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Power Consumption Minimization in
Cache-Enabled Mobile Networks

Fang Dong, Tianyu Wang, Member, IEEE, and Shaowei Wang

Abstract—Caching at base stations (BSs) can enhance the per-
formance of a mobile network, which has gained much attention
in the past few years. In this paper, we investigate the energy-
saving issue in the cache-enabled mobile network, where we try
to minimize the total system power consumption with limited
radio resource and storage capacity of the BSs. We decouple the
formulated difficult optimization task into a series of tractable
subproblems and develop efficient algorithms to solve them with
reasonable computation load. The key idea of our proposed scheme
is to associate as many as possible users with the BSs that have
stored the users’ requested files in their caches while considering
the spectrum and power budgets of the BSs. Numerical results
show our proposed scheme can significantly reduce the system
power consumption compared with others.

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

1. INTRODUCTION

HE throughput of mobile network has been growing
T steadily 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 enhance the system capacity of future
mobile networks. However, global mobile data traffic has ex-
perienced 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 mo-
bile traffic is expected to rise about 40 times in next five years

Manuscript received March 12, 2019; revised April 23, 2019; accepted April
25, 2019. Date of publication April 30, 2019; date of current version July 16,
2019. This work was supported in part by the National Natural Science Foun-
dation of China under Grants 61671233 and 61801208, in part by the Jiangsu
Science Foundation under Grant BK20170650, in part by the Postdoctoral Sci-
ence Foundation of China under Grants BX201700118 and 2017M621712, in
part by the Jiangsu Postdoctoral Science Foundation under Grant 1701118B,
and in part by the Open Research Fund of National Mobile Communications
Research Laboratory under Grant 2019D02. The review of this paper was co-
ordinated by Prof. A. Jamalipour. (Fang Dong and Tianyu Wang are co-first
authors.) (Corresponding author: Shaowei Wang.)

F. Dong and S. Wang are with the School of Electronic Science and Engineer-
ing, Nanjing University, Nanjing 210023, China (e-mail: mf1623009 @smail.
nju.edu.cn; wangsw @nju.edu.cn).

T. Wang is with the School of Electronic Science and Engineering, Nanjing
University, Nanjing 210023, China, and also with the National Mobile Commu-
nications Research Laboratory, Southeast University, Nanjing 210096, China
(e-mail: tianyu.alex.wang @nju.edu.cn).

Digital Object Identifier 10.1109/TVT.2019.2914023

, Senior Member, IEEE

[8]. As a result, mobile networks always face heavy transmis-
sion burden, especially for the backhauls connecting the base
stations (BSs) with the core network.

Consider content delivery scenario such as video streaming
and gaming, though tremendous items requested by users in-
clude the same content, all these requests have to be handled by
the core network via the backhauls in current mobile communi-
cation systems. Massive data are transported via the backhauls
repeatedly [9], resulting in tremendous waste of the network re-
source including the backhauls and the computing resources of
the core network. Moreover, the quality of experience of users
could be deteriorated due to the unavoidable latency. However,
if these repeatedly requests of users are handled at the BSs, the
burden of backhauls could be alleviated consequently, as well
as the load of the core network. Moreover, the perceived la-
tency could also be reduced in this way. Caching at the 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, the transmission latency and the system energy
consumption.

