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Abstract 

Social networks and mobile applications tend to enhance the need for 

high-quality content access. To meet the growing demand for data 

services in 5G cellular networks, it is important to develop effective 

content caching and distribution techniques, to reduce redundant data 

transmission and thereby improve network efficiency significantly. It 

is anticipated that energy harvesting and self-powered Small Base 

Stations' (SBS) are the rudimentary constituents of next-generation 

cellular networks. However, uncertainties in harvested energy are the 

primary reasons to opt for energy-efficient (EE) power control 

schemes to reduce SBS energy consumption and ensure the quality 

of services for users. Using edge collaborative caching, such EE 

design can also be achievable via the use of the content cache, 

decreasing the usage of capacity limited SBSs backhaul and reducing 

energy utilisation. Renewable energy (RE) harvesting technologies 

can be leveraged to manage the huge power demands of cellular 

networks. To reduce carbon footprint and improve energy efficiency, 

we tailored a more practical approach and propose green caching 

mechanisms for content distribution that utilise the content caching 

and renewable energy concept. Simulation results and analysis 

provide key insights that the proposed caching scheme brings a 

substantial improvement regarding content availability, cache 

storage capacity at the edge of cellular networks, enhances energy 

efficiency, and increases cache collaboration time up to 24%.  

Furthermore, self-powered base stations and energy harvesting are an 

ultimate part of next-generation wireless networks, particularly in 

terms of optimum economic sustainability and green energy in 

developing countries for the evolution of mobile networks. 
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Introduction  

 

Due to the proliferation of smart devices and the explosion of traffic in the wireless ecosystem, cellular 

network operators face challenges of providing massive network capacity and achieving superior coverage while 

improving users' quality of experience. Small cell networks (SCN) are a cost-effective and energy-efficient 

network paradigm to tackle such challenges. In addition, according to the Small Cell Forum (Forum, 2015), from 

the perspective of cellular network operators around the globe, remote rural areas provide an excellent business 

opportunity for deploying small cells due to the increased coverage, provide services to potential customers and 

open new markets. 

However, the deployment of small cells (SCs) in rural areas is a key challenge due to the backhaul availability 

and energy efficiency. Over the time in the telecommunication sector, the amount of energy consumption increases 

significantly. Many places, especially in emerging markets, do not have access or are limited to traditional grids, 

so the energy needs to be obtained from other renewable resources such as solar energy (Faludi and Gilbert, 2019). 

The amount of energy harvested varies over time, resulting in a potential power outage at the SBs, eventually 

decreasing the quality of services (QoS) for the users. Therefore, an energy-efficient (EE) transfer scheme must 

be implemented (Tvaronavičienė et al., 2018). 

In addition, rural areas are often beyond the normal economic range of the MNO's existing backhaul 

infrastructure. This extensively enhances the backhaul cost, limiting the backhaul competence, making it complex 

to provide high-speed mobile broadband coverage. Due to the deployment of high-speed optical fibre backhaul, 

connecting the rural SBS with the core network is anticipated to be a very expensive process (Abdalla et al., 2016). 

Moreover, to conquer these challenges, content caching at the network edge has appeared as one solution to 

offload backhaul traffic. However, there is variation in user requests and cache capacity at the edge of the network. 

So, employing the caching collaboration is similar to extending the cache size and makes the caching more capable. 

The cache collaboration ultimately reduces the power consumption and extends the edge cache size. Furthermore, 

when a user requests content to its serving base station, there is a need for an optimum cooperation scheme that 

saves energy in cooperation.  

Numerous studies (Mehrabi et al., 2019, Usama and Erol-Kantarci, 2019 and Zahed et al., 2020) on the trend 

of edge caching energy and harvested (EH) communications have been carried out in the past and different 

paradigms within shifted frameworks have been discussed in existing studies, such as green delivery (Ajaz Khan, 

2019), which enables effective content distribution with energy harvesting based SCs. SCs provide content services 

based on energy status and content popularity. Similarly, authors Zhou et al. ( 2015) proposed that push content 

before the actual arrival of user demands which is known as proactively cache. Green Delivery is where HE-based 

small cells reduce grid energy utilisation and offer content services. In order to decrease the internet's carbon 

footprint, renewable energy-aware Energy Sharing, Trading in Multi- routing and caching for green 

communication, which minimises the grid energy usage, are presented in different studies (Oikonomakou et al., 

2019, Mariyakhan et al., 2020). Studies on small cell distributed caches have also deduced that a cooperative 

caching scheme increases content distribution. 

In green communications, network collaboration is seen as a way to save energy without increasing 

transmission power. This is achieved by alternately activating and deactivating the existing resources of the BS. 

