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Abstract: Proactive content caching in a fog radio access network (F-RAN) is an efficient technique
used to alleviate delivery delay and traffic congestion. However, the symmetric caching of the
content is impractical due to the dissimilarity among the contents popularity. Therefore, in this
paper, a multi-objective random caching scheme to balance the successful transmission probability
(STP) and delay in wireless backhauled F-RAN is proposed. First, stochastic geometry tools are
utilized to derive expressions of the association probability, STP, and average delivery delay. Next,
the complexity is reduced by considering the asymptotic STP and delay in the high signal-to-noise
ratio (SNR) regime. Then, aiming at maximizing the STP or minimizing the delay, the multi-objective
cache placement optimization problem is formulated. A novel projected multi-objective cuckoo
search algorithm (PMOCSA) is proposed to obtain the Pareto front of the optimal cache placement.
The numerical results show that PMOCSA outperforms the original multi-objective cuckoo search
algorithm (MOCSA) in terms of convergence to a feasible Pareto front and its rate. It also shows that
the proposed multi-objective caching scheme significantly outperforms the well-known benchmark
caching schemes by up to 40% higher STP and 85% lower average delay.

Keywords: backhaul; caching; cuckoo search algorithm; delay; fog computing; F-RAN; multi-
objective optimization; stochastic geometry; successful transmission probability

1. Introduction

In recent years, cloud radio access networks (C-RANs) have been suffering unprece-
dented data traffic pressure due to the proliferation of user equipment and the tremendous
growth of mobile traffic [1], which is due to the centralized architecture of C-RAN, which
leads to many drawbacks including the processing of massive amount of data, high end-to-
end delay, and traffic congestion [2]. The fog radio access network (F-RAN) is regarded as
a promising solution to alleviate the aforementioned drawbacks owing to its distributed
architecture that brings cloud functionalities closer to the end-users at the edge of the
network [3]. F-RAN is an extension of C-RAN, in which the fog access points (F-APs) are
equipped with limited cache and computing resources. Caching the popular contents at the
F-APs can effectively reduce the communication delay and traffic congestion. Therefore, op-
timizing the content cache placement is of a great importance to improve the performance
of F-RAN.

The maximization of the successful transmission probability (STP) [4–8], which is
also called success delivery probability or hit probability, and delay minimization [9–18]
are the two main addressed cache placement optimization problems in F-RAN. In [4],
the caching optimization problem was formulated to maximize the STP in millimeter-wave
self-backhauled F-RAN. In [5], the authors proposed an optimal cache placement design for
joint and parallel transmission strategies to maximize the STP and the fractional offloaded
traffic (FOT). The proactive caching design proposed in [6] utilized the projection gradient
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method to maximize the STP in wireless backhauled F-RAN. In [7], a deep Q-learning based
content caching scheme in F-RAN was proposed, where the optimization problem was
formulated to maximize the hit rate, and the optimal caching matrix was constructed by
combing the predicted content popularity and user preference together. In [8], the authors
proposed two user preference learning-based edge caching architectures for F-RAN, where
the edge caching problem was formulated to maximize the overall cache hit rate. In [9],
the authors proposed a hierarchical content caching paradigm for F-RAN, the optimization
problem of the proposed paradigm was formulated to alleviate capacity constraints on the
fronthaul and to minimize the transmit delay. The centralized and distributed transmission
aware cache placement strategies in F-RAN proposed in [10] minimize average download
delay of the end-user subject to the cache constraints. In [11], a joint caching and multicast
design for wireless fronthaul in F-RAN is proposed, where the optimization problem was
formulated to minimize the transmission time for cloud processor. In [12], the authors
proposed a socially aware caching scheme for a device-to-device (D2D) enabled F-RAN,
where the projective adaptive resonance theory neural network was used to construct the
fog community in order to reduce the caching redundancy. Then, the content delivery
delay was reduced by using the D2D technology and selecting the most appropriate
user equipment to cache data for other users within each access point coverage, where
the optimal cache placement at the selected user equipment is obtained using the ant
colony optimization algorithm. In [13], the authors proposed a joint radio communication,
caching, and computing design for virtual reality delivery in F-RAN, where the joint radio
communication, caching, and computing decision optimization problem was formulated to
maximize the average tolerant delay. In [14], the problems of content caching, computation
offloading, and radio resource allocation in F-RAN were jointly tackled to minimize the
average end-to-end delay. In [15], the authors proposed a distributed edge caching strategy
in F-RAN, the caching optimization problem of the proposed scheme was formulated as a
mean field game aiming at jointly minimizing the request service delay and fronthaul traffic
load. The cache update optimization problem to minimize the average transmission delay
in downlink F-RAN was addressed in [16]. In [17], the authors proposed a joint proactive
caching and power allocation scheme to minimize the delay in a F-RAN, the authors
formulated the optimization problem as a mixed-integer nonlinear fractional programming
problem, then they utilized the deep Q-learning network to optimize the performance.
In [18], the multi-objective caching optimization of the delay and energy efficiency in
F-RAN was investigated, where stochastic geometry tools were utilized to formulate
the objective functions of the coded caching scheme for multiple transmission strategies.
The problem of multi-objective optimization of the STP, FOT, and the delay in cache-
enabled F-RAN was addressed in [19], where joint and parallel transmission strategies of
coded contents utilizing the cooperative transmission among the F-APs were proposed.
The authors in [19] used stochastic geometry tools to formulate the weighted sum multi-
objective optimization problem to minimize the delay or to maximize the STP and FOT,
then an improved fruit fly optimization algorithm was used to obtain the optimal solution.

The wireless backhauling of the F-APs was not tackled in [5,7–10,12–19]. The im-
pacts of the interference on the hit rate and cache placement were not tackled in [7].
The end user’s preferences and quality of service (QoS) were not taken into consideration
in [11]. The optimization of the cache placement at the access points was not addressed
in [11–13,18,19]. Moreover, the multi-objective optimization of the STP and delay in F-RAN
was only investigated in [19], as well as for cooperative coded caching. To the best of the
authors knowledge, no prior work has addressed the multi-objective uncoded caching
optimization problem of the STP and delay in F-RAN.

Motivated by the aforementioned discussions, this paper proposes a multi-objective
optimization to balance the STP and delay in wireless backhauled F-RAN. This work
is different from [18,19] not only in terms of considering the uncoded caching, cache
placement optimization, and the wireless backhauling of the F-APs, but also the content
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dissemination and user association strategies differ. The main contributions of our paper
are summarized as follows

1. Closed-form expressions of the probabilities of a F-AP being a direct F-AP or a transit
F-AP with respect to the requested content are derived, then the expressions are used
to calculate the association probabilities.

2. Using stochastic geometry tools, we derive expressions of the STP and average delay
in the general signal-to-interference-plus-noise ratio (SINR) regime. To reduce the
complexity, closed-form expressions of the asymptotic multi-objective STP and delay
in the high signal-to-noise ratio (SNR) regime are derived.

3. The multi-objective optimization problem is formulated to maximize the STP or mini-
mize the average delay. Then, the asymptotic multi-objective optimization problem
in the high SNR is considered to reduce the computational complexity.

4. A novel projected multi-objective cuckoo search algorithm (PMOCSA) is proposed to
compute the Pareto front of the optimal cache placement.

5. The numerical results show that the developed PMOCSA outperforms the orig-
inal multi-objective cuckoo search algorithm (MOCSA). Also, the proposed multi-
objective caching scheme is shown to achieve higher performance than the benchmark
caching schemes.

The rest of this paper is organized as follows. The system model, including network,
caching, and association models, is presented in Section 2. In Section 3, The STP and
delay are introduced as a performance metric and analyzed. The problem formulation and
optimization are presented in Section 4. The numerical results are delivered and discussed
in Section 5. In Section 6, the conclusions are drawn. The key notations used throughout
the paper are listed in Table 1.

Table 1. Key notations.

