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Abstract

This paper reviews the inter-cell interference (ICl) mitigation approaches in
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the OFDMA based mulficellular networks with more emphasis on the
frequency reused based ICI coordination schemes in the downlink systems.
The geometry of the network severely affects the Signal to Interference
and Noise Ratio (SINR); therefore, the wireless cellular systems are strongly
dependent on the spatial BSs configuration and topology of a network. ICI
mitigation techniques for both regular and irregular geometry networks are
analyzed and a qualitative comparison along with the future research
directions are presented.
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1.0 INTRODUCTION

Future cellular systems are rapidly advancing with the
explosion of smart gadgets and broadband
application services. In particular, data traffic
demands have significantly increased in recent years,
compelling the network operators to improve system

capacity and coverage accordingly [1]. Consequently,

effective radio resource management is acquiring
significant consideration in the field of wireless
communication [2]. This trend has prompted the
development of new cellular technologies, of which
fourth generation (4G) Long Term Evolution (LTE), Long
Term Evolution - Advanced (LTE-A), and 5G are
promising candidates. To accomplish high throughput
and enhanced spectral efficiency these advanced
standards are based on Orthogonal Frequency Division
Multiple Access (OFDMA) [3] as a multiple access
technique. With the integration of OFDMA, infracell
interference is no more an issue due to orthogonal
carriers for each user in the same cell, however, inter-
cell interference

(ICl) is the primary source of interference and one of
the prominent limiting factors in  performance
degradation in 4G and 5G systems [4], [5]. This problem
of ICl is more severe at cell edges. To enhance the
performance of the cellular network, Fractional
Frequency Reuse (FFR) is an Infer-cell Interference
Coordination (ICIC) approach, where each cell
allocating its resources in a way such that to minimize
the overall interference experienced in the network
and to maximize the spatial reuse [6].

This paper reviews the performance of FFR as an
interference mitigation scheme that has been
investigated in literature for both regular geometry and
iregular geometry models. In wireless cellular networks,
the distance between the Base Statfion (BS) and the
Mobile Station (MS) has a great impact on the SINR
statistics. Therefore, the position of the mobile users
concerning the co-channel BSs has a great effect on
the interference experienced by that user. The SINR
statistics of every single user corresponds to the
location, its interference source positions along the
sudden channel gain [7]. Accordingly, the geometry
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of the network has a significant effect on the SINR
received. The performance of wireless cellular systems
greatly depends on the spatial setup of BSs and also

on the topology of a network [8]. Therefore, fo analyze
and design a cellular network, network geometry need
to be considered [?].

Figure 1 (a) Hexagon Grid Model (b) PPP Model (c) HCPP Model

Rest of the paper is organized as section 2.0
present a detailed description of the cellular network
modeling and topologies. Section 3.0 gives the OFDMA
implementation in 4G. ICI mitigafion approaches in
cellular networks are listed in section 14.0. A detailed
description of the frequency reused-based ICI
mifigation techniques is described in section 5.0. A
review of the FFR schemes in the context of cellular
geomeftry with detailed qualitative analysis is given in
section 6.0. Section 7.0 concludes the future research
directions.

2.0 CELLULAR NETWORKS MODELING

Generally, two types, regular and irregular geometry-
based network modeling has been considered in the
literature. In the regular geometry cellular network
modeling, the BSs are assumed to be evenly positioned
and follow a deterministic grid in the two-dimensional
space. In perfect geomefry models, equivalent
quantities of neighboring cells are considered for every
cell. For which the BSs are expected to be placed at
ideal positions at the cell center. Examples of regular
geometry models include the Hexagon Grid model
and the Wyner model.

The hexagonal grid model as shown in Figure 1(a)
is the generally acknowledged model and it has been
broadly used in the literature for designing the typical
cellular network. In hexagonal tessellation, each
hexagon represents a cell in the network and each
cell have the same coverage area. Moreover, mobile
users are positioned either  randomly or
deterministically in the coverage area. The Wyner
model is another extensively used model, to abstract
the infer BSs interaction in the multi-cellular network.
The Wyner model streamlines the inter-cell interference
to one dimension and assumes an equal amount of
interference from all the neighbor cells [10].

The generalization is acceptable when almost equal
interference occurs due to the presence of a huge
number of interference sources over the space [11].
When a cellular deployment is configured realistically,
its layout is irregular, not just the channel situations
change independently at each cell. Moreover,
azimuths are also not aligned. Subsequently, every cell
encounters different measures of ICI [12]. These facts
have sparked the directions in research and presently
models based on irregular cell geometry are picking
up substantially higher consideration.

