
Received July 10, 2019, accepted July 29, 2019, date of publication August 7, 2019, date of current version August 21, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2933689

A Novel Fractional Frequency Reuse Scheme for
Interference Management in LTE-A HetNets

SAJJAD AHMAD KHAN 1, ADNAN KAVAK 1, SULTAN ALDIRMAZ ÇOLAK 2,
AND KEREM KÜÇÜK 1
1Department of Computer Engineering, Kocaeli University, 41950 Kocaeli, Turkey
2Department of Electronics and Communication Engineering, Kocaeli University, 41950 Kocaeli, Turkey

Corresponding author: Adnan Kavak (akavak@kocaeli.edu.tr)

This work was supported by the Kocaeli University Scientific Research Unit under Grant 2017/061.

ABSTRACT The Heterogeneous Network (HetNet) has emerged as one of the most promising developments
toward achieving the target of the Long Term Evolution-Advanced (LTE-A) systems. However, Co-Channel
Interference (CCI) is one of the critical challenges of HetNet, that degrades the overall performance of a
system. Therefore, an appropriate Radio Resource Management (RRM) mechanism is required to deploy
and expand the HetNets properly. In this paper, a new RRM strategy called Fractional Frequency Reuse with
Three Sectors and Three Layers (FFR-3SL) technique is proposed. The FFR-3SL efficiently utilizes the radio
resources and alleviates the effects of CCI in LTE-AHetNets and thereby improving the system performance.
In order to implement the proposed strategy, the entire macrocell coverage area is segmented into three
sectors and three layers, while the total bandwidth is divided into seven subbands. Subsequently, the subbands
are accurately distributed among femtocells and macrocells by employing the proposed algorithm. As a
result, the co-tier and cross-tier interferences are managed on a prior basis. The Monte Carlo simulation is
performed to evaluate and compare the performance of the proposed method with the existing methods. The
simulation results show that the proposed method achieves higher throughput and better capacity in LTE-A
HetNet system. Furthermore, the efficiency of the system is improved with regard to user satisfaction in
terms of signal to interference and noise ratio (SINR) values.

INDEX TERMS Co-Channel interference (CCI), femtocell, fractional frequency reuse (FFR), heterogeneous
network (HetNet), long term evolution-advanced (LTE-A), radio resource management (RRM).

NOMENCLATURE

PL Path Loss.
M Macrocell.
F Femtocell.
ω Total number of RBs.
K Total number of subbands.
S Total number of cell sectors.
L Total number of cell layers.
SB Set of subbands.
� Set of subbands in each sector.
Gkm,M Channel gain between macrocell M and MUE m

at subcarrier k .
Gkf ,F Channel gain between femtocell F and FUE f

at subcarrier k .
SINRkm SINR value received by MUE m at subcarrier k .

The associate editor coordinating the review of this manuscript and
approving it for publication was Florin Pop.

SINRkf SINR value received by FUE f at subcarrier k .

PkM Transmit power of macrocell M at subcarrier k .

PkF Transmit power of femtocell F at subcarrier k .
No White noise power density.
1f Center frequency.
Ptx Macrocell transmit power for each layer.

Ck
m Capacity achieved by MUE m at subcarrier k .

Ck
f Capacity achieved by FUE f at subcarrier k .
ϒrx Min. detectable RSRP (dB) at the edge of each

layer.

ϕMi Set of frequencies received at femtocell (Fi) from
macrocells (M ).

ϕFi Set of frequencies received at femtocell (Fi) from
other femtocells.

TX Throughput achieved by femtocell F or
macrocell M .
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Ttotal The overall throughput achieved whether by
macrocells M or by femtocells F .

λ Group of usable SBs for femtocell (Fi) in a
sector.

\ Indicates exclusion in set theory.
ζFi,j Group of frequencies received from femtocells

of other sectors.
ψk
x Notifies the assignment of subcarrier k to

UEs x.
ϕFi,j Group of frequencies received from other fem-

tocells of the same sector.

ϕ
assigned
i The assigned frequency SB to the femto-

cell (Fi).
η Efficiency achieved by the system.
ρ Ratio of user distribution in the central layer.
Ŵthr SINR threshold.
q Ratio of central layer radius to cell radius.
NUE Total Number of UEs in a cell.
NUE,c Number of UEs in the central layer.

