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Abstract 

Ever since the advent of wireless communications, there has been a tremendous 

growth in data traffic and service demand. Both of the above quantities are expected 

to explosively dominate wireless communication networks, as we move on to the 

future 5G wireless communication systems. This paper involves the so-called hit 

probability related to data caching, a technique that mainly alleviates backbone 

network congestion and reduces latency, by storing frequently accessed data in mobile 

users' cache (mobility-aware caching) and leaves the least popular data for recovery 

from base stations. The hit probability is defined in the literature as the probability of 

specific file request by a user together with the successful delivery of the data packet 

to the user/network node that made the request. Considering three distributions, the 

uniform, the well-established Zipf-like distribution and the normal distribution, we 

allow a varying number of cached filles and observe the curves representing the hit 

probabilities and perform comparison. We provide interpretation of the related to 

optimality results i.e. greatest achievable hit probability. In a pico-cell of a cellular 

network of minimum radius of 50m and a maximum radius of 200m, we derive the 

transmission power level and verify that it complies to the typical transmission power 

of a pico-cell. A final remark involves the Compressed Sensing sparsity concept, 

where considering that the possibility that a file is cached with probability p, and not 

cached with probability 1-p, we examine the «sparsest» and «densest» scenario with 

respect to the number of cached files n opposed to the total N files in the aggregate 

users' cache, plotting the equivalent total probability. A final conclusion sets the 

issues of future work. 

Index Terms 

5G wireless sensor networks, ad-hoc networks, caching, cellular networks, 
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1.Introduction 

In our current era, we are witnessing an explosive growth of data traffic and demand 

introduced by the numerous applications supported by the rapidly evolving future 5G 

wireless communication networks [1],[2]. Data traffic is expected to increase 1000 

times as the 5G networks evolve.  Initially, 1G cellular systems were analog with a 

bandwidth of 10-30KHz, while the data rates supported were 10Kbps. After the 

transition from analog to digital the 2G networks reached up to 300Kbps with a 

bandwidth of 200KHz. For the revolutionary 3G networks the initial data rate was 

2Mbps and reached a maximum rate of 50Mbps. In 3.5G the HSDPA (High Speed 

Downlink Packet Access) was focused on packet switching only. In 4G systems peak 

data rates reached about 1Gbps with a bandwidth utilization of 20,40 or even 70MHz. 

In the current rapidly evolving 5G wireless networks, more bandwidth is required and 

the main issue addressed is user mobility. Thus through the evolution of wireless 

networks there has been a shift from voices and messages to video streaming, with the 

latter growing in Tbps scale. Specifically, video streaming was expected to constitute 

55% of the total data traffic by 2014 and is expected to reach 72% of the data traffic 

by 2019 [3]. 

    In this paper, after referring to wireless network technologies and the aspect of 

mobility caching, which appeared in 5G network technologies, a comparison of the 

total hit probability in the 5G wireless networks framework is made based on three 

distributions: the uniform, the Zipf-like and the normal distribution. An interpretation 

is provided in order to compare the three distributions cases. The received power for 

areas of different radii is derived and a remark regarding user density is provided to 

relate it to the caching hit probability of users. Furthermore, an analysis based on 

Compressive Sensing in terms of the sparse n<<N files that are cached in a users 

cache with corresponding probability p. The respective convergence is verified via 

simulations with the resulting graph curves. Conclusions and future work issues are 

then drawn. To the best of our knowledge, this work is the first to compare caching hit 

probability with respect to the three distributions considered and provide related 

interpretation in terms of optimality i.e. highest achievable hit probability, a crucial 

parameter to enable efficient caching and content delivery over wireless networks. 

 

2. 5G Cellular vs. Ad-hoc Networks 

There exist mainly two types of wireless networks: ad-hoc and cellular networks 

[4],[5]. Ad-hoc networks are infrastructureless and self-configuring networks, in 

which there are no access points or base stations. The nodes in an ad-hoc network are 

organized in a manner that provides pathways for data from a source to the desired 

destination. The main advantages of ad-hoc networks are: independence from central 

network administration, self-configuration(nodes are also routers), self-healing ability 

through continuous re-configuration, reliability and flexibility (internet access from 



multiple locations). The ad-hoc network constraints are: each node is expected to 

achieve high performance, network throughput is affected by system loading, sparse 

networks (few nodes) impose limitations and large networks introduce excessive 

latency. 

