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1 INTRODUCTION 
ANY next-generation cellular systems have adopted 

Orthogonal Frequency Division Multiple Access (OFMDA) to 
satisfy the increasing demand for mobile subscription services  
[1]. For instance, Long-Term Evolution Advanced (LTE-A) 
uses OFDMA as its downlink access scheme. OFDMA is 
desirable for cellular applications that require an effective 
radio resource management (RRM) scheme because it is 
effective and flexible in allocating radio resources and is 
resistant to frequency selective fading. Additionally, because 
of the orthogonality of the subcarriers, OFDMA does not have 
intra-cell interference. However, inter-cell interference (ICI) 
remains a big problem because of the adoption of highly 
spectrally efficient universal frequency reuse schemes [2]. 
Mobile stations (MSs) found at the edge of the cell are the 
most severely affected by ICI, leading to reduced quality of 
service (QoS) levels for these users. Unfortunately, 
implementing less aggressive frequency reuse schemes 
reduces ICI levels while lowering spectral efficiency. A large 
number of ICI control (ICIC) techniques have been reviewed 
in literature. Most were used in reducing the high levels of ICI 
experienced by cell-edge users while still achieving high 
spectral efficiencies. One such popular ICIC strategy is 
fractional frequency reuse (FFR). FFR provides an acceptable 
trade-off between achieving high spectral efficiency and 
improving cell-edge throughput  [3]. Cells are split into two 
layers when using the conventional FFR technique. The 
resulting layers are known as the inner andouter layer. These 
are also called the cell-center area and cell-edge area, 
respectively. The MSs in the inner layer have a low frequency 
reuse factor (usually reuse-1), while MSs in the outer layer 
have a higher frequency reuse factor, e.g. reuse-3. FFR 
therefore attempts to leverage on the different experiences of 
ICI in the inner layer and outer layer by granting a high 
frequency re-use factor for the inner layer, where ICI is more 
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prone, while the outer layer, where ICI is less prone, gets a 
lower frequency re-use factor. Notwithstanding the ICIC 
method used, to further improve the spectral efficiency, 
channel-aware schedulers can be used [2]. These are 
schedulers that use the ideal instantaneous channel state 
information (CSI), received as feedback from the UE, to make 
scheduling decisions. The maximum signal-to-interference-
plus-noise ratio (MSINR) and the proportional fair (PF) 
scheduler have become quite pertinent in modern cellular 
networks [5]. The MSINR scheduler optimizes the spectral 
efficiency of the system while lowering fairness among UEs. 
The proportional fair scheduler, however, provides an 
acceptable compromise between fairness and spectral 
efficiency [6]. Though they are simple and efficient, 
conventional FFR schemes have a major drawback: their 
configuration is fixed. The cell-center size, cell-edge regions 
and the number of frequency resources allocated to these 
regions is predetermined and does not change with cell-load 
variations. This rigidity reduces the gains that could be made 
by FFR and may lower its spectral efficiency. In an unequal 
cell-load environment, for example, cell-edge regions may 
have few frequency resources while cell-center regions have 
too many. This unfairness in resource distribution typically 
leads to low throughput and fairness for users at the cell 
edges. There is, therefore, need for a dynamic FFR scheme 
that can adapt to the varying and unequal traffic load within 
each cell. We target to improve the throughput experienced at 
the cell-edge region, and overall fairness in frequency 
resource distribution, by developing a dynamic, optimal FFR 
thresholding system based on Otsu’s method; a popular 
thresholding technique used in digital image processing. 
Otsu’s method is used for the separation of background and 
foreground pixels in grey-level images. However, its range of 
application is not limited to this area. It may also be used for 
unsupervised classification, where a histogram of a feature 
that is used to classify the objects, is available [7,8]. Thus, 
Otsu’s method is readily applicable to our problem, where the 
SINR value reported by each user equipment (UE) is used to 
classify it as either an inner-layer or outer-layer UE. 
Additionally, Otsu’s method is desirable because:  

 The procedure is quite simple.  
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 An optimal threshold is selected stably by integrating 
the entire histogram; and  

 Analysis of other important features, such as the 
effectiveness of the thresholding, can also be carried 
out [8]. 

