the original

file with high probability. Using the coded caching, finding

the optimal file allocation, in order to minimize either mean

download time or the network backhaul turns out to be a linear

programming problem [6][7]. Caching strategy is also studied

in delay tolerant networks and coded caching can help better

utilize the limited storage buffers [8].

In most literature, users are assumed to be static and the as-

sociation between users and SBSs remains unchanged. While

in realistic networks, users are mobile and the association

to SBSs can change during the download of a file, which

can even be more common with densely deployed SBSs.

Therefore the impact of user mobility can not be ignored when

designing file allocation strategies [9]. Reference [10] uses

a random waypoint model to describe the user mobility and

aims to find the optimal caching refreshing strategy, in order

to maximize the hit ratio within T time slots. The problem

is proved to be NP complete, and thus heuristic strategies are

proposed. Reference [11] discusses the caching problem in the

heterogeneous network consisting of a set of clustered small

cells and models the user mobility as a discrete Markov chain.

The optimal allocation is still hard to obtain. Then the authors

provide an appropriate lower bound of the hit ratio. Reference

[12] assumes that the user movement obeys a discrete Markov

model and coded caching on SBSs is considered. In each time

slot, the amount of data downloaded by users depends on their

positions and the caching strategy adopted by SBSs. In this

scenario, finding the optimal file allocation to maximize the

probability of successful download within the deadline is of

high computational complexity. The authors then propose an

approximation algorithm accordingly.

Though these works have taken user mobility into con-

sideration, most of them suppose that once a user associate

with an SBS, no matter how long the association keeps, he

can get all the requested data stored in the cache of the

associated SBS, or suppose that the trajectory of users is non-

causally known. While in reality, these conditions can hardly
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hold. To reflect the above practical factors, in this paper, we

provide a probabilistic model that users’ sojourn time within

the SBS coverage obeys exponential distribution [13], of

which the mean sojourn time can be learned through historical

information. In this case, the amount of data downloaded by a

user from the associated SBS depends on their sojourn time.

We derive the upper bound of the expected download time

of a file in the proposed mobility model. Then we prove that

minimizing the upper bound is a convex optimization problem

so that we can effectively find the caching strategy based on

the file popularity and the mean sojourn time. Based on the

proposed strategy, we obtain the optimal file allocation when

the user mobility is low and high, by taking the mean sojourn

time approaching infinity and zero, respectively. Simulations

show that the proposed strategy performs notably better than

the popularity-based caching strategy.

The paper is organized as follows. Section II provides the

model and problem formulation. In Section III we derive the

upper bound of the expected download time of files, and prove

that finding the optimal file allocation strategy to minimize the

derived bound is a convex optimization problem. In Section

IV, we evaluate the performance of the proposed strategy by

simulations. The paper is concluded in Section V.
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Fig. 1: An example of the network layout and user trajectory.

II. MODEL AND PROBLEM FORMULATION

We consider a small cell network consisting of multiple

densely deployed SBSs. Fig. 1 depicts an example layout of

the network. In this section, we first make some assumptions,

and then give the problem formulation.

A. Assumptions

• User preference to files is modeled as the probability that

the file is requested by a user, which is assumed to be

known. This can be learned from historical data of user

requests, and is assumed time invariant.

• Coded caching technology is used on SBSs. A user can

recover the file when the amount of downloaded data is

as much as or slightly larger than the size of the original

file [14].

• The files are of equal size, and the transmission rates

are equal for any pair of user and the associated SBS.

Different SBSs have equal storage size and each SBS

stores identical amount of data for the same file.

• There is no coverage overlap between SBSs, and a user

can only associate with one SBS at any time. The sojourn

time of a user within the coverage of an SBS obeys

an i.i.d. exponential distribution. For example in Fig.1,

t1, t2, t3, t4 are the sojourn time within the coverage of

several consecutive SBSs along the moving path of a user

and they are i.i.d. distributed. A user started to download

a file from the currently associated SBS first. If the user

has downloaded all the coded data of the file in the SBS

cache but still can not recover the file, i.e., the coded

data of the file stored in the SBS cache is less than

the minimal requirement to recover the original file, the

user continues to download the rest of the file from the

core network directly, until it leaves the coverage of the

currently associated SBS. Here we assume that the core

network has the coded copies of all files. And we assume

that a user will not travel back to the coverage of the SBSs

once it left.