Notation Description

M Content library
M Total number of contents
ΦF Point process of the F-APs
ΦC Point process of the C-APs
ΦU Point process of the users
Φm Point process of the F-APs that cache content m

Φ−m Point process of the F-APs that do not cache content m
Φa,m Point process of the available F-APs with respect to content m

Φ−a,m Point process of the unavailable F-APs with respect to content m
λF Density of ΦF
λC Density of ΦC
λU Density of ΦU
am Probability of content m being randomly requested by a user
p Caching distribution of the contents

pm Probability of content m being cached at each F-AP
bµ Probability of the content µ being inactive
Λm Probability of available F-APs with respect to content m
Fm,0 Direct F-AP with respect to content m
Fa,0 Transit F-AP with respect to content m
Cm,0 Nearest C-AP to u0
C0 Nearest C-AP to Fa,0

Pr[Xm = Fm,0] Probability of association with Fm,0 when content m is requested
Pr[Xm = Fa,0] Probability of association with Fa,0 when content m is requested
Pr[Xm = Cm,0] Probability of association with Cm,0 when content m is requested

Am Total probability of association with an access point when content m is requested
SINRm,0 SINR at u0 when it is associated with Fm,0
SINRa,0 SINR at u0 when it is associated with Fa,0
SINRC,a SINR at Fa,0 when u0 is associated with Fa,0
SINRC,0 SINR at u0 when it is associated with Cm,0
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Table 1. Cont.

Notation Description

D0,0 Distance between Fm,0 and u0
D`,0 Distance between access point ` and u0
Da,0 Distance between Fa,0 and u0
DC,a Distance between C0 and Fa,0
D`,a Distance between access point ` and Fa,0
DC,0 Distance between Cm,0 and u0
h0,0 Small-scale channel coefficient between Fm,0 and u0
h`,0 Small-scale channel coefficient between access point ` and u0
ha,0 Small-scale channel coefficient between Fa,0 and u0
hC,a Small-scale channel coefficient between C0 and Fa,0
h`,a Small-scale channel coefficient between access point ` and Fa,0
hC,0 Small-scale channel coefficient between Cm,0 and u0

qm,0(p) STP of content m when u0 is associated with Fm,0
qm,0,D0,0 (p, d) qm,0(p) conditioned on D0,0 = d

qC,a,0(p) STP of content m when u0 is associated with Fa,0
qa,0(p) STP of content m over the link Fa,0 to u0

qa,0,Da,0 (p, d) qa,0(p) conditioned on Da,0 = d
qC,a(p) STP of content m over the link C0 to Fa,0

qC,a,Dc,a (p, d) qC,a(p) conditioned on DC,a = d
qC,0(p) STP of content m when u0 is associated with Cm,0

qC,0,DC,0 (p, d) qC,0(p) conditioned on DC,0 = d
q(p) STP of u0

q∞(p) Asymptotic STP of u0 when P
N0
→ ∞

τm,0(p) Average delay of content m when u0 is associated with Fm,0
τC,a,0(p) Average delay of content m when u0 is associated with Fa,0
τa,0(p) Average delay of content m over the links from Fa,0 to u0
τC,a(p) Average delay of content m over the link from C0 to Fa,0

τC,0 Average delay of content m when u0 is associated with Cm,0
τ(p) Average delay of u0

τ∞(p) Asymptotic delay of u0 when P
N0
→ ∞

2. System Model
2.1. Network Model

This paper considers a downlink cache-enabled F-RAN consisting of a tier of cloud
access points (C-APs) overlaid with a tier of denser limited storage F-APs. It is assumed that
each F-AP is backhauled via a wireless link with the closest C-AP to its location. The F-APs
and C-APs are both distributed according to the independent homogeneous Poisson point
processes (PPPs) ΦF and ΦC of densities λF and λC, respectively, such that λF � λC. All
F-APs and C-APs are assumed to be equipped with a single antenna. The F-APs and C-APs
are assumed to transmit at the power of P. The total bandwidth of the F-APs and C-APs
are WF and WC, respectively. We consider a broadcast transmission scheme, such that each
content is disseminated over 1/M0 of the total transmission bandwidth of the access point,
where M0 is the total number of contents cached by the access point. The locations of the
users are also modeled as an independent homogeneous PPP ΦU with density λU . We
assume that each user has a single receive antenna. Let D denote the propagation distance
of the transmitted signal. The transmitted signal is assumed to experience a large-scale
fading, of which the signal is attenuated by a factor of D−α, where α stands for the path loss
exponent. The transmitted signal is also assumed to experience a Rayleigh fading, wherein
the small-scale fading coefficient h follows an exponential distribution of unit mean (i.e.,

|h|2 d∼ exp(1)).

2.2. Caching Model

LetM = {1, 2, ..., M} denote the content library, i.e.,M is the set of M contents cached
in the network. Due to the limited storage of the F-APs, each F-AP is assumed to cache



Symmetry 2021, 13, 708 5 of 28

a single content in advance. Whereas, all the contents are assumed to be cached in each
C-AP. For analytical tractably, the contents are assumed to be of the same size and their
popularity distribution among all users is apriori known and identical. Let a = (am)m∈M
denote the content popularity distribution, such that ∑M

m=1 am = 1 and a1 ≥ a2 ≥ · · · ≥ aM,
where am ∈ (0, 1) stands for the probability of content m being randomly requested by a
user, which is assumed to be characterized by Zipf distribution as follows

am =
m−γ

∑m∈M m−γ
(1)

where the exponent γ denotes the skew parameter of Zipf distribution.
This paper considers a proactive probabilistic caching strategy of which the caching

distribution of the contents is represented by p = (pm)m∈M, where pm is the probability of
content m being cached at each F-AP, such that it satisfies

0 ≤ pm ≤ 1, m ∈ M, (2)

∑
m∈M

pm = 1 (3)

2.3. Association Model

Without loss of generality, this paper focuses on a typical user u0, which is assumed to
be located at the origin. Let R denote the discovery range of u0 and Xm denote the access
point that u0 is associated with when it randomly requests content m. Under the adopted
association mechanism illustrated in Figure 1, when the typical user u0 requests content m,
it can be associated with one of the following

1. If there are F-APs caching content m within R, u0 will be associated with the nearest
F-AP caching m Fm,0 to serve u0 directly, e.g., user A in Figure 1. Therefore, Fm,0 is
dubbed ’direct F-AP’. Denote Pr[Xm = Fm,0] as the probability of u0 is being associated
with a direct F-AP when it requests content m. As all the F-APs caching content m can
serve as a direct F-AP with respect to content m, the point process of the direct F-APs
is the thinned PPP Φm ⊆ ΦF with density pmλF, i.e., Φm is the point process of the
F-APs caching content m. Then, using the null property of PPP, Pr[Xm = Fm,0] can be
obtained as in the following lemma

Lemma 1. When u0 requests content m, the probability of u0 being associated to a direct
F-AP within R is given by

Pr[Xm = Fm,0] = 1− exp
(
−πpmλFR2

)
(4)

Proof. Please refer to Appendix A.

2. If content m in not cached within R, then u0 will be associated with the nearest
available F-AP Fa,0 within R to fetch m from the nearest C-AP C0, e.g., user B in
Figure 1. Here, Fa,0 is dubbed ’transit F-AP’ due to the 2-hop transmission. Moreover,
the available F-AP is defined as the F-AP that caches inactive content (i.e., a content not
requested by users within its association area). Let the random variable Yµ ∈ {0, 1}
denote whether content µ cached by Xµ is being requested by users within its Voronoi
cell, such that Yµ = 0 stands for the event of content µ being not requested, and Yµ = 1
otherwise. Then, the probability of the content µ being inactive can be obtained using
proposition 1 of [20] as

bµ = Pr
[
Yµ = 0

]
=

(
1 +

aµ λU

3.5 pµ λF

)−3.5

(5)
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The probability that a F-AP can be an available F-AP Λm when content m is requested
can be obtained as in the following lemma

Lemma 2. The probability of available F-APs with respect to content m is

Λm = ∑
µ∈M\m

pµbµ (6)

Proof. Please refer to Appendix B.

To proceed, we denote Φa,m ⊆ ΦF as the point process of available F-APs with respect
to content m. As Φa,m is a thinned PPP, its density can be obtained as ΛmλF. Then,
the probability of the event that u0 is associated with a transit F-AP within R when it
requests content m can be obtained as in Lemma 3

Lemma 3. When u0 requests content m, the probability of u0 is being associated with a
transit F-AP within R is given by

Pr[Xm = Fa,0] = exp
(
−πpmλFR2

)(
1− exp

(
−πΛmλFR2

))
(7)

Proof. Please refer to Appendix C.