The capacity limitation of the backhauls has been the bottle-
neck of mobile network. Deploying caches at the BSs is deemed
as a promising scheme to address this challenge since the cost
of disk storage has sharply reduced in the past decades. In [12],
a new architecture is presented to cope with the explosive re-
quirements of video content in wireless networks. It indicates
that the distributed caches at the BSs can significantly improve
the throughput. It is also shown that the capacity of backhauls
can be saved up to 22% by exploiting proactive caching scheme
[13], and higher throughput gain can be achieved further by in-
creasing the storage capacity at the edge of network. In [14],
a new-type framework is proposed to jointly optimize caching
and computing, and a distributed algorithm is developed to ad-
dress the formulated optimization task. In [15], a cost-effective
cache deployment is proposed to maximize the system capacity
while satisfying the transmission rate requirements. A user pre-
fix caching scheme is proposed to reduce the average playback
delay in [16], where each user can cache a part of video clips
in advance. In [17], a posterior caching scheme for a coopera-
tive network is discussed, where the cache placement is carried
out firstly. In [18], a column generation method is developed to
maximize the system throughput by jointly considering caching,
routing and channel assignment. The cache placement problem
in content distribution network is discussed in [19], where two
distributed algorithms are presented to minimize the storage and
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the access cost. Storage and latency in the cache-aided network
measured by normalized delivery time are investigated in [20],
and it is shown that 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, and an effective power control method is adopted to
cut down the energy consumption.

In brief, caching popular items at the edge of the mobile net-
works can reduce the duplicated transmission and enhance net-
work performance such as system throughput and energy saving.
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 ef-
fective system power consumption model is proposed with the
analysis of the cache influence on energy efficiency. A user clus-
tering method 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 the bandwidth issue of BSs, a user as-
sociation and content caching strategy is developed to maximize
the number of content requirements at the local BSs in [26]. In
[27], both cache and request routing issues are investigated with
the analysis of routing and caching complexity. Device to de-
vice 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 capacity limitation
of backhauls and the traffic demand of users. In [30], cache and
user association are jointly investigated to minimize the total
delay of users. The channel quality of backhauls is investigated
in [31], 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 the radio resource budget of the BSs
imposes strict constraints on the admission of users [32], [33]
and is also inextricably bound up with caching strategies in mo-
bile 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. Un-
der 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 sys-
tem energy consumption. The motivation of our proposal is as
follows: Consider a cache-enabled mobile network where each
BS can cache limited content files that would be requested by
users, if we associate users with the BSs that can provide the
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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
hin Power gain between BS n and user k
Iy 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 k
e Maximum transmission power of BS n
P, Power consumption for maintaining at BS n
P.vn Power consumption for backhauling at BS n
Pp ¢ Power consumption for transmitting at BS n
Tkon Available transmission rate from BS n to user k
RZ”" Minimal rate requirement of user k
Pk,n User association index between user k and BS n

requested content files locally, the requests of the users would
be met without involving the backhauls between the BSs and
the core network. Then the burden of the core network is alle-
viated, 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 ca-
pacity of caches. Our proposed scheme provides feasi-
ble solutions to practical mobile networks with cache
enhancement.

® We formulate a pragmatic power minimization model that
includes the power consumption of BS maintenance, ra-
dio transmission and backhauls. Our problem formulation
sheds insights into the performance improvement for the
cache-enabled networks and can be extended straightfor-
wardly to other scenarios.

e 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 advantages
compared with other methods.

The reminder of this paper is as follows. We present sys-
tem model and formulate our optimization task in Section II. In
Section III, we describe the algorithms in detail. Numerical re-
sults 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 NV
BSs are used to serve K users. The BSs can connect to the core
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File Library

I cache
Users BSs I Q Core Network
-------------------------- # Transmission link ~ ————— Backhaul link
Fig. 1.  System model.

network through backhauls and have certain storage space. S/P-
GW represents the service gateway and the packet data network
gateway. The users and the BSs are randomly located in the ser-
vice area. The set of users is expressed by K = {1,2,..., K}
and the set of BSs represents as AV = {1,2,..., N'}. There are
F ={L,2,..., F} files with equal size that have a certain pos-
sibility 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 at the
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 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 0;;**, 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 I}, ,,:

Ik;n = Z

n*eN,n*#n

PRy e
bmax ( 1 )

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

pk:,nhk,n
b (No + i n)
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

Tkn = bk;n logz |:1 + (2)
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User request
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Local cache N
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Fetch from core
network