Besides, reference by Han and Ansari (2016) emphasises maximising the throughput while meeting the constraints 

imposed by the renewable energy sources initial and storage of energy. Yao et al. (2015) studied a green mobile 

network with a cache that uses energy adaptation, sleep control schemes, and a tradeoff between energy and 

latency, which reduces power and network latency.  

Similarly, by Mao et al. (2015), the comparison among the grid power consumption, EH-SBS and network 

performance was discussed. The authors investigate important characteristics, including network deployment, 

feasibility analysis, network operation problems and also presented a broad overview of energy harvesting SCN. 

Recently, it has been recommended by Kumar and Saad (2015) to enhance the EE by proposing a QoS online 

energy efficiency scheme that leverages the content of the SBSs' cache, which depends on totally renewable energy 

sources. Han and Ansari (2017) suggested a traffic load balancing scheme that considers network utilities.  

This scheme compares different caching technologies and proposes a small cellular network that can be used 

for hybrid power caching. Edge caching approaches can potentially increase the energy efficiency of the core 

network by decreasing the burden on the backhaul and preventing multiple transmissions of similar content to 

different users. 

Energy assessment models of end to end mobile networks have been studied by Yan and Chan (2019), and a 

service-specific end to end energy utilisation of each mobile network segment has been developed, involving the 

wireless access network, end-user devices, data centre, and core network. 

Though edge caching is a comparatively new offloading method, it has, however, gained the attention of 

researchers. Over a certain time, the question is how to cooperatively design base station cooperation policies and 

caching techniques that reduce overall energy consumption. There is a growing consensus on the need to develop 

a more energy-efficient telecommunication system. Recent advancements in wireless network technologies have 
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been accomplished to achieve energy efficiency in the context of rapidly rising energy prices and the explosive 

progress of mobile data traffic, and no tolerance of the QoS. Moreover, implement edge local caching at the SC in 

an energy-efficient way is still an open scientific challenge and needs further research efforts  (Virglerova et al., 

2020). 

Reduction decreasing of energy consumption and edge cache delays have been analysed in some earlier work. 

The case of small cells by Virglerova et al. (2020) studied the interaction among energy and cache. At the same 

time, energy efficiency for small and dense cellular networks is an excellent initiative. Green energy enables 

networks to reduce their carbon footprint and directly affect climate change and the environment (Kath et al., 2020 

and Chebli et al., 2020). However, modelling an optimal green energy situation for a cellular network is a 

challenging task. Network measurement analyses revealed that the energy consumption of SBSs is absolutely 

linked to traffic burdens (Barnett et al., 2018). 

To enhance mobile networks, the capacity to satisfy the demands of a heterogeneous network is one of the 

important technologies. In HetNets low-power base stations are widely implemented to improve network 

efficiency. A cache at SBS utilises much less power than MBSs. To relieve on-grid power utilisation, the 

envelopment energy harvesting technology BSs can be powered by green energy. Liu and Yang (2016) studied a 

potential energy-efficient analysis of cache-enabled dense small cell networks, who revealed that cooperation 

caches at the edge of the networks for cellular network operators are significant in order to exploit the capacity 

and EE of SBSs. Similarly, by Yan et al. (2019), relay nodes cooperating with the user to cache contents to reduce 

the cooperative energy utilisation were examined. For improving system throughput in next-generation networks, 

dense small cell networks have been considered a promising solution. 

Inspired by EH communications and the trends in edge caching, diverse paradigms of shifted frameworks 

have been intended, such as green delivery by Ik and Azeez (2020), enabling efficient content delivery with energy 

harvesting based SCs. Energy harvested SCs provide content services based on EH status and content popularity. 

Before the actual arrival of the user request, the small base stations proactively cache and push the content. Green 

delivery EH based SCs reduce energy consumption from the power grid and provide content services. To decrease 

the internet's carbon footprint and brown energy usage, presented renewable energy-aware routing and joint 

caching for green communication. SC distributed cache has been examined by Ao and Psounis (2017), who 

determined that a cooperative caching approach maximises content delivery. In a green radio communications 

network, cooperation is studied as a means of energy-saving without enhancing transmission power, which is 

accomplished by alternately switching on and off the existing resources from the BSs. 

 

Motivation and contribution 

 

We envisioned that the next-generation mobile networks would be furnished with renewable energy resources 

for the subsequent motives. 

• RE effectively reduces the carbon footprint, and it is economical and environment-friendly, which 

impacts the deployment of cellular BSs in rural/remote areas.  

• It solves the economic issues which mobile network operators are facing. A green objective has been 

added to the list of 5G goals to provide a cost-effective solution that reduces the overall cost of energy 

consumption, which constitutes around half of their operational expenditures (OPEX). Around 120TWh 

of electricity is consumed per year, costing 13 billion US$ to mobile operators to serve the 5 billion 

connections per year (Göker and Ayar, 2020 and Kath et al., 2020). 