3. If neither a direct nor a transit F-AP exists within R to be associated with, then
u0 will be associated with the nearest C-AP Cm,0 within R, e.g., user C in Figure 1.
The probability of this event Pr[Xm = Cm,0] is given as in the following lemma

Lemma 4. When u0 requests content m, the probability of u0 is being associated with the
nearest C-AP within R is given by

Pr[Xm = Cm,0] = exp
(
−π(pm + Λm)λFR2

)(
1− exp

(
−πλCR2

))
(8)

Proof. Please refer to Appendix D.

Figure 1. Association model.

3. Performance Analysis

In this section, the STP and delay are analyzed to evaluate the F-RAN performance.
The STP represents the probability that a requested content can be successfully transmitted.
Whereas, the delay represents the average time of a successful content delivery.
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3.1. STP Analysis

When u0 requesting content m is being associated with the direct F-AP Fm,0 within R,
the requested content m can be successfully received and decoded at a transmission rate ξ,
if the channel capacity of u0 is greater than or equal to ξ. Thus, the STP of content m when
u0 is being associated with Fm,0 can be expressed as

qm,0(p) = Pr[Rm,0 ≥ ξ]

= Pr[WF log2(1 + SINRm,0) ≥ ξ] (9)

where Rm,0 = WF log2(1 + SINRm,0) is the channel capacity of link between u0 and Fm,0,
and SINRm,0 is the SINR of u0 when it is associated with Fm,0 given by

SINRm,0 =
D−α

0,0 |h0,0|2

∑`∈Φm\Fm,0
D−α
`,0 |h`,0|2 + ∑`∈Φ−m D−α

`,0 |h`,0|2 + ∑`∈ΦC
D−α
`,0 |h`,0|2 + N0

P

(10)

where Φ−m denotes the point process of the F-APs do not cache content m, D0,0 and D`,0
are the distance between u0 and the direct F-AP Fm,0, and the distance between u0 and
access point `, respectively. h0,0 and h`,0 are the small-scale channel coefficients between
u0 and Fm,0, and u0 and access point `, respectively. N0 denotes the noise power. Next,
stochastic geometry tools are utilized to obtain qm,0(p) as given in Theorem 1.

Theorem 1. The STP of content m when u0 is associated with Fm,0 is given by

qm,0(p) =
∫ R

0
exp

(
−πpmλFU (p)d2 − N0

P

(
2

ξ
WF − 1

)
dα

)
︸ ︷︷ ︸

=qm,0,D0,0 (p,d)

2πpmλFd exp
(
− πpmλFd2)︸ ︷︷ ︸

= fD0,0 (d)

dd

= 2πpmλF

∫ R

0
d exp

(
−πpmλF (1 + U (p)) d2 − N0

P

(
2

ξ
WF − 1

)
dα

)
dd (11)

where qm,0,D0,0 is the conditional STP (i.e., qm,0 conditioned on the distance D0,0 = d), fD0,0(d) is
the probability density function (PDF) of D0,0, and

U (p) =
2
α

(
2

ξ
WF − 1

) 2
α (

β′
(

2
α

, 1− 2
α

, 2
−ξ
WF

)
+

λF − pmλF + λC
pmλF

β

(
2
α

, 1− 2
α

))
(12)

where β′(x, y, z) ,
∫ 1

z ux−1(1− u)y−1du is the complementary incomplete Beta function and
β(x, y) ,

∫ 1
0 ux−1(1− u)y−1du is the Beta function.

Proof. Please refer to Appendix E.

The STP of content m when u0 is associated with the transit F-AP Fa,0 can be formulated
due to the 2-hop transmission as

qC,a,0(p) = qa,0(p)qC,a(p)

= Pr
[

WF log2(1 + SINRa,0)︸ ︷︷ ︸
,Ra,0

≥ ξ
]

Pr
[ WC

M
log2(1 + SINRC,a)︸ ︷︷ ︸

,RC,a

≥ ξ
]

(13)
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where qa,0(p) and qC,a(p) are the STPs of content m over the links Fa,0 to u0, and C0 to Fa,0,
respectively. Ra,0 and RC,a are the channel capacities of the links Fa,0 to u0, and C0 to Fa,0,
respectively. SINRa,0 is the SINR at u0 and SINRC,a is the SINR at Fa,0, which are given by

SINRa,0 =
D−α

a,0 |ha,0|2

∑`∈Φa,m\Fa,0
D−α
`,0 |h`,0|2 + ∑`∈Φ−a,m D−α

`,0 |h`,0|2 + ∑`∈ΦC
D−α
`,0 |h`,0|2 + N0

P

(14)

and

SINRC,a =
D−α

C,a |hC,a|2

∑`∈ΦC\C0
D−α
`,a |h`,a|2 + ∑`∈ΦF\Fa,0

D−α
`,a |h`,a|2 + N0

P

(15)

where Φ−a,m , ΦF \Φa,m with density (1−Λm)λF denotes the point process of unavailable
F-APs with respect to content m. Da,0, DC,a, and D`,a are the distances between Fa,0 and u0,
C0, and access point `, respectively. ha,0, hC,a, and h`,a are the small-scale channel coefficients
of the links Fa,0 to u0, and C0 to Fa,0, and access point ` to Fa,0, respectively. Then, stochastic
geometry is utilized to obtain the expression of qC,a,0(p) in the following theorem.

Theorem 2. The STP of content m when u0 is associated with Fa,0 can be expressed as

qC,a,0(p) =
∫ R

0
exp

(
−πΛmλFV(p)d2 − N0

P

(
2

ξ
WF − 1

)
dα

)
︸ ︷︷ ︸

=qa,0,Da,0 (p,d)

2πΛmλFd exp
(
− πΛmλF d2)︸ ︷︷ ︸

= fDa,0 (d)

dd

︸ ︷︷ ︸
=qa,0(p)

×
∫ ∞

0
exp

(
−πλCG d2 − N0

P

(
2

Mξ
WC − 1

)
dα

)
︸ ︷︷ ︸

=qC,a,DC,a
(p,d)

2πλCd exp
(
− πλC d2)︸ ︷︷ ︸

= fDC,a (d)

dd

︸ ︷︷ ︸
=qC,a(p)

= 2πΛmλF

∫ R

0
d exp

(
−πΛmλF(1 + V(p)) d2 − N0

P

(
2

ξ
WF − 1

)
dα

)
dd

× 2πλC

∫ ∞

0
d exp

(
−πλC(1 + G) d2 − N0

P

(
2

Mξ
WC − 1

)
dα

)
dd (16)

where qa,0,Da,0(p, d) and qC,a,Dc,a(p, d) represent the conditional STPs conditioned on Da,0 = d
and DC,a = d, respectively. fDa,0(d) and fDC,a(d) are the PDF of Da,0 and DC,a, respectively.

V(p) =
2
α

(
2

ξ
WF − 1

) 2
α (

β′
(

2
α

, 1− 2
α

, 2
−ξ
WF

)
+

λF −ΛmλF + λC
ΛmλF

β

(
2
α

, 1− 2
α

))
(17)

and

G =
2
α

(
2

Mξ
WC − 1

) 2
α (

β′
(

2
α

, 1− 2
α

, 2
−Mξ
WC

)
+

λF
λC

β

(
2
α

, 1− 2
α

))
(18)

Proof. Please refer to Appendix F.

The STP of content m when the requester u0 is associated with nearest C-AP Cm,0
within R is given as

qC,0(p) = Pr
[ WC

M
log2(1 + SINRC,0)︸ ︷︷ ︸

,RC,0

≥ ξ
]

(19)
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where RC,0 denotes the channel capacity of the link from Cm,0 to u0, and SINRC,0 is the
SINR at u0 when it is associated with Cm,0 which is given as

SINRC,0 =
D−α

C,0 |hC,0|2

∑`∈ΦC\Cm,0
D−α
`,0 |h`,0|2 + ∑`∈ΦF

D−α
`,0 |h`,0|2 + N0

P

(20)

where DC,0 is the distance between u0 and Cm,0, and hC,0 is the small-scale channel coeffi-
cient between u0 and Cm,0. Utilizing stochastic geometry, qC,0 can be computed as given in
Theorem 3.