B. Problem formulation
Consider a small cell network consisting of a set of densely

deployed SBSs, denoted by M. Each SBS is equipped with a

cache of storage size C. Suppose that users request files from a

library consisting of N files of equal size R, and for each user

request, the probability of requesting file n is Pn. A user can

recover a file as long as the amount of data it has downloaded,

either from the SBSs or from the core network, exceeds R
′
,

and R = R
′

holds when proper code is adopted [15]. The

transmission rate between a user and the associated SBS is

denoted by r, and the transmission rate when a user downloads

data from the core network over backhaul links is rm. It is

reasonable to assume that r > rm as SBSs are in general

closer to users. The sojourn time of a user within the coverage

of an SBS is assumed to obey the exponential distribution

p(t) = ae−at, with mean sojourn time 1/a. The larger a is,

the longer a user is likely to stay within the coverage of an

SBS, i.e., with lower mobility.
We use fff = [f1, f2, . . . , fN ] to denote the caching strategy,

i.e., the amount of coded data of file i, i ∈ {1, 2, . . . , N} stored

in the cache of an SBS is fi. And we use Tfff to denote the

mean download time via the strategy fff . Our goal is to find the

optimal file allocation strategy to minimize the mean download

time. The optimization problem is accordingly formulated as:

min
fff=[f1,f2,...,fN ]

E[Tfff ] (1)

s.t.

N∑
n=1

fn ≤ C, n ∈ {1, 2, . . . , N} (2)

fn ∈ [0, R], n ∈ {1, 2, . . . , N}, (3)
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where the inequality in (2) represents the cache capacity

constraint. And (3) indicates that allocating to the cache more

than R of a file is unnecessary for the successful recovery.

III. THE PROPOSED CACHING STRATEGY

The closed-form expression of the expected download time

E[Tfff ] is very hard to obtain because finding its probability

density function is intractable. Instead, we derive the upper

bound of E[Tfff ], given by the following theorem.

Theorem 1. Given the file allocation strategy fff =
[f1, f2, . . . , fN ], as the number of SBSs |M| approaches
infinity, the limit of the mean download time satisfies:

lim
|M|→∞

E[Tfff ] ≤ R

r
+

N∑
n=1

Pn(
R

rm
− R

r
)(1− fn

R
)e−a fn

r (4)

Proof: Since the transmission rate between a user and an

SBS is r, a user can download no more than R within the

first R
r seconds. Using the strategy fff = [f1, f2, . . . , fN ], the

amount of data downloaded for some file in the first t seconds

is denoted by Cfff (t). Then

Tfff ≤ R

r
+

R− Cfff (
R
r )

rm
, (5)

which means that the download time would be longer if a

user downloads directly over the backhaul links after the first

R/r seconds, regardless of whether there is still data stored

in the SBS cache that has not been downloaded yet. Notice

that Cfff (
R
r ) ≤ R.

We use Cfff,n(t) to denote the amount of data downloaded

in the first t seconds when file n is requested. Then according

to (5), we have

E[Tfff ] ≤ R(
1

r
+

1

rm
)− E[Cfff (

R
r )]

rm

≤ R(
1

r
+

1

rm
)−

∑N
n=1 PnE[Cfff,n(

R
r )]

rm
.

