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Abstract—LTE Femtocells are designed to increase capacity
and coverage especially for the indoor and cell-edge mobile users.
Typically, they are deployed to offload the macrocell. However,
due to co-location of femtocells in macrocell coverage, the co-
tier and cross-tier interferences are high. Fractional Frequency
Reuse mechanism (FFR) is one of the most effective femtocell
interference avoidance techniques. In this paper, we propose
a new metric to determine optimal inner region radius and
frequency allocation which optimizes the total cell throughput
and serves as many number of users in the network. We already
know that FFR technique is designed to better serve cell edge
users. With introduction of new metric, we extend that idea to
serve as many users in the network. The new metric is applied to
sectorized FFR configurations and their performance is evaluated
under different network conditions.

I. INTRODUCTION

The increasing demand for high data rates by wireless sub-
scribers has been a major driver for the concept of small cells.
Small cells are low-powered low-cost mobile base stations
which are deployed within the coverage area of the traditional
macro base station. The main issue with traditional macrocells
is the increasing cost of deploying them. It is, at this point, a
special type of small cells, femtocells, proves to be beneficial
from the deployment expenses and providing better voice and
data reception. Some of the major drawbacks of relying on
macrocells are the poor coverage for the cell edge users and
lower data rates experienced by the indoor users. With the
femtocell solution, the subscriber is satisified with high data
rates and coverage, and the operators are looking to offload
the traffic from the expensive macrocells and focus the radio
resources on the truly mobile users [1].

Femtocells also come with certain challenges. One of the
major difficulties of femtocell deployment is interference mit-
igation between the femtocells and femtocell and macrocell.
This is due to sharing of the spectrum between the femtocells
and the overlaying macrocell. A typical femtocell deployment
comprises of two tiers, the tier including the macrocell (tier-
1) and the tier including the femtocells (tier-2). Inter-tier and

intra-tier interference result in low throughput and reduced
bandwidth utilization.

Different techniques such as cooperation among macrocell
base stations and femtocells, clustering, can be considered to
reduce inter-tier and intra-tier interferences. FFR is one of the
inteference management techniques which require minimal or
no coordination among the femtocells and macrocell. In this
paper, we will evaluate the performance of the sectorized FFR
mechanism under review with five metrics; four existing and
one proposed metric which determine the values for inner
region radius and frequency allocation for optimal results.
The new metric is evaluated for average user equipment (UE)
throughput, variance in UE throughput, total cell throughput,
femtocell density, different channel models and inter-eNodeB
distance.

II. RELATED WORK

The basic mechanism of FFR is to partition the macro-
cell service area into spatial regions and each sub-region is
assigned different frequency sub-bands for macro users and
femto users. In [2], a frequency reuse technique is proposed
which aims at maximizing throughput via combinations of
inner cell radius and frequency allocation to the macrocell.
The cell throughput is shown to be further optimized with
a position oriented approach of frequency allocation of the
femtocells. A similar performance study is done by authors in
[3], [4], [5] where they analyze the FFR scheme and propose
a dyanmic FFR mechanism that selects the optimal frequency
allocation based on the cell total throughput and user satis-
faction. In [6], the user satisfaction metric introduced by the
authors is evaluated for users’ mobility and the performance
is compared with other reuse schemes. The research is further
enhanced in [7] where cell edge reuse factor is set to 1.5 and
results are generated to determine the optimal inner radius and
inner region bandwidth. In [8], authors present a fractional
reuse optimization scheme based on capacity density which
show better performance compared to conventional Reuse-1
and Reuse-3 schemes. Graph theory and similar optimization
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Fig. 1. FFR-3 Deployment in LTE Femtocells [25]

techniques are presented in [9], [10], [11]. Authors in [12]
use two-stage heuristic approach to find optimal frequency
partitioning. Work in [13], [14], [15] propose some promising
flexible spectrum reuse schemes. Soft frequency reservation is
employed in [16], [17] to provide more multi-user diversity
gain and fairer resource allocation. Extensive work is done
to optimize network performance of FFR mechanism [18],
[19], [20], [21], [22], [23]. Authors in [24] suggests an
idea of collision-free communication between nodes where
the underlying data link layer protocol relies on a heuristic
time multiplexed-based protocol and introduces distributed
mechanism to relieve congestion effectively by operating at
data link layer.

