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Abstract—Caching at base stations (BSs) has a huge de-
velopment advantage in enhancing the performance of mobile
networks. In this paper, we focus on the energy-saving issue in
the cache-enabled mobile network, where we try to minimize
the total power consumption of the system with limited radio
resource and storage capacity. We decouple the formulated
difficult optimization task into a series of tractable subproblems,
and develop efficient algorithms to solve each of them with
reasonable computation load. The key idea of our proposed
scheme is to associate as many as possible users with the BSs
which have stored the requested files of the users in their caches.
Numerical results show our proposed method can significantly
reduce the system power consumption compared with other
schemes.

Index Terms—Approximation algorithm, cache, mobile net-
works, user association.

I. INTRODUCTION

He capacity of mobile networks has been growing steadi-

ly with the introduction of novel network architecture
and advanced signal processing techniques. In the past decade,
cloud radio access network [1-3] and heterogeneous network
[4-6] are proposed as efficient ways to offer high throughput
by densely deploying radio access points such as remote radio
heads and small cells in the service area to improve area spec-
trum efficiency; recently, massive MIMO [4] and mmWave
[7] are also introduced to mobile networks to enhance system
capacity. However, global mobile data traffic has experienced
an explosive increase throughout the world with the rapid
proliferation of end users. The trend is likely to continue
according to Cisco’s investigation which claims that global
mobile traffic is expected to rise about 40 times in next five
years [8]. As a result, mobile networks always face heavy
transmission burden, especially for the backhauls connecting
base stations (BSs) with the core network.

Consider content delivery scenario such as video streaming
and gaming, though tremendous items requested by user-
s include the same content, all these requests have to be
handled by the core network via the backhauls in current
mobile communication systems. Massive data are transported
via the backhauls repeatedly [9], resulting in tremendous
waste of the network resource including the backhauls and
the computing resources of the core network. Moreover, the
quality of experience (QoE) of users could be deteriorated
due to the unavoidable latency. However, if these repeatedly
requests of users are handled at BSs, the burden of backhauls
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could be alleviated consequently, as well as the load of the
core network. Moreover, the perceived latency could also be
reduced in this way. Caching at BSs has been put forward
as a meaningful paradigm to meet this goal in 5G mobile
networks and beyond [10], where popular items are put at the
edge of mobile networks [11] to reduce the load of backhauls,
transmission latency and system energy consumption.

Deploying caches at BSs is proposed as a promising scheme
to displace system resources of both the backhauls and the core
network since the cost of disk storage has sharply reduced
while the backhauls are becoming the bottleneck of mobile
networks [12]. In [13], a new architecture is presented to
cope with the explosive requirements of video content in
wireless networks. It indicates that the distributed cache at BSs
can significantly improve video throughput. Investigations also
show that the capacity of backhauls can be saved up to 22%
by exploiting proactive caching scheme [14], and higher gains
can be achieved further by increasing the storage capacity
at the edge of network. In [15], a new-type framework is
proposed to jointly optimize caching and computing and a
distributed algorithm is developed to address the formulated
optimization task. In [16], a cost-effective cache deployment
is proposed to maximize system capacity on the basis of
satisfying the transmission rate requirements. A user prefix
caching scheme is proposed in [17] to reduce the average
playback delay, where each user can cache a part of video clips
in advance. In [18], a posterior caching scheme is proposed in
a cooperative network where the cache placement strategy is
set up in advance. Caching, routing and channel assignment
are jointly considered and the system throughput is maximized
using a column generation method. The cache placement
problem in content distribution network is discussed in [19],
where two distributed algorithms are presented to minimize the
storage and the access cost. Storage and latency in a cache-
aided network measured by normalized delivery time are
investigated in [20], where the traffic load and the transmission
rate can benefit from the proposed scheme simultaneously.
In [21], caching and energy issues are jointly considered in
the small cell networks. An effective power control method is
adopted to cut down the energy consumption.