Theorem 3. The STP of content m when u0 is associated with Cm,0 can be calculated by

qC,0(p) =
∫ R

0
exp

(
−πλCG d2 − N0

P

(
2

Mξ
WC − 1

)
dα

)
︸ ︷︷ ︸

=qC,0,DC,0
(p,d)

2πλC d exp
(
− πλC d2)︸ ︷︷ ︸

= fDC,0
(d)

dd

= 2πλC

∫ R

0
d exp

(
−πλC(1 + G) d2 − N0

P

(
2

Mξ
WC − 1

)
dα

)
dd (21)

where qC,0,DC,0(p, d) denotes the conditional STP conditioned on DC,0 = d, fDC,0(d) is the PDF of
DC,0, and G is given by (18).

Proof. Please refer to Appendix G.

Since there are M different contents and three different association schemes to deliver
the requested content, the STP of u0 can be obtained using total probability theorem as in
Theorem 4.

Theorem 4. The STP of u0 can be calculated as

q(p) = ∑
m∈M

am

(
Pr[Xm = Fm,0] qm,0(p) + Pr[Xm = Fa,0] qC,a,0(p) + Pr[Xm = Cm,0] qC,0(p)

)
(22)

where Pr[Xm = Fm,0], Pr[Xm = Fa,0], Pr[Xm = Cm,0], qm,0, qC,a,0, and qC,0 are given in
Lemmas 1, 3 and 4, and Theorems 1–3, respectively.

It is noted that q(p) is very complex. Therefore, the complexity is reduced by consid-
ering the asymptotic STP in the high SNR regime (i.e., P

N0
→ ∞) as given in Corollary 1.

Corollary 1 (Asymptotic STP). When P
N0
→ ∞, we have
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q∞(p) , lim
P

N0
→∞

q(p)

= ∑
m∈M

am

((
Pr[Xm = Fm,0]× 2πpmλF

∫ R

0
d exp

(
−πpmλF (1 + U (p)) d2

)
dd
)

+

(
Pr[Xm = Fa,0]× 2πΛmλF

∫ R

0
d exp

(
−πΛmλF(1 + V(p)) d2

)
dd

× 2πλC

∫ ∞

0
d exp

(
−πλC(1 + G) d2

)
dd
)

+

(
Pr[Xm = Cm,0]× 2πλC

∫ R

0
d exp

(
−πλC(1 + G) d2

)
dd
))

= ∑
m∈M

am
(

Pr[Xm = Fm,0]
1− exp

(
−πpmλF (1 + U (p))R2)

1 + U (p)

+ Pr[Xm = Fa,0]
1− exp

(
−πΛmλF (1 + V(p))R2)

(1 + G) (1 + V(p))

+ Pr[Xm = Cm,0]
1− exp

(
−πλC (1 + G)R2)

1 + G
)

(23)

where U (p), V(p), and G are given in (12), (17), and (18), respectively.

Proof. Since the terms containing N0
P in qm,0, qa,0, qC,a and qC,0 approach zero as P

N0
→ ∞,

qm,0, qa,0, qC,a, and qC,0 reduce to be in the following form
∫ c1

0 c2d exp
(
−c3d2)dd, where

c1, c2, and c3 are constants. Then, the solution of the integral can be computed by
c2

2c3

(
1− exp

(
−c3c2

1
))

and thus we can prove Corollary 1.

3.2. Delay Analysis

The considered average delay in this paper is defined as the average required time to
successfully receive the requested content by the typical user. Due to the retransmission
of the requested content if an outage event occurs in a time slot, the average delay is
correlated with the average number of time slots required to successfully receive the
requested content, which is a geometric variable. Thus, when the typical user is associated
with Fm,0, the average delay of content m can be expressed as

τm,0(p) = T EDm,0

[
1

qm,0,Dm,0(p, d)

]
(24)

here, T denotes the duration of the time slot, and EDm,0

[
1/qm,0,Dm,0(p, d)

]
represents the

average number of required time slots to successfully receive content m. Next, τm,0(p) can
be obtained as in the following theorem.

Theorem 5. The average delay of content m when u0 is associated with Fm,0 is given by

τm,0(p) = T
∫ R

0
exp

(
πpmλFU (p)d2 +

N0

P

(
2

ξ
WF − 1

)
dα

)
︸ ︷︷ ︸

= 1
qm,0,D0,0

(p,d)

2πpmλFd exp
(
− πpmλFd2)︸ ︷︷ ︸

= fD0,0 (d)

dd

= 2πpmλFT
∫ R

0
d exp

(
−πpmλF (1−U (p)) d2 +

N0

P

(
2

ξ
WF − 1

)
dα

)
dd (25)
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Proof. The proof is straightforward, noting that EDm,0

[
1/qm,0,Dm,0(p, d)

]
=
∫ R

0 (1/qm,0,D0,0(p, d)) fD0,0(d)dd, where qm,0,Dm,0(p, d) and fD0,0(d) are given in Theorem 1.

In the same manner, when u0 is associated with the transit F-AP, the average delay of
the requested content m can be expressed as in Theorem 6.

Theorem 6. The average delay of content m when u0 is associated with Fa,0 can be calculated as

τC,a,0(p) = T
∫ R

0
exp

(
πΛmλFV(p)d2 +

N0

P

(
2

ξ
WF − 1

)
dα

)
︸ ︷︷ ︸

= 1
qa,0,Da,0

(p,d)

2πΛmλFd exp
(
− πΛmλFd2)︸ ︷︷ ︸

= fDa,0 (d)

dd

︸ ︷︷ ︸
=τa,0(p)

+ T
∫ ∞

0
exp

(
πλCG d2 +

N0

P

(
2

Mξ
WC − 1

)
dα

)
︸ ︷︷ ︸

= qC,a,DC,a
(p,d)

2πλCd exp
(
− πλC d2)︸ ︷︷ ︸

= fDC,a (d)

dd

︸ ︷︷ ︸
=τC,a(p)

= 2πΛmλFT
∫ R

0
d exp

(
−πΛmλF(1− V(p)) d2 +

N0

P

(
2

ξ
WF − 1

)
dα

)
dd

+ 2πλCT
∫ ∞

0
d exp

(
−πλC(1− G) d2 +

N0

P

(
2

Mξ
WC − 1

)
dα

)
dd (26)

where τC,a(p) and τa,0(p) are the average delays of content m over the links from C0 to Fa,0, and Fa,0
to u0, respectively.

Proof. Due to the 2-hop transmission, the average delay can be formulated as τC,a,0(p) =
τa,0(p) + τC,a(p). Then, by taking the expectation of conditional STPs qa,0,Da,0 and qC,a,DC,a ,
the average delay can be calculated as in (26), where qa,0,Da,0 , qC,a,DC,a , fDa,0(d), and fDC,a(d)
are given in Theorem 2.

The average delay of the requested content m when u0 downloads it from the nearest
C-AP is given in the following theorem.

Theorem 7. The average delay of content m when u0 is associated with Cm,0 can be expressed as

τC,0 = T
∫ R

0
exp

(
πλCG d2 +

N0

P

(
2

Mξ
WC − 1

)
dα

)
︸ ︷︷ ︸

= 1
qC,0,DC,0

(p,d)

2πλC d exp
(
− πλC d2)︸ ︷︷ ︸

= fDC,0
(d)

dd

= 2πλCT
∫ R

0
d exp

(
−πλC(1− G) d2 +

N0

P

(
2

Mξ
WC − 1

)
dα

)
dd (27)

Proof. The expectation EDC,0

[
1/qC,0,DC,0(p, d)

]
can be calculated by

∫ R
0 (1/qC,0,DC,0(p, d))

× fDC,0(d)dd, where qC,0,DC,0(p, d) and fDC,0(d) are provided in Theorem 3.

Using the total probability theorem, the average delay of the typical user can be
calculated as in the following theorem.