III. FFR MECHANISM

In FFR, the whole frequency band is divided into several
sub-bands, and each one is exclusively assigned to inner and
outer region of the cell. In order to ensure that the mutual
interference between users and base stations (BS) remains
below a harmful level, adjacent cells use different frequencies.
The interference scenarios that appear in such integrated
femtocell-macrocell environments during the downlink trans-
mission are considered in our research. In particular, the
interference caused to a femto user (FUE) by a macrocell, the
interference caused to a macro user (MUE) by a femtocell and
the interference caused to a FUE by a neighboring femtocell
are point of research interest.

The macrocell coverage area is partitioned into center-zone
and edge-zone including three sectors per macrocell. The
entire frequency band is divided into two parts; one part is
solely assigned to the center-zone (e.g., sub-band A in Fig.
1) and the other part is partitioned into three subbands (e.g.,
sub-bands B, C, and D) and assigned to the three edge-zones
[25].

In the FFR-6 mechanism, the macrocell coverage is par-
titioned into center-zone and edge-zone with six sectors in
each zone. The center-zone MUEs are allocated with sub-band
A and rest of the available sub-channels are divided into 6
subbands (B, C, D, E, F, and G) each of which is allocated
to one of the edge-zone sectors. The allocation of different

Fig. 2. FFR-6 Deployment in LTE Femtocells [25]

frequency sub-bands to the different areas in the cell is shown
in Fig. 2 [25].

A. Sectoring and Interference

Sectoring reduces interference between co-channel cells as
shown in Figs. 3 and 4. For the case of cluster size of N
= 4, only 2 of the 6 co-channel cells cause interference to
the middle cell for the sector labeled S2 in the case of 120◦

cell sectoring (the cells with radiation sectors colored red and
green). The other 4 cells, although they are radiating at the
same frequencies cause no interference because the middle
cell is not in their radiation angles. For the case of 60◦ cell
sectoring, only one cell causes interference (the cell with
radiation sectors colored green).

IV. SYSTEM MODEL

The mechanism assumes a topology that consists of a grid
of 7 macrocells, each with 3 or 6 sector sites such that
each sector is served by a different directional antenna. The
beam directions of different sector antennas are separated by
120◦ and 60◦ from each other for FFR-3 and FFR-6 methods
respectively. A constant number of femtocells per sector site
and mulitcast users that are uniformly distributed. In order to
find the optimal inner region radius and frequency allocation in
the FFR deployment, the mechanism divides each cell into two
regions and calculates the total throughput for the following 40
Frequency Allocations (FA), assuming Frequency Reuse 1 and
Frequency Reuse x for inner and the outer regions respectively
[25], where x is the frequency reuse factor of 3 for FFR-3 and 6
for FFR-6 respectively. Each FA corresponds to paired values
of fraction of inner region resource blocks and inner region
radius. The simulation is carried out in Vienna LTE System
Simulator modified to support FFR-3 mechanism to evaluate
the network performance [27]. Following is the update made
to the Simulator to support FFR-3 mechanism.
• Simulator is updated to support 3-sector macrocell with

femtocell configuration with FFR sub-bands assigned to
femtocells.

• Antenna azimuth offset is updated from 30 (hexagonal
sectors) to 0 (hexagonal cells) resulting in sectorized cell.



Fig. 3. 120◦ sectoring in FFR3[26]

Fig. 4. 60◦ sectoring in FFR6[26]

• Special settings are made for FUEs located in inner re-
gion, but using outer region sub-bands and FUEs located
in outer region, but using inner region sub-band.

Following is a set of steps carried out to set up the system
model.

• FA1: All 25 resource blocks are allocated in inner region.
No resource blocks are allocated to the outer region.

• FA2: 24 resource blocks are allocated in inner region.
1/x resource block allocated to the outer region....

• FA39: 1 resource block allocated in inner region. 24/x
resource blocks allocated to the outer region.

• FA40: No resource blocks are allocated in inner region.
25/x resource blocks allocated to the outer region.

For each FA, the mechanism calculates the total throughput,
user satisfaction, fairness index, and weighted throughput
values based on new metrics [28]. This procedure is repeated
for successive inner cell radius (0 to R, where R is the
cell radius). After the above calculations, the mechanism
selects the optimal FFR scheme that maximizes the cell total
throughput. The system model described above can be used for
supported LTE bandwidths ranging from 1.4 MHz to 20 MHz.
Using the system model, the research will calculate several
metrics for each value of inner region radius and frequency
allocation.

