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Analytical Evaluation of Higher Order
Sectorization, Frequency Reuse and User
Classification Methods in OFDMA Networks

Jianhua He, Wenqing Cheng, Zuoyin Tang, David Lépez-Pérez and Holger Claussen

Abstract—Higher order sectorization (HOS), which splits
macrocells into a larger number of smaller sectors, are receiving
significant interest as a cost-effective means of improving network
capacity. Potentially, the capacity gain with HOS is proportionally
linear to the number of sectors per cell due to spatial reuse, but
factors such as non-ideal antenna radiation patterns together
with inter-cell interference can significantly reduce this capacity
gain. We develop a statistical model to theoretically characterize
the performance of HOS deployments in wireless networks using
orthogonal frequency division multiplex access (OFDMA). More-
over, a fractional frequency reuse scheme is considered, which
aids to mitigate inter-cell interference. The model provides a fast
and effective tool for studying network performance in terms of
user signal quality, site throughput and outage probability, and
it can be used to speed up network planning and optimization. In
addition, we consider the impact of user classification methods in
the analysis, and propose a new spectrum efficiency-based user
classification method that improves resource utilization and al-
location fairness. Performance results indicate that the proposed
model is accurate, and shows a diminishing performance gain of
HOS deployments with the number of antennas. The proposed
user classification method improves network performances with
respect to state of the art approaches.

I. INTRODUCTION

The increasing popularity of smartphones and video on
demand is driving a strong growth in wireless network traffic.
As a result, enhancing network capacity is a major concern of
mobile operators. To do so, apart from well-known techniques
such as small cell deployments, multi-antenna techniques,
coordinated resource management and inter-cell interference
mitigation, the usage of HOS is receiving significant interest
in the cellular community [1]-[S]. With HOS deployments,
macrocells are split into a larger number of smaller sectors
by using of a large number of directional antennas per base
station (BS). This facilitates spectrum reuse and increases the
network capacity.

In the baseline configuration of cellular networks, macrocell
BSs are usually equipped with 3 sectors. HOS with 6, 12
or even more sectors per macrocell BS have the potential of
enhancing network capacity by exploiting spatial reuse without
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incurring significant capital and operational expenditures com-
pared to deploying new macrocell BSs or frequency carriers.
However, HOS also come with their own challenges in terms
of hardware development, inter-cell interference and mobility
management, and there are a number of research questions
that need to be addressed before HOS can be considered as a
solid candidate technology for the next generation of cellular
technologies.

The applicability of HOS to conventional macrocellular
networks has been the subject of a large body of research in
previous years, in both code division multiple access (CDMA)
and OFDMA networks, e.g., [7]-[14].

In CDMA networks, the performance gain of HOS due to
higher order diversity with fixed antennas beams was analysed
in [7]. In [8], the performance of a real WCDMA network with
6-sector BSs and fixed antennas beams was evaluated under
non-homogeneous network deployments. In [9], similar use
cases as in [8] were investigated considering smart antennas.

In the last decade, OFDMA has been used in several
cellular network and mobile broadband standards, including
the downlink of the LTE and Mobile-WiMAX. Due to its
different physical layer, the findings of [7]-[9] do not apply.
In OFDMA networks, the performance gain of HOS with
multiple antennas was evaluated in [10]. In [11], the HOS
performance was compared with that of multi-user MIMO
and network MIMO. In [12], this performance comparison
was extended to include multi-user MIMO with 12 antennas
per BS. Simulation results showed that HOS can achieve
higher average user throughput than these MIMO techniques
for some specific scenarios. Recently, in [13], the impact
of antenna beamwidth on HOS performance was analysed.
Moreover, in [14], a study of HOS performance in a LTE
network using 3GPP compliant simulations was presented.
In [15], a study of dynamic cell expansion with multiple
sectors for energy efficiency improvement was presented, in
which vertical sectorization was exploited.

The above research works indicate the potential of HOS, but
only consider universal frequency reuse schemes and no inter-
cell interference coordination techniques. As will be presented
in Section V, HOS deployments with universal frequency reuse
can lead to severe inter-cell interference and very high outage
probability. In contrast, in OFDMA networks, fractional fre-
quency reuse (FFR) schemes can be used to mitigate inter-cell
interference, and have the potential to optimize the tradeoff
between overall network and cell-edge performance [4], [19],
[20]. The performance evaluation of HOS without interference
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mitigation techniques (such as frequency reuse schemes) may
not provide proper recommendations for HOS deployments.
Thus, we suggest that these two technologies should be
developed and analysed in conjunction.