• Due to improvements in renewable energy technology, the cost of RE, particularly solar, is probable to 

be fewer than that of non-renewable energy. 

• RE has already been used in different power network equipment, such as Nokia Siemens base stations, 

Ericsson base stations and wireless routers. 

• Information and communication technology not only provides room for green energy efficient systems 

but also helps other industrial sectors to improve their basic functionalities in the management of energy-

efficient systems. The ICT industry is also concerned about the potential benefits of renewable energy 

sources (RES) for a more ecological and sustainable design for future systems. Energy efficiency and 

renewable energies are the main pillars of sustainable development and environmental sustainability 

(Guermoui et al., 2020). 

Thus, the cumulative consumption of these devices is high, which increases the trend towards edge caching 

and computing. Therefore, energy consumption will be higher in the future, and the use of renewable energy by 

Oláh et al. (2017) will be increased due to its tremendous benefits. Despite these facts and due to rapidly rising 

energy prices, environment-friendly condensers have already become a critical design factor in both mobile 

networks and low storage device prices (Bilan et al., 2019 and Suroso et al., 2020) 

Meanwhile, the EE small cell networks are a significant concern. So, motivated by the above observation and 

discussion, we hereby propose an energy-efficient cache sharing scheme for energy harvested hybrids rural/ remote 

SBSs, where SBSs are endowed in a different way to the traditional cache techniques. So, we segregate this method 
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into fixed and trending caching capabilities based on local and global content popularity distribution. Thus, the 

joint content cache will improve the backhaul latency and increase the efficiency of remote SBSs.  

The rest of the paper is organised as follows. Section 3 defines our system model along with the formulation 

of the problem in detail, which also consists of wireless transmission, a user content cache model, and a power 

consumption model. In Section 4, we formulate our problem. In Section 5, we investigate the performance of our 

cache schemes. Finally, in Section 6, we present the conclusions of the paper. 

  

System model and problem formulation 

 

System Model 

We analyse the energy efficiency problem for a future wireless cooperative network. Fig. 1 shows the 

proposed system model. Here, we have one 𝑀𝐵 and a set of SBS  𝐵 = {𝑏1, 𝑏2, … , 𝑏𝑖 , 𝑏𝑗 , … , 𝑏𝑛}  which serves the 

users 𝑈 = {𝑢1, 𝑢2, … , 𝑢𝑘}. Users are deployed randomly within a radius of SBSs and request content 

independently. Each SBS has a fixed storage size of content and has a library of 𝑁 local files denoted by 𝐶 =
{𝑓1, 𝑓2, … , 𝑓𝑛}. Throughout in this article, we will use the terms content and file vice versa. Assume that user 𝑢𝑘 is 

serviced by the small base station 𝑏𝑖, the SBSs are connected with MBS, neighbour SBS via a backhaul and a 

virtual link, respectively. Each SBS is connected to the MBS and also its neighbour SBS 𝑏𝑛𝑀𝐵 and 𝑏𝑖 is 

connected to 𝑏𝑗. We assume that SBSs are aware of other SBSs' content information. The user requests content, 

and each user is served by one or multiple BSs depending upon the content location and transmission scheme. A 

user requests content 𝑓𝑥 from the associated base station 𝑏𝑖, and if the content is in the cache, it transmits the 

directory to the user. Otherwise, it takes from the neighbour's SBS, MBS, from the internet, or retrieving content 

from the internet generates traffic load in BS backhaul, depending upon the strategy. 

We assume that SBSs are powered by the grid and green energy resources; it is also assumed that they have 

limited energy-saving capacity 𝜖𝑚. The energy harvesting condition is the same in each time slot 𝑇 = 1 … 𝑡. There 

are total 𝐾 time slots, and the total time is therefore 𝐾𝑇. Moreover, it is also considered that the data and channel 

information are shared with the proximate SBS. At each SBS, the scheduler performs resource allotment at the 

start of each time slot of a duration of 𝑇 seconds. Let the harvest energy 𝐸𝑘 ∈ [0, 𝜖𝑚 ] be the energy residual in 

the battery at the start of the kth time slot. Then the battery status is updated as 

 

𝐸𝑘+1 = (𝐸𝑘 − 𝑃𝑘𝑇 + 𝐴𝑘, 𝜖𝑚),       (1)  

 

Here, Ak is a random variable representing the amount of energy harvested during the T slot. The total 

transmission power can be represented by Pk power consumption at the k-th time slot. If, as is likely, the user-

requested content is not available in the local and adjacent SBS, the request must be forwarded to the MBS and 

the content provider, respectively. 

