

  electronics-10-01847




electronics-10-01847







Electronics 2021, 10(15), 1847; doi:10.3390/electronics10151847




Article



Joint Successful Transmission Probability, Delay, and Energy Efficiency Caching Optimization in Fog Radio Access Network



Alaa Bani-Bakr[image: Orcid], Kaharudin Dimyati *[image: Orcid], MHD Nour Hindia, Wei Ru Wong *[image: Orcid] and Tengku Faiz Tengku Mohmed Noor Izam[image: Orcid]





Department of Electrical Engineering, Faculty of Engineering, University of Malaya, Kuala Lumpur 50603, Malaysia









*



Correspondence: kaharudin@um.edu.my (K.D.); weiru@um.edu.my (W.R.W.)







Academic Editors: Pablo Muñoz Luengo and Isabel de la Bandera Cascales



Received: 5 June 2021 / Accepted: 30 June 2021 / Published: 31 July 2021



Abstract

:

The fog radio access network (F-RAN) is considered an efficient architecture for caching technology as it can support both edge and centralized caching due to the backhauling of the fog access points (F-APs). Successful transmission probability (STP), delay, and energy efficiency (EE) are key performance metrics for F-RAN. Therefore, this paper proposes a proactive cache placement scheme that jointly optimizes STP, delay, and EE in wireless backhauled cache-enabled F-RAN. First, expressions of the association probability, STP, average delay, and EE are derived using stochastic geometry tools. Then, the optimization problem is formulated to obtain the optimal cache placement that maximizes the weighted sum of STP, EE, and negative delay. To solve the optimization problem, this paper proposes the normalized cuckoo search algorithm (NCSA), which is a novel modified version of the cuckoo search algorithm (CSA). In NCSA, after generating the solutions randomly via Lévy flight and random walk, a simple bound is applied, and then the solutions are normalized to assure their feasibility. The numerical results show that the proposed joint cache placement scheme can effectively achieve significant performance improvement by up to 15% higher STP, 45% lower delay, and 350% higher EE over the well-known benchmark caching schemes.
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1. Introduction


Edge caching is an efficient technology to alleviate the traffic congestion, communication delay, and energy consumption [1,2], which is achieved by reducing the data load in the core network by caching the popular contents at the edge devices closer to the end-users. The fog radio network (F-RAN), as a decentralized network architecture, can support the edge caching technology, since their edge devices (i.e., fog access points (F-APs)) are supported with caching and computing capabilities [3,4]. The performance of the edge caching in F-RAN can be further enhanced by taking advantage of the centralized caching provided by the cloud via backhauling the F-APs with the cloud access points (C-APs), which results in more efficient and flexible caching strategies [2]. The optimal cache placement in these hybrid caching strategies is of a great significance as it can further improve the performance.



The key studied performance metrics in optimizing the cache placement in F-RAN are the successful transmission probability (STP), which is also known as success delivery probability and hit probability, delay, and energy efficiency (EE). Recently, the problem of improving the STP in cache-enabled F-RAN has been addressed by several papers [5,6,7,8,9]. Optimizing the delay in cache-enabled F-RAN is addressed in [10,11,12,13,14,15,16,17,18], while the EE of cache-enabled F-RAN is investigated in [19,20,21,22,23,24]. The joint optimization of the delay and EE in cache-enabled F-RAN was addressed by Wan et al. [25], Jiang et al. [26]. STP and delay are jointly optimized in [27,28].



The preferences of the end-users and their QoS were not investigated by Wei [12]. Jiang et al. [8] did not take into account the impacts of the interference originating from the F-APs on the hit rate. The authors of [7,8,9,10,11,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27] did not tackle the wireless backhauling of the F-APs. The F-AP’s optimal cache placement is not addressed in [12,13,14,23,24,25,26,27], the joint optimization of EE and delay is not addressed in [25,26], STP and delay optimization are performed in [25,26] for a cooperative coded caching F-RAN, and the EE is not addressed in [28]. As far as the authors know, the problem of jointly optimizing STP, EE, and delay in uncoded cache-enabled F-RAN has not been addressed before. Motivated by this, a multi-objective optimization of STP, EE, and delay in uncoded wireless backhauled cached-enabled F-RAN is proposed in this paper. Due to the wireless backhauling of F-APs, the proposed hybrid caching scheme takes advantage of both the edge caching at F-APs and the centralized caching provided by C-APs. The main contributions of this paper are as follows:




	1.

	
Stochastic geometry tools are used to derive expressions of the probabilities of direct and transit F-APs and association probabilities with F-APs, STP, EE, and average delay.




	2.

	
The optimization problem is formulated to obtain the optimal cache placement that maximizes the multi-objective function of the weighted sum of STP, EE, and delay.




	3.

	
To obtain the optimal cache placement that balances the performance, a novel normalized cuckoo search algorithm (NCSA) is proposed.




	4.

	
The numerical results show that the proposed hybrid caching scheme in F-RAN outperforms the well-known benchmark caching schemes.









The rest of this paper is organized as follows. Section 2 describes the system model. In Section 3, STP, delay and EE are analyzed. The problem formulation and performance optimization are presented in Section 4. The results are presented and discussed in Section 5. Finally, the conclusions are drawn in Section 7. The key notations used thorough this paper are provided in Table 1.




2. System Model


2.1. Network Model


Consider a downlink F-RAN consisting of a tier limited storage F-APs and a tier of C-APs. The locations of the F-APs and C-APs are spatially distributed according to independent two-dimensional homogeneous Poisson point processes (PPPs)   Φ F   and   Φ C   of densities   λ F   and   λ C  , respectively. It is assumed that the F-APs are densely deployed in the deployment area, i.e.,    λ F  ≫  λ C   , and each F-AP is connected via wireless backhaul link with the nearest C-AP to its location. The users are also assumed to be spatially distributed as two-dimensional homogeneous PPP   Φ U   with density   λ U  . Each user, F-AP, and C-AP is equipped with a single antenna. The transmission powers of the F-APs and C-APs are   P F   and   P C  , respectively. Each F-AP and C-AP has a total transmission bandwidth of   W F   and   W C  , respectively. A broadcast transmission scheme is adopted at the access points. Denoting   M 0   as the total number of contents cached at an access point, i.e., either a F-AP or C-AP, the access point disseminates each content over   1 /  M 0    of its total transmission bandwidth under the adopted transmission scheme. It is assumed that the transmitted signal experiences a large-scale path loss, of which transmitted signal’s power decays by   D  − α   , where D is the propagated distance and  α  is the path loss exponent. It is also assumed that the transmitted signal undergoes a small-scale Rayleigh fading, i.e., the small-scale fading coefficient h is exponentially distributed     | h |  2   ∼ d  exp  ( 1 )   .




2.2. Caching Model


Let the set   M = { 1 , 2 , . . M }   denote the content library, where M is the total number of contents in the system. For analytical tractably, the contents are assumed to have equal size. The content library is assumed to be cached at each C-AP, whereas, due to the storage limitation of the F-APs, it is assumed that each F-AP can only cache a single content. The popularity distribution of the contents among all users is assumed to be identical and a priori known. Denote   a =   (  a m  )   m ∈ M     as the popularity distribution of the contents, where    a m  ∈  0 , 1   , such that    ∑  m = 1  M   a m  = 1  , represents the probability of randomly requesting content m by a user. It is assumed that the contents are ranked according to  a  in descending order, i.e.,    a 1  ≥  a 2  ≥ ⋯ ≥  a M   , and the probability of requesting the mth content follows the Zipf distribution given below.


   a m  =   m  − γ     ∑  m ∈ M    m  − γ      



(1)




where  γ  is the skew parameter of the distribution.