In brief, caching popular items at the edge of the mobile
networks can reduce the duplicated transmission and enhance
network performance such as system throughput. In this paper,
we concentrate on the system power consumption issue facing
the cache-enabled mobile network, which is also an important
problem and is concerned recently. In [22], an effective system
power consumption model is proposed with the analysis of the
cache influence on energy efficiency. A user clustering method

0018-9545 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2019.2914023, IEEE

Transactions on Vehicular Technology

is proposed to improve the cache hit probability in [23],
where the authors try to improve the system energy efficiency.
A global energy consumption model is proposed in [24],
where the maximum-distance separable code is introduced to
maximize energy efficiency. The energy consumption in the
content-centric network is studied in [25], where the average
response to data transmission is largely determined by energy
consumption. In view of bandwidth capacity of BSs, a user
association and content caching strategy is developed in [26] to
maximize the number of content requirements at the local BSs.
In [27], both cache and request routing issues are investigated
with the analysis of routing and caching complexity. Device
to device link scheduling and power allocation are jointly
considered in [28]. In [29], a power allocation method is
proposed for a cache-aided network while considering the
limitation of the backhauls and the demand of users. In
[30], cache and user association are jointly investigated to
minimize the total delay of users. The condition of backhauls
is investigated in [31] in the light of channel quality, where
cache policy and user association are designed to minimize
the system download delay.

However, the aforementioned caching and user association
strategies rarely involve the radio resource allocation issue
in mobile networks, such as spectrum and power distribution
among users. Recall that radio resource budget of BSs imposes
strict constraints on the admission of users [32,33] and is
also inextricably bound up with caching strategies for mobile
networks. As far as the authors have known, the storage
capacity of caches and radio resource budgets of BSs have
not been jointly taken into account thoroughly in the literature.
Under practical scenarios, although a user can find the content
item he/she requests from a BS, he/she may not obtain the
content files from the BS due to its limited radio resources.
That is to say, if many users have been served by a given BS,
no radio resources can be assigned to a new coming user for
this BS even though the BS has cached the requested files
by the coming users. In this paper, we take the spectrum and
power budgets of the BSs into consideration and investigate
how to associate users with the BSs equipped with capacity
limited caches to reduce the system energy consumption. The
motivation of our proposal is as follows: Consider a cache-
enabled mobile network where each BS can cache limited
content files possibly requested by users, if we associate users
with the BSs that can provide the requested content files
locally, these files would not be transmitted via the backhauls
between the BSs and the core network. As a result, the burden
of the core network is alleviated, as well as the backhauls. The
contributions of this paper are summarized as follows:

« We propose a generalized radio access scheme for cache-
enabled mobile networks, where we jointly consider the
spectrum and power budgets of BSs and the storage
capacity of caches. Our proposed scheme provides fea-
sible solutions to practical mobile networks with cache
enhancement.

« We formulate a pragmatic power minimization model that
includes the power consumption of BS maintenance, radio
transmission and backhauls. Our problem formulation

File Library

cache

@
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-------------------------- # Transmission link ~ ——————————> Backhaul link

Fig. 1. System model.

sheds insights into the performance improvement for the
cache-enabled networks and can be extended straightfor-
wardly to other scenarios.

« We develop an efficient approximation algorithm to ad-
dress the formulated user association problem, which
yields performance guaranteed solutions with reasonable
complexity. Numerical results show significant advan-
tages compared with other methods.

The reminder of this paper is as follows. We present system
model and formulate our optimization task in Section II. In
Section III, we describe the algorithms in detail. Numerical
results and discussions are presented in Section IV. Finally,
we conclude this paper in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Frequently used notations are listed in Table I. Suppose
a cache-enabled mobile network illustrated in Fig. 1, where
N BSs are used to serve K users. BSs can connect to the
core network through backhauls and have certain storage
space. S/P-GW represents the service gateway and the packet
data network gateway. The users and BSs are randomly
located in the service area. The set of users is expressed
by K = {1,2,...,K} and the set of BSs represents as
N ={1,2,...,N}. There are F = {1,2,...,F} files with
equal size that have a certain possibility of being requested by
users. Recall that it is justifiable to assume each file has equal
size since each file can be split into several small blocks. Each
BS has limited storage capacity so only a certain number of
files are possible to be cached in BSs. We denote the limited
storage space as M, and M < F. Each BS independently
stores M files from library F and a file can be cached by
multiple BSs. All requested files can always be found in the
core network. So a user associated with a BS can obtain a
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TABLE I
NOTATIONS
Symbol | Semantics
akn Index of cache missed or not
br,n Bandwidth allocated by base station n to user k
byrar Total bandwidth of BS n

