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Abstract— Inter Cell Interference (ICI) is a major challenge 
that degrades the performance of mobile systems, particularly 
for cell-edge users. This problem arises significantly in the next 
generation system, as the trend of deployment is with high 
densification, which yields an ultra-dense network (UDN). One of 
the challenges in UDN is the dramatic increase of ICI from 
surrounding cells. A common technique to minimise ICI is 
interference coordination techniques. In this context, the most 
efficient ICI coordination is fractional frequency reuse (FFR).
This paper investigates the FFR in UDN millimetre wave
network at 26GHz band. The focus is on dense network with 
short inter site distance (ISD), and higher order sectorisation 
(HOS). The metrics used in frequency reuse is the signal to 
interference plus noise ratio (SINR) rather than the distance, as 
the line of sight in millimetre wave can be easily blocked by 
obstacles even if they are in close proximity to the serving base 
station. The work shows that FFR can improve the network 
performance in terms of per user cell-edge data throughput and 
average cell throughput, and maintain the peak data throughput 
at a certain threshold. Furthermore, HOS has a potential gain 
over default sectored cells when the interference is carefully 
coordinated. The results show optimal values for bandwidth split 
per each scenario in FFR scheme to give the best trade-off 
between inner and outer zone users performance. 

Index Terms— 5G Network, Fractional Frequency Reuse,
Higher Order Sectorisation, Millimetre Wave Band.

I. INTRODUCTION

HE fifth generation (5G) is the next generation of wireless 
system for mobile networks to achieve very low latency, 

higher spectral efficiency, high data throughput, and to 
provide flexibility in design and implementation [1].

Due to the popularity of data hungry devices such as smart
phones and tablets, this has increased the demands for faster 
mobile data traffic. Mobile networks operators face the need 
to install dense high capacity base stations (BSs) as well as 
small cells. These base stations should cover not only wide 
range but also hot-spots with fast, flexible and dynamic supply 
to cope with the unpredictable future users requirements.

5G networks have more challenges in improving the overall 
spectral efficiency, and reducing the operational and 
deployment cost. And since the trend of next generation 
network is ultra-dense network (UDN), Inter-Cell Interference 

(ICI) will be a challenging issue in 5G network.

In a cellular communication system, ICI is one of the main 
factors that impact the data throughput at the cell-edge zone, 
which consequently reduce the spectral efficiency of the base 
station. Mobile systems have two frequency assignment 
techniques. In the first one, base stations transmit different 
frequencies, where each sector uses 25 per cent of the 
bandwidth. Here the reuse factor is 25%, and called Frequency 
Reuse Factor 3 (FRF3). This scheme can highly minimise the 
co-channel interference among nearby cells, however, it 
reduces the spectrum efficiency. This technique has been used 
in Global System for Mobile Communication (GSM). In 
3G/4G networks, all cells have the same carrier frequency and 
same bandwidth (reuse factor is 100 per cent), and called 
Frequency Reuse Factor 1 (FRF1), which increases the 
spectrum efficiency but at the expense of increasing the 
interference from nearby cells [2].

Another technique can trade-off the aforementioned frequency 
reuse techniques, where every cell can transmit in the same 
frequency in the centre area; allocating the major part of the 
resources to this area, while the cell-edge area will use 
different resources to reduce interference, this technique 
known as Fractional Frequency Reuse (FFR) [2][3]. FFR 
divides the coverage area of the cell into inner and outer
zones, where different FRFs are implemented in these regions
to minimise the interference and increase the average spectral 
efficiency.

In [4], FFR was proposed to balance the peak data throughput 
and the average and cell-edge data throughput in cell area. The 
authors in [3][5] have proposed FFR with uniform power 
distribution and introduced the principle of capacity density 
and bandwidth density in Long Term Evolution (LTE) 
network, where their results show a noticeable improvement in 
cell-edge performance. While in [6], FFR was introduced in 
order to combat inter cell interference (ICI) in LTE network,
the authors have evaluated two FFR scenarios, namely, FFR 
and Soft Frequency Reuse (SFR). The authors have compared
them with the frequency reuse scheme in LTE network. A 
distance dependant frequency reuse scheme has been proposed 
in [7] with irregular macro base station placements, the author 
have derived new equations for signal to interference plus 
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noise ratio (SINR) and uses difference power profile for BS 
transmission to optimise the network capacity. Nonetheless, 
SFR has better spectral efficiency but higher interference
compared with FFR. This is due to the fact that the spectrum 
dedicated for the cell edge may also be used in the central 
zone if it is not being used at the cell edge [8].