Yes

l

A

Return cached files to user

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

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;

Af.n =
’ 0 Otherwise.
3)

Binary decision variable p;, ,, denotes if user £ is served by BS
n:

1 User k served by BS n;

n = 4
Pk, 0 Otherwise. @

We investigate the power consumption in the cache-assisted
mobile network. To this end, we should model the overall sys-
tem power consumption, including the maintenance power of
the BSs, the transmission power of radio links and the backhauls
power consumption. Let P, represent the maintenance power
consumed by the active BSs, which is a constant and can be
reduced only by switching BSs off. P, ; denotes the power con-
sumption at BS n for data transmission. P, 3, occurs when the
cache cannot be found locally, which represents the energy for
BS n to fetch contents from the core network via the backhauls.
According to [34], the power consumption of the backhauls for
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BS n can be expressed as:
P R v

Poon = O

®)
where P, represents the power consumption of the backhauls
when the maximum transmission rate C};** is provided, R, pn
is the given backhaul requirement of a base station, i.e., the sum
data transmission via the backhaul.

There are two kinds of access cost related to power consump-
tion 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 the transmission F,, ; 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 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 regard-
ing 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:

P

min
Pk,n 7bk',n sPk,n

S.t. 4

: Zbk,n <

kel

Zpk,n S p;‘nax7vn S Na

kel

brax N e N,
Cz :

03 :
04 .
Cs

PknTk,n > R;gninaVk S K:,
bk,n > Oapk,n > O7Vk S ’C,VTL S Na
tpen €{0,1},VE € K,n e N,

N
:Zpk7n§ 1,Vk e K,n € N.

n=1

Ce ®)

The inequality of C| is the bandwidth restrict and C} is the
power budget of each BS. (5 denotes users’ rate requirements.
Cyisintuitive. C's and C 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
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allocation algorithm is 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 /C,, 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 /C,,.
The optimization problem is expressed as follows:

min E Pk.n
bk,nypk,n kek,
st O S b = B,
keky,

Cy i T = R VE € KC,,

Cs :bgn > 0,pgn > 0,V € Gy )]
Use (2) to replace 7, 5, in (9), we have
b RII)II]
n= 2 bk T — 1], 10
Dk, Hk ) (10)
where Hj, ,, = N;ii[; Thus, the formulation (9) can be con-

verted into a convex form:

b [ EET

min ka (2 P — 1)

bk,n keky, k,n

S.t. C[ : Z bk;”n - bmax7

kekn
s bk,n > 0,Vk € K. (11)
We can get the lagrangian expression of (11) as
ST

kek,, Hk n
+ A (Z brn — bglaX> = > thabrn  (12)

keky, keky,

In (12), A and p,y, are the lagrange multipliers. Denote b}, ,,
and A", pij. ,, be primal and dual optimum points with zero duality
gap. b, . A and [, can be expressed as follows:

i
1 Ry In2
A= — TR ST P 13
i K Ui ) 1 -
Z b bmax (14)
kek,,
W =0.0,>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). e and I are a tolerance and an appropriate positive
parameter, respectively. Assume P, (Ky) = > ;o pj. ., as the
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TABLE II
BANDWIDTH AND POWER ALLOCATION

Algorithm 1
1: Initialization:Cnt = 0, A(Cnt) = 0, \in =0, Ampaz = 1

2: repeat

3: Cnt=Cnt+1;

4: AEP) = (N pin + Amaz ) /2
5: for ke IC,,

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

8 endfor

9: if Zkelcn bk,n > bnmaz-

10: Amin = AC™E

11: else

12: Amaz = ANC™;

13: endif

14: until [A\(C11) _ \(Cnt-1)| < ¢

15: for k e Ky,

16: b,’;’n =bg n;

17: Calculate pz’n using (10);
18: endfor

19: return by .y ., Zkek,, Phon

optimum value of (11). If P,,(XC,,) is less than the power budget
of BS n, we can claim that BS n can serve /C,, users with given
rate requirements.