A probabilistic proactive caching strategy is considered in this paper, in which the F-APs cache the content according to the content caching distribution   p =    p m    m ∈ M    , such that the elements of  p  satisfy the following conditions:


  0 ≤  p m  ≤ 1 ,     m ∈ M  



(2)






   ∑  m ∈ M    p m  = 1  



(3)




where   p m   is the probability of caching content m at a F-AP.




2.3. Association Model


Based on Slivnyak’s theorem [29], this paper focuses on a typical user located at the origin, with no loss of generality. Denote   u 0   as the typical user and R as its discovery range. It is assumed that there is no direct communication between   u 0   and the C-APs, i.e., when   u 0   requests content m, it can only be associated with the F-APs as follows:




	1.

	
 If content m is cached by F-APs within R,   u 0   is associated with the nearest one of them to its location. as illustrated in Figure 1, i.e., user A. Here, the associated F-AP is called ’direct F-AP’ and denoted as   F  m , 0   .










Lemma 1. 

When   u 0   randomly requests content m, the probability of it being associated with the direct F-AP   F  m , 0    within R can be expressed as follows:


   A  m , d   = 1 − exp  − π  p m   λ F   R 2    



(4)









Proof. 

See Appendix A. □








	2.

	
 If a F-AP caching content m does not exist within R,   u 0   is associated with the nearest available F-AP   F  a , 0    within R, which in turn fetches content m from the nearest C-AP   C 0   to its location. This event is illustrated in Figure 1, i.e., user B. In this work, the available F-AP is defined as a F-AP caches a content that is not requested by the users within its associated region. Due to the two-hop transmission,   F  a , 0    is called a ‘transit F-AP’.










Lemma 2. 

 When content m is requested, the probability of   u 0   being associated with a transit F-AP   F  a , 0    within R can be expressed as follows:


   A  m , t   = exp  − π  p m   λ F   R 2    1 − exp  − π  Λ m   λ F   R 2     



(5)




here,


   Λ m  =  ∑  μ ∈ M \ m    p μ   b μ   



(6)




where   Λ m   denotes the probability of available F-APs with respect to content m and   b μ   is the probability of content μ being inactive given as


   b μ  =   1 +    a μ    λ U    3.5   p μ    λ F      − 3.5    



(7)









Proof. 

See Appendix B. □









3. Analysis of Performance Metrics


This section defines and analyzes the performance metrics of interest, which are STP, average delay, and EE.



3.1. STP Analysis


STP is defined as the probability that a requested content can be successfully transmitted. Thus, when the direct F-AP   F  m , 0    serves   u 0  , content m can be successfully transmitted at rate  ξ  if the channel capacity of the link between   F  m , 0    and   u 0   exceeds  ξ . Assuming the interference-limited system for which the interference is modeled as in [29,30], the STP of content m when   u 0   is associated with   F  m , 0    can be expressed as follows


   q  m , 0    ( p )  = Pr   C  m , 0   ≜  W F    log 2   1 + S I  R  m , 0    ≥ ξ   



(8)




where   C  m , 0    is the channel capacity and   S I  R  m , 0     is the signal-to-interference ratio of   u 0   given by


  S I  R  m , 0   =    D  0 , 0   − α      |  h  0 , 0   |  2     ∑  ℓ ∈  Φ m  \  F  m , 0      D  ℓ , 0   − α     |   h  ℓ , 0     |  2  +  ∑  ℓ ∈  Φ  − m      D  ℓ , 0   − α     |   h  ℓ , 0     |  2  +  ∑  ℓ ∈  Φ C     D  ℓ , 0   − α      |  h  ℓ , 0   |  2    P C   P F      



(9)




where   Φ  − m    is the point process of the F-APs that do not cache content m,   D  0 , 0    denotes the distance between   F  m , 0    and   u 0  ,   D  ℓ , 0    is the distance between access point ℓ and   u 0  ,   h  0 , 0    is the channel coefficient of the link from   F  m , 0    to   u 0  , and   h  ℓ , 0    represents the channel coefficient between access point ℓ and   u 0  .



Theorem 1.

The STP of content m when   u 0   is associated with the direct F-AP   F  m , 0    can be calculated by


    q  m , 0    ( p )  =   1 − exp  − π  p m   λ F    ( 1 + U  p  )   R 2     1 + U  p      



(10)




where


   U  p  =  2 α     2  ξ  W F    − 1   2 α     β ′    2 α  , 1 −  2 α  ,  2   − ξ   W F     +    λ F  −  p m   λ F  +  λ C    P C   P F      p m   λ F     β   2 α  , 1 −  2 α      



(11)




here,   β  x , y  ≜  ∫  0  1   u  x − 1     1 − u   y − 1   d u   and    β ′   x , y , z  ≜  ∫  z  1   u  x − 1     1 − u   y − 1   d u   are the Beta function and the complementary incomplete Beta function, respectively.





Proof. 

See Appendix C. □





When   u 0   is associated with transit F-AP   F  a , 0    to serve its request of content m, to successfully deliver content m to   u 0  , the channels capacities of the links in the two-hop transmission must exceed the transmission rate  ξ . Thus, the STP of content m can be expressed as


      q  C , a , 0    ( p )      = Pr   C  a , 0   ≥ ξ ,  C  C , a   ≥ ξ         =    Pr      W F   log 2   1 + S I  R  a , 0     ︸   ≜  C  a , 0     ≥ ξ   ︷    q  a , 0    ( p )       Pr       W C  M    log 2   1 + S I  R  C , a     ︸   ≜  C  C , a     ≥ ξ   ︷    q  C , a    ( p )        



(12)




where    q  a , 0    ( p )    and   C  a , 0    are the STP and channel capacity of the link from   F  a , 0    to   u 0  , respectively.    q  C , a    ( p )    and   C  C , a    are the STP and channel capacity of the link between   C 0   and   F  a , 0   , respectively. The second equality is due to the fact that    q  a , 0    ( p )    and    q  C , a    ( p )    are independent events. Here,   S I  R  a , 0     and   S I  R  C , a     denote the signal-to-interference ratio at   u 0   and   F  a , 0   , respectively, and are given as


  S I  R  a , 0   =    D  a , 0   − α      |  h  a , 0   |  2     ∑  ℓ ∈  Φ  a , m   \  F  a , 0      D  ℓ , 0   − α     |   h  ℓ , 0     |  2  +  ∑  ℓ ∈  Φ  − a , m      D  ℓ , 0   − α     |   h  ℓ , 0     |  2  +  ∑  ℓ ∈  Φ C     D  ℓ , 0   − α      |  h  ℓ , 0   |  2    P C   P F      



(13)






  S I  R  C , a   =    D  C , a   − α      |  h  C , a   |  2     ∑  ℓ ∈  Φ C  \  C 0     D  ℓ , a   − α     |   h  ℓ , a     |  2  +  ∑  ℓ ∈  Φ F  \  F  a , 0      D  ℓ , a   − α      |  h  ℓ , a   |  2    P F   P C      



(14)




where the point process    Φ  − a , m   ≜  Φ F  \  Φ  a , m     represents the unavailable F-APs with respect to m.   D  a , 0   ,   D  C , a   , and   D  ℓ , a    are the length of the links between   F  a , 0    and   u 0  ,   C 0  , and access point ℓ, respectively.   h  a , 0   ,   h  C , a   , and   h  ℓ , a    are the channel coefficients of the aforementioned links, respectively.



Theorem 2.