Frequency reuse in millimetre wave band (mm-wave) has first 
proposed by V. Roman in [9], particularly in the local 
multipoint distributed service (LMDS) band at 28GHz. The 
author has shown a frequency reuse range of 1 up to 8 per cell, 
in addition to use polarisation and sectorisation to boost 
system capacity in this band.

FFR optimisation in this paper is aimed at maximising the
cell-edge area data throughput (edge TP) and average user 
data throughput (avg TP), while maintaining the peak 
throughput (peak TP) at a certain threshold. The focus is on 
using higher carrier frequency; particularly in 26GHz band, 
where there is a precious bandwidth (24.25-27.5)GHz 
available for ultra-dense very high capacity networks in the 
UK [10]. This band has a high dependency on line of sight 
(LOS) due to their weak signal as result of high path loss and 
atmospheric attenuation. FFR is also important especially in 
higher order sectorisation (HOS) scenario in millimetre wave 
band [11] due to the increased interference as we will see in 
this paper. In HOS, ICI is growing dramatically due to the 
increased nearby cell interference. And the usage of FRF1 will
result in severe ICI, particularly at the cell-edge area, which 
degrade the network performance in terms of coverage and 
capacity [12]. Therefore, interference coordination is 
necessary to handle the excess interference and improve the 
cell performance.
This FFR split scenario take the advantage of both FFR1 and 
FFR3 by splitting the cell area into two areas: inner and outer 
zones. The bandwidth BT is also partitioned into an inner band 
Binn and outer band Bout. The inner zone is reused by all user 
equipment’s (UEs); with a reuse factor of 1 (FFR1) and
therefore has a Full Reuse (FR) spectrum. On the other hand, 
the outer zone utilises a higher reuse factor (FRF3) to help 
combat ICI at the cell-edge zone, and thus, it has Partial Reuse 
(PR) spectrum [5].

The simulation of millimetre wave band is motivated by the 
spread of ray tracing tools that can predict the path loss and 
channel model of millimetre wave band. And also support 
diffuse scattering prediction model that greatly improves 
simulation accuracy for millimetre wave systems being 
developed for 5G. Wireless InSite®[13] and ICS 
Telecom/Designer by ATDI [14] have the potential to support 
higher frequency band, and considered as a high-fidelity ray
tracing solvers for radio network planning and optimisation.

The rest of the paper is structured as follow: the network model 
is illustrated in section II, with a brief discussion on millimetre 
wave band. Section III discusses the problem optimisation and 
presents its formulation. In section IV, the performance metrics 

is clarified, which is the data throughput. The resources 
assignment in FFR scheme is discussed in section V and our 
proposed algorithm is presented. After that, the simulation 
result and discussion is illustrated in section VI. The use of 
FFR in higher order sectorisation network is discussed in 
section VII. Finally, the conclusions are drawn in section VIII.

II. NETWORK MODEL

The network model is illustrated in fig.1, it consists of 
millimetre wave nodes that connect a number of User 
Equipment (UEs) that either lie in inner zone supporting FRF1

or outer zone which support FRF3. The UE SINR will decide 
whether this UE fall in either region. In this context, SINR 
threshold is defined so that any UE will exceed this threshold 
will be considered in the inner zone with FRF1, while UEs fail 
to achieve this threshold will be in the area of FRF3 (cell-edge 
area), in this area, FRF3 aim to improve the SINR on the 
account of reduced resources.

Most FFR/SFR schemes depend on the distance between BS 
and UE to judge whether UE lies in inner zone or in outer 
zone. The distance calculation is a complex issue that could 
dramatically increase the complexity of FFR/SFR algorithm. It 
also ignore nearby UEs that has low SINR due to bad channel 
condition.

