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Joint Caching and Radio Resource Allocation for
the Downlink of Multi-Cell OFDMA Systems

Sepehr Rezvani and Nader Mokari

Abstract—The unprecedented growth of internet contents,
specially social media, makes a challenge to the load of cellular
networks. Latency is one of the most important metrics at
end-users. To this end, we propose a resource allocation (RA)
algorithm to design both caching and delivery policies with the
aim of minimizing total latency of mobile users (MUs), where
in the caching phase, the content placement is investigated
and in the delivery phase, we allocate radio resources (i.e.,
transmit powers and subcarriers) in a multi-cell orthogonal
frequency division multiple access (OFDMA)-based network
communicating with a data center via backhaul links. In order
to achieve an efficient caching policy, we propose an optimization
problem to minimize the latency of MUs subject to maximum
delivery deadline, maximum allowable transmit power of each
base station (BS) and data center, and exclusive subcarrier
assignment constraints. Hence, we devise an iterative algorithm
to solve the main optimization problem and prove that the
proposed approach converges to a near-optimal solution, when
the number of iterations increases. Moreover, simulation results
illustrate that devising the transmission-aware caching policy
can significantly improve the performance, compared to the
conventional proactive caching policies which are only based on
the popularity of contents and the storage capacity of BSs.
Index Terms— Caching policy, OFDMA,
resource allocation, latency.

delivery policy,

I. INTRODUCTION

N the past decade, with introducing smart phones, tablets

and other advanced mobile devices, wireless cellular net-
works have been developed. Moreover, the global data traffic
is predicted to increase 11-fold from 2013 to 2018 and reach
15.9 exabytes per month. Consequently, increasing the mobile
data traffic creates challenges for cellular network operators
(CNOs) [1].

Social media has already been exceeded 50 percent of the
global mobile data traffic in content transportation of internet
in 2012 [2]. In order to satisfy the tremendous growing mobile
data traffic demand, developers have to increase the cellular
network capacity and backhaul bandwidth, simultaneously.
Moreover, developing small cells is a potential solution to
achieve the Shannon limit in long term evolution (LTE)
standard [3]. In LTE systems, it needs to be considered more
control signals like transmit power control and interference
alignment, where significant amount of available bandwidth
is considered by the mentioned control signals [4]. Latency
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is one of the most important metrics at end-users. According
to the confined available radio spectrum and more expensive
bandwidth of backhaul links, increasing wireless capacity is
not a sufficient solution to improve the latency [5].

Orthogonal frequency division multiplexing (OFDM) is a
modulation technique which is utilized in many communi-
cation networks, such as LTE cellular networks to increase
the data rate of mobile users (MUs). In OFDM, the avail-
able bandwidth is divided into some smaller bandwidths,
called subcarriers [6]. For more flexibility in resource allo-
cation (RA), orthogonal frequency division multiple access
(OFDMA) technique is developed in which separated sets of
subcarriers are assigned to different MUs [6], [7].

In the current LTE system, social media should travel from
data centers to base stations (BSs) and finally to the end-users.
Travelling data over the network takes a time called latency.
Since other solution for reducing latency is closing data to
the end-users, we should not solely concentrate our attentions
to radio resources (i.e., subcarriers and transmit powers), but
also to the storages (i.e., caching) in cellular networks [3].
The storage capacity of BSs are other resources which can be
simply considered in LTE system to improve latency [3]. Since
the latency at MUs mainly comes from traveling contents
through access and backhaul links, decreasing the data traffic
of radio access and backhaul links, simultaneously, is an
effective approach to reduce latency [3].

A. Related Works

Recently, some joint transmit power and subcarrier allo-
cation algorithms have been designed for the downlink of
cellular OFDMA-based networks [8]-[11]. A joint subcarrier
and transmit power allocation algorithm for the downlink of
an OFDMA mixed femtocell/macrocell network is considered
in [12]. Moreover, several fractional programming algorithms
are proposed to solve the joint transmit power and subcarrier
allocation in the downlink of OFDMA systems [13]-[15]

Content caching in cellular wireless networks is classified
into two main categories. The first category is considering a
scenario, where each MU is assigned to at most one storage
capacity. The second category is considering a multi-coverage
scenario in which each MU is covered by several caches.
In the second scenario, the authors study on the optimal
cache placement with a larger distributed cache. In [16],
the authors investigate the design of a distributed caching
policy for the downlink of the heterogeneous cellular networks
(HCNs) based on the network channel conditions. Hence, they
designed distributed caching optimization algorithms via the
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belief propagation (BP) algorithm for minimizing the latency.
To alleviate the complexity of the proposed BP algorithm, the
authors proposed a heuristic BP algorithm and evaluate the
average latency of the network. They also show that designing
an efficient content placement algorithm is more better than
storing popular contents everywhere [17]. Moreover, in [18],
the authors propose an in-network cache assisted eNodeB
caching scheme for LTE networks, where content objects
are cached at eNodeBs with the aim of minimizing latency.
They also showed that utilizing the caching technique in the
networks can save bandwidth for mobile operators and reduce
the latency for end-users. In [3], the authors study on a single-
cell scenario in LTE system with considering device-to-device
(D2D) communication and design a caching policy based on
the achieved fixed data rates at MUs, popularity of contents,
storage capacity of BSs and MUs, and maximum delivery
deadline at each MU. They show that finding the optimal
content placement based on the network conditions improves
the latency, in contrast to the conventional caching policies
which are only based on the storage capacity of caches and
popularity of requesting contents.

B. Our Contributions

Our contributions are presented as follows:

o We consider a cache-enabled OFDMA multi-cell network
in which BSs are able to store the social media in
the network. We focus on the downlink of the wireless
backhaul and access links.

« In the considered model, BSs serve the requests of MUs.
Moreover, in each cell, MUs request the social media only
from the associated BS, and the requests of MUs could be
served in two cases based on the existence of the social
media in the cache of the BSs'. In order to reduce the
latency of MUs, we can decrease the data traffic of both
the access and backhaul links and increase the data rate
of MUs, simultaneously. In contrast to previous works,
this paper considers a new viewpoint in which both the
caching and delivery policies are jointly devised.

e In this system, we minimize the total latency of MUs
subject to the maximum transmit power, delivery deadline
and storage capacity constraints.

o We propose an iterative algorithm to solve the proposed
optimization problem. Specifically, in each iteration, we
divide the main optimization problem into two subprob-
lems, where the first subproblem is content placement
problem and the second subproblem is joint transmit
power and subcarrier allocation problem. We solve the
binary linear programming (BLP) content placement
problem via the available optimization softwares, such as
CVX with the internal solver MOSEK. The joint transmit
power and subcarrier allocation problem can be classified
as general linear fractional programming (GLFP) prob-
lem. Accordingly, we use the fractional programming
algorithm to solve it. We repeat these iterations until

'In this paper, we consider a set of social media which are frequently
requested. However, the proposed algorithm can be applied for all types of
contents.