The STP of content m when   u 0   is associated with the transit F-AP   F  a , 0    can be obtained as


    q  C , a , 0    ( p )  =   1 − exp  − π  Λ m   λ F    ( 1 + V  p  )   R 2      ( 1 + G )    ( 1 + V  p  )      



(15)







where


   V  ( p )  =  2 α     2  ξ  W F    − 1   2 α     β ′    2 α  , 1 −  2 α  ,  2   − ξ   W F     +    λ F  −  Λ m   λ F  +  λ C    P C   P F      Λ m   λ F    β   2 α  , 1 −  2 α      



(16)







and


   G =  2 α     2   M ξ   W C    − 1   2 α     β ′    2 α  , 1 −  2 α  ,  2   − M ξ   W C     +   λ F   λ C     P F   P C   β   2 α  , 1 −  2 α      



(17)









Proof. 

See Appendix D. □





The STP of the typical user   u 0   can be obtained as in the following theorem.



Theorem 3.

The STP of   u 0   is given as


      q ( p )     =  ∑  m ∈ M     a m  (  A  m , d      1 − exp  − π  p m   λ F    ( 1 + U  p  )   R 2     1 + U  p              +  A  m , t      1 − exp  − π  Λ m   λ F    ( 1 + V  p  )   R 2      ( 1 + G )    ( 1 + V  p  )    )      



(18)









Proof. 

Note that the system contains M contents that can be delivered to   u 0   via two alternatives. Therefore, total probability theorem can be utilized to obtain the STP of the typical user as given in (18). □






3.2. Delay Analysis


This paper considers the average delay as performance metric. The average delay can be defined as the average time it takes   u 0   to successfully receive the requested content, which is correlated with the geometric random variable that represents the average number of required time slots to successfully receive the requested contents.



When   u 0   requesting content m is associated with   F  m , 0   , the number of required time slots to successfully receive content m conditioned on the distance can be obtained as follows:


   κ  m , 0 ,  D  m , 0      ( p , d )  =  1   q  m , 0 ,  D  m , 0      ( p , d )     



(19)




where    q  m , 0 ,  D  m , 0      ( p , d )    denotes the conditional STP of content m over the link between   F  m , 0    and   u 0   conditioned on    D  0 , 0   = d  .



Thus, the delay of content m when it is served by   F  m , 0    can be given by


   τ  m , 0    ( p )  = T   E  D  m , 0      κ  m , 0 ,  D  m , 0      ( p , d )    



(20)







Then,    τ  m , 0    ( p )    can be obtained as in the following theorem.



Theorem 4.

The average delay of content m when   u 0   is served by the direct F-AP   F  m , 0    can be expressed as


    τ  m , 0    ( p )  = 2 π  p m   λ F  T  ∫  0  R  d exp  − π  p m   λ F    1 − U  p     d 2   d d   



(21)









Proof. 

The expected value of needed time slots to successfully receive content m can be calculated as follows:


   E  D  m , 0      κ  m , 0 ,  D  m , 0      ( p , d )   =  ∫  0  R   1   q  m , 0 ,  D  0 , 0      ( p , d )      f  D  0 , 0     ( d )  d d  



(22)




where    q  m , 0 ,  D  m , 0      ( p , d )    and    f  D  0 , 0     ( d )    are given in Appendix A by (A8) and (A9), respectively. □





Analogously, when   u 0   is associated with   F  a , 0   , the delay of content m can obtained as in the following theorem.



Theorem 5.

The average delay of content m when   u 0   is associated with the transit F-AP   F  a , 0    is given as follows:


       τ  C , a , 0    ( p )      =  2 π  Λ m   λ F  T  ∫  0  R  d exp  − π  Λ m   λ F   ( 1 − V  ( p )  )    d 2   d d            +  2 π  λ C  T  ∫  0  ∞  d exp  − π  λ C   ( 1 − G )    d 2   d d       



(23)









Proof. 

The average delay of content m owing to the two-hop transmission can be obtained as follows:


      τ  C , a , 0    ( p )      =  τ  a , 0    ( p )  +  τ  C , a    ( p )         = T   E  D  a , 0      κ  a , 0 ,  D  a , 0      ( p , d )   + T   E  D  C , a      κ  C , a ,  D  C , a      ( p , d )       



(24)




where    τ  a , 0    ( p )    is the average delay of content m over the link between the transit F-AP and   u 0  , and    τ  C , a    ( p )    represents the average delay of fetching content m to   F  a , 0    from the nearest C-AP to its location.    κ  C , a ,  D  C , a      ( p , d )    and    κ  a , 0 ,  D  a , 0      ( p , d )    are two random variables conditioned on the distance that express the needed time slots to successfully receive content m at   F  a , 0    and   u 0  , respectively. Finally, the expected values of    κ  a , 0 ,  D  a , 0      ( p , d )    and    κ  C , a ,  D  C , a      ( p , d )    can be calculated as follows:


   E  D  a , 0      κ  a , 0 ,  D  a , 0      ( p , d )   =  ∫  0  R   1   q  a , 0 ,  D  a , 0      ( p , d )      f  D  a , 0     ( d )  d d  



(25)






   E  D  C , a      κ  C , a ,  D  C , a      ( p , d )   =  ∫  0  ∞   1   q  C , a ,  D  C , a      ( p , d )      f  D  C , a     ( d )  d d  



(26)




where    q  a , 0 ,  D  a , 0      ( p , d )   ,    q  C , a ,  D  C , a      ( p , d )   ,    f  D  a , 0     ( d )   , and    f  D  C , a     ( d )    are given in Appendix B by (A14), (A18), (A19), and (A20), respectively. □





Theorem 6.

The average delay of   u 0   can be expressed as


   τ  p  =  ∑  m ∈ M     a m   A m     A  m , d     τ  m , 0    p  +  A  m , t     τ  C , a , 0    p     



(27)







where   A m   denotes the total probability of association with respect to content m, which is given as


    A m  =  A  m , d   +  A  m , t     



(28)









Proof. 

Bearing in mind that the delay is conditioned on the association, the probability of the event space   A m   can be calculated as in (28). Then, we have (27) by total probability theorem. □






3.3. EE Analysis


EE is defined as the ratio between the average spectral efficiency and the average power consumption [31]. This paper adopts the power model in [25,26]. Denote   P s   as the static power consumption in all hardware blocks, including frequency synthesizer, cooling components, digital-to-analog, analog-to-digital converters, etc. Let  ρ  represent the slope of load-dependent power dissipation, i.e.,  ρ  reflects influence of the power amplifier.



Theorem 7.

When   u 0   is associated with the direct F-AP   F  m , 0    to serve its request for content m, the EE with respect to content m can obtained as follows:


   E  E  m , d    p  =   ξ  q  m , 0    ( p )     ρ  P F  +  P s    E  D  m , 0      κ  m , 0 ,  D  m , 0      ( p , d )       



(29)









Proof. 

When   u 0   is associated with the direct F-AP   F  m , 0    to serve its request for content m, due to the retransmission if an outage event occurs in a time slots, the average total consumed power to successfully deliver content m can be expressed as


   P  m , d    p  =  ρ  P F  +  P s    E  D  m , 0      κ  m , 0 ,  D  m , 0      ( p , d )    



(30)




whereas the average SE is given by


  S  E  m , d    p  = ξ  q  m , 0    ( p )   



(31)







Finally, the theorem is proven by taking the ratio   S  E  m , d     over   P  m , d   . □





Theorem 8.

When   u 0   requesting content m is associated with the transit F-AP   F  a , 0   , the EE associated with content m can be obtained as follows


   E  E  m , t    p  =   ξ  q  a , 0    ( p )   q  C , a    ( p )     ρ  P F  +  P s    E  D  a , 0      κ  a , 0 ,  D  a , 0      ( p , d )   +  ρ  P C  +  P s    E  D  C , a      κ  C , a ,  D  C , a      ( p , d )       



(32)









Proof. 