In millimetre wave band, however, UEs can be in a bad 
channel condition (low SINR) when the LOS is blocked by 
obstacles, even if they are in close proximity to their serving 
base stations. In order to take into account nearby UEs with 
low SINR, the split between inner/outer zones in this work is 
decided by UEs SINR. A threshold of SINR is set in the 
proposed algorithm for resource assignment, which split the 
region into two parts. UEs with low SINR will be treated as a 
cell-edge (outer zone), in which the algorithm will assign 
these UEs a sub-band that do not interfere with inner zone. 
While UEs having high SINR figures will be considered as 
inner zone, with full frequency reuse. These two zones will 
have two different schedulers that are used to simultaneously 
schedule the UEs of these regions. Details of simulation 
parameters are listed in table 1.

Orthogonal Frequency Division Multiple Access (OFDMA) 
has been used as the multiple access in this model due to its 
powerful performance in dealing with multipath signals and 
compatibility with multi input multi output (MIMO) antennas. 
In OFDMA, the bandwidth is divided into small divisions 
called physical resource blocks (PRB) where each PRB is 180 
kHz and has 12 adjacent OFDM subcarriers [15]. The single 
PRB is allocated to a single device for at least single 
transmission time interval (TTI) that is equal to 1ms. In our 
analysis, a uniform power distribution is implemented for all 
transmitting base stations for both inner zone and outer zone 
(cell-edge), with a worst case that all these BSs are transmitting 
at full power. Therefore, with uniform power profile and SINR 
threshold γth, a user located at (x,y) point in the cell area will be 
either in inner or outer zones according to:
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Fig.1. Network model showing the FFR frequency assignment, the sky-blue is 
the part of the bandwidth assigned to the inner zone with (FRF1), while the 

coloured parts are for partial assignment with (FFR3).

∋ ܧܷ ቊߛ,ா(ೣ,) ≤ (௫,௬)ܧܷ,௧ߛ ∈ ,ா(ೣ,)ߛଷܨܴܨ  > (௫,௬)ܧܷ,௧ߛ ∈ ଵܨܴܨ  (1)

A. Millimetre wave band

When higher network capacity and connectivity is required, 
additional amount of spectrum is required as a result. And 
mobile network operators have improved the network capacity 
through utilizing additional bandwidth (higher frequency and 
wider bandwidth). Therefore, it is expected that 5G network 
will utilise higher bandwidth, such as utilising mm-wave band 
due to the very wide available bandwidth [16].

The Federal Communications Commission (FCC) has released
many bands within mm-wave band to be used as a promising 
candidate for future 5G mobile system, including the local 
multipoint distribution service (LMDS) band from 28 to 30 
GHz, 14GHz at the license-free band at 60 GHz, as well as 
12.9 GHz located at 71–76 GHz, 81–86 GHz, and 92–95 GHz 
from the E-band [17][18]. The office of communication in the 
UK (Ofcom) has released the 26GHz band in the UK [10]. 
And due to their small wavelengths, millimetre wave suffer 
high path loss (as per eq.2) and high atmospheric attenuation 
as shown in fig.2, thus has limited coverage [28]. 

Fig.2. Average atmospheric attenuation of  mm-wave [19].

TABLE1 NETWORK MODEL PARAMETERS

Model parameter Value
Multiple access OFDMA

Network size
21 cells /10UEs per cell, with 25 
surrounding interfering cells

Tx Power 40 dBm
Tx antenna gain GTx 18 dB
Rx antenna gain GRx 0 dB
Tx pattern As in eq.1
Electrical tilt - 6 degree (down tilt)
Rx pattern Omni-directional
Carrier frequency 26GHz
Bandwidth 500MHz
Speed of light 299792458 m/s
Tx Antenna height 10 m
Rx antenna height 1.5 m
Inter site distance 150m
Modulation Adaptive (QPSK, 16QAM, 64QAM)

Region of interest ROI = 600x600 m
Noise Figure 10 dB
Traffic Model Full Buffer
Scheduling Round Robin & Proportional fair

The transmitting nodes have three sectors with directional 
antennas, the patterns is:

(ߠ)ܣ = −݉݅݊ 12 ቀ ఏ
ఏయಳቁଶ , − ݁ݎℎ݁ݓ     ൨ܣ 180 ≤ ߠ ≤ 180        

where θ3dB is the 3dB beamwidth that corresponds to 65 
degrees, and Am = 20 dB represents the maximum attenuation.