Base Station Y
BS)

Mobile
User (MU)

Fig. 1: The network model of the considered system.

more improvement is not made. We mathematically prove
that the proposed iterative algorithm converges to a near-
optimal solution.

o In simulation results, we investigate the the performance
of the proposed algorithm.

C. Paper Organization

The rest of this paper is organised as follows: We describe
the network model in Section II. The main optimization
problem is presented in Section III. Moreover, Section IV
solves the proposed optimization problem. The computational
complexity of the proposed algorithm is presented in Section
V. The numerical results and simulations are presented in
Section VI. We also present the conclusion of this paper in
Section VII.

II. SYSTEM MODEL

Consider an OFDMA-based multi-cell radio access network
(RAN) consisting of B BSs and U MUs, communicates with
a data center via wireless backhaul links. We assume that in
each cell, there is only one BS which is servicing the set of
MUs located in that cell. We focus on the downlink of the
network which is shown in Fig. 1.

A. Network Model

In this model, we have B cells which are not spanning
together. Denoted by B = {1,2,..., B}, the set of BSs,
where b € B represents the b BS in the network. We also
denote the data center gy 0. The set of MUs in the network

is expressed by U = |J Uy, where U, represents the set of

b=1
MUs located in cell b and subsequently are associated with
BS 0. We also indicate the number of MUs located in cell b
by Uy = |Us|. Hence, the total number of MU in the network

) . B
is obtained by U = > 0=1(7,. The set of social media is
denoted by C = {1,2,...,C}, where ¢ € C represents the

" social media in the network. Moreover, the size of social

media c is denoted by s, which is assumed to be Log-normal
distributed, i.e., s. ~ InN(us,02) [3]. In the considered
model, we assume that each MU only requests the social media
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from the associated BS, and then, the BS serves the requests.
The popularity of requesting the ¢ social media, i.e., rank
¢, is non-homogeneous in a period of time. Moreover, we
characterize it by the Zipf distribution as follows: [3], [19],
[20]
C1
pe= <l — m
d2e=11/cci Ve €C,

where 0 < (7 < 1 is a real number which tunes the considered
popularity model of the social media. Furthermore, we note
that the term MU is used instead of ‘active MU’ for brevity,
which means each MU requests at least one social media in
the network. We also define a binary indicator d . € {0,1}
for requesting the social media ¢ from the MU u € U}, as:

1, if MU u € U, requests social media ¢
from BS b;
0, otherwise.

PHAEDD

5b,u,c =

According to (1), ”—E%M ~ pe, Ve € C should be
satisfied [3]. We assume that each BS has a storage capacity
and is able to cache social media in the network. The set of
cache size of the BSs is denoted by M = {mgy,...,mp},
where m,; represents the cache size of the b™ BS in the
network. Note that the data center has all social media.

In this model, we assume that all channels are composed of
Rayleigh fading, path loss model and additive white Gaussian
noise (AWGN) with the power spectral density (PSD) of
Ny. We also assume a fixed available radio spectrum with
the non-spanning frequency bandwidth Wpy and Wj. for
wireless backhaul and access links, respectively. We divide
the bandwidth of wireless backhaul and access links into Ngy
and N, orthogonal subcarriers, respectively, such that each
subcarrier has W frequency bandwidth which is much less
than the available coherence bandwidth of the network. Hence,
the transmitted signal over each subcarrier may experience flat
fading [10]. Denoted by Ny = {1,2,..., Ngu} the set of
subcarriers of backhaul links, where ngg € Npy represents
the n™ subcarrier of the backhaul channels in the network.
Moreover, the set of subcarriers of the access links is denoted
by Nac = {1,2,..., Nac}, where na. € N, represents the

h subcarrier of the access channels in the network.

B. Serving Model and Latency Formulation

In this paper, we assume that each social media can be
stored at the cache of BSs. Hence, we introduce the following
binary content placement indicator as:

_ L,
Pb,c = 07

The serving request model of the considered network is de-
scribed in the following. In each time duration, BSs receive the
requests of MUs located in their cells. If the requested social
media is stored in the cache of the BS, the BS disseminates it
via access link, immediately. If the social media is not stored
at the BS, the BS receives the requested social media from
the data center via the backhaul link and then, sends it to the
requested MU via access link. According to the above, when

if social media c is cached at BS b;
otherwise.

MU u € U, requests social media c, the requested social media
will be served based on the following cases:

1. First case: If the requested social media c is stored at BS
b, i.e., pp. . = 1, the requested social media c will be served
by BS b via the access link between BS b and MU u € U,.
Moreover, we obtain the data traffic of the access link of
MU u € U, as [3]:

Ac 1

61) u,cPb,cSc- (2)
Z

In addition, we assume a limitation for the latency of each
MU u € U, as Tlﬁz, which means that the latency of each
MU u € U, should not exceed Tl‘f_z. Hence, we should
consider a sufficient data rate for the access link of MUs
to serve all requests. Moreover, the channel capacity of the
access link for MU w € U}, on subcarrier na. is given by
[21]

Ac,1,nac 1 NAc
b,u b,u )

o2

Ac,1,nac

Ty = logy(1 +

; 3)

where pAC L7 s the transmit power of BS b to MU u € U
on subcarrier nac and h”’; is the channel power gain of it.
We also note that o2 is the received AWGN noise power
at MU u € Uy, on subcarrier na.. For simplicity, we do not
consider any inter-cell interference in our model®. The data
rate of the access link for MU u € U, on subcarrier na. is
obtained by

Ac,1,nac
wb u

. W TAC,l,nAL. (4)

Moreover, we introduce the following binary subcarrier
assignment indicator for the access link of MU u € U
as:

1, if subcarrier nac is assigned to the access link
FYZI:‘;I””AC = of MU u € U, for the first case;
0, otherwise.

The data rate of the access link for MU v € U, is
formulated as follows:
NAc

Z ryAcl nAC Ac 1, nAC. (5)

nAc:1

Ac 1, tot __

To obtain the latencies, we first formulate the latency of the
data packet transmission for the access link of MU u € U,
as:
1
Ac,1 __
tb,u - Ac,1,tot * (6)
b,u

Hence, the access latency of MU u € U, is given by

DAC 1 Ac ltAC,l (7)

bu “bu -

2. Second case: If the requested social media c is not stored
at BS b, ie., pp . = 0, the data center disseminates social
media ¢ to BS b via backhaul link b and then, BS b serves
social media c¢ via the access link between BS b and MU
u € Uy. At first, we note that BS b receives all social media
disseminated from the data center, simultaneously, and then,

>The inter-cell interference management will be considered as a future
work.



the BS serves the received social media from the data center
to the MUs located in cell b. Hence, the transmission of
social media in the second case takes occur in two hops:
In the first hop, the data center disseminates the total social
media which is requested from all MUs located in cell b
and is not stored at BS b. We can formulate the data traffic
of the backhaul link b as:

Z Z 6(1 u, c — Pb, (,)Sc (8)

max{ Z Sbues 1}

c=1 u€lhy u€eEUy

Note that for all requests of social media ¢ from MUs in
Ub_ if social media ¢ is not stored at BS b, the requested
social media c is disseminated to BS b from the data center
just once. According to the above, we assume a limitation
for the latency of each backhaul link b as 7§}, which means
the latency of each backhaul link b should not exceed TO b

