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 When an area is highly populated with Machine-to-Machine devices and all 

these devices attempt to access the Random Access Network Simultaneously, 

congestion is created on the network which degrades the performance of the 

network to other users. In this paper, the researchers are seeking to improve 

network accessibility by deploying more Femtocell into the network. They 

engaged the use of Extended Access Barring to restrict the M2M devices 

from accessing the network via macrocell eNB when a minimum load 

threshold is attained, thereby preventing the macrocell eNB from being 

congested. Deploying these Femtocells underneath the macrocell eNB comes 

with the issue of Inter-Cell Interference which nullifies any gains made by 

this deployment. The researchers employed Fractional Frequency Reuse and 

Complete Frequency Reuse schemes to mitigate the negative effects of ICI to 

augment the throughput of the network, improve the system capacity and 

enhanced the user experience within the network. 
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1. INTRODUCTION 

The increasing demand for high data access network coupled with ubiquitous connectivity 

necessitated the commissioning of Long Term Evolution (LTE) which evolved into  Long Term Evolution 

Advanced (LTE-A). The LTE primary objective is to improve system capacity, coverage area, low latency, 

reduce operational cost, flexible bandwidth operation and seamless integration of the existing systems [1]. 

The LTE-A on the other hand mainly targets improving the efficiency of the spectrum per unit area of the 

existing systems. This can be accomplished by supporting the deployment of low power rated Heterogeneous 

Network (HetNet) comprising of Microcell, Picocell, Femtocell and Relay Nodes underneath the Macrocell 

eNB lay out to improve the spectral efficiency per unit area and to enhance the user experience within the 

network [2], [3]. With the envisioned smart cities projects it is expected that more machine to machine 

(M2M) devices will be introduced into the existing cellular network [4]. It is projected that by the end of 

2020 there will over 50 billion connected devices [5], [6]. When an area is highly populated by M2M devices 

and all these devices try to access the network simultaneously congestion is created on the network, which in 

turn degrades the performance of the network. One way to mitigate this problem is by injecting more access 

points into the network, and this can be done by deploying HetNet underneath the macrocell eNB [7]. 

The M2M communication devices are expected to be the focal point around which the future Internet of 

Things (IoT) is expected to be built. 

Both LTE and LTE-A are built on Orthogonal Frequency Division Multiple Access (OFDMA) 

technology. In OFDMA, transmission and multiple access techniques are combined in the downlink (DL). 

The bandwidths in OFDMA systems are splitted into multiple sub-carriers for parallel transmission of data. 

These sub-carriers are mutually orthogonal to mitigate the effect of inter-carrier interference (ICI). 
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By employing suitable cyclic prefixes, ICI and inter symbol interference (ISI) can be completely 

eliminated [8]. The major challenge in LTE/LTE-A is the issue of inter-cell interference or co-channel 

interference (CCI) which limits the performance of the network especially for users along the cell edges 

zones [9]. Fractional Frequency Reuse (FFR) has recently emerged as an appropriate technique to combat the 

effect of inter-cell interference in LTE/LTE-A based HetNet [10], [11]. 

This paper considers, incorporating femtocell base station underneath the macrocell evolved Node 

Base station (eNB) to improve the capacity of the cell and to resolve the Random Access congestion by 

allowing the M2M devices to access the network via the femtocell by employing Complete Frequency Reuse 

(CFR) management scheme. Since the macrocell eNB has a much stronger signal than the femtocell, most of 

the M2M devices will want to access the network through the macrocell eNB other than the femtocell. 

Adaptive access class barring mechanism will be employed in the macrocell eNB, once a certain minimum 

threshold value is attained, class access barring is then activated to prevent any further use of the macrocell 

eNB by the M2M devices [12], [13]. 

The rest of the paper is organised as follows: Section 1.A gives an overview of some related works. 

Section 2 discusses the resource allocation scheme to be employed in this work. Section 3 presents a 

mathematical analysis of the system capacity, success probability of access gain and the probability of 

collision as the number M2M device increases. Section 4 presents the analysis of the simulation output 

results and finally section 5 concludes the paper. 