In addition to the mentioned issues, the above evaluations
of HOS performance in OFDMA networks rely on traditional
simulation based approaches that have been used in LTE
networks [21]. In order to have an effective evaluation of
HOS deployments, a fast and effective analytical tool for
system level performance evaluation of HOS deployments with
FFR schemes in OFDMA networks is highly demanded. Such
analytical tool can also help achieving the research target
of supporting the reproducability of performance evaluations
conducted by different researchers [34].

In this paper, in view of the aforementioned research prob-
lems, we investigate HOS deployments with FFR schemes in
OFDMA networks, and develop a novel statistical model to
theoretically characterize their performance. The main contri-
butions of this paper are summarized in the following:

e« We have developed a unified and accurate statistical
analytical model for the performance evaluation of HOS
deployments with FFR schemes in OFDMA networks.
In the proposed model, we concentrate on a strict FFR
scheme [4], [19], [20], and apply the widely used Fenton-
Wilkinson method to approximate the sum of log-normal
distributed interferers as log-normal distributed random
variables (RVs) [24]. We also extend the analytical model
to correlated interferers [25]. The proposed model pro-
vides a fast and effective tool for performance evaluation,
and can be used to aid network planning and optimization
procedures in HOS deployments. In the literature, many
analytical models have been developed for mobile cellular
networks including the increasingly popular stochastic
geometry based models (e.g. [3], [5], [20], [22], [23],
[30], [31]), but sector antenna radiation pattern and cor-
related shadowing have not been taken into account.

« We have investigated the impact of inter-cell interference
mitigation in HOS deployments with FFR schemes in
OFDMA networks in terms of overall network throughput
and user outage probability. We propose a spectrum effi-
ciency based user classification method for FFR schemes
that improves resource utilization and allocation fairness
in HOS deployments.

e With both analytical and simulation evaluation ap-
proaches, which provide cross verification and higher reli-
ability, we have conducted a comprehensive performance
evaluation of HOS deployments using an abstracted LTE
link level model. The impacts of 3D antenna radiation
pattern, FFR schemes and many other system parameters
on the network performance (e.g. user signal quality,
site throughput and outage probability) are considered.
Different HOS, FFR and user classification combinations
are compared. A diminishing performance gain with the
number of antennas is observed. The numerical analy-
sis of HOS deployments sheds some new light in this
research area.

The rest of this paper is organized as follows. In Section II,

(b) 6-sectors.

(a) 3-sectors.

Fig. 1. Examples of cellular network layouts.

the system model and assumptions are introduced. In Sec-
tion III, various user classification methods for FFR schemes
are presented. In Section IV, an analytical model is devel-
oped for HOS performance analysis with and without FFR
schemes. In Section V, the numerical results and discussions
are presented. In Section VI, the conclusions are drawn.

II. SYSTEM MODEL

We consider the BS configurations with 3, 6 and 12 sectors.
For the 3-sector BS configuration, a clover-leaf network layout
is used!. It is important to note that the analytical model
developed in this paper is general, and can also be used for
higher order sectorization as well as other network deployment
layouts.

Fig. 1(a) shows an example of the 3-sector BS hexagonal
network layout with 1 tier of interfering BSs. For the 6-
sector and 12-sector BS configurations, the BSs are placed
at identical locations, but the main directions of the sector
antennas are offset with respect to the 3-sector layout to avoid
neighbouring sectors pointing each other. Fig. 1(b) shows an
example of 6-sector BS network layout. It is important to note
that the analytical model developed in this paper is general,
and can also be used for higher order sectorization as well as
other network deployment layouts.

Using these network layouts, let us consider a cellular
network with Ngjtes sites equipped with one BS each, where
the ith BS (i € [1, Nsites)) is located at B;. The inter-site
distance is denoted by Risp.

The number of sectors per BS is denoted by N,, and as
indicated earlier, we concentrate our analyses on BS con-
figurations with N, = 3, N, = 6 or N, = 12. The jth
sector of the ith site is denoted by A; ;, where ¢ € [1, Ntes]
and j € [1,N,]. Let ¥;; denote the horizontal angle of
the main radiation direction of sector .A; ;, which is set to
(] — 1) * 7T/Na - ’191‘)1 for (j € [Z,Na]), with 191‘71 = —7'('/6 for
the 3-sectors and ¥, ; = —7 /12 for the 6-sector and 12-sector
BS configurations, respectively.

Users are assumed to be uniformly distributed within each
service area. Without loss of generality, we focus our analysis
on the performance of users associated with sector A 1,

IFor the 3-sector BS case, the clover-leaf network layout was found to have
a better performance than the hexagonal network layout [16].



