
INTERNATIONAL JOURNAL OF SCIENTIFIC & TECHNOLOGY RESEARCH VOLUME 10, ISSUE 01, JANUARY 2021       ISSN 2277-8616 

193 
IJSTR©2021 
www.ijstr.org 

Performance Evaluation Of Proportional Fair And 
Round Robin Schedulers In Two-Layer Ffr 

 
Antony Onim, S. Musyoki, P.K. Kihato 

 
Abstract: Different fractional frequency reuse (FFR) schemes have been proposed in literature, with the most common being the two-layer scheme. In 
this scheme, the cell is divided into an inner region and an outer region. Different frequency sub-bands are used in each region, with the inner region 
typically having a reuse-1 scheme and the outer region a reuse-3 scheme. This has been shown to be effective in reducing inter-cell interference and 
subsequently improving reception for the cell edge users. This paper investigates the effect of using different schedulers in the inner and outer regions of 
a two-layer FFR scheme. The schedulers chosen for evaluation are the proportional fair scheduler and the round robin scheduler. Different scheduler 
combinations are investigated for various values of β_FR to evaluate performance trends. Metrics considered for evaluation are the mean, peak and 
edge throughput, as well as fairness. Simulation results clearly show that the proportional fair scheduler outperforms the round robin scheduler in both 
throughput and fairness. We also conclude that optimal FFR performance can only be obtained by trading between throughput (spectral efficiency) and 
fairness, regardless of any scheduler combination considered. 
 
Index Terms: LTE, FFR, proportional fair, round robin, throughput, fairness. 

——————————      —————————— 

 

1. INTRODUCTION 
LONG term evolution (LTE) cellular networks use 
orthogonal frequency division multiple access (OFDMA) in 
the downlink to eliminate intra-cell interference because of 
the orthogonality of the sub-carriers. This, however, does 
not improve inter-cell interference (ICI), especially when 
employed with aggressive frequency reuse schemes (such 
as the reuse-1 scheme). This is particularly true at the 
edges of cells, where users experience the greatest inter-
cell interference. Various techniques of controlling inter-cell 
interference have been suggested (see, for example, [1] 
and references therein), among which include using less 
aggressive frequency reuse schemes, such as the reuse-3 
scheme. This helps to reduce inter-cell interference while 
sacrificing some spectral efficiency [2]. Fractional frequency 
reuse (FFR) architectures have been proposed as a means 
of mitigating ICI while maintaining high spectral efficiencies 
[3]. FFR involves dividing cells into two or more layers and 
applying different frequency reuse factors to the layers. In 
the most basic FFR architecture, every cell is split into an 
inner layer (cell centre) and an outer layer (cell edge). 
Disjoint frequency resources are then applied to each of the 
layers, with different reuse factors. Typically, the inner 
layers, which are less affected by ICI, are assigned a reuse 
factor of one (re-use 1). The outer layers, which are more 
affected by ICI, are assigned higher re-use factors, e.g. re-
use 3. Critical to the success of FFR schemes is the size of 
the layers, as the inner layer cannot be too large, since 
then, users at their edges will already be experiencing high 
ICI. On the other hand, the outer regions cannot also be too 
large, since then, there will be poor spectrum utilization and 
decreased spectral efficiency [2]. Channel-aware 
scheduling is another salient feature of LTE cellular 
networks. Channel-aware schedulers are a family of 
resource allocators and schedulers that rely on the 
instantaneous channel state information (CSI), to schedule 
and allocate resources. Use of these schedulers can 
improve spectral efficiency, no matter the ICIC technique in 
use [4,5]. The proportional fair (PF) scheduler is a channel 
aware scheduler that has received a lot of attention 
because it has a reasonable  trade-off between spectral 
efficiency and fairness [6]. It is, therefore, a good idea to 
combine an ICIC technique like FFR with a channel aware 
scheduler and observe the effects on system performance.  

 

2. Related Work 
A heterogeneous two-layer FFR-aided OFDMA cellular 
network consisting of macrocells and femtocells was 
studied by Jin et al in [7]. The macrocells were in a regular 
tessellation and the femtocells overlaid on top of them in a 
stochastic geometry to model their random distribution. 
They concluded that high femtocell densities negatively 
impact the performance of the macrocells due to the near-
far effect and thus reduced FFR gains. The study, however, 
only focused on the round robin (RR) scheduler and did not 
consider the effects of channel-aware scheduling.  In [2], an 
analytical framework for analysing and optimizing two layer 
and four-layer FFR schemes is developed. Closed-form 
analytical expressions that describe the statistical 
distribution of the SINR are derived and applied to get 
manageable mathematical expressions of the average cell 
throughput for the two-layer FFR scheme when using a 
channel-aware PF scheduling strategy. Lastly, different 
FFR design methods are proposed and evaluated. In [8], 
Josep et. al evaluate the performance of FFR when used in 
LTE networks.  They use a metric that considers both 
throughput and fairness, which they propose is more fitting 
than considering throughput only. This is because 
throughput values in the cells may be skewed, where a 
small percentage of users experience high throughput while 
the majority (typically cell edge region users), experience 
low throughput.  Simulations combining FFR with different 
schedulers are carried out and they conclude that FFR 
offers no gain when channel-aware scheduling is used.  