Therefore, we should consider a sufficient data rate for the
backhaul links to serve all requests. Hence, the channel
capacity of backhaul link b on subcarrier ngy is given by

7BH 7, VBH

Pop Nop
T)’ )

where pg'y' is the transmit power of the data center to BS
b on subcarrier ngy and thb“ is the channel power gain of
it. The data rate of the backhaul link b on subcarrier npy is
obtained as:

rglg T = Jog, (1 4

BH,npy __ BH,npy
Wop = WSTO,b . (10)

We introduce the following binary subcarrier assignment
indicator for backhaul link b as 7&‘2”, where if subcarrier
npy is assigned to backhaul link b, 7&‘2“ =1, and otherwise
o — 0. Hence, we formulate the data rate of the backhaul
link b as:
1, if subcarrier ngy is assigned to
’yg‘z“ = backhaul link b;
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Nac belongs to the access links of the first case and the
remaining fraction of it, is assigned to access links of
the second case. Hence, we introduce a binary subcarrier
assignment indicator for the access link of MU u € U in
the second case as:

1, if subcarrier na. is assigned to the access link
%/j C{f’nAC = of MU w € U,, for the second case;
0, otherwise.

The channel capacity of access link for MU u € U, on
subcarrier na. for the second case is given by

Ac,2,nAc 1 NAc

pb,u b,u
T)v (14)

rbAsz e = log, (1 +

where pAC 2 s the transmit power of BS b to MU u € U
on subcarrier n Ac for the second case. Accordingly, the data
rate of MU u € U, on subcarrier na. in the second case is
given by

Ac,2,mac Ac,2,mAc
wy ., = I/Vsrbu . (15)

Therefore, the data rate of MU u € U, in the second case
is given by

Athot Ac,2,nac . Ac,2,m,
E Vou Wy s (16)

and subsequently, the latency of the data packet for the
access links in the second case for each MU u € U, can be
formulated as follows:
1
Ac,2
by = —Acaior (17
b,u
Furthermore, the latency of the second hop for MU u € U,
which means the access latency of MU u € U, in the second
case, can be formulated as:

Ac2 _ pAc,2,Ac2
bu — Jbu “bu - (18)

0, otherwise. . . . . .
’ As shown in Fig. 1, in the second case, each social media

should travel through the backhaul link (yellow line) and also
the access link (green line) to achieve the requested MU.
1 Besides, in the first case, each social media only be transferred

BH _
top = BH,tot * 1D through the access link between MU and BS, i.e., green line.
0,b

The latency of the data packet transmission for backhaul
link b is given by

According to the above, we formulate the latency of the first
hop of BS b as follows:

Dgjy = fopt 12)

When BS b receives the total social media disseminated
from the data center, sends them to MUs located in cell b
in the second hop via access links which are considered for
the second case. In the second case, the data traffic of the
access link for MU wu € U, can be obtained by

III. THE MAIN OPTIMIZATION PROBLEM

In this paper, our goal is to determine how to allocate the
radio resources and store social media in the cache of the BSs.
In doing so, we formulate an optimization problem with the
aim of minimizing total latencies in the network as follows:

B
Dmtzz Z (DS + Dy +ZDOb, (19)

b=1 uelly b=1

subject to the delivery deadline, storage capacity and trans-

AC 2 Z Opuc(l = p.c)se. (13) ~mit power constraints. Hence, we formulate an optimization
problem as follows:
According to the latency threshold T, u, we should consider min Dy (20a)
a sufficient data rate for the access links in the second p.p
case. We note that a fraction of the access subcarriers S.t. DBH < 7o, b,Vb eB, (20b)
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Dyl <7 Vb € Bu € Uy, (20c)
DA°2 < 705,V € Bou € Uy, (20d)
Nac
Z Z Acl nAc Ac 1,nac + Ac2 nAcngch JMAC <
uel/{b TLAL—l
PP b e B, (20e)
B Ngn
S s < B, on
b=1 ngu=1
C
Z Phcse < mp, Vb € B, (20g)
s
Z D (™ ™) < 1, Vnae € Nacy
b=1 uel,
(20h)
Z Wou < 1,Vnpn € Nan, (20i)
pv.e €{0,1},Vb € B,Vc e, (20j)
vou € {0,1},¥b € B, Yngy € Npn, (20k)
Yo gt € £0,11,Vb € B,Yu € Uy,
Vnae € Nae,  (201)
prbH > 0,VYb € B,VYngy € Mz, (20m)

p?(;l nAL,pZ\cu2 A > 0,Vb € B,Vu € Uy, Viac € Nac,
(20n)
Ac,1,mAc
where p = [pc, pP1], pic = [pAe!, phe?], phel = [pptne,
AC,2,Mac
pAc2 — [pbcu nA] pBH — [pgsbn] ~N = [7Ac7,yBH]’ ,yAc _
[71? e nACa’Yz? I = [10%'] and p = [py,c]. Constraint

(20b) represents that the latency of each backhaul link should
not exceed the considered latency limitation of that backhaul
link. Moreover, the latency limitation of each MU in RAN is
mentioned in (20c) and (20d) for the first case and the second
case, respectively. The transmit power limitation for each BS
and the data center are presented in (20e) and (20f), where
P and Py represent the maximum transmit power of BS
b and the data center, respectively. The limitation of the cache
size of each BS is mentioned in constraint (20g). Moreover,
constraints (20h) and (201) guarantee the OFDMA assumption
for the access links, and (20i) and (20k) guarantee the OFDMA
assumption for the backhaul links.

IV. SOLUTION

The optimization problem (20) is a mixed-integer nonlinear
programming (MINLP) problem. Hence, finding an optimal
solution for (20) is very difficult. To this end, we propose
an iterative algorithm to solve it. In the proposed algorithm,
the main optimization problem (20) is divided into two sub-
problems as: 1) content placement problem; 2) joint transmit
power and subcarrier allocation problem. We repeat these
iterations until the proposed algorithm converges to a sub-
optimal solution.

A. The Proposed Iterative Algorithm

Algorithm 1 The proposed iterative algorithm

1: Initialize pg, 7o, po according to the Subsection IV-A2.
repeat
for t; =1to Ty do

Find p¢, by solving (26).

For a fixed p,,, find p;, and ~;, by solving (27).

Until ||pt1 7pt1_1” <wiort; = Tl.
Set tl = tl +1
end for

e R A R

P+, Yt, and p;, are adapted for the network.

1) Algorithm overview: The proposed iterative algorithm
is summarized in Alg. 1. At first, we initialize the content
placement indicator pg, transmit power po and subcarrier
assignment indicator ~, to feasible values. In each iteration
t1, we first find py, for a fixed (pt,—1,7v¢,—1) and then, give
it to the joint transmit power and subcarrier allocation problem
(27) for a fixed p = p¢, and find (p¢,, e, ). After that, we
investigate the stopping criterion which is presented in Alg.
1. If ||ps, — pt,—1|| < wi or the iteration number exceeds
a predefined value 77, the last output is considered for our
system as a sub-optimal solution. The function ||.|| represents
the vector Euclidean norm.