HE, CHENG, TANG, LOPEZ-PEREZ, & CLAUSSEN: ANALYTICAL EVALUATION OF HIGHER ORDER SECTORIZATION, FREQUENCY REUSE ... 3

and assume that BSs are equipped with a round-robin sched-
uler. We also consider a fully loaded network, in which the
frequency resources allocated to each sector are fully used.
Table 1 lists the main notations used in this paper.

A. Channel model and antenna radiation pattern

Since we consider a fully loaded network, we focus our
studies on the transmission performance of one physical re-
source block (PRB), which represents the basic time-frequency
resource unit available for data transmission in LTE networks.

Let us consider a general user w located at position L,
with coordinates (z,,, ¥,,) inside sector A; ;. Let D; ,, be the
distance between BS ¢ and user u, and ¥J; ;. be the angle
between the main radiation direction of sector 4; ; and user
u, which can be calculated by basic geometric methods.

Let us now define the signal power P; ;. received by user
u from sector A, ; as

Pi;j’u = PtGPL(iv U)i/Jz‘,uGA(iJ, U)7 (D

where P; is the BS transmit power over a PRB, Gpr,(i,u)
is the path gain (loss) between BS ¢ and user u, 1; ,, is the
shadow fading between BS 4 and user u, and Ga(i,7,u) is
the antenna gain between sector A; ; and user u, For ease of
notation, we let P, ;. = P;Gpr (¢, u)GAa(i,],u) denote the
mean received power by user v from sector A; ;.

The path gain (loss) Gpr,(d) models the propagation loss
between BS ¢ and user w. The model specified in [6] for
outdoor line-of-sight communications is used,

GpL(d) = —34.02 — 22log;(d) [dB]. )

where d is the distance between BS ¢ and user wu.

The shadow fading ; , models the variability of the path
loss between BS 7 and user u, which is assumed to follow
a log-normal distribution with location value of 0 and scale
value of o [6]. Moreover, the shadow fading within sectors
of a site is assumed to be fully correlated, while the inter-site
shadow fading correlation is denoted by p.

The antenna gain G4 (4, j, u) models the gain of the antenna
in the direction between sector A; ; and user u,

Ga(%,J,u) = GamaxGany i jus0i ), 3)

where G'A max 1 the maximum antenna gain, and Ga 1 v (%, 0)
is the 3-dimensional antenna radiation pattern with horizontal
angle 9 and vertical angle 6.

Ganv(0,0) is calculated using the model in [6] as

GdA],Sh,V(ﬁ’ 9) = —min (_1 * (Gil?h (19) + Gil?v(e)) 7G%‘]rgont
Ganv(9,0) = 10GR0W6/10,
where G n(¥;j,u) and Ga v(6; ;) are the normalized hor-

izontal and vertical radiation pattern offsets of the sector

antenna, and G4E . is the antenna front to back ratio.

Note that Ga n(9; ;) and Ga v(6; ;) are calculated as

—min <12( )2,25> ) (5)

GHL(0) =
an(?) -

and

G45,(0) = —min (12(9_9‘10“)2, 20) , (6)

0348

“

where Us3qp and Os4qp are the horizontal and vertical half-
power beamwidth (HPBW), and 00wy is the down-tilt angle.

Taking into account the previous definitions, the signal to
interference plus noise ratio (SINR) ~,, of user u located at
(x4,Yy,) Within sector A; ; can be calculated as

Sy
Nsites

Z Pl,j,u + Z Z

7€ Qlntra,u i=2 j€ Qlnter,u

Yu = (D

Piju+ 02

where S, = P; ;. is the designated signal for user u, Qiyera,u
and Qqpter,, are the set of IDs of intra-site and inter-site
interfering sectors with regard to user u, respectively, which
are determined by the used frequency reuse scheme, and §2 is
the noise power, which can be calculated as the product of the
noise figure and the signal bandwidth. With the assumption
of a fully loaded network, the downlink communication is
generally interference limited, therefore the impact of noise is
negligible and is not considered in this paper.

It is important to note that P; ; ,, is a log-normal variable,
and can be uniquely characterized by its mean and variance,
which are denoted by P; ;. and P; ; ., respectively.

III. USER CLASSIFICATION FOR FRACTIONAL FREQUENCY
REUSE SCHEMES

In this paper, we considered a strict FFR in this paper. How-
ever, it is noted that the proposed user classification method
and analytical model are not limited to the strict FFR scheme,
but can work with other variants of FFR schemes, such as soft
FFR schemes [4]. In the strict FFR, the available bandwidth
(denoted as W) is divided into two sub-bands, cell-centre and
cell-edge sub-bands, (the bandwidth of which are denoted as
W. and W, respectively), where § is the bandwidth partition
coefficient, i.e., W, = W and W, = (1 — 8)W. Moreover,
cell-centre sub-bands use a frequency reuse factor of 1 (IFR-
1), while cell-edge sub-bands use a frequency reuse of factor
3 (IFR-3). An identical downlink transmit power is applied to
both sub-bands.