Simulations of the proposed system are carried out in 
MATLAB and results show significant improvement in fairness 
and edge UE throughput. 

 
1.1 MULTI-CELL NETWORK MODEL 
The coverage area is assumed to be a regular hexagonal grid 
with the base stations (BSs) placed at the center of each 
hexagon, as shown in Fig. 1. Each cell can be estimated by a 
circle of identical area. Given the side of the regular hexagon 
to be   , then the radius of the circular cell is given by  

    √ √    , hence the calculated total coverage area is  

  
   (     

 ).    is the shortest distance that a MS can be 

located from its serving eNodeB and   is the spatial region 

covered by the cell.  
 

 
Fig. 1. Schematic representation of a two-layer FFR LTE 

cellular network. 
A. FFR Network Layout 
The conventional FFR architecture splits each cell into an 
inner layer, called the Full re-use (FR) zone and an outer 
layer, known as the partial re-use (PR) zone. The two layers 
are categorized by their received average SINR. If the UE 
received SINR is beyond a certain threshold,    , it is known 

as an inner-cell UE and assigned to the FR zone. Otherwise, it 
is classified as an outer-cell UE and assigned to the PR zone. 
Disjoint frequency sub-carriers are allocated to UEs in the FR 
and PR zones. The total system bandwidth    consists of    

orthogonal subcarriers each of bandwidth   .    is separated 
into a cluster    of subcarriers assigned to the inside layer and 

a cluster          of sub-carriers assigned to outside 

layers. The cluster     is further divided into three equal parts, 

   ,     and    . These are then assigned to the outer cell 

MSs such that adjacent cells operate on different frequency 
sub-bands.  

Thus,  
          , (1) 

where    and    are the subcarriers assigned to the inner 
layer and outer layer, respectively.  

The quantity     fixes the number of subcarriers given to 

each layer, which is the ratio of total subcarriers assigned to 
the inner layer. Outer layer MSs are thus allocated       of 

the total system bandwidth. 

B. SINR 
Considering only small scale fading and path loss, as was 

done in [2, 9-11], the channel linking the  th BS and the  th 

MS can be modelled as  

    (    )            (    ), (2) 

where   and   are the path loss at a meter from the BS and  

the path-loss exponent, respectively.      is the distance 

between BS   and MS   (in meters). 
Consider a MS   that is found in cell layer   served by a 

given  BS , where   is used to represent cell layers   or  . The 

instantaneous SINR of the MS on the  th subcarrier during the 

scheduling period   is given by  

     
 ( )  

     (    )|      ( )|
 

           
 ( )

. (3) 

      Each subcarrier is assigned a power    while the BS 

antenna gain is    and        ( )    (   ) is the frequency 

response arising because of the small-scale fading in the 
channel connecting the  BS   to MS   on the  th subcarrier 

during scheduling period  .    is the noise power spectral 

density,    denotes the receiver noise factor and     
 ( ) 

denotes the interference term, given by 

      
 ( )  ∑         

  (    )|      ( )|
 
. (4) 

  
  represents the set of interfering BSs, which depends 

on the subcarrier and the FFR layer to which that subcarrier 
belongs. In Fig. 1 for instance, the set of interfering base 
stations is  

   
  {

*        +                      
*                +     

. (5) 

Assuming homogeneous power allocation, the power 
allocated to each subcarrier is 

    
  

     
, (6) 

where    is the available transmit power at the BS 

. 

2 THROUGHPUT 
The channel SINR of each MS directly affects its downlink 
throughput, as given by the Shannon- Hartley theorem 

         .      
 ( )/, (7) 

where the channel capacity in bits/s is denoted by C.  
Throughput values for all the MSs in the network can be 
analyzed using empirical cumulative distribution (ECDF) 
graphs. Critical to the performance evaluation of FFR 
schemes is the edge UE throughput. This is the throughput 
experienced by MSs at the cell edge and it normally 
corresponds to the 5% point of the ECDF graph [12]. 