 
3. Contributions of the Paper 

This paper uses the metrics of throughput and fairness to 
evaluate the performance of FFR when different schedulers 
are used in the inner and outer layers of two-layer FFR. The 
schedulers investigated are the proportional fair and the 
round robin schedulers. Since the two layers can have 
different, independent schedulers, all the possible 
combinations are explored, i.e. PF-PF, PF-RR, RR-PF and 
RR-RR. Simulations of these scheduler combinations are 
done, and observations made on the trends in performance 
as β_FR is systematically increased.  
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4. Cellular Network Model 
The coverage area is assumed to be a regular hexagonal 
grid, with the BSs placed at the center of each hexagon, as 
shown in Fig 1. 

Fig. 1. Two-layer FFR deployment 
 
Each hexagonal cell may be estimated by a circle of equal 
area. Therefore, if the regular hexagon has a side length of 
R_h, then the circular cell has a radius R, given by R=R_h 
√(3√3/2π), and the total coverage area of the cell is  
A_r^H=π(R^2-R_0^2 ), where R_0 is the shortest distance 
that a mobile station (MS) can be from its serving eNodeB 
and H is the spatial region covered  by the cell. Assuming 
the instantaneous locations of the MSs form a stationary 
Poisson point process with a normalized intensity of λ 
(measured in MSs per unit area), the number of MSs M_S 
located in the spatial region S of area A_r^S can be 
modelled as a Poisson distribution. Thus,   
 Pr{M_S=k}=((λA_r^S  )^k e^(-λA_r^S  ))/k!. 
 (1) 
 Two-Layer FFR Scheme Layout 
The two-layer FFR scheme splits each cell into an inner 
layer, called the full-reuse (FR) zone (or cell centre region), 
where ICI is less, and more aggressive frequency re-use 
factors are used (e.g. reuse-1), and an outer layer, called 
the partial-reuse (PR) zone (or cell-edge region), where ICI 
is greater, and  higher frequency reuse factors are used, 
e.g. reuse-3. The two layers are distinguished by the 
received average SINR. When the MS’s SINR is greater 
than a certain threshold, Γ_th, it is categorized as an inner-
cell MS and assigned to the FR zone. Otherwise, the MS is 
categorized as an outer-cell MS and assigned to the PR 
zone. Disjoint frequency resources (subcarriers) are 
apportioned to MSs in the FR and PR zones. 
The total system bandwidth F_T consists of N_T orthogonal 
subcarriers each of bandwidth ∆f. F_T consists of two 
subsets, F_I and F_O. F_I is the set of subcarriers used in 
the inner layer and F_O=F_T∖F_I is the set of subcarriers 

used in the outer layers. F_O is again divided into three 
equal parts, F_O1, F_O2 and F_O3. These are shared 
among the outer cell MSs in a pattern that ensures no 
adjacent cells use the same set of subcarriers, (see for 
instance, Fig. 1).  
Thus,  
 N_T=N_I+3N_(O ), (2) 

where N_I and N_O is the number of subcarriers assigned 
to the cell centre and cell edge regions, respectively.  
The number of subcarriers assigned to each layer is 
dictated by the quantity β_FR, where β_FR is the ratio of 
total subcarriers assigned to the inner layer. Outer layer 
MSs are thus allocated 1-β_FR of the total system 
bandwidth. 
 
