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ABSTRACT  

A vital goal for communication operators is the need to provide communication resource to available consumers 

irrespective of their location. The traditional macro-only network have been proved ineffective when 

communication signal is required for users located in the cell edge and a certain distance away from the macrocell 

base station. This is because of excess attenuation of the signal due to fading and shadowing. Multipath fading and 

shadowing are major causes of performance degradation in mobile communication systems. This phenomenon 

which arises as a result of propagation effects (like scattering, diffraction and reflection), renders the traditional 

macro-only network communication with users far away from the macrocell base station and located in the cell 

edge less effective. The deployment of femtocells around the cell edge of this macrocell helps to reduce the effect of 

fading and shadowing thereby increasing the overall efficiency of the cellular network. Numerical simulation 

carried out for the macro-femto heterogeneous network using MATLAB shows how the effect of fading and 

shadowing was reduced. This holds a great promise for adaptive space-based wireless sensor networks, formation-

flying satellites and constellations. 
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1. INTRODUCTION 

The presence of multiple paths is due to atmospheric 

scattering and refraction, or reflections from buildings 

and other objects [1]. This effect leads to degradation 

in the available communication resource for the data 

users. With the rapid evolving of the Wireless 

Industry, with vast developed and deployed 

infrastructure for providing many communication 

services for the data hungry users [2], user activities 

such as Voice over IP (VoIP), ultra-broadband access, 

real-time and streamed multimedia, gaming services 

and many other such activities has increased and 

hence requires increased bandwidth for flawless 

communication with high spectral efficiency [3]. The 

spectral efficiency, as an important measure of the 

performance of a communication system that deals 

with the effective transmission of data, must be 

properly maximized as a result of scarcity and high 

cost of available radio spectrum.  

This efficiency must also be maximized at any given 

location of mobile users for a seamless 

communication. Any new communication strategy 

must be designed to use the available spectrum in the 

most efficient way in addition to providing optimum 

communication resources for the ever increasing 

users [4]. As mobile users increase, the pressure on 

the available communication spectrum also increases. 

This is as a result of huge data traffic caused by high 

data rate device users mostly situated within the 

mobile station, leaving users in the cell-edge with 

extremely poor reception of the communication 

resources from the base station.  

To address these challenging necessities by way of 

improving coverage, capacity and deployment costs, 

heterogeneous network transmission techniques [5–

7] are regarded to be one of the most promising 

solutions. A crucial part of these techniques will be 

how to significantly improve the capacity of users in 

the cell edge through the deployment of low-power 

and low-cost Femtocells [3] within and around the 

main macro cellular infrastructure. This is referred to 

as two-tier Heterogeneous network [8–10].  
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This paper considers the effect of multi-path fading 

and shadowing on the Area Spectral Efficiency (ASE) 

of this two-tier heterogeneous network in uplink 

called the Macro-Femto Feterogeneous Network 

(MFHN). The remaining part of this paper is 

structured as follows: Section 2 gives the overview of 

heterogeneous network; Section 3 describes the 

system model; Section 4 presents the simulation and 

discusses the results; Section 5 concludes. 

 

2. OVERVIEW OF HETEROGENEOUS NETWORK (HN) 

 
2.1 Cellular Network Overview 

Fig. 1 shows a simplified diagram of a wireless mobile 

network transmitting with a macro base station. The 

signal is sampled and digitized after which it is 

encoded in binary form for modulation. The mobile 

transmitter transmits the modulated signal to the 

receiver of the base station in the uplink. The base 

station further determines the destination of the 

signal and then amplifies the signal for transmission 

to the receiving mobile device in the downlink. The 

mobile receiver receives the signal, demodulates it to 

its required form to ensure the decoding of the binary 

message. The decoded message is then forwarded to 

the output which could be the speaker of the mobile 

unit. 