 

3 JAIN’S FAIRNESS INDEX 
As suggested in [12], better performance evaluation of FFR 
schemes is achieved by combining throughput and fairness 
rather than using throughput alone.  Jain’s fairness index rates 
how equally a resource (throughput) is distributed among a 
group of users, and is defined in [13] as 

  ( )  
(∑   
 
   )

 

 ∑   
  

   

, (8) 

where   denotes the volume of mobile users in a given 

coverage area and    is the throughput experienced by the  th 

user. It gives a measure of the fairness of throughput 
distributions among the MSs in the cells. 
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4 PROPORTIONALLY FAIR SCHEDULING 
The proportional fair scheduler is part of the channel-aware 
scheduling algorithms that seeks to balance maximizing the 
network total throughput and trying to ensure all users meet 
minimum level of service. It ensures fairness among the 
network users.  
Each MS anticipated resource consumption in the cell is given 
a prioritization coefficient,   ( ), that is inversely proportional 

to its,   ( )  
 
  ( )
⁄ . Here,   ( ) is the short-term average 

evolution of the CSI and is obtained using a moving average 
over a window of   scheduling periods as 

  ( )  .  
 

 
/   (   )  ∑     ( )

    
 ( )

      . (9) 

    ( ) indicates if MS   can communicate in the 

scheduling period   during the  th subcarrier during, i.e. 

    ( )  {
                                        
           

. (10) 

The PF scheduler therefore exploits information of the 
instantaneous SINRs that all the MSs experience i.e.      

and assigns the subcarrier      to MS      such that the 

condition 

             
{  ( )    

 ( )}, (11) 

is satisfied.     denotes the total number of MSs in a given 

cell area A. 
 

5 OTSU’S METHOD 
This method is un-supervised and non-parametric technique 
of selecting thresholds. It is used in gray-level images to 
select the threshold that maximizes the separability of the 
resulting classes [8]. The process is easy, using only 
histogram’s zeroth and first-order cumulative statistics and 
selecting the optimal threshold automatically and stably. 
Further, its range of application is not restricted only to the 
thresholding of pictures but also covers other instances of 
unsupervised sorting where a histogram of a given trait is 
used to classify if the objects are available.  
 
5.1 Formulation 
Suppose a picture has   gray levels ,       -and the number 

of pixels at each level,  , is given by   . Let    ∑   
 
    be the 

number of pixels in the picture. If the histogram of this picture 
is normalized and considered as a probability distribution, then 

       ⁄          ∑   
 
     , (12) 

where    shows relative probability of the  th pixel level with    
pixels.  
A threshold is chosen at a level   to separate the pixels into 

two classes,    and   , representing the foreground and 

background, respectively.    includes pixels with levels 
,     - while ,       - denotes the pixel levels of    . The 
probabilities of class occurrence,   , and the class mean 

levels,   ,  are then given by  

      (  )  ∑   
 
     ( ) (13) 

      (  )  ∑   
 
         ( ) (14) 

and  

    ∑   
       ⁄   ( )  ( )⁄  (15) 

    ∑   
         ⁄  

    ( )

   ( )
 (16)  

where 

  ( )  ∑   
 
    (17) 

and  

  ( )  ∑    
 
    (18) 

are, respectively, the zeroth and the first-order cumulative 
statistics of the histogram up to level  , and  

    ( )  ∑    
 
    (19)  

is the picture’s mean total pixels level.  
The following relations are easily verified for any choice of 

 : 

                     .  (20) 

The class variances are given by 

   
  ∑ (    )

   ( |  )
 
    

  ∑ (    )
     ⁄ 

    (21)  

   
  ∑ (    )

   ( |  )
 
      