I. INTRODUCTION

The telecommunication industry progresses toward the devel-
opment of the Fifth Generation (5G) standard that requires
coexistence of Heterogeneous Networks (HetNets). The rea-
son for using HetNets is to provide effective wireless cov-
erage to mobile subscribers and other wireless appliances
in both indoor and outdoor environments. In other words,
the demand for wireless services at indoor environment con-
tinuously increases as the mobile subscribers grow [1]. It is
foreseen that by the end of 2021, two-thirds of mobile sub-
scribers will consume data in the indoor environment [2], [3].
Therefore, HetNet appears as an adequate solution for the
envisioned 5G mobile cellular networking system. In spec-
ifications of the Long Term Evolution-Advanced (LTE-A)
networks, a HetNet is a multi-tier network system, where
different small-cells are deployed especially in crowded areas
and cell-edges over the existing cellular networks [4]. Small-
cells are short ranged, low powered, and easy to plug-in
radio access nodes using licensed and unlicensed frequency
bands [5]. The small-cells consist of relay nodes, microcells,
picocells, and femtocells, which are deployed at different
places according to user requirements. One of the significant
types of small-cells is femtocell, which can be located at
homes, offices, and public places to provide coverage to the
indoor subscribers. According to the Third Generation Part-
nership Project (3GPP) Release-12, a femtocell is also known
as Home evolved Node Base-Station (HeNB) [6]. It covers
relatively smaller areas, i.e., 20 to 30 meters and provides
high data throughput to the User Equipment (UE). Thanks
to femtocells, users who are in the edges and shadow areas
of a macrocell region can also be served. Furthermore, 5G
Internet of Things (IoT) systems may also employ femtocells
in order to connect home appliances to the core network of
the system [7].

FIGURE 1. The CCI scenarios for down-link case.

In LTE-A HetNet system, macrocells and femtocells are
operating on the same frequency channel. As a result,
Co-Channel Interference (CCI) occurs. There are two major
types of CCI, described in Fig. 1, which may arise in different
situations. When the CCI occurs among the same type of
cells i.e., femtocell-femtocell, it is called co-tier interference,
like scenario (a) depicted in Fig. 1. While on the other hand,
the CCI among different type of cells is called cross-tier
interference, as shown in scenario (b) of Fig. 1. Ultimately,
interference degrades the quality of the signal and creates
critical problems during wireless communication. Therefore,
different methods are suggested in the literature to control
CCI in HetNets. Dedicated channel link is the most straight-
forward technique to solve this issue; however, there is a
high probability of wasting the radio resources [8]. Moreover,
Carrier Aggregation (CA) and Enhanced Inter-Cell Interfer-
ence Coordination (E-ICIC) methods are introduced in 3GPP
Release-12 [9]. Besides that, researchers are still investigat-
ing different techniques and comparing them to find out the
best solution. In [10], a Power Control Algorithm (PCA) and
simulation tool are introduced to reduce the co-tier interfer-
ence among femtocells. In [11], L. Zhang et al. suggest a
cognitive radio approach, where the neighboring femtocells
exchange the path-loss information to each other and select
the carriers aggregation to estimate the co-tier interference.
The above two approaches consider only co-tier interference
but ignore the cross-tier interference completely.

Fractional Frequency Reuse (FFR) as a resource allocation
scheme is an effective technique used to reduce the CCI in
LTE-A HetNets [12], [13]. The authors in [14] investigated
the FFR and non-FFR approaches and expressed that the
FFR scheme performs much better than non-FFR in terms
of throughput and capacity. Consequently, many researchers
studied different FFR schemes [15]–[21]. The authors in [22],
present an Optimal Static FFR (OSFFR) scheme for two-
tier HetNets in LTE-Advanced systems in order to increase
throughput in macrocell edge UEs and they compare four
different FFR schemes, i.e., strict FFR, soft FFR, FFR-3,
and OSFFR schemes. According to their simulation results,
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TABLE 1. Summary of existing popular FFR schemes and proposed FFR scheme used in two-tiered HetNets.