UE Wideband SINR 
Considering only pathloss and small-scale fading effects, as 
is done in [2, 7, 9, 10], the channel linking the bth base 
station and the uth mobile station can be modelled as  
 L_dB (d_(b,u) )=K+10α log_10(d_(b,u) ), (3) 

where K is the pathloss at one meter from the BS, α is the 
path loss exponent and d_(b,u) is the distance between the 
base station b and the mobile station u (in meters). 
The instantaneous SINR of MS u, located in FFR layer A 
can be expressed as 

 〖"SINR" 〗_(u,n)^A (t)=(P_s G_T L(d_(0,u) ) 

|H_(b,u,n) (t)|^2)/(N_0 F_n Δf+I_(u,n)^A (t) ), (4) 
where A can be any of the FFR layers, A={I,O}, n is the 
subcarrier on which it is scheduled to transmit during 
scheduling period t, P_s is the power of the subcarrier, G_T 
is the gain of the base station antenna, H_(b,u,n) 
(t)∼CN(0,1) is the frequency response of the small-scale 

fading channel between base station b and mobile station 
u, N_0 is the noise power spectral density, F_n is the 
receiver noise factor and I_(u,n)^A (t) is the co-channel 
interference given by 

 I_(u,n)^A (t)=∑_(b∈Φ_n^A)▒〖P_s G_T 〗 

L(d_(b,u) ) |H_(b,u,n) (t)|^2, (5) 
where  Φ_n^A represents the group of interfering BSs, 
which depends on which cell region subcarrier n belongs to. 
Assuming the BS numbering used in Fig. 1, we have that  
 Φ_n^A={█({0,1,2,…,18},                 
n∈F_I@{0,8,10,12,14,16,18 },n∈F_O1@{1,3,5,9,13,17},              

n∈F_02@{2,4,6,7,11,15},             n∈F_03 )┤. (6) 

Assuming homogeneous power allocation, the power of 
each subcarrier is 
 P_s=P_T/(N_I+N_O ), (7) 
where P_T is the total transmit power at the BS. 
 Network Throughput 
The channel SINR of each MS directly affects its downlink 
throughput, as given by the Shannon- Hartley theorem 

 C=∆f log_2(1+〖"SINR" 〗_(u,n)^A (t)), (8) 

where C is the channel capacity in bits/s.  
The throughput can be distinguished as mean, peak or 
edge throughput. The mean throughput is the average 
throughput for the entire cellular network.  
The peak throughput is the highest UE throughput 
experienced in the network and this is normally achieved by 
UEs at the cell centers. The edge throughput is the 
throughput experienced by UEs at the cell edge. In a UE 
throughput ECDF graph, the edge and peak throughputs 
correspond to the 5% and 95% points of the graph, 
respectively.  
 LTE Scheduling 
In scheduling, the eNodeB determines which user 
equipment (UE) will be allocated resource blocks, and how 
many, to send or receive data. Scheduling is performed per 
sub-frame i.e. every 1 millisecond, by a scheduler. The 
scheduler considers, as input, the quality of service class 
indicator (QCI) and the channel state information, such as 
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the channel quality indicator (CQI), the precoding matrix 
indicator (PMI) and the rank indicator (RI), to make 
decisions. The LTE scheduler is responsible for link 
adaptation, rate control, packet scheduling, resource 
assignment, power control and hybrid automatic retransmit 
request (HARQ).  
Scheduling algorithms are either channel aware or not. 
Channel aware schedulers, such as the proportional fair 
scheduler, make decisions based on the instantaneous 
channel state information, which is received as feedback 
from the UE, while channel unaware scheduling algorithms 
assume time-invariant and error free transmission, e.g. the 
round robin scheduler. 
 Proportionally Fair Scheduling 
The proportional fair scheduler is a compromise-based 
scheduling algorithm. It maintains a balance between 
maximizing the total throughput of the network while giving 
at least a minimal level of service to all users, thereby 
ensuring fairness among the network users.  
Each UE in the cell is assigned a prioritization coefficient, 
w_q (t), that is inversely proportional to its anticipated 
resource consumption i.e. w_q (t)=1⁄(μ_q (t)). Here, μ_q (t) 
is the short-term average evolution of the CSI and is 
calculated as the moving average of a window of W 
scheduling periods as 

 μ_q (t)=(1-1/W) μ_q (t-1)+∑_(n∈F_A  )▒〖ι_(q,n) (t)  

(〖"SINR" 〗_(q,n)^A (t))/W〗. (9) 

ι_(q,n) (t) indicates whether MS q can transmit using the 

nth subcarrier at scheduling time t, i.e. 

ι_(q,n) (t)={█(1,&if MS q is scheduled on subcarrier n at 

time t@0,&otherwise)┤.   (10) 
The PF scheduler thus considers the instantaneous SINRs 
of all MSs q∈M_A and assigns the subcarrier n∈F_A to MS 
u∈M_A such that 

 u=arg  max┬(q∈M_A ){w_q (t) 〖"SINR" 〗
_(q,n)^A (t)}, (11) 
where M_A is the set of all MSs in cell layer A. 
 Round Robin Scheduling 
The round robin scheduler assigns subcarriers to mobile 
stations in a fair timesharing manner. It therefore creates 
equal resource share. However, this may be 
disadvantageous since UEs experiencing poor channel 
conditions may be allocated first, thus lowering the overall 
cell throughput. 
 Jain’s Fairness Index 
Jain’s fairness index rates how equally throughput is 
distributed among the users and is defined in [11] as 

 J(x)=(∑_(i=1)^N▒x_i )^2/(N∑_(i=1)^N▒〖x_i〗^2 ),

 (12) 
where N is the number of mobile users in the coverage area 
and x_i is the throughput experienced by the ith user. 
 