The signal-to-interference-plus-noise (SINR) for downlink
transmission to macro user x on a subcarrier n can be expressed
as [29]

SINRx,n =
PM,nGx,M,n

N0∆f +
∑
M ′
PM ′,nGx,M ′,n +

∑
F

PF,nGx,F,n

(1)
where, PM,n and PM ′,n is transmit power of serving macrocell
M and neighboring macrocell M ′ on subcarrier n, respectively.
Gi,M,n is channel gain between macro user i and serving
macrocell M on subcarrier n and Gi,M ′,n corresponds to
channel gain from neighboring macrocell M ′. Transmit power
of neighboring femtocell F on subcarrier n is denoted by PF,n

and Gi,F,n represents channel gain between macro user i and
neighboring femtocell F on subcarrier n. Finally, N0 is white
noise power spectral density and ∆f is subcarrier spacing.

In case of a femto user f, the received SINR on a subcarrier
n can be similarly given by [29]

SINRf,n =
PF,nGf,F,n

N0∆f +
∑
M

PM,nGf,M,n +
∑
F ′
PF ′,nGf,F ′,n

(2)
where, F ′ is the set of interfering femtocells. The channel gain
G, given by the following equation [29] is dominantly affected
by path loss, which is assumed to be modeled based on urban
path-loss PL as defined in [30].

G = 10−PL/10 (3)



Additionally, for the throughput calculation, we use the
capacity of a user i on a specific subcarrier n, which can be
estimated via the SINR from the following equation [29]

Ci,n = W · log2(1 + α · SINRi,n) (4)

where W denotes the available bandwidth for each subcarrier
divided by the number of users that share the specific subcar-
rier and a constant for a target bit error rate (BER) is defined
by α = −1.5/ln(5 ·BER). Here we set BER to 10−6.

So, the expression of the total throughput of the serving
macrocell M is [29]

Ti =
∑
n

βi,nCi,n (5)

where, βi,n represents the subcarrier assigned to user i. When
βi,n=1, the subcarrier is assigned to user i. Otherwise, βi,n=0.

V. PERFORMANCE METRICS

A. Definitions

1) Existing Metrics: We use a metric defined by authors in
[3], user satisfaction (US). It is calculated as the sum of the
users’ throughput divided by the product of the maximum user
throughput and the number of users (X). US ranges between
0 and 1. When US approaches 1, all the users in the corre-
sponding cell experience similar throughput. However, when
US approaches 0, there are huge differences in throughput
values across the users in the cell. This metric will be utilized
in scenarios where fairness to the users is significant such as
cell throughput and Jain fairness index.

US =

X∑
x=1

Tx

max user throughput ·X
(6)

To obtain a metric of fairness for performance evaluation,
we use the Jain fairness metric introduced in [28]. Assuming
the allocated throughput for user i is xi, Jain fairness index is
defined as

JIx =

(
X∑
i=1

xi)
2

X ·
X∑
i=1

x2i

(7)

This metric is interesting for the evaluation of the proposed
method due to its properties. It is scale-independent, applicable
for different number of users and it is bounded between [0, 1],
where 0 means “total unfairness” and 1 means “total fairness”
in terms of throughput division among the users [31].

With metric WTx defined by the authors in [31], the aim
is to not only low variance of the per-user throughput values
but also obtain higher values of the cell total throughput.

WTx = JIx · Tx (8)

where x is the corresponding user (either femto user or macro
user).

2) Proposed Metric: We introduce a new metric, weighted
throughput based on user satisfaction WTUS , to add user
satisfaction-based weights to the cell throughput value T cor-
responding to specific inner radius and inner bandwidth such
that the resultant throughput is higher than the corresponding
throughput optimized at user satisfaction US alone and all the
users in the corresponding cell experience similar throughput.

WTUS = US · T (9)

VI. PERFORMANCE EVALUATION

A. Simulation Parameters

Following Tab. I are the simulation parameters set for
the research. With the defined system model and simulation

TABLE I
SIMULATION PARAMETERS

Parameter Value
System Bandwidth 5 MHz
Subcarriers 25
Subcarrier Bandwidth 180 KHz
Cell Radius 250 m
Inter eNodeB distance 1000 m
Noise Power Spectral Density -174 dBm/Hz
Subcarrier spacing 15 KHz
Channel Model Typical Urban
Carrier Frequency 2000 MHz
Number of macrocells 7
Number of sectors per macrocell 3 (FFR-3)
Macrocell Transmit Power 40 W
Macrocell Antenna Gain 15dB
Macrocell Antenna Pattern TS36.942 standard
Number of femtocells per macrocell sector 1-9
Femtocell Transmit Power 20 mW
Femtocell Antenna Gain 0 dB
Femtocell Antenna Pattern Omni Directional
Femtocell Access Mode Open
Number of total users 500 (FFR-3)

parameters, the simulation will calculate several metrics for
each value of inner region radius and inner region subcarri-
ers. A sample uniform deployment considered in simulation
with corresponding SINR maps is shown in Figs. 5 and 6.
Macrocells are located at cell centers. Femtocells are located
at uniform distance from the macrocells shown with red filled
diamond markers. Active users are shown with blue dots
and deactivated users are marked red. In case of FFR-3, the
3 center macrocells with directional antenna configuration,
overlaid femtocells and associated users are considered for
results. Figs. 7 and 8 refer to the another variation of sectorized
FFR configuration to which the new metric can also be applied.