Furthermore, there is i content to be requested by the k-th user, so we use Si to signify the size of i-th content 

and Pki(t) to denote the projected amount of demand for content i originating from the set at time t. Eu(t) represents 

the amount of consumed energy, with the symbol ru ≥ 0 (joules/byte) used to denote the amount of energy utilised 

per unit to transmit the content to the user. The binary decision variable xf indicates whether a BS is used. Any file 

allowed to fetch 

 

 

        𝑥𝑓={
 0: 𝑖𝑓 𝑓𝑖𝑙𝑒 𝑓 𝑖𝑠 𝑛𝑜𝑡 𝑐𝑎𝑐ℎ𝑒𝑑

1: 𝑖𝑓 𝑓𝑖𝑙𝑒 𝑓 𝑖𝑠 𝑐𝑎𝑐ℎ𝑒𝑑,    
 (2) 
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Fig. 1.  System model 

 

The user request content that consumes energy transmits power on the downlink for user uk during which 

period the kth slot can be represented by Pu,k. Similarly, transmission power consumed between the SBSs can be 

represented by Pb,k, fetching the content from the MBS, and the core network using the backhaul can be represented 

as PM,k, and Pbk,k, respectively. 

Here, the BSs cache capacity is distinct from conventional BSs that are not equipped with a cache. In the 

proposed scheme, the BSs are responsible for managing the entire wireless network, and network-related functions 

are employed in the BS, such as QoS management access control and connectivity. 

 

Content popularity distribution and estimation 

To reduce the use of backhaul to retrieve the required content from the core, we pretend that SBS caches the 

most popular content because of mostly the users' requests for popular content. As a result, popular content caching 

has the potential to cause lower latency and greater energy savings. 

Moreover, data stored in remote content providers are based on the file popularity distribution and caching 

policy at each SBS. It is conceivable to determine the probability of the content 𝑓 requested by the user at a specific 

location. A user requested file in the local base station 𝑝𝑓𝑢𝑘

𝑏𝑖 { 𝑓 ∈ 𝑐𝑎𝑐ℎ𝑒 𝑏𝐼 , 𝑓 ∈ 𝐶𝑖 𝑢𝑠𝑒𝑟 𝑟𝑒𝑞𝑢𝑒𝑠𝑡𝑒𝑑 file is available 

at the local cache of an SBS 𝑏𝑖, and the cost to acquire 𝑓 from SBS 𝑏𝑖 is equal to zero. Hence, the probability that 

a user 𝑢𝑘 requests an uncached file is 𝑓 ∉ 𝐶𝑖, so, in this case 𝑝𝑓 =1-𝑝𝑓𝑢𝑘

𝑏𝑖 . There is another situation in which we 

have a collaborating cache scenario where the file may have an adjacent SBS; suppose it is in 𝑏𝑗. So, the 

probability, in this case, can be 𝑝𝑓𝑢𝑘

𝑏𝑗  {𝑓 ∈ 𝑐𝑎𝑐ℎ𝑒 𝑏𝑗 , 𝑓 𝑢𝑠𝑒𝑟 𝑟𝑒𝑞𝑢𝑒𝑠𝑡𝑒𝑑 𝑎𝑛𝑑 𝑢𝑠𝑒𝑟 𝑟𝑒𝑞𝑢𝑒𝑠𝑡 ∈ 𝑈, {𝑏𝑖 , 𝑏𝑗} ∈ 𝑍. If 

the user requested file is unavailable in the neighbour, then it can be found in the cache of the macro base station; 

the probability distribution of the user-requested file in this case is 𝑝𝑓𝑡ℎ𝑒 𝑢𝑘
𝑀𝐵 = 1- 𝑝𝑓𝑢𝑘

𝑏𝑖 - 𝑝𝑓𝑢𝑘

𝑏𝑗 . Finally, when the 

file is unavailable both locally and from an adjacent location, the file is retrieved from the content provider or 

CDN. 

We estimated content popularity by Zipf's law. Typically, due to local user interest, the popularity of each 

content may fluctuate from place to place; this is captured through a localised request generation model, where the 

request pattern aggregate is different across various locations. Assume that 𝑃𝑖,𝑓 denotes the popularity of content 

𝑓 at 𝑏𝑖; considering the overall network, total popularity for each content is denoted as, 𝑃𝑓 = ∑ 𝑃𝑖,𝑓
𝑛
𝑖=1  , and we 

have 

 

𝑃𝑓 =
𝑘−𝑟

∑ 𝑘−𝑟𝑛
𝑓=1

, (3)  

 

Here, 𝑘 denotes the rank of popular content,𝑟 ≥ 0  is a real constant 𝑓, and 𝑘−𝑟is the skewness of popularity 

distribution. The higher 𝑟 value indicates that a fraction of the content is more popular than the rest of the catalogue 

and corresponds to a steeper distribution. In the vicinities of a caching entity, the popularity of the local content 

can be changed according to the different preferences of mobile users. Consequently, according to the diversity in 

local user content popularity, the proactive cache content placement should accommodate the maximise the 
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number of cache hits. The files of the library are sorted in line with the descending order of popularity without a 

loss of generality, in which content "1" signifies the content with the highest downloading popularity. 