F Set of files
F Number of files
Power gain between BS n and user k

I n Maximum interference from adjacent BSs in unit bandwidth
K Set of users

K Number of users

M Storage capacity of BSs

N Number of BSs
No PSD of AWGN
N Set of BSs

Dk,n Power of BS n allocated to user &
e Maximum transmission power of BS n

Py, Power consumption for maintaining at BS n
P, vh Power consumption for backhauling at BS n
Pnt Power consumption for transmitting at BS n
Tk,n Available transmission rate from BS n to user &
RL””L" Minimal rate requirement of user k

Pk,n User association index between user k£ and BS n

file from the core network via the backhaul connecting the
BS to the core network, or just from the cache of the BS on
condition that the requested content is stored at the BS.

The maximum transmission power and total available band-
width of BS n are p;'®® and b)'**, respectively. Let by ,, and
Dk,n be the bandwidth and the power that BS n allocated to
user k, respectively. The interference from the adjacent BSs
in unit bandwidth can be expressed by Iy, ,,:

Ik,n = z

n*eN ,n*#n

max
Ppx hk,n*

(1)
b:Ln*az

Therefore, the achievable transmission rate of user k served
by BS n can be written as:

pk,nhk,n

—_— . 2
bk,n(N0+Ik,n) @

Tk = Dgnlogy |1+
A user can get the requested files from BS n on the
condition that the BS has enough radio resource to support
the required transmission rate of the user. Fig. 2 shows the
behavior of our strategy of dealing with user request. From
another perspective, the serving BS has to ask for the requested
content files from the core network if they cannot be found
in the cache of the BS. Recall that the access cost that a user
obtains his/her requested files from the cache at the BS is
significantly different from that of the core network from the
viewpoint of power consumption.

Let ay,, denote whether the file required by user k can be
found in the storage space of BS n or not:

1 File requested by user k& not cached at BS n;

Qf,n = .
0 Otherwise.

3)

Binary decision variable py , denotes if user k is served by

BS n:
1 User k served by BS n;

Pk,n = . (4)
0 Otherwise.

We investigate the power consumption in the cache-assisted
mobile network. To this end, we should model the overall
system power consumption, including the maintenance power
of BSs, the transmission power of radio links and the back-
hauls power consumption. Let P,, represent the maintenance
power consumed by active BSs, which is a constant and can
be reduced only by switching BSs off. P, ; denotes the power
consumption at BS n for data transmission. P, 5, occurs when
the cache cannot be found locally, which represents the energy
for BS n to fetch contents from core network via backhauls.
According to [34], the power consumption used in backhauls
for BS n can be expressed as:

P, b*hRn,bh

maxr

bh

Pron = 5
where Py represents the power consumption of backhauls
when the maximum transmission rate Cy%* is provided, Ry, pn
is a given average backhaul requirement per base station, i.e.,
the sum data transmission via backhaul links.

There are two kinds of access cost related to power con-
sumption in considered network: When the requested file by
the user can be found in the storage space of the BS serving
the user, only are the maintenance P, and transmission P, ;
needed; when the requirement cannot be found in the storage
unit of the BS, it should be obtained from the core network,
thus increasing the cost of backhaul power consumption P, .
Consequently, the total power cost at BS n is expressed as
follows:

Pn:Pm+Pn,t+Pn,bh- (6)
Moreover, the total power consumption P is expressed as:
P= Z Pm + Z Z (pk,npn,t + pk,nak,npn,bh) . (7)
neN keK neN

We focus on minimizing the total power consumption
regarding radio access network under the condition of the
bandwidth and power budgets of infrastructures, meanwhile,
users’s rate requirements are also considered. The optimization
task can be formulated as:

min P
Pk,n bk, nsDk,n

st Cr: Y by <O VnelN,
kekC

Co: % prn <Py, VnelN,

keke
Cs: prnThn 2 R VE € K, ®)
Cyibppn>0,ppn>0,VEe K, VneN,
Cs:ppn€{0,1},VEke K,neN,
Cgtzgzlpkyngl,\fkelc,ne]\/.