(6)

Then we pay attention to Cfff,n(t). The number of SBSs that

the user encounters in the first t time is denoted by G(t). We

denote a stochastic Poisson Process by N(t), the probability

of which is Pr{N(t) = k} = (at)k

k! e−at. Since a user’s sojourn

time obeys the exponential distribution and there are |M|
distinct SBSs, we have G(t) = min{N(t) + 1, |M|}. Using

conditional expectation, we have

E[Cfff,n(t)] =E
[
E[Cfff,n(t)|G(t)]

]
=

|M|∑
k=1

Pr{G(t) = k}E[Cfff,n(t)|G(t) = k]

=
∞∑
k=0

Pr{N(t) = k}E[Cfff,n(t)|N(t) = k],

(7)

where Pr{N(t) = k} = (at)k

k! e−at holds. And

E[Cfff,n(t)|N(t) = k] =

{
min

{
rmt+ (r − rm)

∑k
y=0 min{ty+1 − ty ,

fn
r
}, R}

k < |M|
min

{
rmt+ (r − rm)

∑|M|−1
y=0 min{ty+1 − ty ,

fn
r
}, R}

k ≥ |M|,
(8)

ty, y ∈ {1, 2, . . . ,min{k, |M|}} means the time when the

user leaves the y-th SBS, so ty+1 − ty means the sojourn

time within the coverage of y-th SBS, and we take t0 = 0 for

simplicity. There are two-fold min{} functions in (8). The

inner one means that a user can at most get the amount of fn
at the transmission rate r when requesting file n. The outer

one means that a user only need to get the amount of R since

the extra part is redundant. When t ≤ R/r, we have that

(r− rm)
∑k

y=0 min{ty+1 − ty,
fn
r }+ rm

∑k
y=0(ty+1 − ty) ≤

rt ≤ R, and thus the outer min{} function can be removed.

Therefore

E[Cfff,n(t)|N(t) = k] =

{
(r − rm)

∑k
y=0 E[min{ty+1 − ty,

fn
r }] + rmt k < |M|

(r − rm)
∑|M|−1

y=0 E[min{ty+1 − ty,
fn
r }] + rmt k ≥ |M|.

(9)

Then when the number of SBSs approaches infinity, we have

lim
|M|→∞

E[Cfff,n(t)|N(t) = k]

=(r − rm)
k∑

y=0

E[min{ty+1 − ty,
fn
r
}] + rmt, k ∈ Z.

(10)

Here the operation of taking the limit yields a clear expression.

And it is reasonable due to the factor that the number of SBSs

a user accesses during the period of downloading a file is

limited. ty, y ∈ {0, 1, . . . , k} can be regarded as the occurrence

time of the y-th event of the Poisson Process N(t). Given

N(t) = k, t0, t1, . . . , tk are the order statistics of N i.i.d.

uniform distributed random variable, following the property

of Poisson Process. Further denote the joint distribution of

t1, . . . , tk by g(t0, t1, . . . , tk). Therefore

g(t0, t1, . . . , tk|N(t) = k) =

{
k!
tk

, 0 ≤ t1 < t2 < . . . < tk ≤ t

o, otherwise.
(11)

Then

Pr{ty+1 − ty < τ}
=1− Pr{ty+1 − ty ≥ τ}

=1−
∫ t−τ

0
dty

∫ ty

0
dty−1 . . .

∫ t2

0
dt1

∫ t

ty+τ
dty+1 . . .

∫ t

tk−1

dtk
k!

tk
.

(12)

After some calculations, we have

Pr{ty+1 − ty < τ} = 1− (1− τ

t
)k. (13)

Denote the probability density function (PDF) of (ty+1−ty) by

fδy(τ), and the PDF of min{ty+1−ty,
fn
r } as fCy (τ). We have

fδy(τ) =
k
t (1− τ

t )
k−1 by taking derivative of P{ty+1− ty <
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τ} in (13). Therefore

E[min{ty+1 − ty,
fn
r
}]

=

∫ ∞

0

fCy (τ)τdτ

=

∫ fn
r

0

k

t
(1− τ

t
)k−1τdτ +

fn
r

∫ t

fn
r

k

t
(1− τ

t
)k−1dτ

=
t

k + 1
− t

k + 1
(1− fn

rt
)k+1

(14)

Replacing this term in (10) with (14) leads to

lim
|M|→∞

E[Cfff,n(t)|N(t) = k]

=(r − rm)(1−
k∑

y=0

(1− fn
rt )

k+1

k + 1
)t+ rmt

(15)