Proposition I: In the proposed iterative Alg. 1, the objective
function (20a) is improved or remains constant, in each
iteration. Hence, the proposed Alg. 1 converges to a sub-
optimal solution.

Proof. Please refer to Appendix A. [

2) Initialization method: To find a feasible solution
(p,~, p) for the optimization problem (20), the difficulty is
how to satisfy constraints (20b), (20c) and (20d). To initialize
the transmit power p and subcarrier allocation indicator -y, we
should consider the worst states for both the data traffic of the
first case and the second case. In this state, we assume that
all social media is cached at the BSs and the data traffic of
the access links in the first case are in their maximum values.
Moreover, we suppose that all social media are not cached at
the cache of BSs and all requests of MUs will be forwarded
to the data canter in the second case. Hence, we formulate
the data traffic of the access link of MU u € U, for the first
case and the second case to initialize p and =, respectively,

rAc,1 rAC,2
asl Jpu = Jou = ZC L §b,u,csc. The data traffic of the

backhaul link b in the second case is thus given by

C
Ob.u,cSe
BH ,u,coc
= E E S . 21
b max{ > Spuc, 1} h
c=1 uclly = v

According to the above, we solve the following optimization
problem to allocate transmit power pg as:

win 35 Fast 4 e Zf(‘?‘z?tglé (20
b=1 ucl,

st OB < 8 wh e B, (22b)

f;j};ltA“ <7 u,Vb € B,u €Uy, (22¢)
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o2 tne? < 1 Wb € Bu € Uy,
(20e),(20£),(20m),(20n).

(22d)

Subsequently, we solve (22) by the proposed Alg. 2. Therefore,
the access transmit powers are obtained by

(1,0 (O)7e — dpa Ws  0* 1F
In 2.04(0) ho |

) = |

Vb € B,Yu € Uy, Vnac € Nae, (23)
Ac,2,nA°(0) = (va“(O)Tl‘?Z B quSLZ)WS _ 0'72 *
Pou N In2.05(0) ]
Vb € B,Yu € Uy, Vnac € NAc, 24)

where []7 = max {.,0}. We update the Lagrangian multipli-
ers po, vy and oy with the subgradient method corresponding
to constraints (22c¢), (22d) and (20e), respectively. By using the
Karush-Kuhn-Tucker (KKT) conditions, the transmit power

P is obtained by
(Ap(0 )To b — o, b)W o2 1"
In2.5(0) hgfb“ ’
Vb € B, Vngy € NBH-

Poy (0) =
(25)

We update the Lagrangian multipliers A¢ and By with the
subgradient method corresponding to constraints (20b) and
(20f), respectively. After finding pg, we find 7y using the CVX
software with MOSEK solver.

3) Content placement optimization: In this subsection, we
solve the following content placement problem for a given
(p,~) with respect to the variable p as:

min Dy (26a)

P
s.t. (20b)-(20d),(20g),(205).

The optimization problem (26) is a BLP problem which can
be solve by the BLP optimization toolboxes, such as CVX
with the internal solver MOSEK [22].

4) Joint transmit power and subcarrier allocation optimiza-
tion: For a given p, we solve the following optimization
problem to find p and « as:

min Dy
Y

s.t. (20b)-(20f),(20h),(20i), (20k)-(20n).

(27a)

The optimization problem (27) can be divided into two sep-
arated subproblems, where the first subproblem is formulated
as:

AC,2

mln Z Z DACl (28a)
b=1 uely
s.t. (20c)-(20e),(20h),(201),(20n) ,
and the second subproblem is given by
B
pml‘? ) bz Dgl (29a)
=1

s.t. (20b),(20f),(20i),(20k),(20m).

The objective functions (28a) and (29a) are the ratio of two
functions which result in non-convex functions. Hence, (28)
and (29) can be classified as GLFP problems [23], [24].
Without loss of generality, we define the minimum latency
of each MU u € U, for the ﬁrst case as qACI for the first

hop of the second case as qoyb and for the second hop of the

* . .
second case as quZZ which are formulated, respectively, as

follows:
Ac,1
Ac,1* _ b,u 30
Bou = Acltot( Ac,1,nac* _Ac.l,nac )’ 30)
pb u ’ryb u
Ac,2
Ac2* b,u
B = Ac,2,tot( Ac,2,nac* Ac,Z,nAc*)’ @D
b,u bu ) Thu
and
BH
BH* __ 0,b
dop = BH, tot( nBH * nBH*) (32)
Wop \Pop >70,b

According to Theorem 1 in [13] which is proved in [14], the

minimum quzl can be achieved for each MU u € U, if and

only if

Ac,1 Ac,1* Ac,l,lot( Ac,1,mac Ac,l,nAC)

min o=
Aclimae  Aclnac bu qb,u b,u bu » Ibu
b,u Vo, u

Ac,1 Ac,1*

Acltot Ac,1,mac*
bu _qbu (

Ac,l,nac ™y _
pbu ¢ )_07

) b

(33)

for flle > 0 and u)AC b ml(p?cl;l’"’“, VZ\ZI "'4¢) > 0. In addition,

the minimum qACZ can be achieved for each MU u € U, if

and only if

. Ac,2 Ac,2¥ - Ac,2,tot 7, Ac,2,nac
min —

Aci2mpe  Ac2ma, D5 Do, u bu ( bu

b,u T, u

_ pAc2  Ac2* Ac,2,t0t( Ac,2,mac
— Jbu b,u b,u

Ac,2,nac
] b,z nA)

AC,2,TLAC* _
bu ) b ) - 07

(34)

for f{f;z > O and wAC“"(p/;Cu2 ”’“,fy?jf ") > (. The

minimum qO’b is also achieved for each BS b € B if and

only if
BH BH* BH tot /. n, _
pan S0 f — o (po BbH » Yo %H)
Pob 1Yo,
BH BH* BHtt *
~dop Wou " (P00 ) =0, (35)
BH BH, tot
for fo, > 0 apd Wop Mo ven) > 0.. Cop_
sequently, there exist equivalent objective functions in

subtractive forms for the objective functions (28a) and

Ac,1 Acl Acltot Ac, 1,14 Ac,1,na, Ac2
(293)*an Qpy Wy Py "V )+ fow
Ac,2 Ac2tol Ac,2,nA AcZ nA
qbu I-i (pbu C7r}/bu C) andf,
* . .
ngb woy * (pg, yg5t), respectively. In the following, we

propose an iterative approach which is known as the Dinkel-
bach method [24] to solve (28) and (29) with the equivalent
objective functions In each iteration, for given parameters
0 qucuz and g;%;, we should solve the first inner subproblem
and second inner subproblem, respectively as:

Ac 1 Ac,1 Ac,l,tot Ac2 Ac 2 . Ac,2.tot
Z D A R A i o Wy,
b=1 uely

min
pAc ’;YAC

(36a)
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Algorithm 2 The Dinkelbach algorithm for solving the joint
transmit power and subcarrier allocation optimization problem
27

1: Inltlahzfl:g qACI = ﬁzz 0,vb € B,Yu € U, and q0 Y =
0,vb € B.
repeat

2: for t5 =1 to T do
3:  Solve the first inner subproblem (36) for given qACl

and qb . % using Alg 3 and obtain the optimal pA°’1’"A“ ,
A02n Ac,1,n Ac,2,n
pb " Ac s ,yb " Ac and ,y Ac .
. Ac,1 Ac,1 Ac 1 /AC,LTLAL 1AC,1,nac
4 if f - qbu A( 2bu A’Y2b,u ) < €gpen &
AcZ Ac,2 AcZ 1AC,2,NMAc . 1AC, 24, Ac
bu qb u (p bu v I bu ) < €qaca> then
Convergencel =true
. Ac,1,nac* _Ac,1,nac*
5: return (P Voo )
Ac,1# —
(p/éqll,nAc, ’Y/éqll,nAc) qb u =
fb u * ACQ,”AC*) _
wA”““( ,AclnAc”Yl:f:;Ll,nAc , and (pA(uZnAc 7’7(;74; =
Ac2* _
(Prpg,2.mac, V1pg2.mac ), Gyl =
’ fAc,z’ ’
b,u
wAf:i'lm( ,A?,Q,nAL Ac 2, "AL)
else
Ac. Foea
Set = — T AT =
o = GRS and gha
fAc,Z
b,u
uAcht( /AC 2, nAL7 ;\L 2, "Ac)
Convergencel =false
end if
: Setty=ta+1
10:  Until Convergencel =true or t5 = T5.
11: end for
12: for t3 =1 to T35 do
13:  Solve the second inner subproblem (37) for a given qOBIg
using Alg. 4 and obtain the optimal p(%"* and %"

. 3 BH BH,_, BH,tot/ /mpy JMBH
14: lffO, — dopWo (pOba’YOb)<€qBH then
ConvergenceZ =true
npH* 1 /TUBH . /TVBH BH* __
15: return (pOBbH ’%%ﬂ )= (p oo ) and Qp =
o
BH&o((p QBbH;’Y OBbH
16:  else e
. BH __ 0,b
17: Set dop = W T

Convergence?2 =false
18:  end if
19:  Setitz=1t3+1
20:  Until Convergence2 =true or t3 = T5.
21: end for

(20c)-(20e),(20h),(201),(20n),

and

BH BH, tot

— G0,6Wop (37a)

mln

Z

(20b),(20f),(20i),(20k),(20m).

The pseudo code of the proposed Dinkelbach method is
summarized in Alg. 2. Accordingly, for given ¢;' and ¢,

the first inner subproblem (36) and for a given qgg, the second

inner subproblem (37) can be solved by utilizing the Lagrange
dual decomposition approach with the subgradient method as
follows [28]: The Lagrangian function of the optimization
problem (36) is given by

NAc
Ac Acl Ac 1 Ac,1,nac
L(p 7/"’7”3‘1 E E - wb,u
b=1 uel, nac=1
NAC B NAC
Ac2 AcZ Ac,2,nAL
+ fom g wy )+ E E 1, ( E
nac=1 b=1 uely, nac=1
B NAc
Ac,1l,nac _Ac Ac,1 } : Ac,2,nA
U}b “ CTb uw " Jbu ) + Vb,u E ’w c
b=1 u€ly nac=1
B Nac
Ac Ac,2 max 2 : 2 : Ac,1 nAC
Tou — b,u>+§:ab(P p
b=1 u€EUp nac=1
Ac,2,mp
Py ™), (38)
where g = [ppu), ¥ = [1hu] and a = [oy] are the vectors

of Lagrangian multipliers corresponding to constraints (20c),
(20d) and (20e), respectively. Moreover, the Lagrangian dual
function of (36) is formulated by

(39)

g(“’l]?a) = m}nL(pAC,H’V,a).
pC

According to (39), the dual problem of (36) is formulated as:

max g(p,v, ) (40a)

pov,o

st ay>0VbeB, (40b)
b, >0, Vb >0,Vb e B,Vu € Up. (40c¢)

Moreover, the Lagrangian dual function (39) is decomposed
as follows:

Nac Nac
glmv,) = > gh (mv.a)+ > g (v, a)
nac=1 nac=1
+ZZ ,Ubu Acl_|_(1_l/bu ACZ"’Zab max’
b=1 uely
(41)
where,
9n (11,v, @) = min min {(Mb,uﬁf,u G

pAc uel
Aclmac § N, 42
— apPy ., ,Vnac € Nae, (42)
and

Ac, 2)

Ac,2,mnac
qb u

gnAc(u, Vv, ) = min min {(1/;, uT?,Z wy

pAC ueUy

—« pbAZQ’nA“},VnAc € Nac. (43)

The optimization problem (40) is convex, because the La-
grangian dual function (40a) is a linear function of u, v
and . To maximize the objective function (40a), since the
Lagrangian function (38) is a differentiable function of p"°
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we should use KKT conditions to obtain the transmit power
p”°. By using KKT conditions, the transmit power pA° and
subcarrier assignment indicator 4A° can be obtained in the
following steps:
1. We should calculate the gradient of the Lagrangian func-
tion (38) with respect to p”°. Therefore, we have

OL(p* pov,a)  (HuTiy — dyw \Wshyln /o
= — Q.
pAC,l n2. (1 _|_pAc 1, nALhrLAC/O,Q)
A2 44)
aL(pAC’p,7V’a) (Vb uTbu_qbZ ) hg/x/aﬂ a
pAC,2 1112 (1 +pb 72;7LAchnAc/O-2)
(45)
Then, the transmit power pA° is given by
Ac,l,nac (’ub uTb“ — quZl)WS _ 0o® 1"
Po,u B In2.04 hypr |’
Vb € B,Vu € Uy, Ve € NAC, 46)
Ac,2,mac (Vb u’r?z B q?iz)We _ o? *
byu o In2.0p hye |’
Vb € B,VU S Ub,VnAc S NA07 (G

where [.]* = max{.,0}.