To meet the shortcomings of models based on
regular cell geometry while considering realistic cellular
deployment, Voronoi models based on irregular
geometry have been anticipated for the tessellation.
Voronoi models tfarget the iregularity of the BS
deployment along with the radio coverage for every
BS. Moreover, in the stochastic geometry-based
iregular geometry model, the position of the BS is
modeled according fo some Point Process (PP) [13]. A
PP is a countable random collection of points.
Recently, Poisson Point Process (PPP) [14] has been
exploited in the literature to model cellular [15],
cognitive, ad-hoc, and wireless sensor networks. The
major limitation of PPP model is its self-contained
assumptions [13], where two points (BSs) may be
located closer to one another. Although, there are
random distances among the BSs in cellular networks,
yet it is impossible fo find two BSs that closer to each
other which are maintained by a similar operator.
Consequently, the Mat’ern Hard Core Point Process
(HCPP) being a hardcore factor that corresponds to
the lowest adequate distance between two BSs can
be considered in modeling the cellular network [16] as
shown in Figure 1 (c). An HCPP can be defined as a
repulsive point process with no two points of the
process occurring within a parting distance lesser than
a predefined hardcore parameter. Figure 1 exhibits the
modeling of a wireless cellular network through the
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hexagonal grid (a), the PPP (b), and the HCPP (c),
respectively.

3.0 OFDMA IMPLEMENTATION IN 4G

This section presents the technical aspects and
fundamental  features of OFDMA  and  its
implementation in the 4G cellular systems. To
accomplish the requirement of increased throughput,
coverage, and capacity, 4G cellular standards such as
LTE [17] and LTE-A [18] have adopted OFDMA as their
mulfiple access techniques for downlink only or both
uplink and downlink communication. In  wireless
communication multipath propagation results in inter-
symbol interference (ISl), however, in the OFDMA
system, it is no more an issuer because of the cyclic
prefix [19]. Because of the OFDM modulation, the
minimum sub-carrier spacing is required for an OFDMA
radio tfransmission, which results in the maximum
utilization of the spectrum band. In an OFDMA system,
it is conceivable that adequately separated OFDM
subcarriers can be allocated to the same user so that
the channel is independent. This results in frequency
diversity for a given user and provides robustness
against the frequency selective channels. The radio
channel condition of the sub-carriers is independent,
that is sub-carriers fade independently for each user.

In OFDMA, it is possible to dynamically allocate
the sub-carrier to the users based on their channel
condition, this phenomenon is called multiuser diversity
and it results in better utilization of the frequency
spectrum in terms of capacity and throughput.
OFDMA offers different transmission speeds for the
different users simply by changing the number of
allocated subcarriers to each user. Moreover, dynamic
packet scheduling in OFDMA involves the process of
decision making that which user is to transmit in which
resources of the radio interface. The dynamic packet
scheduling facility of the OFDMA efficiently explores
the radio resource management in the OFDMA
inferface. Whereas it is also possible to efficiently
exploit the multiuser diversity in the temporal domain.
This is because in the multi-user scenario, the wireless
channel undergoes independent fading and some of
the users may experience good channel quality. Since
the response of the channel is different for each user,
therefore, it is possible to enhance the system
efficiency in terms of capacity and throughput if the
user transmission is properly scheduled.

In the 4G cellular systems, the BS is usually
responsible for the packet scheduling which enables
the scheduler to operate on a very short time scale
(milliseconds). Inter-Cell Interference Coordination
(ICIC) functionality of the LTE system offers
coordination among the scheduler of the different
cells to mitigate the inter-cell interference. Dynamic-
link adaptation is the decision process of selecting the
most appropriate modulation and coding scheme at
any moment of the transmission. The general
procedure of the OFDMA dynamic link adaptation is

illustrated in Figure 2. Dynamic-link adaptation is based
on the channel quality estimation at the BS through the
channel quality information report by the user. The BS
determines the modulation and coding scheme based
on the channel estimation that ensures a certain Bit
Error Rate (BER) depends upon the offered service and
coding scheme. Generally, a link adaptation
mechanism is implemented for the binary rate or
throughput control by changing the users' allocated
binary rate according to their channel quality
estimation. Consequently, the users with good quality
will observe a high data rate and vice versa.

The 3GPP LTE system utilizes OFDMA as a multiple
access technology in the downlink radio interface.
Since in OFDMA the total bandwidth is divided into
several sub-carriers, for LTE implementation the sub-
carrier spacing is 15 kHz. The sub-carriers are grouped
intfo 180 kHz blocks also called resource blocks which
are comprised of 12 contiguous sub-carriers. LTE
network deployment offers the flexibility in the choice
from the widest variety of bandwidths of {1.4, 3, 5, 10,
15, 20} MHz, which corresponds to {6, 15, 25, 50, 75, 100)
resource blocks.