Due to the two-hop transmission, SE can be obtained as


  S  E  m , t    p  = ξ  q  a , 0    ( p )    q  C , a    ( p )   



(33)




whereas the total power consumption in the two hops is given by


   P  m , t    p  =  ρ  P F  +  P s    E  D  a , 0      κ  a , 0 ,  D  a , 0      ( p , d )   +  ρ  P C  +  P s    E  D  C , a      κ  C , a ,  D  C , a      ( p , d )    



(34)







Then, by taking the ratio   S  E  m , t     over    P  m , t    p   , we can prove the theorem. □





Finally, the total probability theorem is utilized to obtain the EE of the typical user in the following theorem.



Theorem 9.

The EE of   u 0   can be expressed as


   E E  p  =  ∑  m ∈ M     a m   A m     A  m , d    E  E  m , d    p  +  A  m , t    E  E  m , t    p     



(35)









Proof. 

The proof is analogous to the proof of Theorem 6. □







4. Performance Optimization


Bani-Bakr et al. [28] showed that improving STP by the wireless backhauling of F-APs does not always minimize the delay due to the large average delays of the backhaul links. Moreover, it is noted in the previous section that EE is fundamentally influenced by STP and delay. To balance the performance, the caching optimization problem is formulated to obtain the optimum caching distribution that maximizes the fitness function   U ( p )  , i.e., the weighted sum of STP, EE, and negative delay, as follows:



Problem 1.

Weighted Sum Multi-Objective Caching Optimization


          max p    U  ( p )  =  θ q   ϖ q  q  ( p )  +  θ  E E    ϖ  E E   E E  ( p )  −  θ τ   ϖ τ  τ  ( p )         subjected  to   ( 2 ) , ( 3 )      



(36)









where   θ q  ,   θ  E E   , and   θ τ  , such that   0 ≤  θ q  ,  θ  E E   ,  θ τ  ≤ 1  , and    θ q  +  θ  E E   +  θ τ  = 1  , reflect the preferences of STP, EE, and delay, respectively. Note that the values of   θ q  ,   θ  E E   , and   θ τ   represent the sensitivity toward the corresponding performance metric, i.e., a higher value indicates a higher sensitivity toward the corresponding metric. Here,   ϖ q  ,   ϖ  E E   , and   ϖ τ   are normalization factors. Note that the convexity of Problem 1 cannot be ensured due to the complex forms of STP, EE, and delay.



To solve Problem 1, we propose the NCSA outlined in Algorithm 1, which is a modified version of the original cuckoo search Algorithm (CSA). CSA was proposed by Yang and Deb in 2009 as a nature-inspired heuristic evolutionary algorithm [32]. CSA is gaining higher attention recently, which is due to its simplicity and efficiency in solving complex non-convex problems [33,34]. The main idea of the original CSA is to mimic the natural cuckoo’s behavior in finding new nests and laying eggs by generating the new nests via Lévy flight and random walk, where each nest in the algorithm represents a solution. However, in constraint problems, the randomness of Lévy flight and random walk may result in generating infeasible nests, i.e., nests that do not fulfill the problem’s constraints. To overcome this drawback in NCSA, the feasibility of a randomly generated nest in the initial population, via Lévy flight or random walk, is assured by subjecting the elements of each nest to a simple bound, such they fulfill the constraint in (2). Then, the resulting nest is normalized by dividing it by its 1-norm to assure it fulfills the constraint in (3).



	Algorithm 1: Normalized Cuckoo Search Algorithm (NCSA).
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In NCSA,   N C   represents maximum number of iterations,   N P   is the population size,   P a   is the abandon probability, and t is the iteration index. In Steps 3, 7, and 14, the simple bound works as follows:


    p ˙   m  i  =       p ˜   m  i      if  0 ≤   p ˜   m  i  ≤ 1      0     if    p ˜   m  i  < 0      1     if    p ˜   m  i  > 1       



(37)




where    p ˜   m  i   is the mth element of the ith nest. The nests are normalized as follows:


   p i  =    p ˙  i    | |    p ˙  i    | |  1     



(38)




where    | |    p ˙  i    | |  1  =  ∑  m = 1  M   |   p ˙   m  i  |    is the 1-norm.



In Step 6, the new nests are generated via Lévy flight as follows:


    p ˜   n e w  i  =  p i  + δ ⊗ L  ( Ω )   



(39)




where the notation ⊗ stands for the entry-wise multiplication,  δ  is a scaling factor,   Ω ∈ [ 0.3 , 1.99 ]   is the index of Lévy distribution, and   L  ( Ω )  =   (  L m   ( Ω )  )   m ∈ M     is the Lévy vector. According to Mantegna’s algorithm,    L m   ( Ω )    can be obtained as follows [35]:


   L m   ( Ω )  =  Ψ   | Υ |   1 / Ω    ,  ∀ m ∈ M  



(40)




where   Υ  ∼ d  N  ( 0 , 1 )    and   Ψ  ∼ d  N  ( 0 ,  σ Ψ 2  )    are two random numbers. Here,  Υ  is drawn from the normal distribution of zero mean and unit variance and  Ψ  is drawn from another normal distribution of zero mean and a variance of


   σ Ψ 2  =     sin ( π Ω / 2 )  Γ ( 1 + Ω )   Ω   2  ( Ω − 1 ) / 2    Γ  (  ( 1 + Ω )  / 2 )      1 / Ω    



(41)




where   Γ ( . )   stands for the gamma function.



As the nest gets closer to the solution, the localization of the search is encouraged by considering a decreasing scaling factor  δ , which is given by


  δ = 1 −   1 − ( t / 25 M )   N c    



(42)







In Step 13, the same number of abandon nests according to the probability   P a   are rebuilt in new locations that are discovered via random walks as follows:


    p   * i   =  p i  + ε    p  k  −   p  l    



(43)




where    p  k   and    p  l   are the kth and lth nests, which are selected randomly, and  ε  is a random number uniformly distributed in   ( 0 , 1 )  .



Complexity Analysis and Implementation Cost


In each iteration of NCSA, the time complexity of Step 6 is   O ( M ×  N p  )  , Steps 8–12 is   O (  N p  )  , Step 13 is   O ( M ×  N p  )  , Steps 15 and 16 is   O (  N p  )  , and Steps 7 and 14 is   O ( M ×  N p  )  . Thus, the overall complexity of each iteration is   O ( M ×  N p  )  . Since there are   N C   iterations, the time complexity of NCSA is   O (  N C  × M ×  N p  )  , which is of the same order of the original CSA.



Since NCSA can be executed by a simple code, the proposed caching scheme does not require extra hardware to be implemented. However, distributing the contents to the F-APs according to the desired caching distribution might require an extra protocol.





5. Numerical Results


In this section, we present the performance evaluation of the proposed caching, which is compared with two well-known caching benchmark schemes. ’Popular’ is the first benchmark scheme and refers to the caching scheme presented in [36]. In ’Popular’, only the most popular content is cached by the F-APs. ’Uniform’ represents the second benchmark scheme that is proposed in [37]. In ’Uniform’, the caching probability of the contents is uniform, i.e., all contents are cached by the F-APs with the same probability. The benchmark schemes are assumed to adopt the same association and wireless backhanding models of the proposed scheme. In Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11, the performance of the proposed scheme is obtained by averaging after performing 100 trails for an evenly weighted fitness function, i.e.,    θ q  =  θ  E E   =  θ τ  = 1 / 3  . The parameters of NCSA used to obtain the optimal caching placement are    N C  = 50 , 000  ,    N P  = 25  ,   Ω = 1.5  , and    P a  = 0.25  .