  ∑ (    )
     ⁄ 

     . (22)  

These make use of the second-order cumulative statistics. 
The within-class variance, between-class variance, and the 
total-variance of levels are defined as respectively 

   
      

      
  (23) 

   
    (     )

    (     )
   

      (     )
   (24) 

(due to (20)), and 

   
  ∑ (    )

   
 
   . (25) 

The goodness of the threshold can be evaluated by using 
the measures of class separability 

     
   

 ⁄      
   

 ⁄      
   

 ⁄ .    (26) 
The best separation of classes as observed in grays 

levels is given by the best threshold, the search for the best 
threshold is an optimization problem that involves maximizing 
any of the objective functions in (26). However, because the 
following basic relation always holds: 

   
    

    
 , (27) 

maximizing any of the criteria in (26) is equivalent to 
maximizing the others. 

  
  and   

  are functions of the threshold level   while   
  is 

not determined by  . Also,   
  is based on class variances, 

which is a second order statistic, while   
  is based on the 

class means, a first-order statistic.   is, therefore, the simplest 
metric relative to   and is used as the metric to determine the 

quality of the threshold at level  .  

The optimum threshold    that maximizes  , or subsequently, 

that maximizes   
 , is chosen through a systematic search 

using (17) and (18): 
  ( )    

 ( )   
 ⁄  (28) 

   
 ( )  

,   ( )  ( )-
 

 ( ),   ( )-
. (29) 

The optimal threshold    is then 

   
 (  )            

 ( ). (30) 
 
5.2 Application of Otsu’s Method in FFR 

Otsu’s method, described in the previous sections, is easily 
applicable to FFR architecture. In FFR, the SINR threshold, 
   , is used to assign UEs to either the inner layer or outer 

layer, hence, a problem of selecting the most suitable 
threshold results. Applying Otsu’s method, pixel values are 
replaced by SINR(dB) which  range from negative to positive, 
while pixel counts are replaced by UE counts i.e. the number 
of UEs experiencing that SINR value. The SINR values 
themselves are grouped in such a manner as to cover the 
range of values and reveal the shape of the underlying 
distribution. Pixel classes    and    are replaced by FFR 

layers    and   . 

 

6 METHODS 
To ascertain the functionality of the proposed system, 
simulations were done applying the Vienna LTE-A Downlink 
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System Level Simulator v2.0_Q3_2018. This is a MATLAB-
based system level simulation environment for UMTS LTE 
that can be used to analyze the performance of an entire 
network [14]. Only simulations of downlink traffic are carried 
out. A fixed SINR threshold of 10 dB is explored at     values 

of 0.3, 0.5 and 0.7. Different number of UEs is simulated for 
each of these FFR configurations, starting with 10 UEs per 
cell and increasing the number systematically by 10, up to 50 
UEs per cell. This yields a total of fifteen different initial 
simulations. A dynamic FFR scheme is then implemented 
which, using data from the previous simulations, calculates an 
optimal SINR threshold by applying Otsu’s technique. Firstly, 
UEs is set proportionately to the number of     . The     is 

based on the optimal threshold and assigned to the FR zone. 
The simulations are run again, this time with the optimal 
values of      and    , yielding an additional five simulations. 

The results are discussed on the basis of Edge UE 
throughput, and fairness. Table I shows the parameters that 
were used in simulations to obtain the results. 

 
 

TABLE I 
PARAMETERS USED FOR THE LTE FFR SIMULATIONS 

Parameter Value 

Network geometry Regular hexagonal grid 
Inter-eNodeB distance 500 [15] 

Number of cells 21 
UEs per cell 10, 20, 30, 40, 50 

a
 

Transmission bandwidth 20 MHz (100 resource blocks) 

Antennas (       )     
Feedback AMC: CQI, MIMO: RI and PMI 

Feedback delay 3ms 
Channel model TU 

UE speed 5 km/h 
Receiver model Zero forcing [16] 

Noise spectral density -174 dBm/Hz 
Path loss model TS 36.942 – Urban area, 70 dB 

MCL [16]  
Shadow fading None 

Minimum coupling loss 70 dB [17] 
Antenna pattern TS 36.942 

Transmit power (Macro cell 
eNodeB) 

40 W 

Simulation length 50 sub frames (TTIs) 
Traffic model  

Scheduling algorithm Proportional fair 

       dB 
                

a 
The number of UEs per cell was increased steadily from 10 

to 50. Each figure corresponds to an individual simulation with 
that number of UEs in a given cell. 
 