B. Path loss

The path loss between a base station and connected UE is 
defined by the channel model [20]:

Gch =32.4 + 20 log10f + 10α log10R +Xσ (3)


where: Gch is the channel gain between BS and UE in dB, f is 
the carrier frequency in GHz, R is the separation between base 
station and device in metres, α is the path loss exponent, and Xσ

is the shadow fading loss which can be represented by log 
normal shadowing, that has zero mean and 9dB [21][22]
standard deviation. Fig.3 shows the path loss and SNR 
mapping for path loss map (left) and path loss and shadow 
fading map (right).

Due to the high path loss and atmospheric attenuation, 
millimetre wave has higher dependency on LOS in its 
propagation model, as reflected signals (multipath) are weak in 
general. Therefore, the antenna type used in this work is a 
single input single output (SISO), due to the fact that multiple 
input multiple output (MIMO) antennas relies on multipath to 
achieve the spatial multiplexing gain. However, an alternative 
approach for MIMO in LOS is the millimetre-wave MIMO, 
which establishes multiple parallel links in a LOS environment
through spatially distributed antennas [23][24]. The basic 
theory for LOS MIMO architecture first appeared in [25].

Band of interest
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Fig.3. SINR mapping of mm-wave sites, left is the path loss map, and right is 
the path loss plus shadow fading map.

III. THE PROBLEM OPTIMISATION

The adaptive resource assignment partitions the cell 
coverage area into two parts: cell centre with full reuse and cell 
edge with partial reuse. The scheduler of FFR divides the total 
bandwidth BT between these areas. Therefore, in three sectored 
site, the total bandwidth of a sector is given by:

்ܤ = ܤ + ௨௧ܤ (4)

where Binn is the bandwidth of inner zone and Bout is the 
bandwidth of outer zone (cell-edge). 
To manage the bandwidth partitioning more efficiently, βFR is 
defined as the normalized FR bandwidth:

ிோߚ = ்ܤܤ , 0 ݁ݎℎ݁ݓ ≤ ிோߚ ≤ 1 (5)

Therefore, for a single cell (one sector), the total available 
bandwidth will be:

ிிோܤ = .ிோߚ ்ܤ + 13 (1 − ்ܤ(ிோߚ (6)

where: BFFR is the bandwidth for single cell in FFR network.

Given that ܤிிோ ≤ :்ܤ
For ߚிோ = 0,

ிிோܤ = ଷ ,  Similar to FRF3 (7)

and for βୖ = 1,
ிிோܤ = Similar to FRF1  ,ܶܤ (8)

This means that there will be a reduction in the amount of total 
usable bandwidth. And users in inner zone do not share the 
bandwidth with outer zone, which minimise the interference 
for centre UEs and cell-edge UEs. Table 2 shows the 
bandwidth split for different values of βFR from a total 
bandwidth of 500MHz.

The purpose here is to find the best trade-off for βFR to 
maximize the average cell throughput (Av TP) and the cell-
edge throughput (Edge TP), while maintaining the peak data 
throughput at certain threshold. Therefore, the optimisation 
problem can be written as:

Table 2, Available bandwidth for FR/PR zones according to βFR setting

βFR Binn MHz Bout MHz

1 500

0.9 450 50/3

0.8 400 100/3

0.7 350 150/3

0.6 300 200/3

0.5 250 250/3

0.4 200 300/3

0.3 150 350/3

0.2 100 400/3

0.1 50 450/3

0 500/3

.ݔܽ݉ ,ܲܶݒܣ) βிோ(ܲܶ݁݃݀ܧ ∈ ܲܶ݇ܽ݁[0,1] ≤ ்ݎ
(9)

where rT is the minimum required peak data throughput.