OSFFR scheme outperforms the other three state-of-the-art
FFR schemes. Nevertheless, the subband distribution among
femtocells is not addressed, therefore, co-tier interference
may occur among femtocells. N. Fradi et al. in [23], pro-
posed a resource allocation scheme using FFR with three
regions (FFR-3R) in LTE-A Orthogonal Frequency Divi-
sion Multiple Access (OFDMA) based HetNet. The simula-
tion results show an improvement in macrocells throughput
because of the decline in cross-tier interference, however,
the effect of co-tier interference remains the same. A similar
study is presented in [24], [25], where the authors employ the
same FFR schemewith three sectors (FFR-3) to overcome the
effect of CCI in HetNet. The cross-tier interference is reduced
and edge layer UEs achieve higher throughput. The co-tier
interference among femtocells is not addressed properly.
In this paper, a new FFR strategy is proposed for LTE-A

HetNets, where the whole macrocell coverage area is seg-
mented into three sectors and three layers. While on the other
hand, the total radio frequency band is divided into seven fre-
quency subbands (radio resources). The bigger chunk of the
frequency band is shared among the entire central layer while
the other subbands are distributed over the remaining zones
of the middle and outer-most layers. Furthermore, the sub-
bands are re-used by femtocells in other zones of the macro-
cell coverage area in a specific and well-organized manner.
In order to implement our strategy, a novel FFR algorithm is
proposed, which reduces not only CCI but also tries to find
themost suitable subband for newly deployed femtocell when
it switches on in any sector or zones of the macrocell region.
A Monte Carlo simulation is performed to accurately assess
the performance of our proposed method. Unlike the existing
studies in literature, we focus on the central area because
we assume that the central area is highly populated zones.
The major contribution of this paper is to propose a new
FFR scheme such that it provides reduced co-tier and cross-
tier interferences, improved Femto UEs (FUEs) and Macro

UEs (MUEs) throughput, better efficiency of the active UEs
connection, and UE satisfaction for higher radio resources
demand.

The variables (symbols), which are used in this paper are
summarized in nomenclature. The remainder of this paper is
organized as follows. Existing FFR methods are explained
in Section-II. The system model is given in Section-III.
Section-IV presents the proposed FFR-3SL algorithm, while
performance evaluation metrics are given and explained in
Section-V. In Section-VI, simulation model and results are
discussed. The conclusion is given in Section-VII.

II. EXISTING FFR METHODS

Themost favorable and reliable technique tomanage and con-
trol CCI in HetNets is FFR scheme, where the radio resources
(subbands) are properly allocated among femtocells and
macrocells. The basic idea behind the FFR technique is to
divide the total bandwidth into several small subbands and
then assign to different zones of the macrocell region. Fur-
thermore, the same subbands are re-used by femtocells in
other zones of the macrocells region, separated by consid-
erable distance to avoid interference. However, the macrocell
coverage area must be segmented in an organized manner,
in order to reduce the effect of CCI. In this paper, three most
cited methods are considered and summarized in Table 1.

A. OSFFR

The OSFFR scheme is proposed by N. Saqueb et al. in [22],
where the macrocell coverage area is split into two layers and
six sectors. As a result, themacrocell is segmented into twelve
total zones, on the other hand, the total available bandwidth is
divided into seven subbands. The first (SB) is shared among
all the zones of the central layer, while the remaining sub-
bands are distributed among the six zones of edge layer of
the macrocell region. In addition, all the subbands are re-used
by femtocells in different zones of the macrocell coverage
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FIGURE 2. A HetNet topology of the proposed FFR-3SL method.

area in such a way to avoid the cross-tier interference. This
scheme improves the performance of the system and reduces
cross-tier interference, nevertheless, co-tier interference is
not rectified properly. Moreover, the effect of Macro Base
Station (MBS) transmit power among narrow sectors is quite
difficult to manage in this scheme.

B. FFR-3R

Another FFR strategy with three regions (FFR-3R) is pre-
sented in [23] by Fradi et al., where the entire macrocell
coverage area is separated into three layers, named as inner,
intermediate and outer regions. Alongside, the macrocell
coverage area is further split into three sectors. In order to
fulfill the nine zones, the total available bandwidth is divided
into four (A,B,C,D) subbands. The subband A is shared
among all the center zones, while other subbands (B,C,D)
are shared among different zones of intermediate and outer
regions. Furthermore, all the subbands are re-used by fem-
tocells in different zones of the macrocell coverage areas.
In this scheme, the allotment of subbands is not configured
efficiently. As a result, higher chances of CCI may occur
among MUEs and FUEs due to frequency re-use factor.