 

𝑝𝑓𝑢𝑘

𝑏𝑖 +𝑝𝑓𝑢𝑘

𝑏𝑗 +𝑝𝑓𝑢𝑘

𝑀𝐵+(1-𝑝𝑓𝑢𝑘

𝑀𝐵)=1,  (4)  

 

This means the multimedia content can always be delivered to the user. To fulfil the user's requirements, 

SBSs fetch the data from neighbouring cells, consuming energy. Here, among SBS and adjacent cells, ideal 

wireless backhaul links are considered to simplify the model derivation. 

 

Wireless transmission and the user content cache model 

We considered that a mobile user at location x is linked with the base station bi. We also supposed that the 

number of users who requested interesting content and the traffic arriving at SBS bi follow the Poisson process 

with the parameter λ. Thus, it can be expressed as  

 

𝑝(𝑥𝑓 = 𝑓) =
𝑒−𝜆𝑡(𝜆𝑡)𝑓

𝑓!
,  (5)  

 

We pretend that users related to BS bi are evenly distributed in their coverage area, and the traffic arrival 

process is independent. Therefore, the traffic to users at any location is a Poisson process, and users at different 

locations may have different data rates, depending on the conditions of the channel. Though the BSs can use 

various access technologies as them backhaul, traffic distribution on the backhaul only provides a queuing system. 

 

The wireless transmission model can be simplified as follows. If the user can download the interesting content 

from the connected SBS the transmission rate is set to be CR (Mbps). If the user can download the content from 

backhaul by the core network, this is represented by CB (Mbps). In cellular networks, the backhaul capacity of 

SBSs is generally limited. We further consider that CB < CR. In mobile networks, we emphasise on a multi-user 

orthogonal frequency division multiple access systems, 

 

∑ 𝐶𝐵 <  𝐶𝑅𝑈 ,  (6)  
 

where each channel of the system is orthogonal to the other. In other words, there is no interference between 

users. Therefore, users' wireless transmission speed depends on their available bandwidth and their signal-to-noise 

ratio. 

 

Content transmission model 

To achieve QoS in the proposed network scheme needs the consideration of green energy consumption, the 

performance of the cache system and BS capacity backhaul constraints. Traffic delivery latency in BSs and power 

consumption jointly help to increase the overall network performance. The transmission power between an SBS 

and a neighbour is represented as,  

 

𝑃𝑏,𝑘 = €𝑃°(
𝑑𝑖

𝑟°
)𝛼,       (7)  

 

where ϵ is the coefficient variation under the normal mode, and Po is the value of SBS power utilisation. The 

distance among the SBS is denoted by di, and coverage is represented by ro. Similarly, the energy utilisation used 

to transmit power between SBS and u-th user at time slot k is 

 

     𝑃𝑢,𝑘 =
(2

𝑐𝑠
𝑏𝑠−1)𝑑𝑖

𝑎𝑠
𝑖
.𝜎2

||ℎ𝑢,𝑘||
2 , 

(8) 

  

 

where bandwidth is denoted by bs and 𝒄𝒔 is the transmission rate. We suppose that all users have the same 

bandwidth, the downlink channel among the user and SBS is denoted by hu,k di , and the distance between the u-th 

user and the SBS and α is a path loss exponent. All channels are assumed to be i.i.d (independent and identically 

distributed) Rayleigh fading channels, with  σ2  representing the variance of the Gaussian noise. 

 When the user-requested content is not locally available, then user request must be sent to the core network, 

and the transmission of power between the MBS and the SBS and energy consumption is as follows, 
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     𝑃𝑀𝐵,𝑘  =
(2

𝑐𝑚
𝑏𝑚−1)𝑑𝑖

𝑎𝑚 .𝜎2

||ℎ𝑏,𝑘||
2 , (9) 

 

where the Rayleigh fading channel between the core network and SBS is denoted by hb,k. The distance 

between the SBS and the MBS is represented by dm. If the user's request content is not available in the local 

neighbour SBS cache or MBS, the request must be transmitted to the central network through the backhaul, and 

the SBS retransmits it on the downlink. 