Theorem 8. The average delay of u0 is given as

τ(p) = T ∑
m∈M

am

Am

(
Pr[Xm = Fm,0] τm,0(p) + Pr[Xm = Fa,0] τC,a,0(p) + Pr[Xm = Cm,0] τC,0(p)

)
(28)
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where τm,0, τC,a,0, and τC,0 are provided in Theorems 1–3, respectively. Here, Am is the total
probability of being associated with an access point when content m is requested, which is given by

Am = Pr[Xm = Fm,0] + Pr[Xm = Fa,0] + Pr[Xm = Cm,0] (29)

Proof. Noting that the delay is conditioned on being associated with an access point. Thus,
by total probability theorem, the probability is divided by the probability of the events
space Am.

To reduce the complexity of Theorem 8, the asymptotic average delay as P
N0
→ ∞ is

considered in the following corollary.

Corollary 2 (Asymptotic delay). When P
N0
→ ∞, the average delay of u0 can be expressed as

τ∞(p) , lim
P

N0
→∞

τ(p)

= T ∑
m∈M

am

Am

((
Pr[Xm = Fm,0]× 2πpmλF

∫ R

0
d exp

(
−πpmλF (1−U (p)) d2

)
dd
)

+

(
Pr[Xm = Fa,0]×

(
2πΛmλF

∫ R

0
d exp

(
−πΛmλF(1− V(p)) d2

)
dd

+ 2πλC

∫ ∞

0
d exp

(
−πλC(1− G) d2

)
dd
))

+

(
Pr[Xm = Cm,0]× 2πλC

∫ R

0
d exp

(
−πλC(1− G) d2

)
dd
))

(30)

Proof. The proof is analogous to the proof of Corollary 1.

4. Problem Formulation and Optimization

It is noted that the STP and delay are fundamentally affected by the content caching
distribution p. Thus, the multi-objective problem to minimize the delay and maximize
the STP (or equivalently minimize the negative STP) by optimizing the content caching
distribution p can formulated as follows

Problem 1. Multi-Objective Caching Optimization

min
p
−q(p), τ(p)

subjected to (2), (3) (31)

To reduce the computational complexity of Problem 1, we consider the asymptotic
multi-objective optimization problem in the high SNR regime (i.e., P

N0
→ ∞).

Problem 2. Asymptotic Multi-Objective Caching Optimization when P
N0
→ ∞

min
p
−q∞(p), τ∞(p)

subjected to (2), (3) (32)

Due to the complex forms of the STP and delay, their convexity cannot be assured.
Thus, Problems 1 and 2 are generally non-convex.

An efficient algorithm to solve large-scale non-convex optimization problems is the
cuckoo search algorithm (CSA) [21]. CSA was firstly proposed in [22] as a simple nature-
inspired meta-heuristic global optimization algorithm. In CSA, the breeding behavior of
cuckoo birds is mimicked by generating new nests (i.e., solutions) via Lévy flight and
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random walk in each generation. In [23], CSA was modified to solve multi-objective
optimization problems. CSA outperforms the other meta-heuristic global optimization
algorithm in terms of simplicity, number of objective function evaluations, and execution
time [24,25]. However, in constrained problems, the success rate of CSA that utilizes the
penalty method is low, which is due to the feasibility of the optimal solution is not easy to be
guaranteed when there are multiple constraints with different scales or equality constraints.
Thus, to assure the feasibility of the optimal solution of MOCSA, we propose PMOCSA.

In the proposed PMOCSA outlined in Algorithm 1, the feasibility of the nests is
assured by the projection optimization performed in steps 3, 7, and 14, which can be
demonstrated as a search within the feasible set of nests for the closest nest to the projected
nest p̆i. Accordingly, the projection optimization problem is formulated as follows

Problem 3. Projection Optimization

min
pi
||pi − p̆i||2

subjected to (2), (3) (33)

where ||.|| is the Euclidean norm. The optimal solution of the projection problem can be com-
puted as pi

m = min{
[
p̆i

m − ζ
]+, 1}, ∀m ∈ M, where ζ satisfies ∑m∈Mmin{

[
p̆i

m − ζ
]+,

1} = 1 and [x]+ , max{x, 0}.

The new nests generated by Lévy flight in step 6 can be obtained as follows

p̃i
new = pi + ε⊗ L(Ψ) (34)

where p̃i
new and pi are the i-th new and current nest, respectively. ε denotes the step size

scaling factor that is related to the scale of the problem, ⊗ is the entry-wise multiplication
notation, Ψ ∈ [0.3, 1.99] stands for the Lévy distribution index, and L(Ψ) = (Lm(Ψ))m∈M
represents the Lévy vector, where the components of which can be calculated by Mantegna’s
algorithm as follows [26]

Lm(Ψ) =
Ω
|Θ|1/Ψ , ∀m ∈ M (35)

where Ω d∼ N (0, σ2
Ω) and Θ d∼ N (0, σ2

Θ) are random samples drawn from normal distribu-
tion of zero mean and variance σ2

Ω and σ2
Θ, respectively, where

σ2
Ω =

[
sin(πΨ/2) Γ(1 + Ψ)

Ψ 2(Ψ−1)/2 Γ((1 + Ψ)/2)

]1/Ψ
(36)

σ2
Θ = 1 (37)

where Γ(.) is the gamma function.
To encourage the localization of the search as the nest get closer to the solution, we

consider a decreasing Lévy flight step size scaling factor ε, which is calculated at each
iteration by

ε(t) =
Nc − t

Nc
+

1
50 M

(38)

where t is the iteration index and Nc is the maximum number of iterations.
In step (13), a fraction of the nests is discarded by probability of Pa, then the same

number of nests are regenerated by random walks as follows

p̈∗i = pi + δ
(

pk − pl
)

(39)
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where pk and pl are at two randomly selected nests, and δ is uniformly distributed random
number in the interval (0,1).

Algorithm 1: Projected Multi-Objective Cuckoo Search Algorithm (PMOCSA).

1 set the maximum number of iterations NC, the population size NP, and the
abandon probability Pa;

2 randomly generate initial population p̆i, (i = 1, 2, · · · , NP);
3 project p̆ onto the set of the variables satisfying (1) and (2) to obtain a feasible

population p;
4 evaluate the fitness values of each nest, i.e., −q∞

(
pi) and τ∞

(
pi);

5 while t ≤ NC do
6 randomly generate a new nest p̃i

new via Lévy flight;
7 project p̃i

new onto the set of the variables satisfying (1) and (2) to obtain a
feasible nest pi

new ;
8 evaluate the fitness values of pi

new and check if it is Pareto optimal;
9 choose a nest pj randomly among p;

10 if the fitness values of pi
new dominate those of pj then

11 pj ← pi
new;

12 end
13 randomly abandon a fraction Pa of worse nests and build new ones, such that

nest p̈∗i is generated via random walk;
14 project p̈∗i onto the set of the variables satisfying (1) and (2) to obtain a feasible

nest p̈i;
15 if the fitness values of p̈i dominate those of pi then
16 pi ← p̈i;
17 end
18 sort the nests and find the current Pareto optimal solution;
19 end

In steps 10 and 15, the solution
(
− q∞

(
pi), τ∞

(
pi)) dominates solution

(
− q∞

(
pj),

τ∞
(

pj)) if and only if−q∞
(

pi) ≤ −q∞
(

pj), τ∞
(

pi) ≤ τ∞
(

pj) and either or both−q∞
(

pi) 6=
−q∞

(
pj) and τ∞

(
pi) 6= τ∞

(
pj). Thus, a solution is said to be non-dominated if no other

solution dominates it.
It is noteworthy to highlight that there exist multiple solutions of a multi-objective

optimization problem that are represented by Pareto front, which is defined as the set of
non-dominated solutions.

Note that the optimal solution of the projection optimization problem can be obtained
using fmincon function of MATLAB optimization tool box. Denote K as the maximum
number of function evaluation in the projection optimization. Then, the time complexity in
each iteration due to the projection optimization in steps 7 and 13 of PMOCSA is at most
O(2KNp). Whereas, the time complexity of the non-dominated sorting is O(n(2NP)

2),
where n = 2 is the number of objective functions. Thus, the time complexity of PMOCSA
is O(NC(2KNp + 8N2

P)).