IV. DATA THROUGHPUT

The data throughput of cellular network has an upper 
theoretical bound represented by the well-known Shannon 
formula [26]:

ܴ ≤ ܿ = ܤ logଶ(1 + (݅ߛ (10)

where:

ߛ = ܫܵ + ܰ (11)

γi is the SINR, B is the allocated bandwidth, S is the signal 
power of the serving cell, I represents the interference from all 
surrounding cells, and N denotes the thermal noise power.
And due to the frequency reuse scheme which split the UE 
according to their SINR and split the entire bandwidth into two 
parts, therefore, we will have two data throughput per cell. ܴிோிଵfor centre zone implementing FRF1 and ܴிோிଷ for outer 
zone (cell-edge) implementing FRF3. And the total cell 
throughput is the sum of throughput in inner and outer zone:

ܴ௧௧ = ൜ܴிோிଵ(ߛ > ,(௧ߛ ܧܷ ∈ ߛ)ிோிଷܴ ݁݊ݖ ଵܨܴܨ ≤ ,(௧ߛ ܧܷ ∈ ݁݊ݖ ଷܨܴܨ (12)

where,

ܴிோிభ = ிோߚ ∗ ்ܤ logଶ(1 + ((ఊவఊ)ߛ (13)

ܴிோிయ = (1 − ிோ)3ߚ ்ܤ logଶ(1 + ((ఊஸఊ)ߛ (14)

Therefore, the average cell throughput is:

ܴ ≤ ܿ =  ܴிோிయ
ఊ

ாംసషಮ
+  ܴிோிభ

ஶ

ாംసം
(15)
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V. RESOURCES ASSIGNMENT

The simulation and resource assignment of FFR scheme in 
cellular network is represented by the pseudo code in 
algorithm1. The simulation is initialised by defining the Region 
of Interest (ROI), in which all BSs and UEs are generated 
inside. The simulation length will last for 50 TTIs. The 
physical resource blocks PRB is defined according to the 
allowed bandwidth. And in this stage, two important 
parameters are defined in this step, namely: SINR threshold 
(γth) and the normalized bandwidth (βFR). Furthermore, due to 
the split of bandwidth (resources), two schedulers can be called 
to schedule the resources of inner zone and outer zone, 
simultaneously. In this work, round robin (RR) and 
proportional fair (PF) scheduling algorithms have been used as 
the scheduler for FR/PF zones. There are no restrictions on 
using any other scheduling algorithms, and different schedulers 
can be used for FR/PR zones, simultaneously. The simulation 
will check the available devices that request resources and 
check their SINR, compare it with γth, in order to split the FR 
zone from PR zone. If a UE SINR is equal to, or less than γth, 
then this UE will be assigned to PR zone where a certain 
scheduler will be responsible for the resource scheduling, with 
a total bandwidth of (1-βFR).BT/3. Otherwise, if the UE SINR is 
larger than γth, this UE will be assigned to the FR zone with a 
different scheduler that is responsible on resources assignment 
of similar UEs, with a bandwidth of βFR.BT. Both schedulers 
will assign their resources until all available PRB is exhausted.
When the allowed TTI is reached, the simulation will be
concluded and the data throughput for both regions is
aggregated.

VI. SIMULATION RESULTS AND DISCUSSION

For worst case consideration in terms of inter cell 
interference, all cells are transmitting at full power. The SINR 
calculation (see fig. 4) of the UEs in simulation is determined 
by calculating the received power of each UE according to 
Friis formula[27]:

்= + ்ܩ + ܩ − ܮ (16)