B. User Association

We propose an approximation algorithm to solve the user as-
sociation problem for given sets of users and BSs. Consider K
users with rate requirements and N BSs with limited bandwidth
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 o™ 2% 1 16

Initialize KC,, = &, 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 Ky¢,,) and ./\/temp, respec-
tively. We calculate p,, ({k}) for k € Kiemp, n € Niemy in each
loop and work out the index (k’,n’) in the light of the lowest
required power p,/({k'}), then we calculate p, (K., U{k'}).
If pp (Ko U{K'}) < p™2* it means that the user k' can be
associated with BS n/, thus we add k" into Kyepmp, Kiemp =
Kiemp\{k'}; else, BS n/ would not meet the rate demands of the
remaining users because user k' consumes the least power given
the same amount of bandwidth. Consequently, BS n’ should be
removed from /\/}emp. 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 Ky, Iy, where || =
|IC2|. For BS n, if p,({k1}) > pn({k2}), VK1 € K1, k2 € Ks,
we have Pn (ICI) > Pn (K:Z)

Proof: Detailed proof is shown in Appendix. |
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TABLE III
USER ASSOCIATION PROCEDURE

Algorithm 2

1: Initialization: Ky, = 3,Yn € N3 Kiemp = K; Niemp =N
2: Call Algorithm 1 to calculate py, ({k}),k € C,n € N

3: repeat

4 (W) = argminge ) kexyomy neNsomy P ({£)):
S i p (Ko U {K')) < pIee

6: Ko« Kpru{k'};

7 Ktemp < Kiemp\{k'};

8: else

9: Niemp < Niemp\{n'}:

10: endif

11: until ICtemp =g or /\/temp =g
12: return /C,,

Corollary 1: Given BS n and two sets of users K;, KC,.
If po({k1}) > pn({k2}), Vi € K1, ko € K, and p,(K) <
pn(Kz), then ‘K:1| < |K:2|

The proof of corollary is intuitive. If |IC;| > |z, a subset
K" C K; can always be found to meet the condition p,, (KC;) >
pn(K') > pp () according to Lemma 1, where |[K'| = |

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

Proof: Let IC* be the set of satisfied users of the optimum
solution. For each BS n € N, denote IC;, as the set of users
associated with BS n in the optimal solution. K’ represents the
set of satisfied users selected by Algorithm 2 and K/, is the set
of users associated with BS n € NV.

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 £}, \'. From this, we can draw

pr({k2}) = pn({k1}), Yk € K, ka € K \K (17)
Additionally, we obtain
P (K5, U {ka}) > pi™™, (18)

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

PR > p (KiK. (19)
Combining (18) and (19), we obtain
pn (K5, U{k2}) > pu (K \K). (20)

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

ICAK| < 1K, U {ka}| = || + 1. 1)
That is,
Kl > A\ (22)
Then,
2K = K+ ) (K
neN
> NK|+ ) (KK
neN’
=" NK| + |[K\K|. (23)
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TABLE IV
POWER CONSUMPTION MINIMIZATION PROCEDURE

Algorithm 3
1: Initialization: K, = @,Yn € N Kegehe = Ki Negehe = N
2: Calculate ay, 5, using (3);

First round for cached users (aj, , = 0)
3: repeat
4 Call Algorithm 2 with Kiemp = Keacher Neemp = Neaches
5: until Kegene = D or Nogehe = @

Second round for remaining users
6: repeat
7: Call Algorithm 2 with Kiemp = Kie fes Neemp = Nieses
8: until i pp = or Njejr =

Attention that K* N K’ represents the selected users in * and
KC*\K' represents the unselected users in K*. Therefore (K* N
KU (KA\K') = K%, pe. |[KEN K|+ [K\K'| = |[K*], so we
obtain