6.1 System Algorithm 
The algorithm of the proposed system is shown in Table II. 
Here, a histogram   , of the SINR values in the cells is 

developed after every 50 transmission time intervals (TTIs). 
The optimal threshold is then determined using Otsu’s method 
and returned in the range [0,1] as the quantity  . This is then 
scaled to the full range of the histogram by considering the 
upper and lower limits of the histogram,         and        , 

respectively. 
Subsequently, the value of      is determined by considering 

the new UE mapping. 
 

TABLE II  
SYSTEM ALGORITHM FOR OPTIMAL THRESHOLDING AND 

FREQUENCY ALLOCATION. 

BEGIN 
AFTER EVERY 50 TTIs DO 
CONSTRUCT histogram of UE SINR distribution,    

APPLY Otsu’s method to calculate threshold,   

               (  )  
SCALE   TO     

                   .               /    

FFR UE MAPPING 
    one   s    

P   one   s    
If UE SINR       

ASSIGN UE to FR zone 
    one   s    

else 
ASSIGN UE to PR zone 

P   one   s    
end 
CALCULATE     

   
     one   s (    one   s  P   one   s )⁄  

SET new values of      and     
END 

6.2 Otsu’s Algorithm 
Otsu’s method is implemented as the function Otsu thresh and 
is used on the histogram count of UE SINR values to calculate 
an optimal threshold between 0 and 1. Table III explains the 
working of Otsu’s algorithm with reference to a histogram   , 

with   SINR bins each with a UE count of   ,          . 

 
TABLE III 

ALGORITHM OF OTSU’S METHOD APPLIED FOR OPTIMAL 

THRESHOLDING. 

BEGIN 
COMPUTE the relative probability of each SINR value,    

      ⁄    ∑  

 

   

 

COMPUTE the average SINR value of the entire 
histogram,    

   ∑   

 

   

 

For         

SET threshold to   
COMPUTE  class probability  ( ) and class mean  ( ) 

 ( )  ∑  

 

   

 

 ( )  ∑   

 

   

 

COMPUTE the between-class variance,   
 ( ) 

  
 ( )  

,   ( )   ( )-
 

 ( ),   ( )-
 

UPDATE table of   
 ( ) values 

End 
SELECT       

 ( ) as the optimal threshold 
END 
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7 RESULTS AND DISCUSSION 
Table IV lists the dynamic FFR configurations that were 
simulated. Results of the simulations are presented in Figs. 2-
5. Figures 2 and 3 show the UE wideband SINR distributions, 
in the form of histograms, for different number of UEs per cell. 
These are the histograms upon which Otsu’s method is 
applied to determine an optimal threshold. The red dashed 
line in the diagrams indicates the selected threshold.  Figures 
4 and 5 compare the different FFR systems in terms of 
fairness and throughput, respectively. It is observed that the 
dynamic FFR system yields the best throughput and fairness 
of all the FFR configurations tested. 

 
TABLE IV 

DYNAMIC FFR SIMULATION CONFIGURATIONS 

 1 2 3 4 5 

Number of UEs per cell 10 20 30 40 50 
Total number of UEs 210 420 630 840 1050 
Optimal     (dB) 1.5 1.33 3.14 3.14 2.8 

    0.57 0.69 0.53 0.55 0.57 

 
7.1 UE Wideband SINR Distributions 

The average (after 50 TTIs) UE wideband SINR distributions 
are shown in Figs. 2 – 6 below. These are the histograms 
upon which thresholding is done. The red dashed line in the 
figures indicates the selected threshold for that distribution. 