C. FFR-3

P. Lee et al. suggested an idea in [24] by using the FFR
method along with three sectors (FFR-3) and two layers.
In this method, the overall macrocell coverage area is sepa-
rated into central and edge layers. Likewise, each layer is then
split into three sectors. As a result, themacrocell is segmented
into six total zones. Contrarily, the total available bandwidth
is divided into four subbands. The first subband is thoroughly
shared among all the zones of the central layer, while the

other three subbands are distributed among edge layer’s zones
of the macrocell region. Additionally, all the subbands are
re-used by femtocells in other zones of the macrocell region.
This strategy is very useful to avoid cross-tier interference,
however, there is no proper mechanism explained to mitigate
the co-tier interferences when it happens.

III. SYSTEM MODEL

Our new method referred to as Fractional Frequency Re-use
with Three Sectors, and Three Layer (FFR-3SL) is presented
in this paper. The principle idea of the proposed method
is to divide the total allocated frequency band into smaller
fractions (subbands), which are then distributed among fem-
tocells and macrocell in different areas of the macrocell
coverage area to assign users. The detailed network topology
and a viable algorithm of the proposed method are discussed
below.

The proposed network topology is demonstrated in Fig. 2,
where the total frequency band is divided into seven subbands
such as A, B, C , D, E , F and G. Furthermore, the whole
macrocell coverage area is partitioned into three sectors,
named as sector α, sector β, and sector γ , which are further
segmented into three layers, named as central layer X , middle
layer Y , and outer layer Z . For simplicity, we call the central
layer as X1, X2, and X3, middle layer as Y1, Y2, and Y3 and
the outermost layer as Z1, Z2, and Z3 zones. According to the
proposed model, the subband G is solely reserved for MUEs
available in the central layer. However, the subband G is not
assigned to femtocells to re-use for FUEs in the other zones
of the macrocell coverage region, because it is assumed that
the number of MUEs is largely available in the central layer
and quite close to MBS, and they should be given priority to
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use dedicated subband G. On the other hand, the subbands
A, B, C , D, E , and F are reserved for MUEs in zones Yi
and Zi (i ∈ {1, 2, 3}), respectively. After setting the subbands
assignment for MUEs in macrocell regions, all the subbands
except subband G are re-used by femtocells located in the
other zones of the macrocell coverage area. Considering sub-
band allocation among femtocells appropriately, groups of
available subbands are defined for every sector. When a new
femtocell is switched on, the system identifies its location
by checking the reference signal received power (RSRP)
values received from MBS, where RSRP is the predefined
frequency measurement affix in reference signal [26]. Once,
it identifies its location, then the most suitable subband is
assigned to the ith femtocell from the relevant group of sub-
bands. An OFDMA based LTE-A HetNet system is used
to investigate and compare the proposed method with the
current methods. In the LTE-A network system, the smallest
unit to be allocated to every UE in the frequency domain
of the downlink channel is the resource block (RB), where
each RB consists of 12 subcarriers. In term of the femtocell,
an open access policy is adopted to utilize all the resources
efficiently.

In the proposed model, a downlink wireless propaga-
tion channel model is considered, which comprises of path-
loss (PL), log-normal shadowing and small-scale fading
between Base Station (BS) and UE. The UEs are randomly
distributed with a uniform distribution over the macrocell
coverage area. Besides, a single wall penetration loss is used
from indoor to outdoor transmission and vice-versa, while
double wall penetration loss is used among indoor to indoor
transmissions.

The indoor PL model is defined in 3GPP Release-13 for
LTE-A HetNet system [27] as given by,

PL(dB) = 38.5+ 30log10(d)+ n (1)

where, term d is the distance between transmitter and receiver
(in meters), while n is the wall penetration loss factor, if the
distance is less than or equal to 10 meters, the n is 7 dB, if the
distance is greater than 10 meters and less than or equal to
20 meters, the n is 10 dB. However, if the distance greater
than 30 meters, then the n is 15 dB.

Assuming a Rayleigh fading channel, the channel gain is
defined as [28],

G = 10(−PL+Xσ )/10|h|2 (2)

where PL denotes path-loss in dB and Xσ is the shad-
owing effect of normal (Gaussian) distribution. h is a
circularly symmetric complex Gaussian random variable
with zero-mean and unit variance. So, |h| is Rayleigh
distributed.