1
K] > SIK. 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_,p. is candidate BSs in the first round.
Initialize K,, = @,Vn € N; Kecache = K; Neache = N.Let K,y
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 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 Kjc s, and N = 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 ran-
domly distributed in the range of 2 x 2 km?. The available band-
width of BS is randomly selected from 20 MHz to 100 MHz and
the maximum transmission power of a BS is 1 W. The main-
tenance power of BS is set to 3.1 W. The maximum backhaul
transmission rate C;;** is 1Gbps with the power dissipation of
Py, = 50 W. The path loss model is based on 3GPP standard
and counted as 140.7 4 36.7 log,,(D), where D (in km) rep-
resents distance between BSs and users. The value of standard

deviation of the logarithmic normal shadow and the noise power
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Fig. 3. Number of cached users as a function of the number of BSs.

spectral density are 10 dB and —184 dBm/Hz, respectively. The
rate requirements of users range from 2 Mbps to 20 Mbps.

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 connected
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 NV, 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 num-
ber of BSs as compared to other two methods. 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 per-
formance gain can also be found in Fig. 4, where we 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. Conse-
quently, 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 algo-
rithm 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 pos-
sible to be served by the BS that caches his/her requested files
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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 BSs may impede
users associating with the BSs even though these BSs cache the
requested files. Our proposed algorithm outperforms the other
two policies as can be seen from Fig. 5 and Fig. 6.
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Figure 7 and Figure 8 illustrate the impact of the number of
files on the number of cached users and the total power consump-
tion, where K = 200, N = 20, M = 10. We can see from Fig. 7
that the cached users reduce with the diversity of files increase. It
can be explained: The hit rate will become smaller if the number
of files increases given cache size and BSs, so that more users
have to visit the core network to get the requested files. There-
fore, the total power consumption has a certain growth as shown
in Fig. 8. Our algorithm guarantees that more users served by
the local BSs and greatly reduces the power consumption as can
be seen from Fig. 7 and Fig. 8.

With the increase of cache size, the number of cached users
and the system power consumption can be seen in Fig. 9 and
Fig. 10, respectively, where K = 200, N = 20, F' = 50. Fig. 9
indicates that cached users increase when the cache size be-
comes 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 the local
BSs. Thus, the reason for the reduction in system power con-
sumption can be explained for the same reason as can be seen
from Fig. 10.
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V. CONCLUSION

In this paper, we investigated the power consumption mini-
mization problem in the cache-enabled mobile networks, where
the radio resource limitations of the base stations and the stor-
age capacity of the caches are considered jointly. We developed
a block nested procedure to address the formulated intractable
optimization problem efficiently. Numerical experiments show
that our proposed scheme can notably reduce the system power
consumption. For future work, investigations show that the pop-
ularity of files is quite different in practical scenarios [36], [37],
it would produce more promising schemes if we jointly take
the placement of files and the radio resource allocation at base
stations into consideration.

APPENDIX
PROOF OF LEMMA 1

Fact 1: Given B > 0,b; > 1,b, > 1, assume that b; — 1 >
B - (by — 1), then we have

b —1>B- (b —1),Yn>1,n€R.
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Denote pj ,, and b; ,, be the optimum power and band-
width allotment for p, (K;), respectively. Based on (16) and
pn({kl}) > pn<{k‘2}), Vki € K1, ky € Ky, we can get

1 . (2Rgilsn/b?;ax _ 1) > 1 - (2Rgizm/b?ax _ 1) .
Hk’l,n ka,n

For each ky € Ky, k»

€ IC,, we obtain
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]C“’I’L
Z ki,n . 2b'n. hkl,n -1
sz,n
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min /px
= B (R P 1)), 25)
sz,’ﬂ

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

pu(KD)= Y Piym

k1€K1

> Z bzl,n .

H
krekoy ka,n

Z pn(ICZ)-

(232;‘“/%1 .

1)
(26)
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