Dynamic Link
Adaptation

A

Throughput

Channel Quality

Channel
Estimation

Figure 2 OFDMA Dynamic link adaptation

4.0 ICI MITIGATION IN CELLULAR NETWORKS

ICI has always been an issue with the cellular systems
which evolves due to the dense reuse of radio
resources and co-channel deployment. Therefore, the
exploration of the ICI mitigation schemes has gained
considerable aftention to realize the dense spectrum
reuse in the next-generation cellular standards [20].
Generally, the ICI mitigation schemes can be classed
info three main groups, which are interference
avoidance, interference cancellation, and
interference randomization as shown in Figure 3.
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Figure 3 ICI approaches in OFDMA systems

A. Interference Cancellation

An interference cancellation scheme is based on the
principle of estimating and regenerating the
interference signal at the receiver to be successively
subtracted from the desired signal. The interference
cancellation technique allows the interference to
happen over the communication channel as it will be
canceled at the receiver, therefore, this approach
involves signal processing to reduce the interference
at the receiver. The receivers are required to decode
and demodulate the desired signal to extract useful
information to be used with channel estimation for the
interference cancellation.

The interference cancellation techniques
available in the literature are grouped info two
categories, filter-based approaches, and multi-user
detection (MUD) based approaches. The first
approach mitigates the interference using linear filers
with the interference models, whereas the latter
approach, MUD, involves signal processing in the
decoding process. The interference cancellation
promises considerable improvement in the system
performance and can either be successive
interference cancellation (SIC) [21] or parallel
interference cancellation (PIC) [22]. The precise
channel estimation capability of the interference
cancellafion has the potential to enhance the
channel performance to that of the AWGN (Additive
White  Gaussian  Noise) channel. Nevertheless,
interference cancellation is usually applied in the
uplink and considered less appropriate in the downlink
because of its complexity in a process that rises
exponentially according to the number of users.
Moreover, this technique involves real-time information
to be exchanged between the BSs to boost the system
gain.

B. Interference Randomization

The interference randomization approach randomizes
the interference also called the whitening or
averaging by evenly distributing the interference
among all users. The interference looks like the
background noise with the interference randomization
as it is averaged across the whole spectrum band.
Frequency Hopping (FH) and the Interleave Division
Multiple Access (IDMA) are examples of interference
randomization.

The FH certifies that the user gefs access to a
certain range of channels to average the effect of
interference for all the users. This approach is mostly
applied in the CDMA-based cellular systems, however,
in combination with interleaving, it is also induced fo
the FDMA/TDMA based systems. Moreover, FH and
IDMA based interference randomization approaches
are also proposed within the LTE standardization. Even
though any additional signaling and measurement are
not demanded in this fechnique, it causes some users
to observe unnecessary interference even though if
they were in good channel condition. Nonetheless, this
approach randomizes the interference info AWGN,
however, cannot  significantly minimize the
intferference, and hence difficult to realize the
substantial performance gain.

C. Interference Coordination

Interference coordination is correspondingly known as
interference  avoidance. Recently, inferference
coordination schemes have gained considerable
aftraction from both industry and academia, to
combat the issue of ICI. For mitigation of interference
in the multicellular network, interference coordination
is imposed constraints on the radio resource allocation
through coordination among the neighbor cells. The
radio resources to be utilized with coordination may be
frequency, fime, space, as well as transmit power.
Interference coordination via constraint on the
fransmission power and space can be realized through
power conftrol [23] and antenna configuration, which
includes beam-forming and Mulfiple Input and Mulfiple
Output (MIMO) [24].

Nevertheless, interference coordination through
power confrol is out of the scope here since this work-
emphasizes interference mitigation through spectrum
management and uniform power distribution. However,
the effect of antenna configuration is studied by
changing the number of sector antennas at the cell
edge region. ICI mitigation may be achieved through
carefully considering the spectrum management
approaches since the great cause of ICI is the
spectrum collision. Spectrum management
approaches for ICI mitigafion include stochastic
spectrum approaches [25], dedicated spectrum
allocation approaches [26], and frequency reuse
schemes [27].
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In the literature, the stochastic spectrum and
dedicated spectrum-based ICI coordination are
mostly adopted in multi-tier networks. The stochastic
spectrum allocation uses a probabilistic approach to
allocate the frequency spectrum to a different tier of
the network [28]. Whereas, the interference mitigation
through the dedicated spectrum allocation method
involves the specfrum partition in a way that non-
overlapping dedicated spectrum sub-bands are
specified for particular cellular networks  [29].
Frequency reuse-based ICI mitigation schemes in the
literature, are discussed in detail in the next section.