Methods 
The simulations are carried out using Vienna LTE-A 
Downlink System Level Simulator v2.0_Q3_2018. This is a 
MATLAB-based system level simulation environment for 
LTE [12]. 
The simulator analyses the performance of an entire 
cellular network consisting of several BSs and mobile 
stations. The simulator has a link measurement model 
(LMM) and a link performance model (LPM). The LMM 
evaluates how good the link is using measurement reports 

generated by the UEs. It is needed to adapt the link and 
allocate resources. The quality of each link is assessed on 
a subcarrier basis. The MS uses the SINR to calculate the 
CSI feedback (PMI, RI, and CQI), which is used at the base 
station for adapting the link. The scheduler uses this 
feedback to allocate resources to users in a manner that 
optimizes the system’s performance [12]. The LPM predicts 
the link’s block error rate (BLER) using the SINR of the 
receiver and the parameters used in the transmission. 
The network topology is generated by creating transmission 
sites, each with three eNodeBs. Each eNodeB has an 
associated scheduler. Depending on which scheduling 
algorithm is used and the received UE feedback, each 
scheduler assigns PHY resources, precoding matrices, and 
suitable modulation and coding schemes (MCS) to the MSs 
attached to it. The MS calculates the received subcarrier 
post-equalization symbol SINR and generates a CQI 
feedback report that is then sent to the eNodeB through a 
delayed feedback channel [13].  
The link performance model (LPM) generates an AWGN-
equivalent SINR (γAWGN) through Mutual Information 
Effective SINR Mapping (MIESM) and maps it to BLER 
using AWGN link performance curves [12-14]. The BLER 
values are used in conjunction with the size of the 
Transport Block (TB) to calculate the capacity of the link. 
The simulation outputs traces of the link data rate and error 
ratios for each MS, together with cell aggregates such as 
the mean, peak and edge throughput, and the fairness 
index. [12]. Figure 2 summarizes the working of the 
simulator.  

  
Fig. 2. LTE system level simulator class diagram 

 
The simulator implements FFR as a scheduler that allows 
for independent specification of the schedulers for the full 
reuse and partial reuse zones. The FFR scheduler also 
requires the following additional parameters: β_FR in the 
range (0,1] and Γ_th [15]. If the MS’s SINR is greater than 
the threshold, it is assigned to the FR zone, and vice-versa. 
Only downlink traffic is simulated. The simulations involve 
varying β_FR from 0.01 to 0.97 in steps of 0.03 (33 different 
values), while using different schedulers in the FR and PR 
zones. The scheduler combinations explored are listed in 
Table I.  
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4 Round robin Round robin 
This yields a total of 4×33=132 configurations being tested, 
each via a system level simulation. In all simulations, the 
value of Γ_th is kept constant at 10dB. This is chosen as a 
good average value of the SINR experienced by the MSs. 
The effect, on throughput and fairness, of varying the 
schedulers and β_FR is explored. Metrics considered are 
the mean, peak and edge UE throughputs and Jain’s 
fairness index. The simulation parameters used are listed in 
Table II.  
 

 
Results and Discussion 
In this section, results of the simulations are presented and 
discussed. For each FR scheduler, PR scheduler 
combination listed in Table 1, range of β_FR and the value 
of Γ_th listed in Table 2 has been simulated. For each case, 
the mean, edge and peak UE throughputs, and Jain’s 
fairness index have been considered as performance 
metrics. Each of these metrics has then been graphed 
against the range of β_FR values to see how varying β_FR 
affects them.  
 
Average UE Throughput 

The average UE throughput is graphed against varying 
values of 𝛽𝐹𝑅 in Fig. 3. In all FFR scheduler combinations, 
the average UE throughput increases with β_FR except for 

a slight dip at β_FR= 0.73 at which point the mean UE 
throughput for the PF-PF and PF-RR schedulers drops to 
2.878 Mbps. At the same value of β_FR, the mean UE 
throughput for the RR-PF) and RR-RR schedulers drops to 
2.694 Mbps. Beyond this point, the mean UE throughput for 
all scheduler combinations continues its upward trend, 
reaching a maximum of 4.25 Mbps and 3.781 Mbps for the 
PF-PF, PF-RR and RR-RR, RR-PF scheduler 
combinations, respectively, at β_FR=0.97.  