Figure 2 illustrates the relationship between the discovery range and STP, delay, and EE. The figure shows that STP increases with the discovery range for all schemes, which is because the typical user   u 0   has a higher association probability with the F-APs as the discovery range increases. However, this increase is small in the Popular scheme as the F-APs cache only the most popular content, whereas the other contents can only be served by the transit F-APs. Moreover, due to the higher probability of the transit F-APs in the Popular scheme compared with the Uniform scheme, which is owing to caching only the most popular content at the F-APs, the Popular scheme achieves higher STPs than the Uniform scheme. The figure also shows that the delay of all schemes increases with the increase in the discovery range. This is mainly due to the high delay of the backhaul link as the probability of serving the requested contents by the transit F-APs increases with the discovery range. In the low discovery ranges (i.e., <90 m), the Popular scheme performs worse than the Uniform scheme due to its higher probability of using the transit F-APs. However, as the range increases beyond 90 m, the average delay of the Uniform scheme becomes higher than the Popular scheme, which is due to the higher separation distances between the requester and its serving F-AP. It is also observed that EE decreases with the discovery range as a result of the higher dissipated power since the contents require higher average number of time slots to be delivered successfully to the requester. The figure also demonstrates that the proposed scheme outperforms the benchmark schemes, which is due to optimizing the cache placement at the F-APs, where up to 15% STP, 45% delay, and 350% EE improvements over the benchmark schemes are observed at ranges greater than 150 m.



Figure 3 plots STP, delay, and EE versus Zipf exponent. Figure 3 shows that the performance of the Uniform scheme is not affected by the Zipf exponent. This can be explained as the increase in the Zipf exponent means an increase in the popularity of the high ranked contents and a decrease in the popularity of the low ranked contents. However, as the contents in the Uniform scheme are evenly cached at the F-APs, the average performance of the scheme is not affected by the contents popularity. The figure also shows that the STP of the Popular scheme increases with the Zipf exponent as a result of the higher popularity of the cached top ranked content. The delay in the Popular scheme decreases with Zipf exponent until it reaches at turning point of   γ = 1.2  , which is due to the higher probability of requesting the cached top content. Beyond the turning point, the delay of the Popular scheme increases with the Zipf exponent, which is due to the lower probability of using the F-APs as transit F-APs to serve the other contents, which in turn results in higher average delay of the contents. The EE of the Popular scheme improves with the Zipf exponent owing to the gained improvement of the top ranked content. However, the high average delays beyond the turning point have no impact on EE due to the very low probability of requesting the low ranked contents. Figure 3 shows an improvement in STP, delay, and EE of the proposed scheme with the increase in the Zipf exponent. The proposed scheme achieves higher performance than the benchmark schemes as a result of the optimization process.



In Figure 4, we plot STP, delay, and EE versus the total number of cached contents M. It is observed that the proposed scheme outperforms the benchmark schemes, and STP, delay and EE degrade with the increase in the total number of cached contents for all schemes, which is due to the lower popularity of the contents, the smaller percentage of contents that are cached by the F-APs within the discovery range, and the C-APs’ poor dissemination of contents as the transmission bandwidth is shared by a higher number of them. Moreover, the figure shows that the Uniform scheme is severely impacted by the total number of contents as the requester is often served by a direct F-AP.



Figure 5 illustrates the impacts of the F-APs’ bandwidth on the performance, where an improvement in STP, delay, and EE with the F-APs’ transmission bandwidth is observed for all schemes. However, the impact of the F-APs’ transmission bandwidth on the Uniform scheme is higher than that on the Popular scheme, which is because the requested contents are often delivered via direct F-APs. It can also be observed the the proposed scheme achieves higher performance than the benchmark schemes.



Figure 6 illustrates the relationship between the C-APs’ bandwidth and STP, delay, and EE. Figure 6 shows that the proposed scheme achieves higher STPs and EEs and lower average delays than the benchmark schemes. It also shows that the performance of schemes improves with the C-APs’ bandwidth, which is due to the improvement in disseminating the contents by C-APs. It can be seen that the C-APs’ bandwidth has higher impact on the Popular scheme because the contents are often served by the transit F-APs.



Figure 7 plots STP, delay, and EE versus the user density   λ U  . We can see that the performance of the proposed and Popular schemes degrades with the increase in the user density. This can be explained as follows. As both schemes are highly relying on serving the requested contents by the transit F-APs, requesting the cached contents by a higher number of end-users results in a lower probability of operating F-APs in the transit mode, which in turn degrades the performance. The user density has no influence on the Uniform scheme as contents are often served by direct F-APs. It can also be seen that the proposed scheme outperforms the benchmark schemes, which is due to optimizing the cache placement to provide the best utilization of the F-APs as transit or direct F-APs that reduces the impact of increasing the user density on the performance.



Figure 8 plots STP, delay, and EE versus the F-AP density   λ F  . The figure shows that the Uniform scheme performs better with the increase in the F-AP density, which is due to the higher probabilities of the direct and transit F-APs as a result of the higher number of F-APs residing within the discovery range. For the same reason, the performance of the Popular scheme increases until it reaches the peak STP at 0.008 F-APs/m   2  , delay at 0.007 F-APs/m   2  , and EE at 0.006 F-APs/m   2  , and then the performance degrades due to the high interference from F-APs that starts to severely impact the performance of fetching the requested contents from C-APs by transit F-APs. We can observe that the proposed scheme performs better than the benchmark schemes as a result of the optimal cache placement and utilization of F-APs as direct or transit.



In Figure 9, we plot STP, delay, and EE versus the C-AP density   λ C  . It is observed that the proposed and Popular caching schemes performs better with the increase in the C-AP density, which is due to the higher performance of the transit F-APs. The performance of the Uniform scheme degrades with the C-AP density, which is because the contents are often served by direct F-APs, and thus the increase in C-APs density results in high accumulated interference that degrades the performance. The figure also shows that the proposed scheme achieves higher performance than the benchmark schemes.



Figure 10 illustrates the relationship between the F-APs’ transmission power and STP, delay, and EE. A logistic growth in the STP of the Uniform scheme with the F-APs’ transmission power is observed, which is due to the gained improvement in disseminating the contents by direct F-APs. The STP of the proposed and Popular schemes increases first due to the improvement in disseminating the contents by F-APs. Then, STP decreases until it reaches a convergence value, which is due to the high interference originating from F-APs that degrades the performance of delivering the requested contents by C-APs to transit F-APs as the proposed and Popular schemes are highly relying on operating F-APs in the transit mode. That is to say, the proposed and Popular schemes have their optimal F-APs’ transmission power for STP. We can observe that the delay of all schemes decreases first with the F-APs’ transmission power as a result of the lower delays of the links between F-APs and the end-user. Then, it increases after reaching the optimal value, which is due to high average delays of the links between C-APs and F-APs owing to the high generated interference by F-APs. The figure demonstrates that the EE of all schemes follows a quasi-concave trend, and each scheme has its optimal value of F-APs’ transmission power for EE. This behavior of EE can be explained as follows. First, the increase in the F-APs’ transmission power leads to higher SE and lower delay, i.e., lower number of the required time slots for successful delivery, which improves the performance of EE. However, when the F-APs’ transmission power bounds to a value, EE begins to decrease as the growth in the power consumption is not accompanied with improvements in the SE and the number of required time slot for successful delivery. The figure also shows that the proposed caching scheme performs better than the benchmark caching schemes.