5. Numerical Results and Discussions

In this section, the numerical results of PMOCSA and the proposed asymptotic caching
scheme are presented in Section 5.1. Then, the results are comprehensively summarized
and discussed in Section 5.2.

5.1. Numerical Results

This subsection presents the performance evaluation of the proposed PMOCSA and
the asymptotic multi-objective caching scheme. The performance of PMOCSA is compared
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with the MOCSA proposed in [23] with a penalty factor of 1× 106. Whereas, the perfor-
mance of the proposed multi-objective caching scheme is compared with two well-known
caching schemes. The first benchmark scheme is ’Popular’ and proposed in [27], in which
the F-APs cache only the most popular content. The Second is ’Uniform’, which refers
to the caching scheme proposed in [28], wherein the content are randomly cached with
equal probabilities. It is assumed that the two benchmark schemes adopt the same wireless
backhauling and association model of the proposed multi-objective caching scheme.

The parameters of the PMOCSA and MOSCA used in this paper are NC = 5000,
NP = 15, Ψ = 1.5, and Pa = 0.25. In Figure 2, we plot the average Pareto fronts obtained
after performing 50 trails and all the points visited by the optimization algorithm in the
trails. It is observed that in general MOCSA fails to converge to a Pareto front. We can also
observe that MOCSA visits a very small number of feasible points during the optimization.
Whereas, the search within the feasible space due to the projection optimization in PMOCSA
leads to the convergence to Pareto front. Figure 2 also demonstrates that the Pareto fronts
obtained by PMOCSA achieves higher STPs and lower delays than the closest feasible
points to the solution obtained by MOCSA.

Figure 2. Euclidean distance versus iteration index at M = 10, λU = 0.05 users/m2, λF = 0.01 fog access points (F-APs)/m2,
λC = 0.001 cloud access points (C-APs)/m2, R = 50 m, γ = 0.8, α = 4, WF = 10 MHz, WC = 100 MHz, T = 1 ms,
and τ = 0.01 Mbps.

To investigate the convergence rate of PMOCSA and MOCSA over all trails, we con-
sider the average Euclidean distance between the Pareto fronts in consecutive iterations
as a performance metric, i.e., the average sum of Euclidean distances between the corre-
sponding non-dominated solutions on the Pareto fronts obtained in iteration t and t− 1.
Figure 3 shows that PMOCSA achieves lower average Euclidean distances and converges
faster than MOCSA.
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Figure 3. Successful transmission probability (STP) and delay values of all visited points during the optimization at M = 10,
λU = 0.05 users/m2, λF = 0.01 F-APs/m2, λC = 0.001 C-APs/m2, R = 50 m, γ = 0.8, α = 4, WF = 10 MHz, WC = 100
MHz, T = 1 ms, and τ = 0.01 Mbps.

The performance of the proposed asymptotic multi-objective caching scheme using
PMOCSA is investigated for different network parameters in Figures 4–11. Specifically,
Figure 4 plots the objective functions versus the discovery range R, where the surface
represents the Pareto fronts and each black point represents a non-dominated optimal
solution. Figure 4 demonstrates a growth in the STP with the discovery range for all
schemes. This happens because of the higher probability with discovery range of u0 being
associated with an access point to serve its request. The figure shows that the increase
in the STP is slight in the Popular scheme, which is due to the requests for the contents,
except the most popular one, can only be served by transit F-APs or the C-APs. However,
the Popular scheme achieves higher STPs than the Uniform scheme owing to the higher
probability of transit F-AP, since the most popular content is only directly cached in the
Popular scheme.

Figure 4. STP and delay versus discovery range at M = 20, λU = 0.1 users/m2, λF = 0.01 F-APs/m2,
λC = 0.001 C-APs/m2, γ = 0.8, α = 4, WF = 10 MHz, WC = 50 MHz, T = 1 ms, and τ = 0.01 Mbps.
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Figure 4 also shows that the average delay increases with discovery range for all
schemes, which is due to the high delay of the contents dissemination by the C-APs since
the contents have higher probabilities with the discovery range of being fetched from the
C-APs directly or via transit F-APs. The poor performance of the contents dissemination
by the C-APs is also the reason of the high delays of the Popular scheme at low discovery
ranges (i.e., R < 90 m), and the higher delays of Uniform scheme beyond this range due
to the high probability of fetching the requested contents from the C-APs and the high
separation distances between the u0 and the transit F-APs. The Pareto fronts in Figure 4
indicates that the proposed multi-objective scheme can achieve higher STP, lower average
delay, or both simultaneously than the benchmark schemes. We can observe that at high
discovery ranges (i.e., R > 90 m) the proposed scheme achieves 5–15% higher STPs and
30–40% lower average delays than the Popular scheme. It is also observed that the low
average delays are obtained at the low STPs. Thus, a trade-off between the STP and delay
is required to balance the performance.

The relationship between the Zipf exponent γ, STP and delay is illustrated in Figure 5,
wherein a growth in the STP with the Zipf exponent is shown for the Popular scheme,
which is due to the cached most popular content has higher probability of being requested
with increase in the Zipf exponent. This also results in lower average delay until the
turning point of γ = 1.2. The high average delay beyond the turning point is due to the
low probability of utilizing the F-APs as transit F-APs, which is owing to the very high
probability of requesting the cached most popular content. Whereas, Figure 5 shows that
the Zipf exponent has no impact on Uniform scheme since the contents are evenly cached
at the F-APs. Figure 5 also demonstrates that the proposed scheme outperforms benchmark
schemes, and the performance improvement increases with the Zipf exponent, where the
obtained Pareto fronts achieve up to 40% higher STPs and 85% lower average delays than
the benchmark schemes. It is also observed that the average delay of the proposed scheme
has no turning point, i.e., the delay always decreases with the Zipf exponent, which is due
to the optimized content placement.

Figure 5. STP and delay versus Zipf exponent at M = 20, λU = 0.1 users/m2, λF = 0.01 F-APs/m2, λC = 0.001 C-APs/m2,
R = 150 m, α = 4, WF = 10 MHz, WC = 50 MHz, T = 1 ms, and τ = 0.01 Mbps.

Figure 6 plots the STP and delay versus the F-APs’ bandwidth WF. Figure 6 shows
that the performance improves with the F-APs’ bandwidth for all schemes. We can also
observe that the impact of the F-APs’ bandwidth on the Uniform scheme is higher than
on the Popular scheme. This is due to the user’s requests in the Uniform scheme are often
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served by the direct F-APs. Figure 6 also shows that the proposed scheme performs better
than the benchmark schemes.

Figure 6. STP and delay versus F-APs’ bandwidth at M = 20, λU = 0.1 users/m2, λF = 0.01 F-APs/m2,
λC = 0.001 C-APs/m2, R = 150 m, γ = 0.8, α = 4, WC = 50 MHz, T = 1 ms, and τ = 0.01 Mbps.

In Figure 7, we plot the STP and delay versus the C-APs’ bandwidth WC. It can be
observed that both STP and delay improves with increasing the C-APs’ bandwidth for all
schemes. However, the influence of the C-APs’ bandwidth is higher on the Popular scheme
as the requested contents expect the most popular are fetched from the C-APs directly or
by the transit F-APs. It can also be observed the proposed scheme achieves higher STPs
and lower delays than the benchmark schemes.

Figure 7. STP and delay versus C-APs’ bandwidth at M = 20, λU = 0.1 users/m2, λF = 0.01 F-APs/m2,
λC = 0.001 C-APs/m2, R = 150 m, γ = 0.8, α = 4, WF = 10 MHz, T = 1 ms, and τ = 0.01 Mbps.
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Figure 8 illustrates the relationship between the total number of contents M, STP and
delay. Figure 8 shows that the performance degrades for all schemes as the total number of
contents increases, which can be explained by the increase in the total number of contents,
results in caching smaller percentage of them within the discovery range and in a lower
popularity of the most popular content. It is observed that the total number of contents
has higher influence on the Uniform scheme than the other schemes, which is due to the
fact that the users are often served by direct F-APs. Figure 8 also shows that the Uniform
scheme performs worse than the Popular scheme with the increase in the total number
of contents. This due to the lower probabilities of the direct and transit F-APs with total
number of contents. The obtained Pareto fronts shown in Figure 8 demonstrates that the
proposed scheme outperforms the benchmark schemes.