 
Fig. 1. A simplified cellular network transmission [11] 

 
Fig 2. HN utilizing a combination of macro, pico, femto 

and relay base stations [15] 

 

 

 

2.2 Heterogeneous Network Concept 

Heterogeneous network is a network that consists of a 

combination of macrocells and low-power small cells 

e.g. Femtocells, Picocells, Distributed Antenna, Relay 

Node (RN) and Remote Radio Head (RRH). A cellular 

system that contains both macrocells and femtocell is 

referred to as a two-tier heterogeneous network 

(macro-femto) system. The small cell deployment 

shares the traffic load of macrocells whilst alleviating 

the capital and operational expenditures (CAPEX and 

OPEX) of macrocell base Stations [6, 14]. Moreover, 

the mobile users located within a given small cell 

enjoys high quality transmission due to their short 

distance from the serving Base Station, hence ensuring 

enhanced network capacity. 

A breakdown of a typical heterogeneous network mix 

as shown in Fig.2 is given below: 

 Macrocells: These are generally designed to 

provide wide coverage and are made up of a high 

power base station. They are usually very high in 

height and costly to install. 

 A Micro/Pico cell is a cell in a mobile phone 

network served by a low power cellular Base 

Station that covers a small area with dense traffic 

such as residential areas, universities, shopping 

mall, a hotel, or a train station. It has a coverage 

range of few hundred metres. Usually about three 

microcells can cover the same range of a singular 

macrocell. 

 Femtocells are smaller cells spanning only a few 

metres. They are generally connected to a private 

owners’ cable broadband connection or a home 

digital subscriber line (DSL). Femtocells because 

of their size are much more power efficient in 

providing wider coverage. An advantage of 

femtocells is their ability to use higher frequency 

bands suitable to provide high data rates. 

Femtocells also offer a cheap installation cost 

option as users can install them without a service 

provider. 

However, deploying too many smaller cells around the 

cell edge of the macrocell may reduce the overall area 

spectral efficiency of the macrocell Base Station, 

causing the macrocell base station to operate under 

low load conditions. A careful analysis of various 

arrangement schemes should be done in order to find 

how to best deploy such smaller cells. 

 

3. SYSTEM MODEL AND ANALYSIS 

From Fig. 3, the first tier of the case study 
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heterogeneous network comprises the macro-only 

network in which the carrier frequency is re-used at a 

minimum distance D [m]. This first tier also 

comprises of a circular macrocell of radius 
mR [m] 

with a base station made up of an omni-directional 

antenna. The user is considered to be randomly 

located within the macro-cell bounded by 
oR and 

mR

where 
oR is the minimum distance a user can be with 

reference to the macrocell base station. 

 

 
Fig. 3: Femtocells distribution at the cell edge in the 

Macro-Femto network. [16] 

 

The second tier heterogeneous network is made up of 

N circular femtocells each of radius 
nR [m] with low-

powered low-cost user deployed femto base station at 

the center. The femtocells are deployed round the 

edge of the reference macrocell. This is also referred 

to as the Femto-On-Edge (FOE) configuration in [16]. 

For the simulation, the number of femtocells per 

macrocell, N, is given as: 

   
  

  
                                                                         

where 
mA is the area of the macrocell, nA is the area of 

each of the femtocells and  is referred to as the 

femto population factor (FPF) which controls the 

number of femtocells per macrocell.  

 

3.1 Spectral Efficiency of Wireless Networks 

Spectrum efficiency is the enhanced use of limited 

available spectrum or bandwidth so that the 

maximum amount of data can be transmitted with 

minimal transmission errors. In mobile 

communication, the spectrum efficiency is the 

maximum number of users per cell that can be 

accommodated while sustaining an acceptable quality 

of service [16, 17]. 

In [18], a performance based analysis of spectral 

efficiency of macro cellular system is introduced 

which is known as the area spectral efficiency defined 

as sum of mean achievable rates per unit bandwidth 

per unit area. Mathematically, 

    
∑   

  
   

        
                                                  

Where Ns is the total number of active serviced 

channels per cell,    [b/s] is the maximum data rate of 

the kth user, D is the frequency re-use distance and W 
[Hz] which forms a critical part of this research is the 

assigned bandwidth per cell. 