In [14] interference avoidance scheme was proposed in WiMax networks comprising of femtocells. 

Frequency was allocated dynamically taking into account the users bandwidth requirement. The objective 

was to reduce interference, thereby improve network system capacity. The drawback was that the femtocells 

were operated and managed by individual owners. In [15] various Frequency resuse schemes in LTE 

networks were examined to overcome intercell interference. Fractional Frequency Reuse and Two Level 

Power Control (TLPC) schemes were employed to ensure suitable inner ratio and power ratio were 

providered. Best performance was attained when fair throughput was assumed and intercell interference was 

reduced considerably. In [16] the impart of FFR in WiMax networks was studied and the result was that 

when FFR with a reuse factor 3 was implemented, it reduced intercell interference at the cell edge zone better 

with a corresponding increase in throughput as compared those with reuse factor 1. In [17] the performance 

of FFR was analysed in terms of user allocation. Three method of zones allocation were considered, SINR-

base, Distance-base and load-balance method. New methods emerged when SINR was combined with load-

balance and SINR combined with user assigned per load available. Combing these two gave better 

performance then when SINR or distance was considered individually. 

 

 

2. RESOURCE ALLOCATION 

This section compares the two resource allocation schemes to be used in assigning the available 

resources between the macrocell eNB and the femtocells. The Fractional frequency Reuse scheme divides the 

coverage area of a cell into two; the inner zone and outer zone. In the Complete Frequency Reuse Scheme the 

entire available bandwidth is shared among the neighbouring macrocell eNBs and the femtocells are 

distributed among the eNBs in such a manner that a femtocell in a particular cell can use the bandwidth of all 

the neighbouring cell exception of the cell in which it is located. 

 

2.1.   Fractional frequency reuse (FFR)  

The FFR scheme was developed to overcome the limitation of the conventional frequency reuse 

scheme. In the FFR scheme, the eNB coverage area is divided into inner and outer zones where a portion of 

the available bandwidth is assigned to the inner zone with a reuse factor of one (RF=1) and the remaining 

bandwidth assigned to the outer zone with a higher reuse factor say three or higher. The cells in the outer 

zone are arranged in such a manner so as to eliminate the effect of such inter-cell interference from 

neighbouring cells [18] as shown in the Figure 1. This scheme permits the allocation of identical power level 

in the downlink at high data rate [19]. One very important characteristic of this scheme as pointed out 

in [20] is that the radius of the inner zone macrocell eNB must be at most 0.65 times the radius of the outer 

zone macrocell eNB and must be uniformly distributed to ensure throughput maximization [21].  
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Figure 1. Fractional frequency reuse scheme 

 

 

2.2.  Complete frequency reuse (CFR) scheme 

In this scheme, the total available bandwidth is share among the neighbouring eNB cells with a 

reuse factor of say seven (RF=7). The Femtocell are distributed among these eNB in such a manner that a 

femtocell in any particular eNB cell can use the bandwidth of all surrounding eNB cell except the eNB cell in 

which it is located. The CFR scheme is superior to the FFR in the sense that it overcomes the limitation of 

FFR. In the CFR, the frequency band in the outer zone can be partitioned into any number of sub-bands, this 

way interference with neighbouring cells is avoided. This provides flexibility in the sub-band allocation in 

the outer zone which is very important in the real-life network condition. Complete Frequency Reuse Scheme 

shown in Figure 2. 

 

 

 
 

Figure 2. Complete frequency reuse scheme 

 

 

3. PROBLEM FORMULATION 

This section presents a mathematical model of the system in terms output probabilities. 