 
Fig. 2. UE wideband SINR distribution for 10 UEs per cell. 

 
Fig. 3. UE-wideband SINR distribution for 20 UEs per cell. 

 
Fig. 4. UE-wideband SINR distribution for 30 UEs per cell. 

 
Fig. 5. UE-wideband SINR distribution for 40UEs per cell. 

 
Fig. 6. UE-wideband SINR distribution for 50 UEs per cell. 

 
7.2 Edge UE Throughput 
As can be seen in Fig. 7, the dynamic FFR scheme 

consistently gives better UE edge throughput compared to the 
conventional FFR schemes, for all number of UEs simulated 

.   
7.3 Fairness 
As can be seen in Fig. 8, the dynamic FFR scheme 

significantly the dynamic FFR scheme performs better than 
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the standard FFR configurations when analyzed in light of, 
fairness, for all the number of UEs simulated 

.

 
 
 

 
Fig. 7. Edge UE throughput for different number of UEs. 

 

 
Fig. 8. Fairness index for different FFR configurations. 

8 CONCLUSION 
Conventional FFR schemes have a fixed SINR threshold,    , 

and frequency allocation ratio,    , that do not consider the 

dynamics of the cell e.g. the effect of user mobility and UE 
distribution. This leads to inefficient resource allocation within 
cells as resources are allocated disproportionately. A dynamic 
FFR scheme is developed which uses Otsu’s method for 
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automatic and unsupervised threshold selection. After every 
fifty transmission time intervals, a histogram of the reported 
SINR values of all UEs in the cell is constructed. The 
histogram is then treated as a thresholding problem where a 
threshold is desired that can separate the UEs into inner layer 
and outer layer UEs. Otsu’s method is suggested as a good 
solution to this problem because it selects the threshold that 
maximizes class separability. To assign frequency resources 
to each layer,     is subsequently set proportionately to the 

number of UEs that would be in each layer. Additionally, since 
the thresholding is done after every 50 TTIs, changes in the 
UE distribution, will always be reflected in a new threshold 
value. The dynamic FFR system is then simulated in MATLAB 
and results show that it achieves maximum fairness in 
resource distribution, as well as improving the throughput of 
cell-edge UEs. 

 
REFERENCES 
[1] D. Astley, E. Dahlman, A. Furuskar, Y. Jading, M. 

Lindstrom, and S. Parkvall, ―LTE: The evolution of mobile 
broadband,‖ IEEE Communications Magazine, vol. 47, no. 
4, pp. 44–51, Apr. 2009. DOI: 
10.1109/MCOM.2009.4907406.   

[2] J. Garcia-Morales, G. Femenias, F. Riera-Palou, and J. S. 
Thompson, ―Multi-layer FFR-aided OFDMA-based 
networks using channel-aware schedulers,‖ IEEE Access, 
vol.  6, pp. 7134–7147, 2018. DOI: 
10.1109/ACCESS.2017.2788049. 

[3] N. Saquib, E. Hossain, and D. I. Kim, ―Fractional 
frequency reuse for interference management in LTE-
advanced hetnets,‖ IEEE Wireless Communications, vol. 
20, no. 2, pp. 113–122, Apr. 2013. DOI: 
10.1109/MWC.2013.6507402.    

[4] G. Femenias, F. Riera-Palou, and J. S. Thompson, 
―Robust scheduling and resource allocation in the 
downlink of spatially correlated MIMO-OFDMA wireless 
systems with imperfect CSIT,‖ IEEE Transactions on 
Vehicular Technology, vol. 65, no. 2, pp. 614–629, Feb. 
2016. DOI: 10.1109/TVT.2015.2402515. 