2. According to (42) and (43), with respect to the optimal
transmit power p”°, the optimal MU @ € U;, for assigning
subcarrier na. for the first case is obtained as:

U € U; = arg min @Azl’n“, (48)
ueEUy
where,
Ac,1,mac A Ac,1y\, Ac,],mac Ac,1,mac
‘Pbcu . 7(.ubu7'cht qbi) bz "™ *O‘pbcu o
Vb € B,Yu € Uy, Ynac € Nac, (49)

and the optimal MU u € U for assigning subcarrier nac
for the second case is given by

AC 2 sMAC

U € Uy = argmin o , (50)
ueUy
where,
Ac,2, A A Ac2y  Ac2nac Ac,2,Tac
b,Z e = (w, uTbZ _qbcu )wb,i e — pbcu .
,Vb € B,Yu € Uy, Vna. € NAC, (&2))]

and finally, the subcarrier allocation for access links is based
on the following condition which is given by

Ac,1, A2
{ 'ch~ nAc:l& C. "Acf()

Ac,1 Ac2
,yb~"Acio& nAczl’

Ac,2,mAc .
u s

Ac 2 'rLAL
s U

1f<pr1"A° < ¢

if gabc Loac vy

(52)

3. We update the Lagrangian multipliers p, v and o with
the subgradient method as follows:

Nac
AC 1 ST AC
/’Lb w Ell« U} Tb u

nac=1

(i+1) _
Mb u

Ac,1 *
— I )]

,Vb € B,Yu € Uy, (53)

Algorithm 3 The Lagrangian dual decomposition algorithm

for solving the first inner subproblem (36)

1: Initialize pq, Vg, 0.
repeat
2: for t, =1 to T, do
3:  Find p”° using (46) and (47).
4:  Find v*° using (48), (50) and (52).

5:  Update the Lagrangian multipliers g, v and o using

the subgradient approach.
6: Setty=ts+1
7. Until ||g(p, v, o)

—g* (v, a")|| <ws orty =Ty,

8: end for
(i+1) S "
1+ A 2 c Ac,2
Vpu :{ & Zwbi nATbu_ b,Z )]
nac=1
,Vb € B,Yu € Uy, (54)
. . NAC
ol — [a[()z) (PP TS gt
uEUp nac=1
+
@jﬁv”ﬂ,} Vb e B, (55)
where [.]7 = max {.,0} and i is the iteration index and €,,,

€, and ¢, are the positive step-size sequences specified to

(53), (54) and (55), respectively.

The pseudo code of the Lagrangian dual decomposition ap-
proach for solving the first inner subproblem (36) is presented
in Alg. 3. Moreover, the Lagrangian function of the second

inner subproblem (37) is formulated as follows:

Ngu
BH BH ,MBH
L(p™", A, B) = E Wop
npy=1
NBH
BH,npy __BH BH
E E : wo "™ oy — fow )+
b 1 MBH— 1
B Ngn
max n
8 PO _ E E Py BH
b= 1nBH 1

where A = [\y] and B =

(56)

[8] are the vectors of Lagrangian

multipliers corresponding to constraints (20b) and (20f), re-
spectively. In addition, the dual problem of (37) is formulated

as:
max g, B) (57a)
st. Ay > 0,Vb € B, (57b)
B8 >0, (57¢)
where,
B
9 B) = min L(p™", X, 8) = min { > oy —abh
b=1
u BH, & o BH,
ORTHEED W SRt B E
npu=1 b=1 npy=1
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B Ngn
Pénax Z Z pnBH }

b= 1nBH 1

is the Lagrangian dual function of (37). Moreover, the decom-
position of the Lagrangian dual function (58) is given by

+Zl o)/

Ngn

Z gﬂBH

MBH— 1

+ BEPF™, (59)
where,

: : B BH BH
gnBH(Aﬁ):rgggHbglg{(AbTo,b Qop)Wop =

Bpg?b”},VnBH € Npu. (60)

By exploiting KKT conditions, the transmit power pBH can be

obtained as:

nen _ ()‘bTo v — 9o, 00)Ws o?
Po 2.3 T g

+
} ,Vb € B,
Vngy € NBH- (61)

Moreover, the updating of the Lagrangian multipliers A and
3 is obtained as follows:

Ngu +
e LR D I i - B ]
nggp=1
Vb e B, (62)
B Npu
Bl = {ﬂ”—e (Pr= =" pyy } (63)

b=1 ngy=1

Accordingly, the optimal BS b for assigning subcarrier ngy
with respect to the transmit power pB is obtained as:

beB= arg min {()\b’T[]ib 9, b)ngb TIBH pg:’b” } (64)

beB
OB 1,
~OH _ 0,
The pseudo code of the Lagrangian dual decomposition
approach for solving the second inner subproblem (37) is
presented in Alg. 4.

Proposition 2: The convergence of the proposed algorithms
for solving (28) and (29) to optimal points are guaranteed if
we are able to solve the inner problems (36) and (37) in each
iteration, respectively. Therefore, the proposed Dinkelbach
Alg. 2 improves the objective functions (28a) and (29a) and
converges to an optimum solution, if we are able to solve the
inner problems (36) and (37), in each iteration.

Then, we have

v = b
otherwise.

(65)

Proof. Please refer to [24] and [14] for the proof of conver-
gence for the proposed Dinkelbach Alg. 2. O

Proposition 3: The inner problems (36) and (37) can satisfy
the time-sharing condition and the duality gaps of the con-
sidered Lagrange dual decomposition methods tend to zero as

Algorithm 4 The Lagrangian dual decomposition algorithm
for solving the second inner subproblem (37)

1: Initialize Ao, Bo.

repeat
2: for t; =1 to T do
3. Find p®! using (61).

4:  Find v®" using (64).

5. Update the Lagrangian multipliers A and 3 using (62)
and (63), respectively.

6: Setits=1t5+1

7. Until ||g(X, B)

8: end for

— g (A%, 8)|] < ws or t5 = Ts.

Algorithm 5 The exhaustive-search method
1: Select Z to establish A, = -

2: Find the possible solutions vectors pP%, ~P* and
PP, where pAL b = L0,A,,20,,...,1},Vb €
B,u € Uy, Yniac € NAC, pgcu’g’n“ =
{0 AP,QAP,.. 1} Yo € B,u € Ub,VTLAC S NAC,
Pow = {O,Ap,2Ap, <, 11,V € B, Vngn € Npm,
A G € 0,11, € BLu € Uy, Ve € N
’yg?)H € {07 1}7 Vb € B, vnBH € NBH,

Pbc €{0,1},Vb € B,Ve € C.

3: Find the feasible solutions from pP®, 4P* and pP* that
satisfy the constraints of the considered optimization prob-
lem.

4: From the solutions which are found in Step 3, select the

optimum solution which minimizes the objective function
(20a)

the total number of subcarriers tends to infinity for both the
inner problems (36) and (37).

Proof. Please refer to Appendix B. O

B. Exhaustive-Search Method

The performance of the proposed iterative Alg. 1 is com-
pared with the exhaustive-search method which gives us the
global optimum solution for the optimization problem (20).
The pseudo code of the exhaustive-search method is presented
in Alg. 5. Moreover, in this method, all possible solutions for
the transmit power and subcarrier and content placement indi-
cators are investigated to obtain the global optimum solution
for a given specific step Z [25].