Figure 3 summarizes the above-mentioned ICI
mitigation strategies.
The design framework for interference

coordination via spectrum management approaches
is generally grouped into two classes based on the
degree of distribution. First, the centralized framework
requires the central controller to execute a specific
resource dallocation and scheduling scheme to
mitigate the ICI. The interference mitigation fechnique
in the central controller is executed following the
information acquired from all the connected BSs. The
information includes important parameters such as
channel quality feedback reported by the user. The
information is obtained through a signaling process at
the central controller.

Central Controller
*  Collect information from the cells of the network
* Execute specific interference mitigation approach

Cell#1 Cell #2 Cell #3

Figure 4 Ceniralized inter-cell interference

framework

mitigation

Each Base Station
o Collect user feedback
e Exchange information via X2 interface
e Execute interference mitigation independently

Cell#1 Cell #2 Cell#3

Figure 5 Decentralized inter-cell interference mitigation
framework

The design framework of a centralized ICI mitigation
scheme is presented in Figure 4. The exploitation of the
network's global information «allows the central
confroller to perform the ICI mitigation. The centralized
interference mitigation approaches are more efficient
with the lesser-dense cellular network. However, the
dense deployment of the cellular network corresponds
to the massive signaling between the BSs and the
central controller [30]. Contrariwise, the decentralized
approaches do not involve any centralized confroller
to execute the ICI mitigation scheme. The design
framework of decenfralized interference mitigation is
elaborated in Figure 5. In this approach, the ICI
mitigation is performed independently at every cell of
the network. Therefore, less signaling overhead is
experienced compared to the centralized approach.
Since the mechanism is based on inter-cell
coordination, therefore the information is exchanged
among the neighbor cell (via an X2 interface in the
case of LTE). Moreover, the ICI coordination scheme
can be cataloged into time scales, static, semi-static,
and dynamic, as shown in Figure 6.

L Inter cell interference coordination Time Scales

| |

Static Semi-Static

Dynamic

Figure 6 Categorize of ICI mitigation scheme

The static time scale-based inter-cell coordination
schemes divide the total system spectrum resources
info sub-resources or groups and allocates these
resources for the total time [31]. The calculation of the
resource allocation is executed once in the planning
process. The part of the resources allocated to each
cell, further sub-division of the allocated resources is
fixed for different groups of users and will not be
updated in the succeeding scheduling process. The
long-term re-adjustments are executed through the
network operation.

Semi-static-based ICI coordination schemes are
quite similar to static approaches, however, in the
semi-static  the network parameter updates on
demand. Part of the resources is permanently
allocated while the remaining are allocated and
updated according to the load condition at the cell-
center or cell-edge regions. Generally, the time
required for the re-allocation in the semi-static
approaches varies from a few hundred milliseconds to
seconds. In the dynamic time scale interference
coordination schemes, the system parameters are
immediately adjusted whenever a change in the
network condition is experienced. The resource
allocation is adjusted following the fraffic variations or
load distribution [32]. Contrary to the stafic and semi-
static approaches for interference avoidance, the
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resource allocation is repeatedly updated in a very
short time scale.

5.0 FREQUENCY REUSE BASED ICI MITIGATION
SCHEMES

To deal with the issue of inter-cell interference, one of
the significant interference mitigation fechniques is
confroling the allocation of the spectrum resources
over the multicellular network [33]. This can be realized
through frequency reuse by applying a different
frequency reuse factor (FRF) while allocating the
system bandwidth.

The concept of FRF leads to frequency planning
schemes that greatly reduce the inter-cell interference
because the orthogonal spectrum sub-bands are
distributed among the cells. The frequency reuse
approaches as illustrated in Figure5 and are generally
classified as strict  frequency reuse, fractional
frequency reuse (FFR), and soft frequency reuse.
Reuse-1 and Reuse-3 are two different modes of strict
frequency reuse. Similarly, FFR-3 also called sectored-
FFR, is the modified form of the FFR scheme.
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A. Strict Frequency Reuse

A strict frequency reuse scheme is also known as the
Reuse-1 scheme is the simplest frequency allocation
scheme shown in Figure 7(a), where the entire system
bandwidth is accessible for any cell and can be
reused at every cell of the multi-cellular network. Since
all the cells is utilizihg the same frequency spectrum,
therefore each cell experiences severe interference.
This ICI can be mitigated by increasing the FRF. The
FRF=M, where M>1 indicates that the entire frequency
spectrum is partitioned info M sub-bands and
allocated to M cells of the network. FRF=3 corresponds
to the Reuse-3 scheme shown in Figure 7(b), which
partitions the total spectfrum into three equals size sub-
bands to be strictly allocated to each cell of the
cluster. The Reuse-3 scheme mitigates the ICl observed
in Reuse-1, however, at the expense of low spectrum
efficiency and hence the capacity [34]. This is
because, in the Reuse-3, each cell of the network is
assigned with only one-third of the total available
spectrum.