Fig. 2 shows an example of FFR bandwidth reuse for cell-
centre and cell-edge in 3-sectors and 6-sectors configurations.

Centre sub-band | Edge sub-band

]
.

Frequency

A2

v

A

()

(c) bandwidth partitioning

(b) 6-sectors

(a) 3-sectors

Fig. 2. Tllustration of FFR bandwidth reuse with 3-sectors and 6-sectors
configurations.

It is noted that the shapes of sector coverage shown in
Fig. 2(a) and Fig. 2(b) are given for illustration only. The
actual shapes are determined by many factors such as an-
tenna directions, antenna patterns and shadowing. With this
bandwidth partitioning, cell-centre users can only access the
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TABLE I
NOTATIONS

Notation Meaning Notation Meaning
Ngites number of sites Risp inter-site distance

i,j jth sector of ith site Na number of sectors per BS

ij centre location of sector A; ; Ly location of user u

i distance between BS 7 and user u Vi ju angle between sector Ai, ; and user u
Piju power received by user u from A; ; P BS transmit power over one PRB
Gpy, (%, u) path loss between BS ¢ and user u Ga(i,j4,u) antenna gain between A; ; and user u
Vi shadow fading between BS ¢ and u B iju mean received power by u from A; ;
G A, max maximum antenna gain Gahv(9,0) antenna radiation pattern with ¢, 0
Y348, 034B horizontal and vertical HPBW i, shadowing between BS ¢ and user u
Ow log-normal shadowing standard deviation | p inter-site shadow fading correlation
Yus Su user SIR, designated user signal Ynet,> Xsites Onet network SIR, throughput, outage prob.
W, We, We  available, cell-centre and cell-edge BW bandwidth partition coefficient
Ye,ur Ye,u SIRs of cell-centre, cell-edge user w Xeu, Xeyu cell-centre, cell-edge user throughput
Ic i sum of interference from BS i to u Bl s Oleu mean and std of I ; o
Isum,c,u aggregate interference from cells to u Flonm.con® Tloum.cou mean and std of Isum,c,u

cell-centre sub-bands and cell-edge users can only access the
cell-edge sub-bands.

A. Distance-based user classification (UC-Dist) method

With the distance-based classification method, a user is
classified as cell-centre user if its distance to the serving BS
is less than a given distance threshold, i.e, aRisp/2, where
« 1s the so-called distance coefficient, 0 < a < 1; otherwise
it is classified as cell-edge user. In the following, this user
classification method is abbreviated as UC-Dist o method. It
is noted that IFR-1 and IFR-3 schemes can be regarded as two
specific cases of the UC-Dist o method, where « is set to 1
and 0, respectively.

This method however has some drawbacks.

o As user position information is required, this method may
have limited application in real cellular networks.

For BSs with omni-directional antennas, a smaller dis-
tance between the serving BS and the user usually means
better SIR and therefore improved spectrum efficiency.
However, this is not always the case for BSs with sector
antennas. The UC-Dist o method may thus result in a low
spectrum efficiency when considering sector antennas.

Another potential issue is that the proportion of traffic
generated by the users in the centre and edge zones may
quickly change in the time domain due to user mobility,
traffic patterns, etc. This may lead to an unfair frequency
resource sharing between cell-centre and cell-edge users.

B. RSS based user classification (UC-RSS) method

In [18], an alternative user classification method based
on user relative RSS was proposed. With the RSS-based
classification method, a user is classified as cell-centre user, if
the received signal strength from the best serving cell is 3 dB
higher than that received signal strength from the strongest
neighbouring cell; otherwise it is classified as cell-edge user.
In the following, this user classification method is abbreviated
as UC-RSS a method.

The UC-RSS method solves the problems faced by the
UC-Dist o« method when using sector antennas, but suffers
from the same unfair frequency resource sharing and mobility
issues.

C. Spectrum efficiency-based user classification (UC-Spe)
methods

As both distance- and RSS-based methods may not be re-
sponsive enough to cope with traffic fluctuations when having
a fixed bandwidth partition for cell-centre and cell-edge users,
we propose a spectrum efficiency-based user classification
method for FFR schemes, with the following objectives:

1) To maximize spectrum efficiency of the entire network.