    In cellular networks, the whole coverage area of the network is divided into 

hexagonal cells. Each cell is equipped with its own base station, comprising of a 

transmitter, receiver and control unit, its own antenna and a frequency set, as different 

frequencies must be used in adjacent cells to avoid interference. A common scheme 

used in cellular systems is CDMA (Code Division Multiple Access) a spread 

spectrum technique that allows several transmitters to send information over a single 

communications channel using a code assigned to each transmitter. The advantages 

related to CDMA use is frequency diversity, multipath resistance, privacy, and no 

significant performance degradation as more users participate in data exchange within 

the network. However, there also exist drawbacks, such as self-jamming, near-far 

problems and Quality of Service (QoS) degradation as the number of users increase. 

Overall advantages of cellular networks are higher capacity achievement, less 

transmission power (e.g. in small-sized cells, such as pico cells which is the case in 

our study), limited local interference only and robustness due to their centralized 

property, while disadvantages are the need for infrastructure, the necessary handover 

as the mobile user moves from one cell to another, and frequency planning. 

    Contrary to traditional information exchange, caching is developed into many 

online/offline and cooperative schemes and can be performed in both kinds of 

networks, ad-hoc as well as cellular networks. However, we will restrict our study in 

pico-cellular mobile networks. 

 

3. Why Mobility-Aware Caching 

Traditional information exchange schemes involve significant latency and 

connectivity issues, as access to user information depends on reliable connectivity 

between servers and mobile users. Moreover, there exist the issues of backbone 

network congestion that must be alleviated to avoid QoS degradation. Caching allows 

the storage and easy access of frequently accessed data between the mobile users that 

request the information without the intervening of base stations. The caching schemes 

refer to information-centric networks as opposed to host oriented ones. This 

specification prioritizes information content rather than the host requesting the data. 

The concept of caching is simple: we attempt to relieve the use of base stations and 

exchange data between users leaving the utilization of base stations as a worst case 

only when the requested file cannot be found in the users' caches. By doing this we 

achieve reduced overhead, increased overall performance, reduction of heavy load of 

servers and increased reliability, bandwidth saving, latency reduction and improved 

QoE of users exchanging data. It must be stressed that caching can involve static 



patterns while there also exist randomized caching schemes that actually achieve 

superior performance. It is assumed that the users communicate with each other by 

means of a D2D scheme. Considering user mobility in mobility-aware caching, 

introduces new benefits such as delay minimization and energy efficiency [6],[7],[8]. 

Note that this complies to the limited battery life of mobile users. Users can move 

inside the cell and exchange popular information between each other leaving only the 

least popular data to the base stations thus alleviating traffic congestion. A recent 

work [6] verified that due to the fact that user velocity is a crucial parameter to data 

exchange between mobile users, users with high velocity must cache the most popular 

data to address the issue of high contact rate, users with low velocity must also cache 

the most popular data to meet their own requirements whereas users with medium 

velocity must cache the least popular data to avoid duplicate caching. 

   Concerning files stored and subsequently requested by a user, they are divided into 

segments stored in different users' cache. The required number of segments in order to 

ensure successful file recovery depends on the size of the file, but further analysis is 

beyond the scope of this paper. It is important to stress the fact that considering 

mobility thus deriving a certain pattern of the users' mobility successfully addresses 

many open issues compared to fixed network topologies. The concept of mobility was 

presented in the sense that although the following considers only the values of hit 

probability in terms of three distribution, the users are free to change position in 

certain radii areas, as derived in the calculation of the received power of a user 

moving in the respective area. 

We will now focus on an hexagonal pico cell of a cellular network, where mobile 

users, denser in number as we move from the outer to the inner radius, exchange 

information between each other. The mobility model fit for this paper is either the 

random walk model enabling arbitrary movement of users in their pico cell area or the 

temporal dependence model implying correlation of related parameters i.e. user 

velocity. 

 

4. Caching hit probability distributions and pico-cell network analysis 

An important probability metric in cache-enabled networks is the hit probability 

concerning a certain, stored in users' cache file. Before proceeding further, it should 

be clarified that regarding the consideration of a particular caching strategy, the most 

relevant to the analysis of the current paper is either the popularity-based strategy i.e. 

highly popular files cached or even the proactive strategy exploiting users 

relationships in the network. Our definition of the hit probability in the current paper 

involves, the one already present in the literature [9]. Hence, allowing the number of 

cached files to vary, equal to x, we derive the hit probability for three distinct 

statistical distributions: the Zipf distribution the uniform and the normal distribution. 