So that

lim
|M|→∞

E[Cfff,n(t)] = E[E[Cfff,n(t)|N(t)]]

=(r − rm)t− (r − rm)(t− fn
r
)e−a fn

r + rmt
(16)

The above inequality holds when t ≤ R
r , so that

lim
|M|→∞

E[Cfff,n(
R

r
)] = R− (1− rm

r
)(R− f)e−a fn

r (17)

Then the mean download time follows:

lim
|M|→∞

E[Tfff ] ≤ R

r
+

N∑
n=1

Pn(
R

rm
− R

r
)(1− fn

R
)e−a fn

r (18)

Now we convert the optimization objective to minimizing

the upper bound as an approximation of the original problem.

Denote the upper bound by Ga(fff), i.e. Ga(fff) = R
r +∑N

n=1 Pn(
R
rm

− R
r )(1− fn

R )e−a fn
r . The optimization problem

is formulated as follows,

min
fff=[f1,f2,...,fN ]

Ga(fff) (19)

s.t.

N∑
n=1

fn ≤ C, n ∈ {1, 2, . . . , N} (20)

fn ∈ [0, R], n ∈ {1, 2, . . . , N} (21)

Theorem 2. The optimization problem depicted in (19)-(21)
is a convex optimization problem.

Proof: Denote Q(x) = R
r + Px(

R
rm

− R
r )(1 − x

R )e−a x
r ,

where Px is a constant and Px ∈ (0, 1). It is easy to compute

that Q′′(x) = aPx

r ( 1
rm

− 1
r )(2 + a

r (R − x))e−a x
r ≥ 0 for

x ∈ [0, R]. Therefore Q(x) is a convex function. Since Ga(fff)
is the sum of a series of convex function, then Ga(fff) is also a

convex function. According to (20) and (21), {f1, f2, . . . , fN}
is a convex set. As the result, the optimization problem is a

convex optimization problem.

According the expression of Ga(fff) expressed in (4), the

amount of coded data of file n is determined by both Pn and

the mean sojourn time 1/a. Then we derive the file allocation

strategy by solving the optimization problem depicted in (19)-

(21). In addition, we can prove that the proposed file allocation

strategy is indeed the optimal file allocation strategy in the two

extreme conditions when a equals to 0 and a approaches to

infinity respectively.

Corollary 2.1. When a equals to 0, the proposed file alloca-
tion strategy derived by solving the minimization problem is
the optimal file allocation strategy, and it is technically the
popularity-based caching strategy.

Proof: when a = 0, we have

Ga(fff) =
R

r
+

N∑
n=1

Pn(
R

rm
− R

r
)(1− fn

R
). (22)

In this case a user does not move at all, and thus the topology

holds during the download process. Then using conditional

probability, the mean download time can be expressed as the

following

E[Tfff ] =
N∑

n=1

Pn(
fn
r

+
R− fn
rm

) = Ga(fff). (23)

Therefore, the optimal solution to minimizing the upper bound

is indeed the optimal solution to minimizing the mean down-

load time. And it is easy to find the optimal caching strategy

is popularity-based caching strategy.

Corollary 2.2. When a approaches infinity, i.e., the users
are moving very fast, the proposed file allocation strategy
derived by solving the minimization problem is the optimal
file allocation strategy, of which the uniform caching strategy
is the optimal solution.

Proof: From (4), we have

R

r
≤ E[Tfff ] ≤ lim

a→∞Ga(fff). (24)

Take the uniform caching strategy into consideration, i.e.,

fn = C
N , n ∈ {1, 2, . . . , N}. Then

lim
a→∞Ga(fff) = lim

a→∞
R

r
+

N∑
n=1

Pn(
R

rm
− R

r
)(1− C

RN
)e−a C

rN

=
R

r
.

(25)

the results of (24) and (25) lead to

E[Tfff ] =
R

r
. (26)

Then the proof is completed.