 

3.1.  System Capacity 

The capacity for M2M on LTE-A system may be defined as the maximum number of successful 

request granted in accessing “M” resources in a single slot [22]. There are 64 possible resources available in 

each slot [23]. The capacity of eNB can be calculated as adopted from [24].  
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where M represents the number of resources available to the eNB. Likewise the capacity of the Femtocell can 

be presented as  
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where MFC represents the resources assigned to the femtocell. In the FFR scheme since the total available 

bandwidth is shared between the eNB in the inner zone and the femtocell in the outer zone as depicted in the 

Figure 1 of the FFR scheme. The total resource is given by  
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The capacity of the FFR scheme is therefore given as 

 

     *   (
 

   
)+
  

 (  
 

 
)
*   (

 

   
)+
  
  

     (4) 

 

CFFR=C as in Equation (1). If there are β numbers of eNB in the FFR scheme, then the capacity can be 

obtained by 

 

                 (5) 

   

In the CFR scheme however, the femtocell in any particular eNB uses all the available bandwidth in 

the neighbouring cells except the very eNB cell in which it is located. The CFR scheme therefore has the 

capability to improve the system’s capacity. The capacity of the femtocell is given in (2) as 
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If there are N Number of femtocells in each eNB cell and if the femtocell have the same resources as the 

eNB. Then the capacity of CFR scheme is obtained by  

 

     (     )           (6) 

 

But the capacity of the femtocell is the same as the capacity of the eNB 
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If there are β eNB cells, then the capacity of the CFR is obtained by 

 

     (   )            (8) 

 

The capacity of the CFR scheme has outperformed the capacity of FFR and the legacy LTE system. 

 

3.2.  Probability of success in random access channel gain 

When an area is highly populated with M2M devices, congestion is created on the RACH which in 

turn degrades the performance of the network when all the devices attempt to access the network 

simultaneously. This harmful effect can be mitigated by injecting more access (Femtocells) points into the 

network and allowing the M2M devices access to the network through these Femtocells. In the LTE-A 

cellular network, probability of a device gaining access to the RACH is given by 
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where M and V represent the number of available resource assigned to the eNB and the number of users 

respectively. In the Femtocell base station, the probability of a device gaining access to the RACH is 

given by 
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where MF and VF represent the resources assigned and number of users on the femtocell respectively. Now if 

there are N femtocells in each eNB, then the probability of a M2M device successfully gaining access to the 

RACH is obtained by 
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To demonstrate that M2M devices have more success probability when deployed in the Femtocell 

than when they are deployed in the eNB without degrading the performance of the network.  
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List of four cases to drive home this point: 

a. Case 1 

The resources assigned to the Femtocell are less than those assigned to the eNB, but the number of 

users on the femtocell is equal to the number of users on the eNB. Thus MF<M, VF=V, by inputting these 

into (18). 
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b. Case 2 
The resources assigned to the femtocell are equal to those assigned to the eNB and the number of 

users on the femtocell is equal to the number of users on the eNB. Thus MF=M and VF=V, by inputting these 

into (18). 
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c. Case 3 
The resources assigned to the femtocell are equal to those assigned to the eNB, but the number of 

user on the femtocell is less than the number of users on the eNB. Thus MF=M but VF<Vputting these 

into (18). 
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Since MF=M 
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This represents the ideal situation since the femtocells have a smaller coverage area and therefore 

the number of users is less than those on the eNBs, even though they may have the same resources assigned 

to them as those assigned to the eNBs. 

 

d. Case 4 
The resources assigned to the femtocell are less than those assigned to the eNB and the number of 

users on the femtocell is also less than the number of users on the eNB. Thus MF<M and VF<V.  

Here  
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since MF<M, it can be concluded that  
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3.3.  Collision probability 

Probability that a device will experience collision on the RACH with other device is expressed as 
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Considering that N number of femtocell are deployed in each eNB, the probability collision is expressed as  
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To demonstrate that with the injection of Femtocell, the probability of collision is less than that of the LTE-A 

system 
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The above expression can be simplified as  
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4. PERFORMANCE ANALYSIS 

Figure 3 gives a comparison between the CFR and FFR schemes and how the number of users can 

successfully gain access to the Random Access Network (RAN) improves the accessiblity and thereby 

increasing the capacity of the network. It can be observed from the first plot of Figure 3 that the capacity 

(in terms of number of users) for the Fractional Frequency Reuse Scheme to the number of eNBs was linear. 