Where: pr is the received power, pT is the transmitted power by 
the cell (radiation pattern) according to eq.(2), GT , Gr are the 
gain of transmitting and receiving antennas, respectively. In 
this work, GT=18 dBi, while Gr=0. Lp denotes the signal path 
loss according to eq.(3). 
The transmitting BS are at 10m in height [20][28][29], while 
UEs are at a height of 1.5m, with inter site distance of 150m.
The SINR to throughput mapping in fig. 5 shows the UEs data 
throughput with respect to UE SINR with normal frequency 
reuse, FRF1, where only one zone available, implementing 
round robin scheduling. In this scheme, the peak throughput is 
57Mbps, edge throughput= 6.27Mbps, with average cell 
throughput= 188.53 Mbps. On the other hand, fig.6 depicts the 
SINR to throughput mapping of FFR scheme network, with γth

=0dB and βFR=0.7. In this scenario, the cell coverage has split 
into inner and outer zone, with FFR1and FFR3, respectively. In 
this scenario, the cell-edge data throughput has improved to 

9.26 Mbps (gain= % 47.47), and the average cell throughput 
has improved to 226.69 (gain=%20.23).While the peak data 
throughput is 66.28Mbps with %16.27 gain over full reuse 
frequency scheme FRF1. Lower values of βFR can further 
improve cell-edge data throughput, but on the expense of loss 
in peak data throughput.
Therefore, aggregating the data throughput of both zones has 
yield fig.7, which demonstrates the potential gain in average 
and cell-edge per user data throughput in the case of 
interference coordination, on the account of lower peak data 
throughput. This figure shows the relation between the 
peak/average data throughput and cell-edge data throughput as 
a function of the normalized bandwidth βFR. 

Algorithm 1: Pseudo Code of Resource Assignment

1: Define ROI % region of interest
2: Set TTI=1ms
3: Define two scheduler, Round Robin & Proportional fair
3:    Set Simulation time=50 TTI
4:    Generate cells per ROI
5:    Set finite UEs per cell

   Set SINR threshold to γth

   Set βFR as per user setting
6: for each TTI do
7: Check available UEs SINR/available resources NPRB

11: for each Tx Node do
12:     Check whether UE SINR below or above  γth

13:     if UEi SINR >γth, then
    Set b.w = ( βFR)*BT

    Pick a scheduler (RR/PF)
    Schedule these UEs according to FRF1

14:          else, if UEj SINR <= γth, then
15:          Set b.w = (( 1-βFR)/3)*BT %three sector cell

         Pick a scheduler (RR/PF)
16:          Schedule these UEs according to FRF3

18:          end if 
19:          Aggregate cell throughput for both zones
20:         Calculate average/peak/edge data throughput
21:     end for
22: end for

Fig.4. CDF of all UEs SINR in simulation
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Fig.5. SINR to throughput mapping of FRF1 scheme network

Fig.6. SINR to throughput mapping of FFR scheme network, with γth =0dB 

and βFR=0.7.

An optimum value for βFR can be chosen according to this 
figure, so that an improvement in cell-edge data throughput is 
achieved while keeping the peak throughput at a certain 
threshold. This will consequently improve the overall all cell 
data throughput. This figure is the result of using round robin 
scheduler for both FR/PR zones.

Fig.8 depicts the same scenario but with proportional fair 
scheduling been used for both FR/PR zones. An improvement
in term of data throughput is noticeable here, however, doesn’t
change the optimum βFR allocation. For both figures, a βFR of 
0.7 can give improvement for cell-edge user while keep the 
peak data throughput loss at a minimum level. Fig. 9 shows the 
average cell throughput of both schedulers along with the 
bandwidth utilization as a function of βFR. Lower values of βFR

can further improve cell-edge user performance, however, it 
can dramatically decrease the bandwidth utilisation, and hence, 
the overall cell performance. 

While in fig. 10, the relation between balancing cell-edge and 
average UE throughput has been illustrated as a function of 
βFR. It demonstrates how the value of βFR can balance the 
capacity between split zones, where a ranges of βFR values 
from RR: round robin scheduling implementing FRF1 as βFR=1
to a minimum of βFR = 0.1, a βFR in the range of 0.7 to 0.8 can 
give the best trade-off between the performance of inner and 
outer zones. Low value of βFR, e.g. 0.1 can result in significant 

improvement in cell edge zone data throughput; however, it 
will dramatically decrease the inner zone data throughput. On 
the other hand, high figure of βFR, e.g. 0.9 can result in high 
throughput in inner zone, on the account of low throughput in 
outer zone UEs.