B. Fractional Frequency Reuse (FFR)

From an influence point of view, all users within the
same coverage area of a cell are not assumed to be
similar. It occurs due to independent path loss effects
and the channel situations for every user and also
because of having different SINR values. As compared,
the users at the cell edge are more sensitive fo

interference than those located in the cell center area.

In FFR the cell area is divided info two sub-regions
having the combined advantage of low and high-
frequency users. Accordingly, the frequency specfrum
is divided info two different parts. Part one being
reused with the factor of one for every cell-center user.
The other part is divided info many other sub-bands;
where one of these sub-bands is assigned fo the cell-
edge region for each cell. FFR is a modified form of
typical frequency reuse (FR) as shown in Figure 7(c) for
a hexagon model having cell-edge frequency reuse
factor M=3. For each center area a shared frequency
band is assigned while for cell-edge users, the
bandwidth is cell-based and has a frequency reuse
factor 6. Therefore, in the FFR fechnique, there is a
requirement of M+1 sub-bands. As the adjacent cells
are assigned with the orthogonal sub-bands so none of
a single specfrum is shared between the cell-center
and cell-edge users. Therefore, the interference of cell-
edge and cell-center users are significantly avoided.

C. Soft Frequency Reuse (SFR)

SFR scheme also requires the division of the cell
coverage region into cell-center and cell-edge areas.
In SFR, the total frequency spectrum is allocated to
each cell of the network, although with a different
power profile for the cell-center and cell-edge sub-
bands. As illustrated in Figure 7(d), the cell-center
region of one cell is assigned with an aggregate

amount of frequency band that is allocated fo the
cell-edge region of the neighboring or adjacent cell.
However, the cell-center region of the sub-band uses a
low power level compared to the cell-edge region
sub-band.

As for as spectrum efficiency is concerned, the
SFR scheme is more bandwidth-efficient w.r.t the strict
frequency reuse and FFR schemes, since SFR utilizes the
entire system bandwidth at each cell of the network.
However, the SFR scheme involves additional power
control for the cell-center and cell-edge regions sub-
bands [35].

D. Sectored-FFR

The FFR-3 scheme is the modified form of the FFR
scheme [36], also known as the sectored-FFR scheme.
The cell coverage region is divided into cell-center
and cell-edge areas, where the cell-edge area is
again partitioned into three more sectors. Sectoring of
the cell-edge region diminish the number of the
adjacent cell that can be the reason of interference in
every sector as illustrated in Figure 7(e). The entire
frequency spectrum is further partitioned into two more
portions: part one is exclusively allocated to those users
located in the cell-center region while the second part
is divided into three more sub-bands and is assigned to
the three sectors of the cell-edge area. The complexity
implementation of the FFR based ICI schemes is much
lower than that of SFR and therefore, it has been
accepted as an attractive scheme for the multicellular
systems based on OFDMA [37]. Approaches based on
FFR in the mulfi-cellular deployment are reviewed in
detail in the next section.

6.0 REVIEW OF FFR APPROACHES

As discussed, the induction of OFDMA as a radio
access technique in cellular systems offers great
spectral efficiency and flexibility in specfrum allocation
[38]. However, in the next-generation cellular networks,
the performance of the system is crucially hindered
due to ICl because of the co-channel deployment or
frequency reuse. The cellular system endeavors fo
avoid the collision between the co-channel deployed
in the adjacent cells, by Ufiizng the ICI
avoidance/coordination schemes. The interference
coordination schemes in 4G cellular systems
characterize the frequency reuse procedures that
restrict or allocate certain frequency resources among
the users in the different cells. In the literature, different
ICI coordination schemes are proposed with different
fraffic distribution and network structures. FFR is one of
the techniques being accepted as an effective ICI
coordination scheme in the 4G cellular systems such as
LTE and LTE(Advanced) [39].

The idea of the FFR was proposed in [40] for the
Global System for Mobile (GSM) communication
network. Later this concept was adopted in the WIMAX
[41] and 3GPP LTE cellular standards [42]. Recently, the
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FFR scheme is studied mostly in OFDMA based systems.
Traditionally, the static bandwidth partitioning-based
FFR scheme (also called strict-FFR) is adopted, where
the total spectrum is partitioned into N+1 sub-bands.
Half of the total bandwidth of the system is assigned to
the cell-enter region, whereas the remaining is divided
info N equal parts of size (1/N) and N represents the
number of adjacent cells in the region.