 

3.2 Bandwidth Allocation 

In this paper, co-channel allocation of the bandwidth 

is used. Here, the users all share the same frequency 

channel without any partitioning. This is to say that: 

Wm = Wf  = W                                                    (3) 

where
mW  is the bandwidth for the macrocell users, 

fW is the bandwidth for the femtocell users and W is 

the total available bandwidth. The macrocell and the 

femtocells share all the communication resources 

available. For simplicity, the channel is assumed to be 

serving only one user at a time for the both tier. The 

bandwidth is re-used throughout the macrocell 

network at a distance             where 
uR is 

the network traffic load with a value of 2 for a fully 

loaded cellular network. 

 

3.3 Mobile User Distribution 

The mobile users in the macrocell, femtocell and 

interfering cells are assumed to be independent and 

uniformly distributed in their cells. The joint 

probability density function (PDF) of the macrocell 

users at any location ( , )r   from its serving macrocell 

base station is given as 

       
    

         
       

 

  
                       

 

Where                and           

For the femtocell users at any location ( , )r  from its 

serving femtocell base station, the PDF is given as: 

   ̅    
 ̅

    
     ̅  ̅  

 

  
                                     

where    ̅     and    ̅    . 

http://searchenterprisewan.techtarget.com/definition/bandwidth
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3.4 Shadowing 

This models the signal power at same T-R separation 

but at different locations. Shadowing is caused by 

obstacles like building that affect signal power 

through reflection, scattering, and diffraction. This 

effect also varies geographically. The modelling of this 

effect on communication systems is usually random as 

desired mobile user’s experiences this effect randomly 

due to motion or change in environment. The 

shadowing is modelled as a lognormal distribution 

with the probability density function (PDF) of the 

slowly varying received signal power given as: 

      
 

√    
exp( 

  ln       

   
)             

 

where  =10/ln 10,  =      ̅ 
 is the logarithmic 

mean power in dB,  is the shadow standard 

deviation in dB. 

 

3.5 Fading 

Mobile channel is characterized by two types of fading 

effect: 

i. Large-scale fading  

ii. Small scale fading 

Large-scale fading is the slow deviation of the mean 

signal power over time. This is basically dependent on 

the existence of obstacle in the signal path and on the 

relative position of the mobile user. This slow 

deviation is modelled as having lognormal 

distribution. Small -scale fading is basically of two 

types: Rayleigh or Rician fading which are dependent 

on the number of reflective paths encountered. 

Rayleigh fading occurs if the reflective paths are large 

in number and there is no principal line-of-sight (LOS) 

propagation path. Rician fading occurs when there is a 

principal LOS path. This is modelled using the slow 

varying flat fading channel. It is assumed that the 

fading environment is characterized by a Nakagami-m 

distribution with the probability density function 

(PDF) of the received signal power given as: 

      (
 

 
)
     

    
exp  m

 

 
                     

 

where m is the Nakagami fading parameter,  is the 

mean received power related to path-loss and 

shadowing, (.) is the gamma function. 

 

3.6 Area Spectral Efficiency 

The Area spectral efficiency is defined as the sum of 

the maximum available rates per bandwidth per unit 

macro-cell area. For the two tier network being 

considered, mathematically the ASE can be expressed 

as [16, 17]: 

               
 (          )

    
         

                         

Wm is the bandwidth of the macrocell, Wf is the 

bandwidth of the femtocell, Cm is the spectral 

efficiency (Capacity) of the macrocell, Cf is the capacity 

of the femtocell and N is the number of femtocell 

deployed. 

From the earlier assumption in equation (1) this 

equation reduces to 

               
 (      )

   
          

 
                        

 

4. SIMULATION AND RESULTS 

A Monte-Carlo simulation procedure is established for 

the given system parameters. 