 
Fig. 3. Average UE throughput vs β_FR 

 
Results indicate that a β_FR of 1 would yield maximum 
average UE throughput, but of course, at this point, the 
whole cell would be an inner layer and thus no ICIC benefit 
would be attained. It is also worth noting that curves for the 
PF-PF and PF-RR scheduler combinations map almost 
exactly unto each other, as do curves for the RR-RR and 
RR-PF scheduler combinations. This seems to suggest that 
only the scheduler assigned in the inner layer is crucial in 
determining the performance of the system. Finally, it is 
clear the PF scheduler outperforms the RR scheduler, at all 
values of β_FR. 
 
Peak UE Throughput 
The peak UE throughput (in Mbps) is graphed against β_FR 
for all scheduler combinations, as shown in Fig. 4.  
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Fig. 4. Peak UE throughput vs β_FR 

 
The peak UE throughput increases steadily with β_FR 
except at β_FR.=0.73 where all four curves experience a 
sharp dip before quickly rising and continuing with the 
upward trend. Again, curves for the PF-PF and PF-RR 
scheduler combinations map almost exactly unto each 
other and outperform the RR-RR, RR-PF scheduler 
combinations, whose curves also map unto each other.  
Maximum peak throughput is obtained at the largest value 
of β_FR tested (0.97) and is 27.66 Mbps and 24.17 Mbps 
for the PF-PF, PF-RR and RR-RR, RR-PF scheduler 
combinations, respectively.  
 Edge UE Throughput 
The edge UE throughput is graphed against varying β_FR 
in Fig. 5. Again, curves for the PF-PF and PF-RR 
schedulers map almost exactly unto each other, as do 
curves for the RR-PF and RR-RR schedulers, though there 
is a slight range of values of β_FR (between β_FR=0.07 
and 0.25) where the PF-PF scheduler combination 
outperforms the PF-RR combination. Generally, the edge 
UE throughput is greatest at the smallest value of β_FR 
(0.01 for RR-RR and RR-PF and 0.04 for PF-PF and PF-
RR) and decreases steadily with increasing β_FR. An 
interesting point is at β_FR=0.43 where all four curves 
spike up significantly (to 0.1352 Mbps and 0.0876 Mbps for 
the PF-PF, PF-RR and RR-RR, RR-PF scheduler 
combinations, respectively),before continuing with their 
downward trend.  

 
Fig. 5. Edge UE throughput vs β_FR 

 
As in the average UE throughput curves, the PF-PF, PF-RR 
schedulers outperform the RR-RR, RR-PF schedulers for 
all values of β_FR. 
 
Fairness 
Jain’s fairness index is graphed for each of the scheduler 
combinations for the range of 𝛽𝐹𝑅 values in Fig. 6. All 
scheduler combinations perform poorly in terms of fairness, 
with a fairness index of 0.5 hardly being achieved by any 
combination. The fairness is maximum at 𝛽𝐹𝑅 = 0.07, 

corresponding to a fairness of 0.48 for the PF-PF and PF-
RR scheduler combinations, and 0.42 for the RR-RR and 
RR-PF scheduler combinations, after which it exhibits 
exponential decay. Again, the PF-PF and PF-RR curves 
map almost exactly onto each other, as do the RR-RR and 
RR-PF curves. The PF curves outperform the RR curves for 
all values of 𝛽𝐹𝑅, suggesting the proportional fair scheduler 

gives better fairness results. 
  
 
Fig. 6. Fairness vs β_FR 

 
Conclusion 
In this paper, FFR performance using different FR and PR 
schedulers is evaluated at different values of β_FR. The 
schedulers investigated are the proportional fair and round 
robin schedulers, with a throughput and fairness-based 
metric used for evaluation. Results show that the FR 
scheduler largely determines the performance of the 
system, with PF-PF and PF-RR schedulers exhibiting 
similar performance, as is the case for the RR-RR and RR-
PF scheduler combinations. Results also show that the 
proportional fair scheduler outperforms the round robin 
scheduler in all the metrics considered, including fairness. 
Lastly, maximum values of fairness are attained at 
minimum values of β_FR, while peak and average UE 
throughput increase with β_FR. Edge UE throughput, on 
the other hand, increases with fairness. Therefore, optimal 
FFR performance, using any scheduler combination, can 
only be attained by making a trade-off between fairness and 
peak and average throughput. 
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