A. FFR Approaches in Regular Geometry Cellular
Networks

In [6]., a regular geometry-based FFR scheme with an
enhanced scheduling technique is proposed to
improve spectral efficiency. Cell partition is performed
by considering a fixed distance as a threshold.
Spectral efficiency has been improved; however, full-
spectrum utilization is not achieved since no sectoring
is considered at the cell edge region. The authors in [35]
proposed that the spectrum assigned to the cell-
center region must be proportionate to the radius of
the interior region. Subsequently, the leftover
bandwidth is equally divided to be used in the cell-
edge regions of the adjacent cells. The sfrict partition-
based approach is easy fo implement, however, the
frequency reuse configuration depends on
preplanned spectrum partition and would remain fixed
in the network deployment. Therefore, the FFR
configuration with static spectrum partition would not
be able to cope with the network variations because
of the users’ traffic distribution and their respective
channel conditions. Consequently, the users with
heavy traffic load regions endure insufficient spectrum
resources, whereas the users from the lesser fraffic
demand region will be flooded with the excess of the
spectrum resources.

The performance of FFR in terms of theorefical
capacity and the outage rate for systems based on
OFMA is studied in [43]. The joint effect of cell-partition
and the spectrum allocation in the FFR scheme is
formulated and optimized in the [44] for the OFDMA
system. To overcome the limitafions of static FFR
configuration, dynamic spectrum partition-based FFR
approaches are expected to the system spectrum
efficiency. In [34], a dynamic specfrum partition-
based FFR (D-FFR) scheme is developed by Chang et.
al. for the multicellular OFDMA network using a graph
coloring approach. Their proposed scheme s
centralized and assumed that the tfransmit power for
the cell-edge region users be higher than that of the
cell-center region users. In the response to the

dynamic load conditions, an adaptive radio resource
allocation is adopted in D-FFR by using a novel graph
coloring approach. The proposed schemes are proven
to modify the performance of the system in varying
load conditions compared to the conventional strict
FFR scheme. Similarly, in [38] opfimal FFR scheme is
proposed, where the sub-bands for the cell-center and
cell-edge region users are selected based on user
satisfaction. User satisfaction is the relative throughput
that is calculated for a different combination of the
cell-center region radius and frequency band
allocation. After this calculation, the proposed scheme
selects the opfimal FFR deployment which multiplies
the user satisfaction metric. Dynamic frequency
planning-based FFR  scheme  for interference
avoidance is proposed in  [45]. The scheme works in a
centralized manner and assumes a uniform distribution
of the power fransmission over the sub-bands acquired.
The spectrum allocation problem in this scheme is
disintegrated into two parts, to reduce the complexity
of the FFR scheme in the multicellular network. First, the
problem of the spectrum partition among the cell-
center and cell-edge regions is tackled via the central
confroller, then the problem of bandwidth assigned to
the users of each region is solved independently by
each BS in the network. Moreover, the minimum
throughput required by each wuser is served by
estimating the bandwidth demand of each user.

The authors in the [46] proposed a self-organized
resource allocation (SORA) based FFR scheme which
autonomously picks the optimal sub-bands for users at
the cell-center and cell-edge regions. The optimization
process is based on the coordination among the
neighbor cells via a message exchange by the X2
interface over the LTE network. It is proved through the
simulation  that the suggested SORA scheme
outperforms the traditional frequency reuse-1 and
reuse-3 schemes in terms of cell-edge performance
and fairness in resource allocation.

The major limitations of the tradifional FFR
schemes discussed so far in this section are the
underutilization of the spectrum available entfirely.
Particularly, only 2/39 of the entire spectrum in each
cell of the network, whereas the future cellular system
aims to achieve frequency reuse-1 in each cell of the
network to overcome the demands of constantly
increasing data rate. To realize this aim of full-spectrum
reuse at each of the networks, sectored-FFR also
called the FFR-3 scheme has been adopted in the
OFDMA based cellular system.
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Table 1 Summary of FFR Approaches
Publication Cellular Objective Centralized/ Spectrum Cell- Sectoring FR-1
Layout Decentralized Allocation Partition Achieved
Criteria
[2] Iregular (PPP) Coverage Decentralized Dynamic SINR No No
[5] Regular Throughput Decentralized Dynamic Distance No No
(Hexagon) Maximization
[27] Regular Throughput Decentralized Dynamic Distance No No
(Hexagon) Maximization
[34] Regular Throughput Centralized Dynamic Distance No No
(Hexagon) Maximization
[35] Regular Throughput Centralized Static Distance No No
(Hexagon) Maximization
[36] Regular Throughput Decentralized Dynamic SINR Yes Yes
(Hexagon) Maximization
[38] Regular User Centralized Dynamic Distance No No
(Hexagon) Satisfaction
[45] Regular Throughput Centralized Dynamic Distance Yes Yes
(Hexagon) Maximization
[46] Regular Throughput Decentralized Dynamic SINR No No
(Hexagon)1 Maximization
[47] Regular Throughput Decentralized Dynamic Distance No No
(Hexagon) Maximization
[48] Iregular Throughput Centralized Static Not No No
(perturbed) specified
[49] Iregular Throughput Cenftralized Dynamic Not No Yes
maximization specified
[50] Regular Throughput Decentralized Dynamic SINR No No
(Hexagon) Maximization
[51] Iregular (PPP) Coverage Centralized Static SINR No No
[52] Iregular (HPPP)  Throughput Decentralized Dynamic SINR Yes Yes
Maximization
[53] Regular Throughput Centralized Dynamic Distance Yes Yes
(Hexagon) Maximization
[54] Regular Throughput Decentralized Dynamic Distance No No
(Hexagon) Maximization