V. COMPUTATIONAL COMPLEXITY

Now, we investigate the computational complexity of the
proposed iterative Alg. 1. The mentioned Alg. 1 consists of
two main steps: 1) solving the content placement problem (26)
via CVX with the internal solver MOSEK; 2) solving the joint
transmit power and subcarrier allocation problem (27) using
fractional programming. We also note that the CVX solver
employs GP with the interior point method (IPM) [25]. In
addition, the total number of constraints in (26) is (2B +2U).
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Hence, the total number of required iterations for solving (26)
via CVX is given by [25]

QCVX _ log ((2B +2U)/t°)
! log ¢2

; (66)

where (5 is the accuracy updating parameter of IPM, 0 <
0 < 1 is the stopping criterion for IPM and t° is the initial
point for approximated the accuracy of IPM. MTo solve (27)
using Alg. 2, we note that the proposed Dinkelbach method
consists of two nested loops. The outer loop can be proved
to have a linear time complexity as ®; [15]. Moreover, the
inner loop optimization problem is divided into two separated
subproblems such that both the first inner subproblem (36) and
the second inner subproblem (37) are solved via Lagrangian
dual decomposition algorithm with the subgradient method in
Alg. 3 and 4, respectively. The computational complexity of
solving the first inner subproblem (36) consists of three main
steps: obtaining the transmit power p”°, subcarrier allocation
~A¢ and updating the Lagrangian multipliers corresponding to
(53), (54), and (55). Since the dual function (39) is convex and
non-differentiable, we use the subgradient method. Let W¥? be
a diminishing step size, where ¢ is the number of iterations.
According to [26], we have 2?21(\1/1‘)2 < ooand sy U —
oo. Hence, the iteration number required to achieve ws-
optimality, i.e., ||g(p, v, a) — g*(p*,v*, a*)|| < ws is on
the order of O(—5) [26]. Therefore, the required iteration
number does not dépend on the number of dual variables [27].
In each iteration, the computational complexity of obtaining
the transmit power pA°® using (46) and (47) is on the order of
O(2U Nxc). Moreover, it is required to find (42) and (43) in
each iteration and find the subcarrier indicator vA¢ using (52).
The computational complexity of obtaining (42) and (43) are
on the order of O(N AC) and computing (52) has a linear time
complexity as Y;. Moreover, corresponding to (53), (54), and
(55), the computational complexity of updating Lagrangian
multipliers g, v and o is on the order of O(2U + B).
Hence, the computational complexity of solving the first inner
subproblem (36) is given by

2UNac + (2Nac + T1) + (2U + B)
2
wa

% = of ). (67)

According to the above, we obtain the computational com-
plexity of solving the second inner subproblem (37) to achieve
ws-optimality solution via Alg. 4 as:

BNgy + Ngu + (B +1)
2
w3

QB — O ), (68)
where the computational complexity of obtaining pBH, ~BH
and updating Lagrangian multipliers corresponding to (62) and
(63) are on the order of O(BNgy), O(Ngy) and O(B +
1), respectively. Finally, the total computational complexity
of solving (20) is given by

Q' = O (T + @1 (2 + ). (69)
The computational complexity of the proposed algorithm is
summarized in Table 1.

(Sec)

tot

D,

o s
Iteration Index t

Fig. 2: The convergence of the proposed iterative algorithm in terms
of total latency of the network versus the number of iterations ¢.

VI. SIMULATION RESULTS

The simulation results are given to evaluate the performance
of the proposed algorithm. The data center is positioned at
the center of the area and there are 4 BSs located with the
coordinates (+3,+3), (-3,+3), (-3,-3) and (+3,-3) Kilometers.
Moreover, we suppose that 6 MUs are uniformly spread in
the coverage area of each cell which are 200 x 200 m?
square areas. The mean value of the Rayleigh distribution for
all channel fadings are set to be 0.8 which are modeled as
independent and identically distributed (i.i.d.) exponentially
distribution. In addition, the pathloss exponent of the pathloss
model is set to be 2. We also assume that the bandwidth of
the access and backhaul links are set to be W, = 5 MHz
and Wy = 2.5 MHz, respectively. The bandwidth of each
subcarrier is also assumed to be W, = 19.53125 KHz. Hence,
the number of access and backhaul subcarriers are given by
Nac = 256 and Npy = 128, respectively. The noise power is
assemed to be Ny = —174 dBm/Hz. We assume that C' = 50
social media exist in the library of the data center which are
requested from MUs in the network. The size of social media

are modeled as Log-normal distribution, where pt; = 0.7 and

2 . . . .
05 — (.5, and the social media sizes are in terms of Mbit

(Mb). The Zipf parameter is also set to be {; = 0.6 for the
popularity distribution of social media. We assume that each
BS b has m;, = 1.875 Mbyte (MB) storage capacity. Moreover,
the maximum transmit power of each BS and the data center
are assumed to be P = 15 Watts and P = 25 Watts,
respectively. We also set 7, = 733 = 300 Seconds (Sec)
for all access and backhaul links. The system parameters are
summarized in Table II.

Fig. 2 investigates the convergence of the proposed iterative
Alg. 1. As shown, the proposed iterative algorithm converges
to a fixed point after 8 iterations. This result ensures us that
the proposed algorithm can be applied in a multi-cell scenario.

We also investigate the total latency in the network versus
different storage capacities of the BSs which varies from m; =
0 to mp = 7 MB in Fig. 3(a). Note that m; = 0 represents no
caching scheme is considered for the network. We also show
that when the storage capacity of the BSs increases, the total
latency of the network decreases, because more social media
can be stored and therefore, more social media are closed to
the end-users and consequently, Dy, decreases. Specifically,
we first formulate the total access traffic and sum data rate of
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TABLE I: COMPUTATIONAL COMPLEXITY OF THE PROPOSED ITERATIVE ALGORITHMS

Iterative Algorithm Content Placement

Joint Subcarrier and Power Allocation

log ((2B42U) /%)
Tog Co

Alg. 1 o(®

| 2UNAAH@NAAY)+(2U+B)
2

BNpy+Npy+(B+1) )

“3

+ @1

TABLE II: SYSTEM PARAMETERS

Parameter Value
Number of BSs B=14
Number of MUs in each cell U,=6
Distance between data center and each BS 3v/2 Km
coverage area of each BS 200 x 200 m?
Mean of Rayleigh distributions 0.8
Path-loss exponent 2
PSD of AWGN noise No = — 174 dBm/Hz
Bandwidth of access links Wae = 5 MHz

Bandwidth of backhaul links
Bandwidth of each subcarrier

Wgn = 2.5 MHz
Ws = 19.53125 KHz

Number of access subcarriers Nac = 256
Number of backhaul subcarriers Ny = 128
Number of social media C =50
Size of contents ps = 0.7, 02 =0.5
Zipf parameter ¢1 =0.6

Storage capacity of each BS
Maximum transmit power of each BS
Maximum transmit power of data center

mp = 1.875 MB
P =15 Watts
Py = 25 Watts

Maximum deadline of access links Tﬁ‘% = 300 Sec
Maximum deadline of backhaul links TOBI;)[ = 300 Sec

access links in the first case, respectively as:

B
Ac,1
Faci =Y. > ool

(70)
b=1 uely
and
B
Tact = Y Y wps, (71)
b=1 uel,
and subsequently for the second case, we have
B
faca=>_ > fo2, (72)
b=1 uel,
and
B
rac =Y Y wpsH (73)

b=1 uel,

According to Figures 3(b) and 3(c), with increasing my, both
the total access traffic fa.; and sum data rate r.; increase,
while for the second case, both the access traffic fa.» and sum
data rate r5.» decrease, because more social media lead to be
stored in the first case and accordingly, more radio resources
should be allocated to the access links in the first case which
increases the sum data rate 7. ;. In addition, we show there
is a trade-off between the first case and the second case for
allocating both storage capacity and radio resources. Moreover,
we formulate the total backhaul data traffic and sum data rate
of backhaul links, respectively, as:

B
fon=>_ o4, (74)
b=1

- Exhaustive-scarch,D,

— -Exhaustive-search,D Ac

Total Downloading Delay (Sec)

—- I:thlsu\’s-sm\ruh,DBH

* L
s s

m, (MB)

(a) The total latency over the storage capacity.