As a grows from 0 to infinity, i.e., when the mobility

of users changes from low to high, the proposed strategy

attributes more distinct files to SBS cache, and the above

corollaries show the two extreme conditions.
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IV. PERFORMANCE EVALUATION

In the section, we evaluate the performance of the proposed

file allocation strategy via simulations. We compare our strat-

egy with the popularity-based caching strategy, where each

SBS stores the most popular files until the storage of the cache

has run out.

We consider a 200 × 200 m square area with M = 121
grid-positioned SBSs, in which the inter-BS distance is 20

m. Given an initial position, a user will connect to the nearest

SBS and stay for a period obeying the exponential distribution

f(t) = ae−at, during which the user requests a file based

on its preference. Then the user randomly chooses another

neighboring SBS. And after some time according the same

distribution, it leaves and randomly chooses a new SBS, until it

downloads as much data as the file size. We assume that there

are 100 files in the library and each file with the size of 50

MB. The transmission rate between a user and the associated

SBS r is 5MB/s, and the transmission rate over the backhaul

links rm is 1MB/s. The requesting popularity of files obeys a

Zipf distribution, and the probability of requesting the nth file

is Pn = n−θ/
∑N

i=1 i
−θ, where θ is the exponent parameter

characterizing the Zipf distribution.

Fig. 2 displays the impact of file popularity distribution

parameter θ on the mean download time. In the simulations,

a is set to 0.25 s−1, and the cache size C is set to 10% of

the entire file set size. The magenta line marked by circle and

the red line marked by square denote the proposed allocation

strategy, termed Mobility-Aware Caching Strategy (MACS),

and Popularity-Based Caching Strategy (PBCS) respectively.

The blue line marked by triangle draws the theoretical upper

bound of mean download time derived in (4). As the figure

shows, when θ is small, file requests are more uniformly

distributed, and MACS outperforms PBCS by about 50%.

Because in this case, all files are nearly equally likely to

be requested. Meanwhile users may move frequently, then

caching the entire file is wasteful. But when θ becomes large,

the requests are mainly among those popular files, and the

performance of PBCS and MACS both improve notably. Still,

MACS performs nearly 20% better than MACS.

Fig. 3 shows the results as a function of the cache size C.

In the simulations, a is set to 0.25 s−1, and the Zipf parameter

θ is set to 0.8. The cache size varies from 5% to 25% of the

entire file set size. With the increase in cache size, the mean

download time decreases for both strategies. As the figure

shows, MACS performs 20% to 36% better than PBCS.

Fig. 4 shows the impact of sojourn time parameter a on

the mean download time. In the simulations, the cache size

C is set to 10% of the entire file set size, and the Zipf

parameter θ is set to 0.8. When a is large, in which case a user

moves very frequently, the user will stay a pretty short time

within the coverage of an SBS. In this case, MACS attributes

the cache to more files, each of small size, which is in line

with Corollary 2.2. According to the figure, MACS performs

notably better with the growth of a while the performance

of PBCS is not affected by the variance of a. When a = 2,

MACS performs 64% better than PBCS. When a becomes

small, the performance gap between MACS and PBCS gets

smaller. In the extreme case when a = 0, the topology remains

unchanged, an in this case MACS is actually PBCS. According

to the simulation, The theoretical upper bound is very close

to the actual performance of MACS at both end of the curve,

which guarantees the performance.
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Fig. 2: Mean download time as a function of Zipf distribution
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Fig. 3: Mean download time as a function of cache size C.

V. CONCLUSION

In this paper, we have introduced a new mobility-aware

caching strategy based on coded caching. We have modeled

the sojourn time of a user in the coverage of an SBS as a

random variable obeying exponential distribution. The original

caching strategy design problem is hard to solve because the

probability density function of the download time with user

mobility is hard to find. Therefore we derived the upper bound

of the mean download time and proved that minimizing the

bound is a convex optimization problem. Then we found the

file allocation strategy by solving the convex optimization

problem. Simulations show that our strategy is substantially

better than the popularity-based caching strategy and its per-

formance is guaranteed by the theoretical bound. It is also
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found that the proposed strategy is the optimal strategy under

low and high mobility.
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