Figure 11 illustrates the relationship between the C-APs’ transmission power and STP, delay, and EE. The figure shows that the STP of the Uniform scheme decreases with the C-APs’ transmission power, which is because the gained improvement in fetching the contents from C-APs by transit F-APs is very low owing to the low probability of association with the transit F-APs, which cannot compensate the higher generated interference that degrades the performance of the direct F-APs that dominate the performance of the scheme. Even if the probability of utilizing transit F-APs is very low in the Uniform scheme, the delays over the links between C-APs and transit F-APs is extremely high when the C-APs’ transmission power is below 40 dBm, which in turns results in high average delays of the scheme. However, with the increase in the C-APs’ transmission power, the average delay of the Uniform scheme becomes lower. Then, it increases fast when the interference originating from the F-APs starts to severely impact the performance of the F-APs. The same behavior of the delay is observed in the proposed and Popular schemes. However, both schemes achieve lower optimum delays than the Uniform scheme as both utilize transit F-APs more. The figure also shows the EE of the Uniform scheme decreases with the C-APs’ transmission power, which is because the gained improvement in the performance of the transit F-APs by the higher power consumption cannot compensate the degradation in the performance of direct F-APs caused by the higher interference as the scheme is dominated by direct F-APs. It is observed that the STP and EE of the proposed and Popular schemes increase first with the C-APs’ transmission power, which is due to performance improvement on the links from C-APs to transit F-APs. After reaching the optimal value, the STP and EE of the proposed and Popular schemes start to decrease with the C-APs’ transmission power as the performance degradation on the links between F-APs and the end-user caused by the higher interference becomes higher than the performance improvement on the links from C-APs to transit F-APs. Finally, we can observe that the proposed scheme always outperforms the benchmark schemes as a result of optimizing the cache placement.




6. Limitations and Future Research Directions


This paper addresses the problem of obtaining the optimal cache placement that minimizes the delay or maximizes the STP or EE in wireless backhauled F-RAN, where it is assumed that STP, delay, and EE have equal importance, i.e., the fitness function is evenly weighted. Many NCSA iterations were required to balance the performance of the examined scenario due to the high sensitivity of the objective function. However, with the higher sensitive scenarios toward one of the metrics, a higher performance corresponding to that metric can be obtained with a lower number of iterations and thus a lower time complexity. Moreover, the proposed caching scheme does not address the impacts of the F-APs’ cache size and transmission techniques (e.g., unicast and multicast) on the optimal cache placement and the performance of the caching scheme.



It is worth highlighting that the performance of the wireless backhauling adopted by this paper can be further improved using node clustering mechanisms [38]. Moreover, machine learning approaches [39] can be utilized to obtain the optimal cache placement based on predicting the content popularity and the user’s mobility and preferences.




7. Concluding Remarks


In this paper, the problem of jointly optimizing STP, delay, and EE in wireless backhauled cache-enabled F-RAN is addressed. First, stochastic geometry tools are used to derive the closed-form expressions of the association probabilities with the direct and transit F-APs. Then, the expressions of STP, delay, and EE are derived by carefully handling the different types of interfering access points. The joint caching optimization problem is formulated to obtain the optimal cache placement that maximizes the weighted sum of STP, delay, and EE. The optimal solution of the caching problem is obtained using NCSA, which is a novel modified version of CSA that assures the feasibility of the solutions by subjecting them to bounding and normalization operations. The numerical simulation evaluated and analyzed the performance of the proposed caching for different network parameters, where it was observed that the proposed caching scheme outperforms the well-known benchmark caching, and it can effectively improve STP, delay, and EE, where an average improvement by up to 15% higher STP, 45% lower delay, and 350% higher EE over the benchmark caching schemes was observed. It was also observed that the wireless backhauling of the F-APs to take advantage of the centralized caching provided by the C-APs and to improve the STP is accompanied with higher average delays and lower EEs. Therefore, a trade-off between those metrics is needed to achieve the desired performance.
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Appendix A. Proof of Lemma 1


The point process of the direct F-APs with respect to content m is simply the point process of F-APs caching content m, i.e.,    Φ m  ⊆  Φ F   , which is a thinned PPP with a density of    p m   λ F   . Denote   N (  F m  )   as the number of F-APs caching content m within R. Then,   A  m , d    can be obtained as follows


     A  m , d      ≜ Pr [ N  (  F m  )  > 0 ]          = 1 − Pr [ N   F m   = 0 ]     



(A1)







Next, using the null property of PPP, we have   Pr  [ N   F m   = 0 ]  = exp  − π  p m   λ F   R 2    , which completes the proof.




Appendix B. Proof of Lemma 2


Denote    Y μ  ∈  { 0 , 1 }    as the random variable of whether content  μ  is being requested by the users within the Voronoi cell of the F-AP caching  μ , where    Y μ  = 0   represents the event of  μ  being inactive (i.e., not requested). Then, using Proposition 1 of [40], the probability of this event    b μ  = P r   Y μ  = 0    can be calculated by (7).



By definition, the available F-AP with respect to content m is a F-AP that does not cache content m and caches an inactive content. Accordingly, the probability of the available F-APs when content m is requested can be expressed as


     Λ m     = P r [ F − A P   c a c h e   i n a c t i v e   c o n t e n t  ≠ m ]          =  ∑  μ ∈ M \ m    p μ   b μ      



(A2)




where the second equality is obtained by noting that the probability of caching the inactive content   μ ∈ M \ m   at a F-AP is    p μ   b μ   , Thus, the probability of the available F-APs is obtained by summing over all the elements of   M \ m  . Accordingly, the point process of the available F-APs    Φ  a , m   ⊆  Φ F    can be viewed as a thinned PPP with density    Λ m   λ F   . Noting that   u 0   is associated with a transit F-AP if a F-AP caching content m does not exist within R and there exists at least a one available F-AP within R, the probability of association with a transit F-AP when content m is requested by   u 0   can be obtained as follows:


     A  m , t      ≜ P r  N   F m   = 0 , N   F a   > 0           = P r  [ N   F m   = 0 ]  P r  [ N   F a   > 0 ]           = P r  [ N   F m   = 0 ]   1 − P r [ N   F a   = 0 ]      



(A3)




where   N   F a     is the number of available F-APs and the second equality is due to   N   F m     and   N   F a     being independent events. Finally, by the null property of PPP, we have (5).




Appendix C. Proof of Theorem 1


The conditional STP    q  m , 0 ,  D  0 , 0      ( p , d )    conditioned on the distance    D  0 , 0   = d ∈  [ 0 , R ]    can be expressed as follows


      q  m , 0 ,  D  0 , 0      ( p , d )      ≜ Pr   W F   log 2   1 + S I  R  m , 0     ≥ ξ |   D  0 , 0   = d           =  E   I m  ,  I  − m   ,  I C     Pr   |   h  0 , 0     |  2  ≥ s   I m  +  I  − m   +  I C              =  E   I m  ,  I  − m   ,  I C     exp  − s   I m  +  I  − m   +  I C              =     E  I m    exp  − s  I m     ︸   ≜  L  I m    ( s , d )        E  I  − m     exp  − s  I  − m      ︸   ≜  L  I  − m     ( s , d )        E  I C    exp  − s  I C     ︸   ≜  L  I C    ( s , d )        



(A4)




where   s =   2  ξ  W F    − 1   d α   ,    I m  ≜  ∑  l ∈  Φ m  \  F  m , 0      D  l , 0   − α      |  h  l , 0   |  2   ,    I  − m   ≜  ∑  l ∈  Φ  − m      D  l , 0   − α      |  h  l , 0   |  2   , and    I C  ≜  ∑  l ∈  Φ C     D  l , 0   − α      |  h  l , 0   |  2    P C   P F     represents the interference originating from the F-APs caching content m, the F-APs not caching content m, and the C-APs, respectively.    L  I m    ( s , d )   ,    L  I  − m     ( s , d )   , and    L  I C    ( s , d )    are their Laplace transforms, respectively. The third equality is obtained by noting that     | h |  2   ∼ d  exp  ( 1 )    and the fourth equality is due to the independence of the Rayleigh fading channels and the independence of the PPPs. Next, the Laplace transform of the interference    L  I m    ( s , d )    can be calculated as follows:


      L  I m    ( s , d )      = E  exp  − s  ∑  l ∈  Φ m  \  F  m , 0      D  l , 0   − α      |  h  l , 0   |  2             = E   ∏  l ∈  Φ m  \  F  m , 0     exp  − s  D  l , 0   − α      |  h  l , 0   |  2             = exp  − 2 π  p m   λ F   ∫  d  ∞   1 −  1  1 + s   r  − α      r  d r           = exp    − 2 π  α    p m    λ F    s  2 α     β ′    2 α  , 1 −  2 α  ,  1  1 + s   d  − α                = exp    − 2 π  α    p m    λ F      2    ξ   W F    − 1   2 α    d 2    β ′    2 α  , 1 −  2 α  ,  2   − ξ   W F          



(A5)




where the probability generating functional is used to obtain the third equality [29], while the fourth equality is obtained by changing   s  r  − 1 / α     to t, then   1 / ( 1 +  t  − α   )   to w. Following the same procedure above, and noting that   Φ  − m    is of density    ( 1 −  p m  )   λ F   , we have


   L  I  − m     ( s , d )  = exp    − 2 π  α    1 −  p m     λ F     2  ξ  W F    − 1   2 α    d 2   β   2 α  , 1 −  2 α     



(A6)






   L  I C    ( s , d )  = exp    − 2 π  α    λ C     2  ξ  W F    − 1   2 α    d 2   β   2 α  , 1 −  2 α     P C   P F     



(A7)







Accordingly, the conditional STP can be expressed as follows


   q  m , 0 ,  D  0 , 0      ( p , d )  = exp  − π  p m   λ F  U  p   d 2    



(A8)




where   U  p    is given in (11). As   Φ m   is a homogeneous PPP with density    p m   λ F   , the PDF of   D  0 , 0    can be expressed as


   f  D  0 , 0     ( d )  = 2 π  p m   λ F  d exp  − π  p m   λ F   d 2    



(A9)







Then, the STP of content m can be obtained by removing the condition on the distance as follows:


      q  m , 0    ( p )      =  ∫  0  R   q  m , 0 ,  D  0 , 0      ( p , d )    f  D  0 , 0     ( d )  d d          = 2 π  p m   λ F   ∫  0  R  d exp  − π  p m   λ F    1 + U  p     d 2   d d     



(A10)







Finally, (10) is obtained by solving the integral.




Appendix D. Proof of Theorem 2


Denote    I a  ≜  ∑  l ∈  Φ  a , m   \  F  a , 0      D  l , 0   − α      |  h  l , 0   |  2   , and    I  − a   ≜  ∑  l ∈  Φ  − a , m      D  l , 0   − α      |  h  l , 0   |  2    as the interference at   u 0   originating from the available and unavailable F-APs, respectively. Then, the conditional STP of content m over the link from the available F-AP   F  a , 0    to   u 0   conditioned on    D  a , 0   = d ∈  [ 0 , R ]    can be expressed as follows


   q  a , 0 ,  D  a , 0      ( p , d )  =  L  I a    ( s , d )   L  I  − a     ( s , d )   L  I C    ( s , d )   



(A11)




where    L  I a    ( s , d )    and    L  I  − a     ( s , d )    are the Laplace transforms of   I a   and   I  − a   , respectively. As in (A5),    L  I a    ( s , d )    and    L  I  − a     ( s , d )    can be obtained as follows


   L  I a    ( s , d )  = exp    − 2 π  α    Λ m    λ F     2  ξ  W F    − 1   2 α    d 2    β ′    2 α  , 1 −  2 α  ,  2   − ξ   W F       



(A12)






   L  I  − a     ( s , d )  = exp    − 2 π  α    1 −  Λ m     λ F     2  ξ  W F    − 1   2 α    d 2   β   2 α  , 1 −  2 α     



(A13)







Note that    L  I C    ( s , d )    is given in (A7). Then, we have


   q  a , 0 ,  D  a , 0      ( p , d )  = exp  − π  Λ m   λ F  V  p   d 2    



(A14)




where   V  p    is given in (16).



In the same manner, the conditional STP of content m over the link between   F  a , 0    and the nearest C-AP   C 0   conditioned on    D  C , a   = d ∈  [ 0 , ∞ ]    can be expressed as follows:


   q  C , a ,  D  C , a      ( p , d )  =  L  I  C 0     (  s ˜  , d )   L  I  F a     (  s ˜  , d )   



(A15)




where    s ˜  =   2   M ξ   W C    − 1   d α   ,    L  I  C 0     (  s ˜  , d )    and    L  I  F a     (  s ˜  , d )    are the Laplace transforms of    I  C 0   ≜  ∑  l ∈  Φ C  \  C 0     D  l , a   − α      |  h  l , a   |  2    and    I  F a   ≜  ∑  l ∈  Φ F  \  F  a , 0      D  l , a   − α      |  h  l , a   |  2    P F   P C    , which are the interference at   F  a , 0    from the C-APs and F-APs, respectively. Next,    L  I  C 0     (  s ˜  , d )    and    L  I  F a     (  s ˜  , d )    can be calculated as follows


   L  I  C 0     (  s ˜  , d )  = exp    − 2 π  α    λ C     2   M  ξ   W C    − 1   2 α    d 2    β ′    2 α  , 1 −  2 α  ,  2   − M  ξ   W C       



(A16)






   L  I  F a     (  s ˜  , d )  = exp    − 2 π  α     λ F     2   M  ξ   W C    − 1   2 α    d 2   β   2 α  , 1 −  2 α     P F   P C     



(A17)







Then,    q  C , a ,  D  C , a      ( p , d )    can be expressed as


   q  C , a ,  D  C , a      ( p , d )  = exp  − π  λ C  G  d 2    



(A18)




where  G  is given in (17). Noting that the PDFs of   D  a , 0    and   D  C , a    are given by


   f  D  a , 0     ( d )  = 2 π  Λ m   λ F   exp  − π  Λ m   λ F   d 2    



(A19)






   f  D  C , a     ( d )  = 2 π  λ C   d exp  − π  λ C   d 2    



(A20)







Then, the condition on that distance can be removed as follows:


   q  a , 0    ( p )  =  ∫  0  R   q  a , 0 ,  D  a , 0      ( p , d )    f  D  a , 0     ( d )  d d  



(A21)






   q  C , a    ( p )  =  ∫  0  ∞   q  C , a ,  D  C , a      ( p , d )    f  D  C , a     ( d )  d d  



(A22)







Finally, (15) is obtained by solving the above integrals, and then substituting them into (12).
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Figure 1. Illustration of the association model. 