Fig.7 Average/cell-edge data throughput in three sector site with RR scheduling

Fig.8. Average/cell-edge data throughput in three sector site with PF scheduling

Fig.9. Bandwidth utilisation with average cell throughput as a function of βFR

0

20

40

60

80

100

120

140

-5 0 5 10 15

U
E 

da
ta

 th
ro

ug
hp

ut
 (M

bp
s)

UE SINR (dB)

SNIR/Throughput mapping for default FRF1

0

20

40

60

80

100

120

140

-5 0 5 10 15

U
E 

da
ta

 th
ro

ug
hp

ut
 (M

bp
s)

UE SINR (dB)

SINR to throughput mapping

0

2

4

6

8

10

12

0

10

20

30

40

50

60

70

80

90

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ce
ll-

ed
ge

 th
ro

ug
hp

ut
 (M

bp
s)

Pe
ak

/A
vg

 th
ro

ug
hp

ut
 (M

bp
s)

βFR

Data throughput with RR scheduling

Peak TP (RR)
Avg TP (RR)
Edge TP (RR)

0
2
4
6
8
10
12
14
16
18
20

0

10

20

30

40

50

60

70

80

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ed
ge

 th
ro

ug
hp

ut
 (M

bp
s)

Pe
ak

/A
vg

 th
ro

ug
hp

ut
 (M

bp
s)

βFR

Data throughput with PF schedulling

Peak TP (PF)

Avg TP (PF)

Edge TP (PF)

0

200

400

600

800

1000

1200

1400

0

20

40

60

80

100

0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

Av
er

ag
e 

Ce
ll 

Th
ro

ug
hp

ut
 (M

bp
s)

%
 B

W
 u

tii
lis

at
io

n

βFR

Average Throughput vs Bandwidth utilisation

% BW utilisation
Av.Cell.TP(PF)
Av.Cell.TP(RR)

γ t
h=

0d
B

FRF3 zone FRF1 zone

http://www.pdfonline.com/easypdf/?gad=CLjUiqcCEgjbNejkqKEugRjG27j-AyCw_-AP


This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2017.2762338, IEEE
Access

Fig.10. Balance between inner and outer zone with respect to βFR

VII. FREQUENCY REUSE IN HIGHER ORDER 

SECTORISATION

As millimetre wave has high directionality and dependency 
on line of sight, it is anticipated that higher order sectorisation 
(HOS) is used to further increase the network capacity and 
boost its performance. In [30], the authors have proposed a six 
sectored order for the base station, in order to improve the 
system throughput through the spatial multiplexing and 
interference coordination. However, higher inference is 
expected due to the new surrounding sectors transmitting at the 
same carrier frequency [11] as shown in fig.11, where 
interference is compared between three and eight sectored cell, 
in terms of UE SINR. It has been seen that around 5dB loss in 
UE SINR in eight sector scenario compared with the default 
three sectored sites. It’s worth mentioning that some 
contributions claim that an order of eight achieves no gain over 
six sectorisation due to the excess interference, and therefore, 
suggested that sectorisation is kept up to six.

In such scenario, FFR scheme has been applied to eight 
sectored cell, which will split the coverage area into two 
regions: inner and outer zone. However, the bandwidth will be 
split into FR band for inner zone plus eight PR sub-bands for 
outer zone, where:

ܤ = .ிோߚ , ்ܤ ௨௧ܤ = 18 (1 − .(ிோߚ ்ܤ (17)

Fig.12 depicts the 8-secoted base station with FFR scheme.
Every colour denotes a sub band that is assigned to the cell-
edge users of a single sector. Therefore, the total bandwidth for 
a single sector can be written as:

ிிோܤ = ܤ + ௨௧ܤ = .ிோߚ ்ܤ + 18 (1 − ்ܤ(ிோߚ (18)

And therefore, the data throughput for each zone will be:
for inner zone:

ܴிோிభ = ிோߚ ∗ ்ܤ logଶ(1 + ((ఊவఊ)ߛ (18)

and for outer zone:

ܴிோிయ = (1 − ிோ)8ߚ ்ܤ logଶ(1 + ((ఊஸఊ)ߛ (19)

In HOS, new sectors have been added to take advantage of the 
directionality of millimetre wave. However, the new sectors 
have generated a new interference, as recently showed in 
fig.11. This makes some UEs which lie between these sectors 
to have low SINR, making them to be assigned to the outer 
zone consideration, with partial frequency reuse. Fig.13 
demonstrates this case, where the SINR mapping is shown for 
eight sectored base station. Dots denote UEs assigned in the 
inner zone with full frequency reuse, whereas crosses denote 
UEs assigned in the cell-edge zone with partial frequency 
assignment.

Fig.11. Interference in HOS in terms of SINR

Fig.12. Network model showing the FFR frequency assignment for HOS

Fig.13. Eight sectored base station, with FFR scheme; dots represent the UEs 
with full reuse (FRF1), while the crosses represent UEs with partial reuse
(FRF3).
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Likewise the default three sectored BS, the average cell 
throughput is decreasing as the value of βFR is decreased. And 
the cell-edge users will benefit from decreasing βFR. Therefore, 
an optimal value of βFR can be derived so that to achieve the 
optimised solution, where the cell-edge throughput is improved
on the account keeping the peak throughput at a certain 
threshold. The average cell throughput is improved as a result.
Fig.14 depicts this case, where the peak/average/cell-edge data 
throughput in Mbps - with round robin scheduling - is shown 
with respect to different values of βFR. As per this figure, a
value of βFR = 0.6 is seen to provide the best trade-off to 
improve the outer zone data throughput while keep the inner 
zone user at a certain threshold. Fig.15 shows the same case 
with proportional  fair schedulers . It’s noticed  that the optimal 
value  of βFR has been  shifted  by a 0.1 in HOS scheme , which 
equal to %10 of the total bandwidth, compared with default 
three  sectored  base  station . This  shift  is justified  by the 
higher  number  of sectors  and the increased  ICI, which  make 
the cell- edge zone demands more bandwidth to cope with ICI 
and improve their UEs data throughput.

Fig.14. Average/cell-edge data throughput in HOS with RR scheduling

Fig.15. Average/cell-edge data throughput in HOS with PF scheduling

Generally, there are gains as a result of using FFR scheme as 
well as HOS in millimetre wave band. Therefore, in order to 
measure the gain, a simulation has been conducted assuming 
40 UEs uniformly distributed around the transmitting site. In 
the first scenario, all sites are considered three sectored sites, 
without  FFR. Then, FFR is implemented  to see the gain. The 
same scenarios have been repeated with eight sectored site. As 
per fig.16, the gain per three and eight sectored  site is shown 
in terms of both average site throughput  (Gbps) and cell-edge 
data  throughput  (Mbps ). Interference coordination  has 
increased the overall network performance. And in the case of 
higher  order  sectorisation , FFR has reduced the interference ,
which led into a high gain compared with other sectored sites.

Fig.16. FFR gain in three and eight sectored site

VIII. CONCLUSION

Due to the ultra-dense deployment represented by 5G 
deployment scenario, ICI will represent a serious challenge in 
future millimetre wave 5G systems. In this work, FFR 
interference coordination has been used to suppress 
interference in dense network at higher carrier frequency, 
particularly at 26GHz band.

Frequency reuse scheme is important in millimetre wave band 
to further boost the network capacity and improve its 
performance. In this context, FFR has been harnessed as 
interference coordination technique in order to combat ICI as a 
result of the dense network. The new scheme has shown a 
significant improvement in network performance in terms of 
cell-edge user data throughput and average cell data throughput 
while maintain the peak throughput at certain threshold. 
Optimum values for the normalised bandwidth βFR has been 
derived, for both three and eight sectored site, which give the 
best trade-off between cell-edge and center user performance.
And with the right optimisation, eight sectored base stations
can give the potential gain over three and six sectored base 
stations, to boost the network capacity.
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