 

     𝑃𝑏𝑘,𝑘  𝑃𝑏𝑘, 𝑘 =  
(2

𝑐𝑏𝑘
𝑏𝑏𝑘−1)𝑑

𝑖

𝑎𝑏𝑘 .𝜎2

||ℎ𝑏𝑘,𝑘||
2 , 

(10) 

  

 

Here, dbk is the distance between SBS and the content. Motivated by the realistic constraint, we assumed that 

utilising the backhaul connection consumes more power than retrieving information locally. 

 

Power consumption model 

In the network, we consider that the generating BS has its own RE system (solar). At the same time, the BS 

is also connected to the grid for power supply. Therefore, BS uses hybrid energy, namely brown and green energy. 

Fig. 2 shows the reference design of a hybrid energy power base station. When green energy is insufficient, BS 

consumes brown energy. MBS usually consumes more energy than SBS, so we assume that  believe that the green 

energy system in MBS has greater energy production capacity than SBS. Based on the solar power potency the 

charge controller optimises the green power consumption, the power consumption of BSs and the process of energy 

drawn from the power grid. During a certain time period, the charge controller decides how much green power 

should be applied to power a BS. Generally, solar energy production is modeled on a one-hour timescale. 

We represent 𝜖𝑚 as the quantity of green power used for powering the SBS 𝑏𝑖. If SBS 𝑏𝑖 power consumption 

is large, then 𝜖𝑚 the SBS utilises brown energy. Otherwise, we simply model the SBSs brown energy utilisation 

as zero. The power utilisation of SBS includes two parts: dynamic and static power utilisation. Static energy 

utilisation refers to the energy consumption of a BS that does not carry traffic loads. Dynamic power utilisation 

refers to the extra power utilisation caused by the traffic load on the BS. The power model can be assumed as 

follows. 

The total power utilisation of BSs in the mobile network consists of operational power 𝑃𝑜𝐶  and transmission 

power cost 𝑃𝑡𝐶. The total power cost can be represented as 

𝑇𝑃𝑖 = 𝛽𝑖𝑃𝑜𝐶  +𝑃𝑡𝑐, (11) 

Here 𝛽𝑖 is the load power coefficient that signifies the relationship among BS 𝑏𝑖 dynamic power consumption 

and its traffic load; the BS 𝑏𝑖 brown power consumption is 

𝑏𝑖
𝑏𝑝

= (𝑇𝑃𝑖 − 𝜖𝑚, 0), (12) 

Transmission occurs between the backhaul link of the BS, core network, as well as on wireless links between 

users and BSs. We consider the wireless part because wireless power consumption is usually dominant. Since the 

time considered is longer, we suppose that the demand for fast small-scale declines is average. Therefore, for the 

maximum coverage radius (R) of the BS, we focus on the impact of path loss to achieve the maximum transmission 

rate of all users covered by the BS with a BS greater than C. Due to transmission power, the maximum achievable 

transmission rate is:  

𝐶 = 𝑊𝑢,𝑏𝑙𝑜𝑔2(1 +
𝑃𝑡𝑐𝛽𝑅−𝜀

𝑊𝑢,𝑏𝛿2 ), (13) 

Here, 𝑃𝑡𝑐 represent BS transmission power, 𝑊represents the available bandwidth for each user, 휀 is the path 

loss exponent, 𝛿2 is the noise power, and 𝛽 is the path loss constant. We suppose that to satisfy a transmission 

delay requirement each transmission must meet a target rate, so the transmission power should satisfy the 

following. 

𝑃𝑡𝑐 =
(2

𝐶𝑊𝑢,𝑏
−1

)𝑊𝑢,𝑏𝛿2

𝑅−𝜀 , (14) 

 

Problem formulation 

Our proposed scheme can be defined as reducing the transmission power by optimising the scheme for 

caching collaboration. To maximise energy efficiency, we need to consider various factors and practical 

constraints, such as local content accessibility, QoS requirements, backhaul capacity, channel state, interference 

level to maximise the EE, which satisfies QoS, and transmission power constraints. 

Brown power is only used when green power is not sufficient (𝜖𝑚  < 𝑏𝑖
𝑏𝑝

).  Given  𝜖𝑚, the maximum traffic 

load can be supported by green power in BS 𝑏𝑖 . Green power is 0 ≤ 𝜖𝑚 < 1; when 𝜖𝑚 ≤ 0, it is hoped that the 
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BS will bear additional traffic load to improve the use of green energy, thereby reducing the brown energy 

consumption of other BSs. 

However, the balance between service power consumption and service congestion increases the waiting time 

for service transmission in the BS. In order to find the balance, we introduce a weighting factor for each BS, 

denoted as "ω", which indicates the emphasis on time or energy costs.  