For the uniform distribution, the hit probability is identical for all files thus equal to 

1/x  assuming equally popular files. It is straightforward that increasing the number of 

files decreases the hit probability as deduced by intuition. Finally, in order to derive a 



probability for a certain file, instead of using the probability integral related Q-

function for the normal distribution case, we make use of an equivalent approximation 

formula (1), as given below [10]: 
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where m is the fading index m≥0.5 and Γ(.) is the Gamma function. Without loss of 

generality we assume that m=0.5. Finally, concerning the Zipf distribution [11] the 

probability is given by the following formula (2): 
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where x is file index N is the total files number and γr is the skewness coefficient 

reflecting the files popularity. At this point, some remarks are necessary. The above 

distribution used for the file caching popularity and hit probability is called a Zipf-like 

distribution, which deviates from the so-called Zipf's law [12], reflected by the value 

of γr. By a value of γr=0.986, thus close to one we arrive at Zipf's law. On the 

contrary, with values from 0.64 to 0.83 we approximate the desired Zipf-like 

distribution [13]. Thus, the difference between Zipf law and Zipf-like probability is 

relies on the value of γr. It is trivial to verify by plots of the Zipf distribution 

probability that the curves are almost identical because of the balance of different 

values of γr and the normalization constant, namely the denominator of equation (2). 

High values of γr denote that few files are most popular, meaning that our server is 

'hot' and the desired balance between distance of users exchanging data and popularity 

of files should be approached by caching the most popular files. On the other hand, 

lower values of the coefficient means more 'diversified' file popularity and thus 

caching of files with different levels of popularity. Finally, it can be easily verified 

that the uniform distribution results from the Zipf distribution formula for value of 

γr=0 and that the difference of assumptions is that uniform case dictates equal hit 

probability for a certain number of files while Zipf-like case sorts cached files by 

decreasing popularity. 

 Proceeding to the simulations producing the probability curves regarding the three 

aforementioned distributions, we choose N=10 files and γr=0.7 (a balanced value 

between the two aforementioned marginal values). The simulations were conducted 

by MATLAB version R2013a. 



 

Fig.1 Probability vs. cached files for Uniform, Zipf-like and normal distributions. 

 

 From Fig.1 above, we derive the optimality of the uniform distribution for N=10 

files, resulting from the equal popularity of the files. Observing the behaviour of the 

curves the optimality is verified but the performance gap we notice slightly decreases 

as n becomes large. 

    The least optimal distribution is the normal distribution. There are two reasons for 

this observation: the first is the approximation error of the formula we used and the 

second is the assumption that must be necessarily made when using the Zipf and 

normal distributions, respectively. 

    The Zipf-like distribution assumes that the files are sorted in decreasing popularity, 

while the normal distribution, characterized by the mean and variance does not 

assume like-wise. An attempt to interpret the consequences of using the normal 

distribution for the hit probability must be made: the variance of the distribution 

indicates how concentrated the values around the mean are, while the mean is the 

symmetry of the distribution. Thus the variance concentration indicates how many 

files are most popular while the mean serves as an index of which is the most popular 

file. 

 We now consider a pico cell involving data exchange with four regions: an inner 

circular area of radius R0=50m, a circular ring between R0=50m and R1=100m, a 

circular ring between R1=100m and R2=150m and an outer circular ring between 

R2=150m and R3=200m. 
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    We will use the following formula (3) that calculates the received power of a 

wireless link: 
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where Pt is the transmission power, hk is equal to exp(1) indicative of Rayleigh fading 

and ||X||ϵR2 is relative to location and equivalent to distance-radius inside the cell. 

Finally, a is equal to the path loss exponent. We derive the minimum and maximum 

power of transmission making the following assumptions [14]: The minimum 

detectable received signal power is derived for a receiver of 100MHz bandwidth, a 

noise figure of 1.5dB in temperature T=290Kelvins and an SNR of 10dB, to be equal 

to -82.5dBm thus equal to 5.6*10-12 Watts. Additionally, the path loss exponent is 

equal to the average value for mobile networks equal to a=4. Thus, from the above 

rearranged formula (4) we calculate the transmitted power: 
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 The relative values of transmission power for the given cell radii are collected in 

the table below: 

TABLE 

Area Zone of Pico Cell Radius (meters) Transmission Power 

0 50 12.8*10-6 W 

1 100 0.2*10-3 W 

2 150 1.04*10-3 W 

3 200 3.3*10-3 W 

  

 The above power levels comply with the typical maximum transmission power of 

30dBm=1Watt. The merit of the above analysis relies on the fact that users 

exchanging data should be denser in number in areas of smaller radius than the 

external ones, as in the former case larger received power is obtained and energy 

efficiency is realized in a greater scale. The argument that one may pose is that the 

received power may be smaller in an area of smaller radius than in one of larger 

radius due to channel impairments i.e. fading, shadowing. However, in this paper it is 

assumed that the received power decreases as we move from the inner radius area to 

the larger radius areas. Bearing the above in mind, caching hit probability increases as 

the users become denser, as it can easily be considered that a file is found to be 

cached in a mobile user with higher probability. 