However that Complete Frequency Reuse is an improvement on that of Fractional Frequency Reuse by a 

factor of (N+1). Where N is the number of femtocells underneath each eNB. This result is an improvement 

on the use of sector antennas and/or fixed frequency assignment in that when the available bandwidth is 

divided amongst the various sector antennas this limits the systems capacity. Again with the fixed frequency 

assignment when a bandwidth is to any particular sector and it is not utilized it goes waste. This technique 

therefore offers an effective utilization of the available bandwidth especially to the cell egde zone users and 

the results obtained are fairly similar to those FFR with power level control except that its implementation is 

simpler.This technique also eliminates the computational complexities associated with dynamic RAN 

methods. From the onset of this technique the M2M devices can access the network through both the eNBs 

and the femtocells, once a certain minimum threshold number is attained on the eNBs the access barring 

mechanism is actuated to prevent the eNBs from being congested and thereby degrading the performance of 

the eNBs. Meanwhile the M2M devices can continue to access the network through the Femtocells. This 

implies that the accessibility and capacity of the M2M communication systems can be improved by injecting 

more femtocells into the network. 

Figure 4 depicts the successful probability of a device gaining access to the RAN via femtocells. 

When an area is highly populated with M2M devices, the possibility of a device gaining access to the RACH 

becomes very small. With the injection of more HetNet (femtocells) into the network, the possibility of a 

devices gaining access to the network increases. Since the femtocells have smaller coverage area as 

compared to the eNBs. It is expected that the number of users on the femtocell must also be small, even 

though the number of resources assigned to the femtocell are the same as those assigned to the eNBs. 
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Figure 3. Comparison of channel capacity gain between FFR and CFR 

 

 

 
 

Figure 4. Probability of successful RACH access gain via Femtocell 

 

 

The number of users on the femtocells is expressed as a percentage of the number of users on the 

eNBs. It can be inferred from the plots of Figure 4, that when the number of users on the femtocell is low the 

possibility of a device gaining access to the network was high. As the number of users on the femtocell 

increases the possibility of a user device gaining access to the network decreases. This trend continued until 

such a point that the number of users on the femtocell becomes equal to that of the eNB (ie Kh=K) when the 

success gain is completely lost in which case the performance of the Femtocells become equal to the eNB. 

Figure 5 depicts the probability of collision for M2M devices accessing the network. In the first two 

instances, the M2M devices accessed the network solely through the macrocell eNB with a network capacity 

of 90% and 80% respectively. The third instance depicts the probability of collision when M2M devices 

accessing the network are evening distributed among the macrocell and two femtocells. The fourth instance 

depicts the probability of collision when M2M devices accessing the network are evening distributed among 

the macrocell eNB and three femtocells. From the aforementioned results, it can be observed that for M2M 

devices accessing the network solely through the macrocell eNB, the probability of collision was very high. 

However, when the femtocells were injected into the network and the M2M devices were allowed to access 

the network through both macrocell eNB and the femtocells the probability of collision was significantly 

reduced. 
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Figure 5. Probability of collision in RACH via femtocell 

 

 

5. CONCLUSION 

From the ensuing analysis it can be concluded that when an area is heavily populated with M2M 

devices and all these devices attempt to access the cellular network simultaneously, thus congestion is created 

on the random access channel which adversely affects the performance of the network not only for the M2M 

devices but also H2H users. By employing Complete Frequency Reuse scheme one can assign resources 

independently to the femtocells which enable the M2M devices to gain access to the random access network 

through the femtocell.The adverse effect of many M2M devices attempting to access the network 

simultaneously can be mitigated by injecting more femtocells into the network to improve the possibility of a 

device gaining access to the network as well as improving the system’s capacity and thereby avoiding the 

probability of a device colliding with other devices on the random access channel. This method overcomes 

the problem of the convention Fractional Frequency Reuse scheme in which the system’s capacity decreases 

when the channel resources are shared among the contending sections. Again this method inproves the 

system’s capacity by a factor of (N+1) and is devoid of computational complexity associated with the Two 

Level Power Control (TLPC) scheme. Here since the Femtocells are deployed by the network operator it is 

easy to implement. 
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