 

𝜔 ∗ 𝑏𝑖 = 𝜖𝑚
𝑘𝑏𝑖 ,  (15)  

 

The BS latency weighting  𝑘 ≥ 0 is a system parameter that adjusts the value of the latency weight to save 

energy and reduce the latency for network traffic transmission. Let 𝐸𝑖,𝑗 be the energy cost of the SBS with which 

user 𝑖 accesses the content from the BS 𝑏𝑗. We can calculate𝐸𝑖,𝑗 as, 

 

𝐸𝑖,𝑗={
0 𝑖𝑓 𝑑𝑖,𝑗 = 0                                            

𝑒𝑙𝑠𝑒  𝑑𝑖,𝑏𝑖 + 𝑑𝑖,𝑏𝑗 + 𝑑𝑖,𝑚𝑏 + 𝑑𝑖,(1−𝑑𝑖,𝑗)
,  

(16) 

 

  
     

   where 𝑑𝑖,𝑗 is the mean distance of accessing the contents, and 0 is the content in the local cache, and there is no 

latency in accessing the content and energy cost. So, the energy consumption of accessing the content is 𝐸 =
∑ ∑ 𝑝𝑓𝑖,𝑘𝐸𝑖𝑗

𝑘
𝑢

𝑛
𝑖=1 . To minimise the energy utilisation of a wireless collaboration caching network by finding the 

optimal content in the SBS and the local cache, we thus have the following optimisation problem 

 
Fig. 2. A hybrid energy power base station. 

 

 

min 𝐸𝑖,𝑗  , (17) 

Subject to ∀𝑐 ∈ 𝐶, 0 ≤ 𝑃𝑖,𝑓 ≤, (18) 

∀𝑢𝑘 ∈ 𝑏𝑖, (19) 

  ∑ 𝑓𝑠 ≤ 𝑐, (20) 

𝐸𝑘 ∈ [0, 𝜖𝑚  ], (21) 

 

𝐸𝑘 ∈ [0, 𝜖𝑚  ], (21)  
 

In this article, we use a joint optimisation method to delay costs while optimising energy consumption in the 

BSs, which points to the transmission power overlay network design of a small cellular network with the capability 

of content caching. The purpose of this heuristic approach is to decrease energy utilisation when accessing cached 

content in small cell base stations. 
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Results and discussion  

 

In this article, we argue that cooperative caching and transmission costs will decrease the total power 

utilisation in cellular networks. We consider a cellular network where users are deployed randomly, and BSs are 

a spatial Poisson point process (SPPP) distributed in a circle of radius 𝑅 = 100𝑚 with a density of ƛ =
2 × 10−4/𝑚2 . The popularity distribution of content follows Zipf's law with default exponents 𝑟 = 0.8. The 

separation between core and SBS is set to 500𝑚. Battery capacity 𝜖𝑚 is 2𝑗 and the maximum transmission power 

of an SBS Pk is 0.8𝑊. It is assumed that the energy arrival process follows a Poisson distribution. The duration 

of the time interval is set to T = 1 ms. The files have the same size, and the cache size C = 100 GB represents the 

number of cached files, and users can send requests at each time interval. The caching content stored in the SBS 

should be different according to the local SBS content popularity, where the value of the path loss exponents 

ɑ𝑠, ɑ𝑚 and the noise variance 𝜎2 is set to 90 𝑑𝐵𝑚, and ɑ𝑏𝑘 are set to be 3. The motivation of this work is to 

understand the impact of caching and energy harvesting at an SBS. For simplification, we assume an equal 

bandwidth 𝑊 = 100𝑘𝐻𝑧, for each user and backhaul. The power required to relay one item of content is set to 

0.5 𝑊 per 1500 bytes of packets. 

Fig. 3 explores the effect of the Zipf parameter. The average backhaul delay from SBS, MBS, and internet is 

represented by delay1, delay2, and delay3, respectively. The slope of the curves shows the content request in terms 

of the average latency in hybrid power green base stations. The proposed scheme significantly reduces the average 

delay and improves the cache at the edge of networks. The shape of the parameter of file popularity varies from a 

value of 0.5 to 3. It can be clearly observed that the average delay decreases as the Zipf parameter rise. 

 
Fig. 3.The average delay and Zipf parameter. 

 

In addition, under this network scenario, it can be noticed that, on average, as the Zipf parameter increases, 

the backhaul delay decreases. This is because when popularity distribution gets steeper and as the Zipf parameter 

is increased, a small number of contents are more popular, which improves the EE and cache effectiveness. 

Consequently, more content can be served directly from local caches of SBS, and they cannot travel through the 

backhaul, which minimises the effect of backhaul latency and energy.  
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Fig. 4. The tradeoff between energy harvesting and cache size. 

 

 
Fig. 5. Cache cooperation time vs cache size. 