In [55]

sectored-FFR scheme

is proposed for

sectored-FFR scheme is divided into two parts: the cell-

OFDMA mulficellular system to enhance the spectral
efficiency. The coverage region of each cell is
partitioned into the cell-center and cell-edge region
and is further partitioned into three more sectors. The

total spectrum is divided into two groups, a supergroup:

to be used in the cell center region, and the regular
group, which is again partitioned into three more sub-
bands, which will be used in each of the three sectors
at the cell-edge region. It is illustrated that the
suggested sectored-FFR scheme enhances the data
rate of the cell edge as well as the total cell
throughput compared to the fraditional FFR schemes.
However, the static spectrum partition is considered in
the proposed sectored-FFR scheme, the load
distribution and user data rate demand have not been
taken into consideration.

The performance of the sectored-FFR schemes is
analyzed for the worst-case SINR in [56]. The proposed

center and cell-edge region, where the cell-edge
region is again divided info three more sectors by
employing directional or sector antennas. The total
system bandwidth divides info four equal portions, one
for the cell-center region, while the remaining for the
cell-edge region’s three sectors. Moreover, users are
proposed to be distributed uniformly in the cell. It is
shown that the sectored-FFR scheme results in high
spectral efficiency and a low probability of outage
compared to the ftraditional FFR schemes. However,
the heterogeneous user ftraffic demand is not
considered equal sub-bands are allocated to every
cell region, which is notf in line with the practical
cellular deployment.

In [47] opfimal distance-based FFR scheme is
analyzed for the downlink system with the aerial base
station considering outage probability constraint and
cell size. System-level design recommendations are
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concluded from the analytical results for initial FFR
deployment in scalable cellular networks. A modified
version of FFR is proposed in [57] with an extra
infermediate region at the normal cell partition to
avoid cross-tier interference. The proposed version of
FFR is analyzed and it is shown that it outperforms the
existing basic techniques in terms of cell throughput
along with outage probability.

B. FFR Approaches in Irregular Geometry Cellular
Networks

In the literature, most of the FFR approaches for
interference avoidance assume that the location of
the BSs follows the perfect geometry regular grid
(hexagon grid model). In models with perfect
geometry, a similar number of adjacent cells are
targeted for every cell, in which the BSs are supposed
to be located at an ideal position in the center of the
cell. However, in the redalistic deployment, the hexagon
grid model is not followed by the BSs because of the
disparity in the capacity demand across the network
service area [13]. Consequently, the FFR scheme
designed based on the unrealistic assumptions of the
regular geometry models lead to inaccurate results
[10]. These considerations have sparked the research
directions and FFR schemes based on irregular cell
geometry models have been proposed in the literafure
[58]1591160].

To investigate the limitations of the traditional FFR
schemes the authors in [48] analyze the performance
of the FFR scheme based on the iregular cellular
layout. These BSs are considered to be perturbed from
their ideal locatfion, which is some degree of
randomness is added fo the ideal location of the BSs.
Their result shows that the FFR (1,4) scheme (where the
cell-edge region frequency reuse factor is 4) gives
better performance compared to FFR(1,3) or standard
FFR. However, the proposed work has a major
limitation in terms of spectrum ufilization, that is only
one-fourth of the cell-edge sub-band can be used at
each cell. The authors in [49] proposed a Generalized
Fractional Frequency Reuse (GFFR) based on flexible
resource assignment fo analyze the performance FFR
scheme in the large-scale mulficellular network with
iregular cell geometry. The basis of the GFFR scheme is
optimal sub-band and power allocation. The
interference sensitivity is considered and adopted
accordingly in the cell-edge spectrum and power
allocation. The interference in the cell-edge regions
with high interference sensitivity is minimized with sub-
band isolation and power reduction. It is shown that
the proposed GFFR scheme enhances system
performance, parficularly in the cell-edge region.
However, there is no specific idea about the number
of sub-band that would be assigned to every cell-
edge region. Moreover, the required bandwidth by
each user is also not considered.