Figure 8. STP and delay versus total number of contents at λU = 0.1 users/m2, λF = 0.01 F-APs/m2, λC = 0.001 C-APs/m2,
R = 150 m, γ = 0.8, α = 4, WF = 100 MHz, WC = 500 MHz, T = 1 ms, and τ = 0.01 Mbps.

In Figure 9 we plot the STP and delay versus the user density λU . Figure 9 shows that
the user density has no influence on the Uniform scheme owing to the requested contents
are often downloaded from the direct F-APs. However, the increase in the number of users
degrades the performance of the Popular scheme, wherein the contents are often served by
transit F-APs, which is due to the decrease in the probability of using a F-AP for transit
because there are more users requesting the most popular content. Whereas, the proposed
scheme always performs better than the benchmark schemes as the cache placement is
optimized to reduce the impact of the user density on the performance, and to provide a
better utilization of the direct and transit F-APs.

Figure 10 shows the relationship between the F-AP density λF, STP, and the average
delay. It is observed that the performance of Uniform scheme improves with F-AP density.
This can be explained by, with the increase in the F-AP density, a higher number of the
F-APs resides within the discovery range, which results in an increase of the probabili-
ties of the direct and transit F-APs. However, in the Popular scheme, the STP and delay
improve with the F-AP density until the turning points λF = 8× 10−3 users/m2 and
λF = 7× 10−3 users/m2, respectively, then the performance degrades as the high interfer-
ence originating from the F-APs dominates the gained improvement in the probability of
transit F-APs. Figure 10 also shows that the proposed scheme outperforms the benchmark
schemes, which is owing to the optimal utilization of the F-APs as direct or transit F-APs
gained by optimizing the cache placement.
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Figure 9. STP and delay versus user density at M = 20, λF = 0.01 F-APs/m2, λC = 0.001 C-APs/m2, R = 150 m, γ = 0.8,
α = 4, WF = 10 MHz, WC = 50 MHz, T = 1 ms, and τ = 0.01 Mbps.

Figure 10. STP and delay versus F-AP density at M = 20, λU = 0.1 users/m2, λC = 0.001 C-APs/m2, R = 150 m, γ = 0.8,
α = 4, WF = 10 MHz, WC = 50 MHz, T = 1 ms, and τ = 0.01 Mbps.

Figure 11 illustrates the impact of the C-AP density λC on the STP and average delay.
Figure 11 demonstrates that the performance of the proposed scheme and the Popular
scheme improves with the C-AP density as results of the improvement in the links between
the C-APs to the transit F-APs and the higher probability of association directly with the
C-APs to download the requested contents. Whereas, since the F-APs in the Uniform
scheme are often working in direct mode, the increase in the C-AP density generates a
high aggregated interference, which results in a performance degradation. Figure 11 also
shows that the proposed multi-objective scheme always outperforms the Uniform and
Poplar schemes.
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Figure 11. STP and delay versus C-AP density at M = 20, λU = 0.1 users/m2, λF = 0.01 F-APs/m2, R = 150 m, γ = 0.8,
α = 4, WF = 10 MHz, WC = 50 MHz, T = 1 ms, and τ = 0.01 Mbps.

5.2. Discussions

In the previous subsection, it has been shown that the original MOCSA with well-
known penalty method to handle the constraints generally fails to obtain a feasible Pareto
front for Problem 2. Whereas, the proposed PMOCSA can efficiently converge to a feasible
Pareto front, which represents the set of the non-dominated optimal solutions of the asymp-
totic multi-objective caching problem. The achieved superior performance of PMOCSA is
not accompanied with extra hardware requirements, since PMOCSA can be implemented
as simple code. Note that each solution on the obtained Pareto front using PMOCSA
represents a distinct caching distribution. Therefore, an extra protocol might be required to
distribute the contents to the F-APs according to the desired caching distribution.

Moreover, the performance of the proposed caching scheme using PMOCSA was
evaluated for different network parameters and compared with two well-known caching
schemes, i.e., the Popular and Uniform schemes, where the proposed scheme could always
achieve higher performance, i.e., higher STPs and lower delays, than the benchmark
schemes for all the studied network parameters. The numerical results showed that in the
considered F-RAN system, the STP and delay are not always inversely related. In other
words, the increase in the STP does not always result in a decrease in the delay, which is
mainly due to the gained STP improvement by fetching the requested contents from the
C-APs is accompanied with a large average delays as a result of the C-APs’ poor content
dissemination. The impacts of the network parameter on the performance of the proposed
scheme were also analyzed. Specifically, the results demonstrated an increase in the STP
and a decrease in the delay with the increase in the Zipf exponent, F-AP transmission
bandwidth, C-AP transmission bandwidth, and C-AP density, and a decrease in the STP
and an increase in the delay with the increase in the total number of contents, user density,
and F-AP density. Whereas, the increase the discovery range led to an increase in the STP
and delay, which is due to the higher probability of fetching the requested contents from
the C-APs. Finally, bearing in mind that the Pareto front represents a set of solutions. Thus,
a trade-off between the STP and delay is required to obtain the desired performance.

6. Conclusions

In this paper, we investigated the multi-objective proactive caching problem in wire-
less backhauled F-RAN. To formulate the optimization problem, first, we derived the
expressions of the associations probability, STP, and delivery delay using stochastic geome-
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try tools. To overcome the complexity of the STP and delay in the general SINR regime,
we derived expressions of the asymptotic STP and delay in the high SNR regime. Then,
we formulated the asymptotic multi-objective caching problem to minimize the delay
or maximize the STP. Finally, we proposed a novel PMOCSA to obtain the Pareto front
of the optimization problem. The numerical simulation results showed that PMOCSA
outperforms MOCSA in terms of achieving a feasible Pareto front and the rate in which
it converges. Finally, the proposed multi-objective caching scheme is shown to perform
better than the well-known caching schemes.
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Appendix A. Proof of Lemma 1

Pr[Xm = Fm,0] can be defined as the probability that there is at least one F-AP caching
content m within R. Then, we have;

Pr[Xm = Fm,0] , Pr[N(Fm) > 0]

= 1− Pr[N(Fm) = 0]
(a)
= 1− exp

(
−πpmλFR2

)
(A1)

where N(Fm) is the number of F-APs caching content m within R. Here, (a) is obtained
using the null property of PPP, i.e., Pr[N(Fm) = 0] = exp

(
−πpmλFR2).

Appendix B. Proof of Lemma 2

An available F-AP with respect to content m is defined as a F-AP that is not caching
content m and caches an inactive content, where the probability of caching the inactive con-
tent µ ∈ M\m is calculated as pµbµ. Accordingly, the probability of the F-AP availability
when content m is requested can be obtained by summing over the set of contentsM\m
as follows

Λm = Pr[ The F-AP caches inactive content 6= m]

= ∑
µ∈M\m

pµbµ (A2)

Appendix C. Proof of Lemma 3

Noting that when u0 requests content m, it is associated with a transit F-AP when
there is no F-AP caching content m and there is at least one available F-AP within R. Then,
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the probability of this event, i.e., Pr[Xm = Fa,0], can be obtained using the proprieties of
PPP as follows

Pr[Xm = Fa,0] = Pr[N(Fm) = 0, N(Fa) > 0]
(b)
= Pr[N(Fm) = 0]Pr[N(Fa) > 0]

= Pr[N(Fm) = 0](1− Pr[N(Fa) = 0])
(c)
= exp

(
−πpmλFR2

)(
1− exp

(
−πΛmλFR2

))
(A3)

where N(Fa) refers to the number of available F-APs. Equality (b) is obtained by noting
that the events N(Fm) and N(Fa) are independent; (c) is obtained using the null property
of PPPs.