Total traffics (Mb)

m, (MB)

(b) The total traffic over the storage capacity.

Sum data rate (Mbps)

’ m, (MB)
(c) The sum data rate over the storage capacity.
Fig. 3: The total latency of the network versus storage capacity. We

show that increasing the storage capacity of the BSs, decreases the
latency of the network.

and

B
BH = ) TO%- (75)
b=1

We also show that the total data traffic of the backhaul links
decreases which causes a decreasing in Dy. It can be seen that
increasing my, does not significantly affect the total access la-

B

> 3 (D 4+ D),

b=1uecl, ’ ’
BH

0,b>

tency which is formulated as D,

B

> D
b=1
seriously, in which the total backhaul traffic fgy decreases

and subsequently, decreasing fgy extends the feasible area of
the constraint (20b) which causes increasing the sum data rate
of the backhaul links rgy. Note that increasing fac; shrinks
the feasible area of the constraint (20c) and subsequently,

but also affects the total backhaul latency Dgy
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. - =1
~x. —u5:0.7
S e 1 =04

—-% - - %

tot

D (Sec)

25 0 3 w0 5 50
mh(Mb)

Fig. 4: The total latency over the storage capacity of BSs for different
values of us as 0.4, 0.7 and 1.

decreasing fac, extends the feasible area of the constraint
(20d) for allocating radio resources. On the other hand, the
trade-off of the radio resources between the first and second
cases leads us to allocate more radio resources to the first
case and subsequently less radio resources to the second case.
Moreover, it can be seen that when the backhaul traffic tends
to zero, Dy tends to Da.. In Fig. 3(a), it is shown that the
proposed iterative algorithm has a near-optimal solution.

We also evaluate the total latency of the network for
different size distributions of social media, in Fig. 4. We note
that increasing ps from 0.4 to 1 increases the size of social
media, inherently. The data traffics are related to requests of
MUs, size of social media, and the place of them in the
caches. Hence, increasing ps increases the data traffics and
consequently, Dy increases. Note that more increasing s
shrinks the feasible area of (20b), (20c), (20d) and (20g) and
makes (20) infeasible.

We investigate the effect of the maximum allowable transmit
power of BSs on the total latency Dy, by increasing FP;"™*
from 5 to 20 Watts and obtaining D, for each scenario, in
Fig. 5. As we see, increasing P"® increases the sum data rate
Tac.1 and 7ac2, and then, more social media can be stored at
the cache of BSs, because of extending the feasible area of
constraint (20c) in (26). Hence, the total data traffic of the
first case, i.e., fac1, increases and because of existing of the
storage resources trade-off, fa., decreases and subsequently,
feu decreases. Since more transmit powers are allocated to
the data rates of both the first case and the second case,
Dy, decreases. Moreover, the backhaul sum data rate rgy
is also increased, smoothly, because of decreasing fgy and
subsequently, the feasible area of (20b) in (27) is extended.

The effect of maximum transmit power of the data center on
Dy 1s also investigated in Fig. 6, by increasing the maximum
allowable transmit power of the data center from Fy'™* = 20
to Py"™ = 35 Watts. We note that increasing Fy"* decreases
Dgy, because of increasing rgy. Moreover, increasing Py
does not affect Dy, seriously.

VII. CONCLUSION

In this paper, we considered a cache-enabled multiuser
OFDMA-based cellular network consisting of several BSs
communicate with a data center. We aimed to design a RA
algorithm to minimize total latency of MUs under deliv-
ery deadline constraints. Hence, we obtained a near-optimal

/

Total Downloading Delay (Sec)
5 N

P (Watts)

(a) The total latency over the maximum transmit power of each BS ;™.

P:'“* (Watts)

(b

=

The total traffic over the maximum transmit power of each BS P"*.

Sum data rate (Mbps)

P'b““‘ (Watts)

(c) The sum data rate over the maximum transmit power of each BS P;"™*.

Fig. 5: The total latency of the network versus P,"*.

Total Downloading Delay (Sec)
T

P (Watts)

Fig. 6: The total latency over the maximum transmit power of the
data center.

caching policy, as well as a delivery policy, where joint access
and backhaul radio resources are optimized. In the proposed
algorithm, we proposed an iterative algorithm, where the main
optimization problem is divided into two subproblems. The
first subproblem is a content placement problem and the
second subproblem is a radio resource allocation problem.
Via simulating, we evaluated the performance of the proposed
low-complex iterative algorithm and compared it with the
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exhaustive-search method.

APPENDIX A
PROOF OF PROPOSITION 1

After finding the solution p = p;, 11 for a given (py,, ¥, )»
we have
Diot(pt;+1:Pt1s V) < Diot(ptys Pt;57Vt,) due to the fact
that for a given feasible solution (py,,~:,), solving the BLP
problem (26) by optimization toolboxes, minimizes the ob-
jective function (26a) after each iteration and after that, we
have Dit(pt,+1, Pty +1, V1 +1) < Diot(Pty+1, Py, Ye,) Which
is proved in Proposition 2. Accordingly, we can show that

0 S Dlot(poptapopt770pt) S tee S Dtot(pt1+17pt1+1a7t1+1) S
Dlot(pt1+17pt17’yt1) S Dlot(ph;ph?’ytl) S ceey (76)

where, popt, Popt and ~op are the final solution which is consid-
ered as a suboptimal solution. According to the above, after
each iteration, the duality gap Dgap = Diot(Pt, s PtssVt:) —
Dm[(popt, Dopts ’yopt) decreases and guarantees the convergence
of the proposed iterative approach in Alg. 1. The optimization
problem (20) is also lower-bounded by zero due to constraints
(20e), (20f) and (20g).

APPENDIX B
PROOF OF PROPOSITION 3

In order to solve the inner problems (36) and (37) using
the dual method, we should investigate the duality gaps exist
between sub-optimal and optimal solutions. Accordingly, we
investigate a condition which is called time-sharing property
[28] for both subproblems (36) and (37). According to [28]
and [29], as the number of subcarriers tends to infinity, the
solution of the dual method tends to global-optimal solution.
Hence, the time sharing property holds in the inner problems
(36) and (37) and the duality gaps tend to zero as the number
of access and backhaul subcarriers go to infinity, respectively
in (36) and (37).
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