Table 1: Simulation parameters values 

Simulation parameters Femtocell Macrocell 

System bandwidth 20 MHz 
Cell radius 30 m 100-600 m 
Path-Loss Exponent 2 2 
Additional path-loss exponent 2 2 
BS antenna height 5 m 25 m 

Mobile User antenna height 1.5 m 1.5 m 
Femto Population Factor,   1 

Reference distance 100 
Path-loss constant, K 1 
Maximum transmit Power 10 Watt 

Reference distance, Ro - 
100  

 
4.1 Area Spectral Efficiency with Shadowing 
In this section, the effect of shadowing is investigated. 

Shadowing occurs due to objects obstructing the 

relative propagation path between the transmitter 

and receiver. For long distance propagation, the 

received signal is modelled as a log-normal 

distribution with values in dB. A case of light 

shadowing ( I =4 dB) and heavy shadowing ( I =6 

dB) are considered. 

Fig 4 shows the effect on the area spectral efficiency 

for a shadowing parameter of 4dB. From Fig. 4, a 

lognormal shadowing parameter of 4 dB reduces the 

ASE for the macro only. For the macro-femto network, 

shadowing effect is negligible. In Fig. 5, an increase in 

the shadowing parameter to 6dB further reduces the 

area spectral efficiency of the macro-only network. 

The area spectral efficiency of the macro-femto 

network is minimally affected.  
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Fig. 4. Effect of shadowing on the area spectral efficiency for 

I =4 dB 

 
Fig. 5. Effect of shadowing on the area spectral efficiency for 

I =6 dB 

 

Fig. 6. Effect of fading on the area spectral efficiency for 
Im

=1 

 

Fig.7. Effect of fading on the area spectral efficiency for 
Im

=3 

 

Comparing Figs. 4 and 5, the lower effect of shadowing 

on the macro-femto network can be attributed to the 

deployment of the low powered femtocells at the cell 

edge which provides the platform of signal reception 

for the cell-edge user rather than receiving 

communication signal directly from the traditional 

macro base station which is subject to more 

shadowing effect. 

Furthermore, the deployment of the femtocells 

provides the medium for cell-edge users’ connection 

to the network thus reducing the traffic on the 

traditional microcell network. This leads to less 

shadowing experienced over the macro-only distance, 

hence improving the quality of the over-all macro-

femto network. 

 

4.2. Area Spectral Efficiency with Fading 

Fading is the distortion to communication signal as it 

is being propagated through certain propagation 

medium. This distortion may be as a result of multiple 

reflection of transmitted signal from various surfaces 

leading to a multipath propagation of the transmitted 

signal. This effect is considered for mobile users 

situated in the cell edge where they are prone to 

excessive fading on the communication signal from 

the traditional macrocell base station. 

From Fig.6 and Fig. 7, as the interfering mobile user 

increases from 
Im =1 to 

Im =3, the degradation on a 

Macro-only network reduces the spectral efficiency 

when compared with the Macro-Femto 

Heterogeneous network. There is negligible effect of 

the fading on the Macro-Femto Heterogeneous 

network. In a deep fade scenario, the Macro-Femto 

network performs better than the Macro-only 

network as the radius of the macrocell is increased. 

 

5. CONCLUSION 

In this paper, a two-tier heterogeneous network in 

uplink called Macro-Femto Heterogeneous Network 

(MFHN) has been proposed. The system model of the 

Macro-Femto network is presented and analyzed, and 

its comparative advantage discussed. Using MATLAB 

and a Monte-Carlo simulation process, the effect of 

fading and shadowing on the area spectral efficiency 
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of the macro-femto network (MFHN) was 

investigated. A comparative analysis was also carried 

out with a macro-only network. Using shadowing as 

metric, it was observed from the simulation results 

that, the effect of shadowing on the area spectral 

efficiency of the macro-femto network was negligible 

compared to macro-only network (with or without 

shadowing). Using fading as metric, it was also 

observed from the simulation result that, the effect of 

fading on the area spectral efficiency of the macro-

femto network was negligible compared to macro-

only network (with or without shadowing). Finally, 

this paper has established that with increase in the 

interfering mobile user, shadowing and fading reduces 

the spectral efficiency on a Macro-only network while 

their effect on the Macro-Femto Heterogeneous 

network is negligible. 
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