Appendix D. Proof of Lemma 4

Since u0 requesting content m is associated with the nearest C-AP C0 if there is no
F-AP caching m nor an available F-AP with respect to m are exist within R, and at least one
C-AP exists within R, the probability of this event is given by

Pr[Xm = C0] = Pr[N(Fm) = 0, N(Fa) = 0, N(C) > 0]
(d)
= Pr[N(Fm) = 0]Pr[N(Fa) = 0]Pr[N(C) > 0]

= Pr[N(Fm) = 0]Pr[N(Fa) = 0](1− Pr[N(C) = 0])
(e)
= exp

(
−πpmλFR2

)
exp

(
−πΛmλFR2

)(
1− exp

(
−πλCR2

))
= exp

(
−π(pm + Λm)λFR2

)(
1− exp

(
−πλCR2

))
(A4)

where N(C) is the number of C-APs. (d) is due to the independence of the events N(Fm),
N(Fa) and N(C). The null property of PPP is used to obtain (e).

Appendix E. Proof of Theorem 1

Denote Im , ∑l∈Φm\Fm,0
D−α

l,0 |hl,0|2, I−m , ∑l∈Φ−m D−α
l,0 |hl,0|2, and IC ,

∑l∈ΦC
D−α

l,0 |hl,0|2 as the interference from the F-APs caching content m, the F-APs that
are not caching content m, and the C-APs, respectively. Then, qm,0 conditioned on the
distance D0,0 = d ∈ [0, R] can be calculated as follows

qm,0,D0,0(p, d) , Pr[WF log2(1 + SINRm,0) ≥ ξ|D0,0 = d]

= EIm ,I−m ,IC

[
Pr
[
|h0,0|2 ≥ s

(
Im + I−m + IC +

N0

P

)]]
( f )
= EIm ,I−m ,IC

[
exp

(
−s
(

Im + I−m + IC +
N0

P

))]
(g)
= EIm [exp (−sIm)]︸ ︷︷ ︸

,LIm (s,d)

EI−m [exp (−sI−m)]︸ ︷︷ ︸
,LI−m (s,d)

EIC [exp (−sIC)]︸ ︷︷ ︸
,LIC (s,d)

exp
(
−s

N0

P

)
(A5)

where s =
(

2
ξ

WF − 1
)

dα, equality (f) is due to |h|2 d∼ exp(1), equality (g) is due to the inde-

pendence of the PPPs and the independence of the Rayleigh fading channels, and LIm(s, d),
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LI−m(s, d), and LIC (s, d) denote the Laplace transforms of Im, I−m, and IC, respectively.
LIm(s, d) can be calculated as follows

LIm(s, d) = E

exp

−s ∑
l∈Φm\Fm,0

D−α
l,0 |hl,0|2


= E

 ∏
l∈Φm\Fm,0

exp
(
−sD−α

l,0 |hl,0|2
)

(h)
= exp

(
−2πpmλF

∫ ∞

d

(
1− 1

1 + s r−α

)
r dr
)

(i)
= exp

(
−2π

α
pm λF s

2
α β′
(

2
α

, 1− 2
α

,
1

1 + s d−α

))
= exp

(
−2π

α
pm λF

(
2

ξ
WF − 1

) 2
α

d2 β′
(

2
α

, 1− 2
α

, 2
−ξ
WF

))
(A6)

here, (h) is obtained using the probability generating functional [29], and the following
changes of variables sr−1/α to t, after that 1/(1 + t−α) to w are used to obtain (i). Next,
by noting that the density of Φ−m is (1 − pm)λF and following the same steps above,
LI−m(s, d) can be calculated by

LI−m(s, d) = exp

(
−2π

α
(1− pm) λF

(
2

ξ
WF − 1

) 2
α

d2 β

(
2
α

, 1− 2
α

))
(A7)

In the same manner, LIC (s, d) can be given as

LIC (s, d) = exp

(
−2π

α
λC

(
2

ξ
WF − 1

) 2
α

d2 β

(
2
α

, 1− 2
α

))
(A8)

Finally, qm,0(p) is calculated by removing the condition on the distance D0,0 = d
as follows

qm,0(p) =
∫ R

0
qm,0,D0,0(p, d) fD0,0(d)dd (A9)

here, fD0,0(d) = 2πpmλFd exp
(
−πpmλFd2) which is obtained by noting that Φm is a

homogeneous PPP with density pmλF. Thus, we can prove Theorem (1).

Appendix F. Proof of Theorem 2

Let Ia , ∑l∈Φa,m\Fa,0
D−α

l,0 |hl,0|2, I−a , ∑l∈Φ−a,m D−α
l,0 |hl,0|2, IC0 ,

∑l∈ΦC\C0
D−α

l,a |hl,a|2, and IFa , ∑l∈ΦF\Fa,0
D−α

l,a |hl,a|2 denote the interference from the avail-
able F-APs at u0, the unavailable F-APs at u0, the C-APs at Fa,0, and the F-APs at Fa,0,
respectively. Next, the conditional STPs qa,0,Da,0(p, d) and qC,a,DC,a(p, d) conditioned on
Da,0 = d ∈ [0, R] and DC,a = d ∈ [0, ∞], respectively, can be obtained by following the
same steps of (A5) as

qa,0,Da,0(p, d) = LIa(s, d)LI−a(s, d)LIC (s, d) exp
(
−s

N0

P

)
(A10)

qC,a,DC,a(p, d) = LIC0
(s̃, d)LIFa

(s̃, d) exp
(
−s̃

N0

P

)
(A11)
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here, s =

(
2

ξ
WF − 1

)
dα and s̃ =

(
2

Mξ
WC − 1

)
dα. Next, following the same procedure in

(A6), we have

LIa(s, d) = exp

(
−2π

α
Λm λF

(
2

ξ
WF − 1

) 2
α

d2 β′
(

2
α

, 1− 2
α

, 2
−ξ
WF

))
(A12)

LI−a(s, d) = exp

(
−2π

α
(1−Λm) λF

(
2

ξ
WF − 1

) 2
α

d2 β

(
2
α

, 1− 2
α

))
(A13)

LIC (s, d) = exp

(
−2π

α
λC

(
2

ξ
WF − 1

) 2
α

d2 β

(
2
α

, 1− 2
α

))
(A14)

LIC0
(s̃, d) = exp

(
−2π

α
λC

(
2

M ξ
WC − 1

) 2
α

d2 β′
(

2
α

, 1− 2
α

, 2
−M ξ
WC

))
(A15)

LIFa
(s̃, d) = exp

(
−2π

α
λF

(
2

M ξ
WC − 1

) 2
α

d2 β

(
2
α

, 1− 2
α

))
(A16)

Finally, the PDF of Da,0 and DC,a are given by fDa,0(d) = 2πΛmλF d
× exp

(
−πΛmλFd2) and fDC,a(d) = 2πλC d exp

(
−πλCd2), respectively. Thus, the con-

dition on the distance can be removed as follows

qa,0(p) =
∫ R

0
qa,0,Da,0(p, d) fDa,0(d)dd (A17)

qC,a(p) =
∫ ∞

0
qC,a,DC,a(p, d) fDC,a(d)dd (A18)

Thus, we complete the proof.

Appendix G. Proof of Theorem 3

Let ICm , ∑l∈ΦC\Cm,0
D−α

l,0 |hl,0|2 and IF , ∑l∈ΦF
D−α

l,0 |hl,0|2 stands for the interference
at u0 originating from the C-APs except Cm,0 and the F-APs, respectively. Therefore,
the conditional STP on the distance DC,0 = d ∈ [0, R] can be expressed as

qC,0,DC,0(p, d) = LICm
(s, d)LIF (s, d) exp

(
−s

N0

P

)
(A19)

where s =

(
2

Mξ
WC − 1

)
dα. To proceed, the Laplace transforms of the interference can be

obtained as

LICm
(s, d) = exp

(
−2π

α
λC

(
2

M ξ
WC − 1

) 2
α

d2 β′
(

2
α

, 1− 2
α

, 2
−M ξ
WC

))
(A20)

LIF (s, d) = exp

(
−2π

α
λF

(
2

M ξ
WC − 1

) 2
α

d2 β

(
2
α

, 1− 2
α

))
(A21)

Then, the condition DC,0 = d is removed to obtain qC,0 as follows

qC,0(p) =
∫ R

0
qC,0,DC,0(p, d) fDC,0(d)dd (A22)

where the PDF of DC,0 is given by fDC,0(d) = 2πλC d exp
(
−πλCd2). Thus, we can prove

Theorem 3.
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