In the irregular cell geometry models, the number
of cells that can cause interference and the amount of
co-channel interference are different for each cell of

the network [59]. Therefore, the infroduction of FFR info
cell models based on irregular geometry is a complex
issue. Due to random shapes of irregular models in
Voronoi cells, it becomes difficult to set a criterion for
the division of a cell info a cell center as well as the
cell edge user. The standard distance-based cell
partition in FFR cannot be directly applicable in the
case of iregular geometry cells. Moreover, cell edges
behave differently in w.rt SINR levels and size[50].
However, the problem concerned with irregular cell
partition is predicted in [58] for models based on PPP
where users are classified into cell-center or cell-edge
users based on an already set threshold SINR as
compared to their actual space from the near serving
BS. For both strict FFR and SFR having a frequency
reuse factor of 3 located in the cell edge area, a
flexible expression is derived for the coverage
probability and coverage rate. The authors have also
evaluated the fradeoffs among the two FFR schemes
which are implemented on a model of irregular cell
geometry. However, both [61] and [51] accounts for a
simplistic case of the FFR, where both of the regions
(cell-center and cell-edge) and also the sectoring of
cells have not been considered [52]. In [62] it is shown
that both FFR and SFR are potential interference
management techniques in fifth-generation (5G)
systems. A review of the literature is summarized in
Table 1.

7.0 CONCLUSION

In this paper interference mitigation techniques based
on frequency reuse for regular and irregular geometry,
cellular networks are reviewed. FFR is an attractive ICI
mitigation scheme for multi-cell OFDMA networks such
as LTE and LTE (Advanced). FFR is acknowledged
because of its low complexity of implementation and
its ability to efficiently utilize the scarce system
spectrum. In literature, it is shown that the FFR scheme
results in notable performance enhancement in terms
of the network throughput, probability of outage, and
cell-edge SINR. Therefore, it is needed to exploit the
FFR scheme for ICI mitigation in the future mulfi-tier
OFDMA network. In the literature, most of the FFR
schemes are analyzed for perfect geomeftry
hexagonal grid models. In which the BSs are supposed
to be at the ideal location at each cell center and
each adjacent cell is producing inferference equally.
Whereas, in wireless networks, the SINR experienced by
each user depends on ifs location, positions of the
interference sources, and instantaneous channel gains.
The realistic deployment of the cellular network being
iregular and has varying propagation conditions for
each cell, therefore, a different quantity of ICI is
experienced. Consequently, the SINR which the
receiver experiences are highly dependent on the
network geometry. These considerations inspire the
inclusion of network topology based on irregular
geometry in the designing of the FFR technique tfo
mitigate interference in mulficellular OFDMA systems.
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FFR has been studied as an ICI mitigation technique
related to the cellular model based on irregular
geomeftry. However, most of the schemes assume a
stafic spectrum partition, which is not in line with the
fraffic demand of the users of the cell-center or cell-
edge region. In the irregular geometry-based models,
the cell partition (cell-center and cell-edge) leads to
the sub-region with random coverage area because
the cell structure is not regular. The cell partition in FFR
results in sub-regions with a different number of users
even the users are uniformly distributed. Consequently,
each sub-region will have a different load condition,
fraffic demands, and spectrum requirement. Therefore,
instead of stafic spectrum partition-based sub-band
allocation in the FFR configuration, a dynamic
spectrum partition-based FFR scheme will be an
excellent fit. The dynamic sub-band partition will be
able to cope with the load or traffic variation in cellular
deployment. In literature, the iregularity in the BSs
deployment is captured by using the homogeneous
PPP. The maijor limitation of PPP related to FFR is its
independent assumption, in which the two BSs may be
possibly closer to each other. While there is a random
distance among the BSs when the cellular network is
deployed realistically. Therefore Mat’ern Hard Core
Point Process (HCPP) being a repulsive PP having
hardcore parameters reflecting the suitable and least
distance between the two BSs is the better choice in
modeling the topology of the cellular network.
Furthermore, with previous research, where FFR into a
model based on irregular geometry is concerned only
with simplistic FFR (strict FFR) with cell-center and cell-
edge regions while sectoring of cell is not considered.
In the strict-FFR approaches only a single part of the
band of cell edge is assigned to users in that section,
therefore results in lower spectral utilization. Whereas
5G cellular systems are targeting full frequency reuse
(Reuse-1) in all the cells of the network along with
heterogeneous mulfi-tier deployment. Therefore, to
fully utilize the available spectrum in each cell of the
network, the sectored-FFR scheme along with the
optimal resource allocation for the individual users of
heterogeneous mulli-tier networks is a potential
technique to mitigate interference in the future 5G
cellular networks.
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