[5] F. Capozzi, G. Piro, L. A. Grieco, G. Boggia, and P. 
Camarda, ―Downlink packet scheduling in LTE cellular 
networks: Key design issues and a survey,‖ IEEE 
Communications Surveys & Tutorials, vol. 15, no. 2, pp. 
678–700, Secon Quarter 2013. DOI: 
10.1109/SURV.2012.060912.00100. 

[6] F. P. Kelly, A. K. Maulloo, and D. K. H Tan, ―Rate control 
for communication networks: Shadow prices, proportional 
fairness and stability,‖ Journal of the Operational 
Research Society, vol. 49, no. 3, pp. 237–252, 1998. DOI: 
10.1057/palgrave.jors.2600523. 

[7] A. Olaode, G. Naghdy, and C. Todd, ―Unsupervised 
classification of images: A review,‖ International Journal of 
Image Processing (IJIP), vol. 8, no. 5, pp. 325–342, Sept. 
2014. 

[8] N. Otsu, ―A threshold selection method from gray-level 
histograms,‖ IEEE Transactions on Systems, Man and 
Cybernetics, vol. 9, no. 1, pp. 62–66, Jan. 1979. DOI: 
10.1109/TSMC.1979.4310076. 

[9] F. Jin, R. Zhang, and L. Hanzo, ―Fractional frequency 
reuse aided twin-layer femtocell networks: Analysis, 
design and optimization,‖ IEEE Transactions on 
Communications, vol. 61, no. 5, pp. 2074–2085, May 
2013. DOI: 10.1109/TCOMM.2013.022713.120340. 

[10] J. Garcia-Morales, G. Femenias, and F. Riera-Palou, 
―Analysis and optimization of FFR-aided OFDMA-based 
heterogeneous cellular networks,‖ IEEE Access, vol. 4, 
pp. 5111–5127, 2016. DOI: 
10.1109/ACCESS.2016.2599026. 

[11] T. D. Novlan, R. K. Ganti, A. Ghosh, and J. G. Andrews, 
―Analytical evaluation of fractional frequency reuse for 
OFDMA cellular networks,‖ IEEE Transactions on 
Wireless Communications, vol. 10, no. 12, pp. 4294–
4305, Dec. 2011. DOI: 
10.1109/TWC.2011.100611.110181. 

[12] J. C. Ikuno, M. Taranetz, and M. Rupp, ―A fairness-based 
performance evaluation of fractional frequency reuse in 
LTE,‖ in Proc. of the 17th International ITG Workshop on 
Smart Antennas, Stuttgart, Germany, 2013, pp. 1–6.   

[13] R. K. Jain, D.-M. W Chiu, and W. R. Hawe, ―A quantitative 
measure of fairness and discrimination for resource 
allocation in shared computer systems,‖ Digital Equipment 
Corporation, Tech. Rep. TR-301, 1984. 

[14] C. Mehlfuhrer, J. C. Ikuno, M. Simko, S. Schwarz, M. 
Wrulich, and M. Rupp, ―The Vienna LTE simulators - 
Enabling reproducibility in wireless communications 
research,‖ EURASIP Journal on Advances in Signal 
Processing, vol. 2011, no. 29, 2011. DOI: 10.1186/1687-
6180-2011-29. 

[15] 3GPP TSG RAN 1, ―Evolved Universal Terrestrial Radio 
Access (E-UTRA); Further advancements for E-UTRA 
physical layer aspects,‖ 3GPP TR. 36.814 v9.0.0, 2010. 

[16] J. C. Ikuno, M. Wrulich, and M. Rupp, ―System level 
simulation of LTE networks,‖ in Proc. of the 71st IEEE 
Vehicular Technology Conference, Taipei, Taiwan, 2010, 
pp. 1–5.  

[17] 3GPP TSG RAN 4, ―Evolved Universal Terrestrial Radio 
Access (E-UTRA); Radio Frequency (RF) system 
scenarios,‖ 3GPP TR 36.942 v8.1.0, 2008. 
 

 
 
 
 

 
 
 