Figure 1. Illustration of the association model.
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Figure 2. STP, delay, and EE versus the discovery range when   M = 20   contents,    λ U  = 0.1   users/m   2  ,    λ F  = 0.01   F-APs/m   2  ,    λ C  = 0.0001   C-APs/m   2  ,   γ = 0.8  ,   α = 4  ,    P F  = 30   dBm,    P C  = 40   dBm,    P s  = 37   dBm,   ρ = 15.13  ,    W F  = 100   MHz,    W C  = 500   MHz,   T = 1   ms, and   τ = 0.1   Mbps. 
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Figure 3. STP, delay, and EE versus Zipf exponent when   M = 20   contents,    λ U  = 0.1   users/m   2  ,    λ F  = 0.01   F-APs/m   2  ,    λ C  = 0.0001   C-APs/m   2  ,   R = 150   m,   α = 4  ,    P F  = 30   dBm,    P C  = 40   dBm,    P s  = 37   dBm,   ρ = 15.13  ,    W F  = 100   MHz,    W C  = 500   MHz,   T = 1   ms, and   τ = 0.1   Mbps. 
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Figure 4. STP, delay, and EE versus total number of contents when    λ U  = 0.1   users/m   2  ,    λ F  = 0.01   F-APs/m   2  ,    λ C  = 0.0001   C-APs/m   2  ,   R = 150   m,   γ = 0.8  ,   α = 4  ,    P F  = 30   dBm,    P C  = 40   dBm,    P s  = 37   dBm,   ρ = 15.13  ,    W F  = 100   MHz,    W C  = 500   MHz,   T = 1   ms, and   τ = 0.01   Mbps. 
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Figure 5. STP, delay, and EE versus F-APs’ bandwidth when   M = 20   contents,    λ U  = 0.1   users/m   2  ,    λ F  = 0.01   F-APs/m   2  ,    λ C  = 0.0001   C-APs/m   2  ,   R = 150   m,   γ = 0.8  ,   α = 4  ,    P F  = 30   dBm,    P C  = 40   dBm,    P s  = 37   dBm,   ρ = 15.13  ,    W C  = 500   MHz,   T = 1   ms, and   τ = 0.1   Mbps. 
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Figure 6. STP, delay, and EE versus C-APs’ bandwidth when   M = 20   contents,    λ U  = 0.1   users/m   2  ,    λ F  = 0.01   F-APs/m   2  ,    λ C  = 0.0001   C-APs/m   2  ,   R = 150   m,   γ = 0.8  ,   α = 4  ,    P F  = 30   dBm,    P C  = 40   dBm,    P s  = 37   dBm,   ρ = 15.13  ,    W F  = 100   MHz,   T = 1   ms, and   τ = 0.1   Mbps. 
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Figure 7. STP, delay, and EE versus user density when   M = 20   contents,    λ F  = 0.01   F-APs/m   2  ,    λ C  = 0.0001   C-APs/m   2  ,   R = 150   m,   γ = 0.8  ,   α = 4  ,    P F  = 30   dBm,    P C  = 40   dBm,    P s  = 37   dBm,   ρ = 15.13  ,    W F  = 100   MHz,    W C  = 500   MHz,   T = 1   ms, and   τ = 0.1   Mbps. 
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Figure 8. STP, delay, and EE versus F-AP density when   M = 20   contents,    λ U  = 0.1   users/m   2  ,    λ C  = 0.0001   C-APs/m   2  ,   R = 150   m,   γ = 0.8  ,   α = 4  ,    P F  = 30   dBm,    P C  = 40   dBm,    P s  = 37   dBm,   ρ = 15.13  ,    W F  = 100   MHz,    W C  = 500   MHz,   T = 1   ms, and   τ = 0.1   Mbps. 
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Figure 9. STP, delay, and EE versus C-AP density when   M = 20   contents,    λ U  = 0.1   users/m   2  ,    λ F  = 0.01   F-APs/m   2  ,   R = 150   m,   γ = 0.8  ,   α = 4  ,    P F  = 30   dBm,    P C  = 40   dBm,    P s  = 37   dBm,   ρ = 15.13  ,    W F  = 100   MHz,    W C  = 500   MHz,   T = 1   ms, and   τ = 0.1   Mbps. 
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Figure 10. STP, delay, and EE versus F-APs’ transmission power when   M = 20   contents,    λ U  = 0.1   users/m   2  ,    λ F  = 0.01   F-APs/m   2  ,    λ C  = 0.0001   C-APs/m   2  ,   R = 150   m,   γ = 0.8  ,   α = 4  ,    P C  = 40   dBm,    P s  = 37   dBm,   ρ = 15.13  ,    W F  = 100   MHz,    W C  = 500   MHz,   T = 1   ms, and   τ = 0.1   Mbps. 
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Figure 11. STP, delay, and EE versus F-APs’ transmission power when   M = 20   contents,    λ U  = 0.1   users/m   2  ,    λ F  = 0.01   F-APs/m   2  ,    λ C  = 0.0001   C-APs/m   2  ,   R = 150   m,   γ = 0.8  ,   α = 4  ,    P F  = 30   dBm,    P s  = 37   dBm,   ρ = 15.13  ,    W F  = 100   MHz,    W C  = 500   MHz,   T = 1   ms, and   τ = 0.1   Mbps. 
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Table 1. Key notations.






Table 1. Key notations.





	Notation
	Description





	 M , M
	Content library, total number of contents



	  Φ U  ,   Φ F  ,   Φ C  
	Point process of end-users, F-APs, C-APs



	  Φ m  ,   Φ  − m   
	Point process of the F-APs that cache content m, do not cache content m



	  Φ  a , m   ,   Φ  − a , m   
	Point process of the available F-APs, unavailable F-APs with respect to content m



	  λ U  ,   λ F  ,   λ C  
	Density of   Φ U  ,   Φ F  ,   Φ C  



	 p ,   p m  
	Caching distribution, probability of caching content m at each F-AP



	   a m   
	Probability of randomly requesting content m



	   b μ   
	Content  μ  inactive probability



	   Λ m   
	Probability of the available F-APs with respect to content m



	  F  m , 0   ,   F  a , 0   
	Direct F-AP, transit F-AP with respect to content m



	   C 0   
	Nearest C-AP to   F  a , 0   



	  A  m , d   ,   A  m , t   ,   A m  
	Probability of association with   F  m , 0   ,   F  a , 0   , total probability of association with a F-AP when content m is requested



	  S I  R  m , 0    ,   S I  R  a , 0    ,   S I  R  C , a    
	Signal-to-interference ratio at   u 0   when it is associated with   F  m , 0   , at   u 0   when it is associated with   F  a , 0   , at   F  a , 0   



	  D  0 , 0   ,   D  ℓ , 0   ,   D  a , 0   ,   D  C , a   ,   D  ℓ , a   
	Distance between   F  m , 0    and   u 0  , access point ℓ and   u 0  ,   F  a , 0    and   u 0  ,   C 0   and   F  a , 0   , access point ℓ and   F  a , 0   



	  h  0 , 0   ,   h  ℓ , 0   ,   h  a , 0   ,   h  C , a   ,   h  ℓ , a   
	Small-scale channel coefficient between   F  m , 0    and   u 0  , access point ℓ and   u 0  ,   F  a , 0    and   u 0  ,   C 0   and   F  a , 0   , access point ℓ and   F  a , 0   



	   q  m , 0    ( p )   ,    q  C , a , 0    ( p )   ,    q  a , 0    ( p )   ,    q  C , a    ( p )   
	STP of content m when   u 0   is associated with   F  m , 0   , when   u 0   is associated with   F  a , 0   , over the link   F  a , 0    to   u 0  , over the link   C 0   to   F  a , 0   



	   q  m , 0 ,  D  0 , 0      ( p , d )   ,    q  a , 0 ,  D  a , 0      ( p , d )   ,    q  C , a ,  D  c , a      ( p , d )   
	   q  m , 0    ( p )    conditioned on    D  0 , 0   = d  ,    q  a , 0    ( p )    conditioned on    D  a , 0   = d  ,    q  C , 0    ( p )    conditioned on    D  C , 0   = d  



	   q  p    
	STP of   u 0  



	   τ  m , 0    ( p )   ,    τ  C , a , 0    ( p )   ,    τ  a , 0    ( p )   ,    τ  C , a    ( p )   
	Average delay of content m when   u 0   is associated with   F  m , 0   , when   u 0   is associated with   F  a , 0   , over the links from   F  a , 0    to   u 0  , over the link from   C 0   to   F  a , 0   



	   τ  p    
	Average delay of   u 0  



	   κ  m , 0 ,  D  m , 0      ( p , d )   ,    κ  C , a ,  D  C , a      ( p , d )   ,    κ  a , 0 ,  D  a , 0      ( p , d )   
	Required number of time slots to successfully receive content m conditioned on the distance over the link from   F  m , 0    to   u 0  , from   C 0   to   F  m , 0   , from   F  a , 0    to   u 0  



	  E  E  m , d    p   ,   E  E  m , t    p   
	EE of content m when   u 0   is associated with   F  m , 0   ,   F  a , 0   



	   E E  p    
	EE of   u 0  
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