 

5. Extension to Compressive Sensing Sparsity Concept 

We will now extend our analysis to the sparsity concept relative to the field of 

Compressive Sensing [15]. The key assumption we make is the probability p that a 

file is cached in a user's cache and not cached with probability 1-p, hence a Bernoulli 

distribution scenario. A brief comment regarding this Bernoulli distribution 



assumption is that the consideration of more than two possible outcomes could be left 

as future work. For n cached files and N-n not cached with N=10 files, the probability 

of a certain scenario (5) is given by: 

                            nNn

TOT ppP


 1                              (5) 

 The sparsest scenario in our case is that n<<N files are cached and the densest 

scenario is that n≈N files are cached. We now proceed to the observation that as n 

decreases pn
1 thus PTOT=(1-p)N, whereas as n approaches N then (1-p)N-n

1 thus 

PTOT=pN. We will proceed now to the comparison of the two above pairs of equivalent 

based on sparsity equations and conduct simulations from which the convergence of 

the curves in the graphs resulting by the simulations, is easily validated. As the 

convergence is based on the value of n as it approaches small decimal values or 

number N the curves tend to coincide. 

    We simulate equation (5) for n=1 in Fig.2 below: 

 

Fig.2 Total and equivalent total Probability for n=1. 

 As the number of cached files decreases, the peak introduced in the plot regarding 

the total probability shifts towards lower values of probability p. The above plot 

considers the sparsest case in our scenario. Although there is a significant gap, the 

convergence can be easily observed if we consider the following assumption we made 

previously that each file is divided into segments with n being not necessarily integer 

but can take decimal values. Thus, assuming n=0.2 the corresponding simulations 

produced the two curves below Fig.3:  
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Fig.3 Total and equivalent total Probability for n=0.2. 

The densest scenario is for n=9. By similar simulations we derive the following graph 

Fig.4: 

 

 

Fig.4Total and equivalent total Probability for n=9. 

 Following the same concept we take n=9.8 and from (5) we conduct similar 

simulations resulting and produce Fig.5. Though there is an observable gap it is easily 

verifiable that as nN thus N-n0 the two curves converge. 
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Fig.5 Total and equivalent total Probability for n=9.8 
 

 
6. Conclusions and Future work 
 
 
In view of the rapidly evolving future 5G wireless communication systems emerging 

in information data exchange, this paper performs a cache-enabled pico-cell network 

analysis, in terms of the hit probability defined as the probability of a specific file 

request and successful delivery to the user destination. Caching alleviates backhaul 

traffic congestion, enabling data exchange between (mobile) users. The statistical 

distributions considered are: uniform, Zipf-like and normal distribution. By the results 

of the simulations conducted we compare the hit probabilities in terms of these three 

distributions and provide further interpretation. These results are particularly required 

to ensure reliable caching of data, thus ensuring efficient content delivery. Regarding 

the inner area of a pico cell, the transmission power levels derived are compliant to 

the typical maximum transmission power of a pico-cell equal to 30dBm=1Watt. The 

key conclusion is that mobile users must be denser in number in areas of small radii, 

as reflected by achieving energy efficiency and increased cached file hit probability. 

The paper concludes with an extension of the analysis based on the CS theory sparsity 

concept, assuming that the probability that a file is cached is equal to p and not cached 

with probability 1-p. The simulation results validate the convergence of the total 

probability expressions to the equivalent, based on sparsity scenario, equations. 

    Open issues to be addressed in future work involve cellular networks of larger 

radius (e.g. micro or macro cells) with random or coded caching performed by mobile 

users within a cell, as well as caching information capacity and the optimal way to 

exploit it in data exchange scenarios. Furthermore, cooperative caching should also be 
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addressed as well as the design of robust efficient algorithms and improvement of 

delay and Quality of Service. 

    Finally, a great challenge is the derivation of not a static but time-variant 

distribution for file hit probability or popularity in terms of the mobile users case. 
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