IV. THE PROPOSED ALGORITHM: FFR-3SL

In order to implement our new RRM strategy, we proposed
a new algorithm so called FFR-3SL, which is given in
Algorithm 1. The algorithm performs two primary functions.
Firstly, it finds the total number of subbands and allocates

them to appropriate zones in the macrocell coverage area.
Secondly, it involves in selecting the most suitable sub-
band for the femtocell deployed inside the coverage area
of a macrocell. The second function avoids the chances of
co-tier interference before it happens. The algorithm initially
requires predefined parameters, where it takes total available
RBs (ω), the total number of subbands (K ), number of sectors
per cell (S) and number of layers per cell (L). The number of
RBs which are to be assigned for MUEs in the central zones
is calculated as [22],

SB(K ) = ω
( rc

R

)

, (3)

and the remaining RBs forMUEs and FUEs in the middle and
outer layers are calculated as,

SB(n) =
[ω − SB(K )]

K − 1
, n = 1, 2, 3, ...,K − 1 (4)

where ω is total available RBs, rc is the macrocell central
layer radius andR is themacrocell radius as depicted in Fig. 3.
K is the total number of subbands.

FIGURE 3. A ratio between central layer radius (rc ) and macrocell outer
layer radius (R).

Example: In LTE-A network, each RB consists of 12 sub-
carriers and each subcarrier occupies 15 KHz. In other words,
one RB occupies 12× 15 = 180 KHz. Assume, if the system
has 20 MHz bandwidth, 2 MHz is used for guard-band, while
18 MHz bandwidth is used for communication. The total
number of RBs is, 18 MHz/180 KHz = 100 RBs.

Now, as stated in the network topology in Fig. 2, we divide
the total available bandwidth into seven subbands, and if the
ratio of center radius to radius of macrocell rc/R = 0.4, then
the total number of RBs for seventh subband G used in the
central layer zones is obtained by using (3), SB(7) is equal
to 40 RBs.

In the same way, we can obtain the number of RBs for the
remaining six subbands (A, B, C , D, E , F) which are utilized
in middle and outer layers’ zones of the macrocell coverage
area by using (4); as a result, SB(1 to 6) equals to 10 RBs
per each SB. According to the above assumptions, all the SBs
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Algorithm 1 Radio Resources (Subbands) Allocation Algorithm

1 // Subbands Assignment to Macrocell Regions

2 // Initialization
3 ω← RBs; // total available resource blocks (RBs)

4 K ← Subbands; // total number of subbands

5 S ← Sectors; // total number of sectors, S < K

6 L ← Layers; // total number of layers, L < K

7 SB(K )← Equation 3; // central subband

8 SB(n)← Equation 4; // rest of the subbands

9 // Allotment of subbands to each layer’s zone and group them in sectors

10 for n = 1 : S do

11 Xn = SB(K ); // subbands for central layer

12 Yn = SB(n); // subbands for middle layer

13 Zn = SB(n+ S); // subbands for outer layer

14 �n = [SB(n), SB(n+ S), SB(K )]; // group of subbands for each sector e.g., [α, β, γ ]
15 end

16 // Obtain the length of radius for central, middle, and outer layers
17 Ptx ← Input; // set-up max. transmit power (dB) for central, middle and outer

layers

18 ϒrx ← Input; // set-up min. detectable RSRP (dB) received at the edge of each

layer (Receiver Sensitivity)

19 d(m) = PLcalculation(Ptx , ϒrx); // calculate the max radius for each layer by using

the path-loss function

20 // Finding the best available subband for every femtocell (F)
21 for i = 1: All femtocells (NFc) do
22 Fi← Initialize;
23 ϕMi ; // store the max. RSRP received at ith femtocell (Fi) from macrocells (M )

except the RSRP received from SB(K), (we assume that cell IDs are inserted

in the transmitted signal of macrocells)

24 if ϕMi ∈ �n then

25 λi = SB \�n; // subtract group of SBs used by macrocell (M ) in that

sector and get a group of available SBs for Fi
26 end

27 // Checking for nearby femtocells
28 for j = 1: All the femtocells (N s

Fc) in sector ’s’ if (j 6= i) do
29 if j ≤ K − S then

30 ϕ
assigned
i = λi(j);

31 else

32 ζFi,j; // store the RSRP values received at Fi from femtocells of other

sectors

33 ϕFi,j; // store all the received RSRP values at Fi from nearby

femtocells of the same sector

34 if ϕFi,j ∈ λi then

35 l = arg[max(PL(dFi,j))]

36 ϕ
assigned
i = ϕFi,j,l ;

37 end

38 end

39 end

40 end

are allocated to the respective zones in each layer. Once all
the SBs are distributed among macrocell regions, the SBs are
grouped according to their relevant sectors.