The inequality of C is the bandwidth restrict and Cs is the
power budget of each BS. C'3 denotes users’ rate requirements.
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TABLE I
BANDWIDTH AND POWER ALLOCATION

Algorithm 1
1 Initialization:Cnt = 0, A(CC™") =0, Armin = 0, Amaz = I;

2: repeat

3: Cnt=Cnt+1;

4: )\(Cnt) = ()‘mln + Amam)/z
5: for k € IC,

6: find out by, ,, that satisfies (11);
7: by, n=max{0, by };

8: endfor

9: if Ypeic,, bk,n > 0500

10: Amin = ACTE;

11: else

12: Amaz = ACE;

13: endif

14: until |A\(CnD) _ \(Cnt-1)] ¢ ¢

15: for ke ICp,

16: bl:,n = bk,n§

17: Calculate p;;n using (10);
18: endfor

19: return b . p} > Ekek,, Phin

Cy is intuitive. C5 and Cj indicate that a user can only be
serviced by unique BS. Since py , is binary variable, (8)
defines a mixed integer programming problem that is difficult
to solve even for medium-sized scale case.

III. OUR PROPOSED ALGORITHMS

Our proposed algorithm consist of three nested procedures.
Firstly, we introduce a radio resource allocation algorithm,
which efficiently allocates the bandwidth and power resources
of a BS to meet the rate requirements of a set of users served
by this BS. Secondly, a performance-guaranteed approxima-
tion algorithm is developed to tackle the user association prob-
lem for given sets of users and BSs, where the radio resource
allocation algorithm should be called repeatedly. Thirdly, a
two-round iterative procedure is presented to minimize the
total system power consumption, where the user association
algorithm is called repeatedly.

A. Bandwidth and Power Allocation for One BS

For a given set of user KC,, served by BS n, we attempt
to find the minimum power consumed by BS n under the
condition of satisfying the user’s rate demand R}"". Assume
all obtainable bandwidth of BS n which denoted as b);"** are
used to serve KC,,. The optimization problem is expressed as
follows:

min Z Pk.n
bi,nsPl,n kel
st Cri Y bpn=bmer,
kelCp, 9

Ca: Tppm=RIM" VEk ey,
C3 : bk,n Zoapk,n ZOaVkEICn
Use (2) to replace 7, in (9), we have

_ bk,n

RLnin
Pk = H (2 Pk — 1)7 (10)
k,n

F .
where Hy, = Nolfizk Thus, the formulation (9) can be

converted into a convex form:

b R;:’in
min 3 “(2 Phm —1)

ben ety Hien

st Cri % by =bmar, (i

ke,
Co: bppn20,Vkel,.
We can get the lagrangian expression of (11) as
b . R;nin
L=y ’“(2 B —1)
ke, Hk.n (12)

+A( Z bk?fﬂ - b:{zaw) - Z /f"k,nbk:m-
kekC,, kekp,
In Eq. (12), A and py,,, are the lagrange multipliers. Denote
by, and A,y be primal and dual optimum points with zero
duality gap. by ,,, A* and 4 ,, can be expressed as follows:

1 Rpinn2) S
A= -2 B2 om 1] a3)
H}f”ﬂ bl: n
> bl =007, (14)
ke,
[k = 0,05, > 0. (15)

We can obtain b; , and A\* by using dichotomy. The alloca-
tion algorithm for bandwidth and power is described in Table II
(Algorithm 1). € and I are a tolerance and an appropriate posi-
tive parameter, respectively. Assume P, (K,,) = Yxerc,, Pk @S
the optimum value of (11). If P,(kC,,) is less than the power
budget of BS n, we can claim that BS n can serve IC,, users
with given rate requirements.