 

The tradeoff between the energy harvesting capacity and cache size to achieve energy harvesting performance 

is shown in Fig. 4. In order to achieve the desired green energy efficiency, we showed the energy available, the 

energy harvest per arrival and the impact of cache size at SBS. We concluded that by increasing the cache storage 

space from 1 to 20, or the harvested energy per arrival, the energy availability of the system goes up from 0 to 1.5. 

MNO can make a better decision on the particular implication of this result about the required energy harvesting 

size and cache size of the device that achieves the required performance. 

It is also noted that increasing the harvested energy has a more pronounced effect than increasing the cache 

size. Fig. 5 demonstrates the time of cache cooperation effects on the cache size in SBS. Within the energy 

harvesting rate, we observed that the cache collaboration time increases with the size of storage space, and SBS 

also increase in the proposed method. Due to the energy limitation, in the random scheme, the cache cooperation 

time fluctuates about 8 with a cache size of 8 to 20. For the proposed scheme and optimal scheme, the growth 

becomes slighter as the cache size becomes larger, i.e. the stage 6 to14 has a great impact as compared to stage 16 

to 20 on content matching. In addition, the energy harvested affects the size of the cache, and the proposed scheme 

results in a 24% increase in cache collaboration time compared to the random scheme cache. Fig. 6. shows the 

influence of energy harvesting on cache collaboration time; we observed the cache cooperation as a function of 

energy harvesting rates. In the random cache, energy harvesting increases linearly with cache collaboration. This 
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is due to the fact that energy is a crucial factor in cache coordination within an SBS. The caching cooperation times 

become almost stable at 1.3 to 2 for proposed and optimal. 

Because the energy is abundant and the caching times cannot increase with energy arrival. The energy almost 

completely satisfies the caching collaboration cost when the energy harvesting rate is equal to 1.3. So, the arrival 

of more energy leads to better cooperation.  Also, there is limited battery capacity, so energy harvesting cannot be 

stored fully. 

Fig. 7 shows the distinct number of users versus energy cooperation. As we can see in all schemes, as the 

number of users increases, so does the average energy utilisation because more users will generate more demand, 

which will increase energy consumption costs. So, it can be observed that the scheme proposed in the current study 

consumes the least energy. From Fig. 7, we also observed that the slope of the curve is almost the same as the 

fixed cooperation time. We also observed that the proposed scheme saves significant energy as compared to 

random caching. Thus cache coordination between SBSs is a very applicable and energy-saving technique. 

 
Fig.1 Energy harvesting on cache collaboration 

 

 
Fig. 7. Average energy consumption versus the number of users. 

 

 

Conclusion  

 

In this article, we have developed a wireless cooperative caching scheme and an energy-efficient power 

control scheme to minimise the energy utilisation for an energy harvesting SBS equipped with local storage and 

wireless backhaul. The key objective of this article is to evaluate the edge caching system in the context of cellular 
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networks and maximise energy efficiency and determine its potency as a viable method for handling the 

exponential growth in wireless data traffic envisioned for the next-generation wireless networks. Inspired by the 

emerging energy harvesting communication in next-generation networks and the trend of edge content caching, 

we proposed a green delivery framework where harvesting is based on small cells sharing the content and 

minimising the transmission energy consumption. In addition, content popularity, energy arrival, and limited 

storage capacity are also considered. The numerical results demonstrated that the proposed EH cooperative edge 

caching scheme has a significant performance.  

Moreover, an end to end latency is an important metric that is also related, and the tradeoff between these 

parameters gives further momentum to MNO for the sustainable development of cellular networks. We also 

consider energy arrival and limited storage capacity. Renewable energy not only provides economic benefits but 

also protects the environment from harmful greenhouse gas emissions.  

Our method can be used as an important tool for congested backhaul and for extracting maximum benefit in 

network performance. The findings presented here have wider applicability than the scope of this paper. Finally, 

in the future, we would like to evaluate the results in more detail to explore the more features of edge cache with 

RE for next-generation EE and echo friendly cellular networks. 

Also,  there are several directions that can be further extended like RE, EE, reduce global warming are now 

the wish and attainment of all the important stakeholders that are linked with technology. Similarly, online cache 

and data in cellular edge network for analysis and design of context information big data is a valuable resource. 

Information and communication technology not only provides room for green energy efficient systems but also 

helps other industrial sectors to improve their basic functionalities in the management of energy-efficient systems.  

The ICT industry is also concerned about the potential benefits of renewable energy sources for a more ecological 

and sustainable design for future systems. Energy efficiency and renewable energies are the main pillars of sustainable 

development and environmental sustainability. As the main contribution, both aspects in which ICT makes our world 

ecologically sustainable are analysed more comprehensively, and the use of renewable energies in cellular 

communication is emphasised. 
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