The second step of the proposed algorithm is essential in
order to search for the best available subband for all new
femtocells when it connects to the core network. When a
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femtocell (Fi) is switched on, it registers to the system
database. Once the registration is completed, it receives the
RSRP values from the MBS and stores them in ϕMi . On the
basis of RSRP values, the system declares approximate loca-
tion of Fi and its sector. In the next step, the λ sets a group
of available subbands and discards the subbands used by
macrocell in that sector. Every sector has a group of

(

K \ S
)

usable subbands, where K denotes the total number of SBs, S
is the number of sectors. Here, ’\’ indicates exclusion in set
theory. Once, the group of available subbands is identified,
the algorithm checks all the frequencies received from other
femtocells nearby to avoid the co-tier interference. All the
RSRP values received at Fi from other femtocells of the same
sector are stored in ϕFi,j, while the RSRP values received from
femtocells of other sectors are discarded.
On a ‘‘first come first served’’ basis, the first subband

from the group of usable subbands λ is assigned to the first
active femtocell (Fi) and the second subband to the second
active femtocell (Fi+1) and so on. Once all the available
subbands in the group are assigned to femtocells, in the next
step, the RSRP values stored in ϕFi,j are checked and the sub-
band having the lowest RSRP value is selected an assigned
frequency.
For example, if there are four SBs i.e., B, C , E , and F

available for femtocell (Fi) in sector α, by using the pro-
posed algorithm, the first, second, third and fourth deployed
femtocells will get subband B, C , E , and F , respectively.
Subsequently, when the fifth femtocell turns on in sector α,
it searches for available subbands in that particular sector,
however it returns with unavailable subband. Afterwards,
it checks for the lowest received RSRP values, which are
stored in ϕFi,j. As a result, the farthest subband from this sector
wise grouped in λ is assigned to the fifth requesting femtocell.
Hence, femtocells have less chances to interfere with each
other.

V. PERFORMANCE EVALUATION METRICS

A. SIGNAL TO INTERFERENCE PLUS NOISE RATIO (SINR)

In LTE-A HetNets, the unwanted singals are also received
from undesired transmitters in the downlink channel. The
downlink SINR value received at UE in LTE-A networks
heavily degrades due to the effect of interference that occurs
among femtocells and macrocells. For MUE m uses subcar-
rier k in macrocell M , its SINR is calculated as [29],

SINRkm =
PkMG

k
m,M

No1f +
∑

m P
k
M ′
Gk
m,M ′
+

∑

m P
k
FG

k
m,F

(5)

where PkM andGkm,M denote the transmit power of the macro-
cellM at subcarrier k and the channel gain of a MUE m from
the desired macrocell M at subcarrier k , respectively. No is
the white noise power density of the subcarrier spacing 1f ,
which is 15 KHz in LTE-A. Pk

M ′
and Gk

m,M ′
are the transmit

power and channel gain at subcarrier k of a MUE m from the
interferer macrocellsM ′.While, thePkF andGkm,F are transmit

power and channel gain at subcarrier k of a MUE m from the
interferer femtocells F .
Similarly, we obtain the SINR value from femtocell F at

subcarrier k of a FUE f , the equation is described as,

SINRkf =
PkFG

k
f ,F

No1f +
∑

f P
k
F ′
Gk
f ,F ′
+

∑

f P
k
MG

k
f ,M

(6)

where PkF and Gkf ,F indicate the transmit power and the
channel gain from the desired femtocell F at subcarrier k of
a FUE f , respectively. The Pk

F ′
and Gk

f ,F ′
are the transmit

power and channel gain at subcarrier k of a FUE f from
the undesired femtocell F ′. Similarly, the PkM and Gkm,M are
transmit power and channel gain respectively at subcarrier k
of a FUE f from the macrocell M .

B. CHANNEL CAPACITY

The Shannon capacity of the system depends on SINR and
system bandwidth, and for macrocell M at subcarrier k , it is
calculated as,

Ck
m = 1flog2(1+ αSINR

k
m), (7)

where, SINRkm is the SINR (dB) value of MUE m at subcar-
rier k , and α = −1.5/ln(5BER). BER denotes the target bit
error rate (10−6).