B. User Association

We propose an approximation algorithm to solve the user
association problem for given sets of users and BSs. Consider
K users with rate requirements and N BSs with limited band-
width and power budgets, we need to decide which BS each
user should be associated with. It is an NP-hard optimization
problem since the possible association combinations of K
users and N BSs are N, The required power p, ({k}) for
BS n serving user k can be calculated as:

(k) = B (o8
Pn = Hyeo n .

)

(16)

Initialize K,, = @, Kiemp = K and Niepp = N. Define
K, as the set of users who have been served. The remaining
users and candidate BSs are denoted by Kicmp and ./\/temp,
respectively. We calculate p,, ({k}) for k € Kiemp, 1 € Niemp
in each loop and work out the index (k’,n') in the light of the
lowest required power p,,s({k'}), then we calculate p,,s (v U
{k'}). If ppr (KCor U {E'}) < pI7*®, it means that the user k'
can be associated with BS n, thus we add k' into Kiepp,
Kiemp = Kiemp\{k'}; else, BS n’ would not meet the rate
demands of the rest of users because the requirement of user
k' is already the least power as compared to remaining if
consuming the same amount of bandwidth. Consequently, BS
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TABLE III
USER ASSOCIATION PROCEDURE

Algorithm 2

1: Initialization: KCp, = @,Vn € N; Ktemp = K; Neemp = N
2: Call Algorithm 1 to calculate p,, ({k}),k € K,n e N;
3: repeat

4 (K',n") = argHlin(k,n):kelctcmp,ns./\/}emp pn({k});
5 if p/ (K v {k'}) < pz’taz
6.

7

8

9

Kyt < Kpru {k’};
Kiemp < Ktemp\{k'}:
else
: Niemp < Niemp\{n'}:
10: endif
11: until lCtemp =g or -/vtemp =g
12: return C,

n’ should be removed from Memp. The procedure terminates
on condition that all users have been served or no BSs can
serve any user. Our proposed user approximation process is
elaborated in Table III (Algorithm 2).

Lemma 1. Given two sets of users K1, Ko, where |K1] = |ICal.
For BS n, if pp({k1}) = pn({k2}), Vk1 € K1, ky € Ko, we
have p, (K1) > pp(K2).

Proof: Detailed proof is shown in Appendix A. ]

Corollary 1. Given BS n and two sets of users K1, Ka. If
pn({]ﬁ}) > pn({k‘g}), Vki € K1, ko € Ko, and pn(K1) <
pn(ICQ), then |]C1| < |IC2|

The proof of corollary is intuitive. If |[KC1| > |KCa], a subset
K’ ¢ K1 can always be found to meet the condition p,, (1) >
pn(K') 2 p(K2) according to Lemma 1, where |[K'| = [KCal.

Theorem 1. Algorithm 2 is a %-approximation algorithm for
user association problem.

Proof: Let K* be the set of satisfied users of the optimum
solution. For each BS n € N, denote K as the set of users
associated with BS n in the optimal solution. X’ represents
the set of satisfied users selected by Algorithm 2 and K], is
the set of users associated with BS n e \V.

As the process of user association shown in Algorithm
2, BS n provides services to user k£ consumes lower power
compared with any user in K}\K'. From this, we can draw

pn({k2}) > pn({k1}), VE1 € KL ko e KXK', (17)
Additionally, we obtain
pn (K5, U {ka}) > pp®®, (18)

for each user ko € KX\K'; or user ks would be allocated to
BS n. For the users in K}, we have

P 2 pu(KS\K). (19)
Combining (18) and (19), we obtain
P (K, U {k2}) > pu(KL\K). (20)

According to Eq. (17) and (20) and the corollary of Lemma
1, we obtain

AR < K, 0 {R2}| = (K] + 1. @21

User request

Bandwidth and power
judgment

Yes

Local cache N

discovery

Fetch from core
network

Yes

l

A

Return cached files to user

Fig. 2. Service of a user request by our strategy.