B. Simulation Assumptions

Note that we assume the simulation is run considering
stable downlink data traffic since the simulation framework is
analyzing data for downlink traffic. Handover is a typical and
frequently occuring situation in integrated macrocell-femtocell
environment. For simulation purposes, a network snapshot
where user association to macrocell or femtocell remains
stable for the duration of the simulation run is considered.



Fig. 5. FFR-3 Uniform Deployment for Simulation

Fig. 6. FFR-3 SINR Maps

Fig. 7. FFR-6 Uniform Deployment for Simulation

Fig. 8. FFR-6 SINR Maps

Fig. 9. Comparison of Average User Throughput

With sectorized macrocell, the actual number of femtocells in
a macrocell will be 6 when we set femtocells per macrocell
sector to 2 in case of FFR-3.

C. Performance Analysis

1) Average Throughput and Variance: We introduced the
new metric due to the following reasons, better performance
in terms of average user throughput and effective user fairness
in terms of variance in user throughput.

The results shown in Fig. 9, 10 and 11 prove the user
throughput optimized with new metric shows better perfor-
mance and low variance. The new metric maintains relatively
high total cell throughput, keeping high average user through-
put and serving majority of the users in the cell.

2) Variable Inter-Site Distance: We study the behaviour of
the system by simulating deployment over variable inter-site
distance. As inter-eNodeB distance increases, it is clear that
the new metric performs slightly better than the weighted user
fairness metric. Of course, the network performance optimized
with cell total throughput is the best of all metrics since the
goal is to only maximize the throughput at the expense of
significant throughput differences across individual users. The



Fig. 10. Comparison of Variance in User Throughput

Fig. 11. Comparison of Total Cell Throughput

advantage of the new metric is it performs relatively better by
ensuring all users experience similar throughput. Fig. 12 shows
the comparative results of average UE throughput optimized
for cell total throughput, weighted user fairness and weighted
user satisfaction.

3) Variable Femtocells: The performance of the new metric
is analyzed for various deployment scenarios with increasing
number of femtocells keeping the total number of users
constant. Clearly, as the number of femtocells increases in the

Fig. 12. Comparison of Average UE Throughtput For Variable Inter-eNodeB
Distance

Fig. 13. Comparison of Average UE Throughput For Variable Number Of
Femtocells

Fig. 14. Comparison of Average UE Throughput For Different Macrocell
Channel Models

network, the throughput also increases as shown in the Fig.
13. Note that the simulation increases femtocells per macrocell
parameter to accomplish the result. In this result, the new
metric performs close to the other metrics as the number of
femtocell density increases. This proves that the new metric
will be useful in extreme network densification scenarios.

4) Channel Model Behaviour: We analyze the new metric
performance with 3 different types of channel models associ-
ated with the macrocells. The femtocells are set to dual slope
channel model throughout this experiment. The macrocell
channel model is changed to COST231 [32], TS25.814 [33]
and TS36.942 [30] standards. The new metric performance is
similar to weighted user fairness for COST231 and TS25.814,
slightly lower than weighted user fairness for TS36.942 chan-
nel model. This result proves our new metric can serve as a
best fit replacement for weighted user fairness for different
macrocell channel models.

VII. CONCLUSION

In this paper, we proposed a new metric that calculates
the optimal inner region radius and frequency allocation for
FFR mechanism. The application of the FFR method based
on weighted throughput user satisfaction makes a trade-off
between the existing approaches, as it increases the cell total



throughput and decreases the variance of per-user throughput
values. With the simulation results, we proved the new metric
is best fit replacement for weighted user fairness with better
results in average user throughput, variance in user throughput
and total cell throughput. For inter-eNodeB distance, femto-
cell densification and macrocell channel model, our metric
showed comparable performance with weighted user fairness.
The effectiveness of the new metric can be further explored
by applying it to different static FFR mechanisms such as
Partial Frequency Reuse and Soft Fractional Frequency Reuse.
Another future step for this work is to integrate several realistic
network parameters in the proposed method and evaluate it
in real conditions such as user mobility. Future work can
also address applying the new metric to configurations with
variable number of macrocells.
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