The channel capacity for femtocell (F) is obtained by the
following equation,

Ck
f = 1flog2(1+ αSINR

k
f ), (8)

where SINRkf is the SINR value of FUE f at subcarrier k .

C. THROUGHPUT

The throughput TX , X ∈ {M ,F} achieved by macrocell M
and femtocell F can be written as,

TX =
∑

x

∑

k

ψk
x C

k
x , X ∈ {M ,F}, x ∈ {m, f }. (9)

where ψk
x indicates the subcarrier k assignment to UE x.

When ψk
x = 1, it indicates that the subcarrier k is assigned to

UE x, otherwise, ψk
x = 0.

Total throughput of the system is obtained by summing up
the throughputs achieved by femtocells F and macrocellsM ,

Ttotal = TM + TF . (10)

D. SYSTEM EFFICIENCY

We defined system efficiency (η) is a performance metric as a
ratio between number of UEs requested (NUE,r ) and number
of UEs served (NUE,s) and is given by,

η =
NUE,s

NUE,r
× 100 (%). (11)
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E. USER SATISFACTION

In wireless communication system, the SINR is used to exam-
ine the signal quality with respect to interference and noise.
The higher SINR value means a better signal quality and UE
satisfaction is defined as the probability of obtaining SINR
value above or equal the threshold [30],

p(Ŵthr ) = p(SINRUEs ≥ Ŵthr ) = 1− F(Ŵthr ) (12)

where F(.) and Ŵthr denote Cumulative Distribution Func-
tion (CDF) and SINR threshold value.

F. ALGORITHM COMPLEXITY

The asymptotic computational complexity of the proposed
FFR-3SL algorithm is analyzed by considering a two-tiered
HetNet. We consider that seven macrocells are deployed and
there are total ofNFc femtocells in this two-tieredHetNet. The
proposed algorithm allocates the most suitable subband to
every newly deployed femtocell fi. In our algorithm, the com-
plexity of the first loop that executes allocation of subbands
to each layer (central, middle, and outer layers) in a macrocell
and allocates them to sectors is O(S). In order to find the best
available subband for every newly deployed femtocell, our
algorithm has one outer loop, one inner loop, and a search
statement inside the inner loop. Since it uses two loops and
one search operation, the complexity of allocating subbands
to femtocells is O(NFc × N s

Fc × N s
Fc). In the worst case,

we assume NFc = N s
Fc, hence complexity will be O(N 3

Fc).
Therefore, the overall computational complexity of the pro-
posed algorithm isO(S)+O(N 3

Fc), and ignoring the first term,
i.e., S << N s

Fc, overall complexity becomes O(N 3
Fc).

TABLE 2. Simulation parameters.

VI. SIMULATION MODEL AND RESULTS

Simulations are performed to assess the effectiveness of
the proposed method in terms of throughput, capacity and
efficiency. Our proposed method, FFR-3SL is also com-
pared with the existing methods, FFR-3, OSFFR, and
FFR-3R. Table 2 summarizes the simulation parameters.

The two-tiered HetNet is considered with 7 macrocells
and total 140 of femtocells. It is assumed that the fem-
tocells are uniformly deployed within a macrocell region.
Moreover, each macrocell consists of 100 UEs, which are
also uniformly distributed over the macrocell coverage area.
Besides, we applied the Round Robin scheduling algorithm
and assigned random RBs to users varying from 2 to 10
RBs per UE to satisfy user higher radio resources demand.
After setting network parameters, Monte Carlo simulation
are performed, by running simulations 100 times. For each
simulation run, number of femtocell deployed within macro-
cell region is increased linearly. The same procedure is exe-
cuted for other existing FFR methods as well, with the same
simulation conditions as in our method.

FIGURE 4. Throughput vs number of femtocells (NFc ) for FUEs in two-tier
HetNet using FFR algorithms.

FIGURE 5. Throughput vs number of femtocells (NFc ) for all UEs in
two-tier HetNet using FFR algorithms.

Simulation results are presented in Figure 4 through
Figure 9. Throughput achieved by FUEs is given in Fig. 4.
The proposed FFR-3SLmethod achieves better throughput as
compared to the other three existing methods. For all meth-
ods, the throughput increases with the increase in number
of femtocells. For instance, when the number of femtocells
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FIGURE 6. System efficiency vs number of femtocells (NFc ) for all UEs in
two-tier HetNet using FFR algorithms.