That is,
o] > [\ (22)
Then,
2- K| =K+ ZNIICQI
> KK+ X [KA\K|
neN’
= [K* n K| + |[KF\K].

(23)

Attention that I* n K’ represents the selected users in C*
and K*\K' represents the unselected users in K*. Therefore
(K*nK)u(KN\K") = K, ie. [K*n K|+ [K\K'| = |K*|, so
we obtain

No Lipes
Kl 2 51K (24)

C. Power Consumption Minimization

If as many as possible users can get their requested files
from the caches, the total power consumption can be decreased
as much as possible as indicated in (7) as aforementioned. Our
proposed power consumption minimization algorithm is shown
in Table IV (Algorithm 3) .

Let Kc.qcne be the cached users (which means the number of
users which obtain their requested files from the caches of their
associated BS) and N_.4che is candidate BSs in the first round.
Initialize K, = @, Vn € N Keache = K5 Neache = N. Let Ky
assemble the collection of users serviced by BS n' yielded by
user association procedure currently. As can be found in Table
IV, in the first round, we associate as many as possible users
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TABLE IV
POWER CONSUMPTION MINIMIZATION PROCEDURE

Algorithm 3
1: Initialization: Kn, = @,¥n € N3 Keache = K Neache =N
2: Calculate ay, 5, using (3);

First round for cached users (aj,, = 0)
3: repeat
4: Call Algorithm 2 with Kiemp = Keacher Neemp = Neache;
5 until Kogene = D or Negche =D

Second round for remaining users
6: repeat
7: Call Algorithm 2 with Ktemp = Kieft» Ntemp = Niefi;
8: until ’Cleft =g or /\/left =g

with the BSs that store the files demanded by these users,
where we need to solve the user association problem with
radio resource budgets. Denote the users not associated with
any BS after the first round as Kj.;; and Ny = N. We
also employ user association procedure to find out a feasible
BS association for these users. Obviously, the users associated
with BSs in the second round have to visit the core network
via backhauls.

IV. NUMERICAL RESULTS

We estimate the effectiveness of our proposed algorithms
with a series of numerical experiments. Suppose that BSs are
randomly distributed in the range of 2 x 2 km?. The available
bandwidth of BS is randomly selected from 20MHz to 100
MHz and the maximum transmission power of BS is 1W.
The maintenance power of BS is set to 3.1W. The maximum
backhaul transmission rate Cj;** is 1Gbps with the power
dissipation of P}, = 20W. The path loss model is based on
3GPP standard and counted as 140.7 + 36.71og;,(D), where
D (in km) represents distance between BSs and users. The
value of standard deviation of the logarithmic normal shadow
and the noise power spectral density (PSD) are 10 dB and
—-184 dBm/Hz, respectively. The rate requirements of users
range from 2Mbps to 20Mbps.

Our proposed method is compared with other representative
methods proposed in the literature. The signal to interference
plus noise ratio (SINR) scheme means a user is always con-
nected to the BS that provides the largest SINR. The heuristic
algorithm proposed in [35] named rarely cached served first
(RCSF), gives the priority to the users whose required files are
seldom stored in the local BSs. We evaluate the performances
of these algorithms from the following aspects: the number of
BSs N, users K, files F' and the cache size M. All simulation
results are obtained by an average of 500 Monte Carlo tracks.

Figure 3 demonstrates the number of users which find their
required contents from the caches of their corresponding BS
(cached users) as a function of the number of BSs, where
K =200,F =50,M = 10. As can be seen from Fig. 3, the
method we proposed can serve much more users for a given
number of BSs as compared to other threes ones. Particularly,
when the number of BSs is not large enough, which means
wireless resources are scarce, our proposed user association
algorithm shows significantly performance improvement. The
similar performance gain can also be found in Fig. 4, where we
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can see total power consumption decreases with the increase
of the BSs. It can be explained as follows: more BSs are
deployed, and more files requested by users can be found in
the caches at the BSs. Consequently, the power consumption
can be reduced for a given set of users. Again, our proposed
algorithm yields the lowest power consumption.