FIGURE 7. The effect of central layer UE distribution on system efficiency
using FFR algorithms.

reaches up to 100, the proposed FFR-3SL achieves through-
put about 105 Mbps, while FFR-3, FFR-3R, and OSFFR
methods achieve around 85, 70 and 60 Mbps of throughput,
respectively. The performance gap between the proposed
method and other existing methods becomes larger as there
are more femtocells deployed in the system. When we con-
sider all the UEs in the system, throughput of our proposed
method becomes obviously much larger, i.e, more than twice,
than that of othermethods as shown in the Fig. 5. For instance,
when the total number of femtocells is 50, the FFR-3SL
achieves above 600 Mbps of throughput while at the same
number of femtocells, the FFR-3R method has that is half of
the proposed method.
Another performance metric is the efficiency, i.e., UEs

connectivity in the system, the results of which are shown
in Fig. 6. As the number of femtocells grows, the per-
centage of UEs connected to the system in the proposed
method is higher than that of other methods. As the total
number of femtocells reach up to 140, efficiency of the
system in the proposed method approaches to almost 65%,

FIGURE 8. The effect of central layer radius on system efficiency using
FFR algorithms.

FIGURE 9. The probability of UE satisfaction vs SINR threshold values
using FFR algorithms.

while FFR-3R, FFR-3, andOSFFRmethods have efficiencies
around 49%, 29%, and 28%, respectively.

The user density distribution in central layer is
expressed by,

ρ =
NUE,c

NUE
, 0 ≤ ρ ≤ 1.

where NUE,c and NUE denote the number of UEs deployed in
central layer and total number of UEs available in macrocell,
respectively. Fig. 7 presents the results for evaluation the
effect of UE distribution in the central layer on the system
efficiency for 140 femtocells. When 50% of UEs is deployed
in the central layer, the proposed method achieves the opti-
mum system efficiency, which is nearly 70% of the overall
system. On the other hand, the existing methods FFR-3R,
FFR-3, and OSFFR achieve largest system efficiencies of
about 60%, 50%, and 48%, respectively, for UE distribution
ratio (ρ) of 0.2 in the central layer. This indicates that the
methods other than the proposed method focus on the outer
layers, while the proposed method mainly focuses on the UEs
connected in the center zone. The benefit of the center zone
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is to give importance to the UEs close to the MBS, which is
the main purpose of the HetNet.
In order to investigate the central layer radius on system

performance, we define a ratio of central layer radius (rc) over
the whole macrocell radius (R) as,

q =
rc

R
.

Fig. 8 shows the effect of radius of the central layer in
a multi-layered HetNet system. All FFR methods achieve
optimum efficiency at q = 0.4. For instance, at q = 0.4,
the proposed method achieves the optimum efficiency of
about 68%, while the second highest efficiency is achieved
by FFR-3R with nearly 62% efficiency. The main idea of
using a variable central layer radius is to be able to change
it according to the UEs demand and their location.
Fig. 9 provides the results regarding UE satisfaction

request to varying SINR threshold (Ŵthr ) values in dB. The
UE satisfaction of the proposed FFR-3SL method surpasses
all the other existing methods when (Ŵthr = 12 dB) and
above. Fig. 9 also shows that the proposed method satisfies
almost half of the UEs having SINR threshold value of 10 dB.
All the results in the above figures indicate that the proposed
FFR-3SL method achieves not only high throughput but
also satisfies the UEs regarding SINR thresholds and center
layered zones specification.

VII. CONCLUSION

In this paper, a new FFR scheme is proposed, which maxi-
mizes the overall throughput of the LTE-AHetNet by control-
ling the CCI before it occurs. The total available bandwidth
is divided into seven subbands, which are then allocated to
macrocells and femtocells in different zones of the macrocell
coverage areas. In order to implement our new approach for
frequency reuse, we proposed a novel FFR-3SL algorithm,
which tries to find the best available subband for a newly
deployed femtocell in a macrocell coverage area. Moreover,
in order to verify the accuracy of the proposed method a
Monte Carlo simulation is implemented. Simulation results
confirm that the proposed FFR-3SL method reduces not
only the CCI but also improves the throughput and effi-
ciency of the overall system. Furthermore, effect of the UEs
resource demand, users density distribution, and variation
in the central layer radius on the system performance are
investigated and compared with three existing methods. Sim-
ulation results show that the proposed approach, FFR-3SL
outperforms the other FFR approaches for all considered
cases.
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