Figure 5 and Figure 6 show the curves of the cached users
and the total power consumption as a function of the number
of users, where N = 20, F = 50, M = 10. We can see from
Fig. 5 and Fig. 6 that the cached users and the total power
consumption increase when the scale of users becomes larger.
When the size of users is relatively small, the performance
gap for our algorithm is slight as compared with others. It is
because that the radio resource of BS with spectrum and power
budgets is not the key factor in this case. In other words, a user
is more possible to be served by the BS that caches his/her
requested files and also has enough radio resource (bandwidth
and power) to provide the user with the required rate. However,
as the users’s scale becomes larger, radio resource budgets of
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BSs may impede users associating with the BSs even though

these BSs cache the requested files. Our proposed algorithm 200

outperforms the other two policies as can be seen from Fig. 5

and Fig. 6. ol __e--—"7F
Figure 7 and Figure 8 illustrate the impact of the number P -7

of files on the number of cached users and the total power £ o ~ /:;E,— --%

consumption, where K = 200, N = 20, M = 10. We can see é teor //// 8-~ |

from Fig. 7 that the cached users reduce with the diversity of £ I'% P

files increase. It can be explained: the hit rate will become S 140r ) 2 1

smaller if the number of files increases for given cache size g ,/ ////

and set of BSs, so that more users have to visit the core glzo— 7/ %//// 8

network to get the requested files. Therefore, the total power = / 0

consumption has a certain growth as shown in Fig. 8. Our wol 2L — o

algorithm guarantee that more users served by local BSs and /7 o o

greatly reduce the power consumption as can be seen from " . | | | —V SINR

Fig. 7 and Fig. 8. 5 10 15 20 25 30

Cache size

With the increase of cache size in BSs, the number of
cached users and system power consumption can be seen in
Fig. 9 and Fig. 10, where K = 200, N = 20, F' = 50. Fig.

Fig. 9. Number of cached users as a function of the cache size.
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9 indicates that cached users increase when the cache size
becomes large for constant number of files. This is because
more files can be stored at the BSs with large cache size so
that the hit rate becomes large, and more users can be served
by local BSs. Thus, the reason for the reduction in system
power consumption can be explained for the same reason as
can be seen from Fig. 10.

V. CONCLUSIONS

In this paper, we investigated the power consumption min-
imization problem in the cache-enabled mobile networks,
where the radio resource limitations of the base stations and
the storage capacity of the caches are considered jointly. We
developed a block nested procedure to address the formulated
intractable optimization problem efficiently. Numerical exper-
iments show that our proposed scheme can notably reduce the
system power consumption in different scenarios. For future
work, investigations show that the popularity of files is quite
different in practice [36, 37], it would produce more promising
schemes for practical networks if taking the placement of files
into consideration jointly with the radio resource allocation at
base stations.
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APPENDIX A
PROOF OF LEMMA 1

Fact 1. Given B > 0, by > 1,by > 1, assume that by — 1 >
B (ba—1), then we have

b -1>B-(by-1),Yyn>1,neR.

Denote py, ,, and by, be the optimum power and band-
width allotment for p, (K1), respectively. Based on (16) and

8
pa({k1}) 2 pn({ka}), Vk1 € K1, ko € Ko, we can get
]_ . (2R£111n/bzla.t _ 1) Z ]_ . (2Rzn2in/b?am _ 1) .
Hkhn k2,n
For each ki € K1, ko € Ko, we obtain
. RIM™ ymas
+ - _Fam (2"‘ R 1)
Pryn Hkl,n
. R'Ircr;in 'bzyam
> k1,m . (2 pmaz bzl,n _ 1) (25)
ka_),n
- #.(2 ko / ki,n _1)7
Hk’Q,'n.

where the inequality in (25) is always satisfied according to
Fact 1. We assign as much as bandwidth to the users in Ko
as the users in K. That is by ,,. Thus, we have

p’ﬂ(Kl) = Z pl:hn
k1ekCq
> ki (QRZZ"/bZI,n _ 1) (26)
koeKo Hk'Zv"
2 pn(KQ).
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