2) To maximize the resource allocation fairness between
cell-centre and cell-edge users.

3) To minimize the overhead, and enhance the flexibility.
Within the cell-centre and cell-edge zones, various re-
source partition and scheduling algorithms may be used.

In the proposed user classification method, we first estimate
the SIR and the throughput of users as both cell-centre
and cell-edge users, and then decide which users should be
classified as cell-centre and cell-edge users, by the following
procedure.

Suppose there are Nygr active users in sector 4, 1, and let
Q. and €, respectively denote the sets of cell-centre and cell-
edge users after the prior user classification procedure com-
pletes, and N, and N, respectively denote their cardinalities,
where Nyger = Ve + No. In order to achieve fairness, ideally
the number of users in each set should be proportional to the
bandwidth of each sub-band, i.e.,

W. W,
N. N

where N. = [BNyser |, as the number of users needs to be
an integer. It is noted that the users within a given group are
assumed to have similar bandwidth requirements.

The proposed resource sharing criterion in (8) can be
changed to achieve a given tradeoff between fair spectrum
allocation and throughput with the introduction of a resource
sharing control variable w, ¢, which can be defined as

W, _ wc,eWe
N, N,
where w. . = 1 in this paper for the sake of simplicity.
Let ., and 7, denote the SIRs of user u as cell-centre

and cell-edge user, respectively, and let A; ,, and X, , denote

(®)

; (©))
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the throughput that can be achieved by user u as cell-centre
and cell-edge user, respectively. Moreover, let F(z) define a
function to calculate the user capacity per unit of bandwidth
based on the user SIR x (The proposed user classification
method can work with different user capacity functions).

According to previous definitions and assuming a round
robin scheduler, the user throughput as cell-centre and cell-
edge user can be calculated as

_ ‘F(/YC,U)WC

Xew = B A (10)
_ T (eu)We

Xew = 3N, (11)

Then, the site throughput can be calculated as the multipli-
cation of the number of sectors (/V,) and the sector throughput
from (13)

Xsite = Na (Z Xc,u + Z Xe,u)
UEN, UEN,
F (Yeu)We F (Feru) We
= Na [Z T + Z 37]\[6
UEN, u€EN,
w w
~ N, [N > FFem) + N > Fem %)
user wEQL user wEQL
N W
= oy [Z 3F (o) + Y f(ve,u)] )
USer | e UEN,

Let X, _, ., also define a new variable referred to as through-
put difference that represents the difference between A, and
Xe, for user u, which is calculated as

chem = Xc,u - Xe,u- (14)

According to (13), in order to maximize A, the users
with larger throughput difference should be chosen as cell-
centre users with higher priority. We thus sort the set of users
according to X;_¢ for u = 1,..., Nyser in decreasing order,
and then choose the first V. users as cell centre-users and the
remaining Nyser — N¢ users as cell-edge users. As a result, we
avoid a fixed user to bandwidth mapping as in the UC-Dist
and UC-RSS methods.

It is noted that in the above method, the actual mean
SIR is used in the user throughput calculation. This method
with accurate SIR is abbreviated as UC-Spe-Acc method.
Algorithm 1 presents the pseudocode of the proposed UC-
Spe-Acc method.

Algorithm 1 User classification method UC-Spe-Acc

Input: A set Qu of users to be classified; Bandwidth partition
coefficient (3;

Output: A set Q. of center users and a set {2e of edge user;

(e =9, Qe = ¢

: Calculate the expected number of cell-centre users N. by (8).

: Each user u estimates 7, and 7e,, by measurement;

: Calculate X, ., Xe and Xe—c o for u € Qu;

: Each user u reports X._¢ ., to the serving BS.

AN B WN

: The serving BS sorts X:—c . (u € Qu) in decreasing order;

7: Add the first N, users in the sorted set to the set of cell-centre
users €)c; add the remaining users to the set of cell-edge users (2.
8: Perform scheduling.

9: Return.

In order to simplify the SINR classification process, we
propose an alternative user classification method in which
an approximated SIR instead of an actual SIR is used. In
this approximation, the RSS from the cell that generates the
maximum interference to the user is used to calculate the
approximated interference and SIR 7., and Y., of user u
as a cell-centre and cell-edge user:

~ Pr 1,1u

Veou —— £15)
CaPP X max{zy:dl Pr,i,j,u | 1= 27 seey Nsites}

~ P,

Feu Ll (16)

1= 17 ~-~7Nsites}.

In the above equations, the maximum single cell interference
to user v is multiplied by a coefficient Cypp, to approximate
the overall network interference. After sampling the values in
the range [1, 2.5] for coefficient C',pp, in the studied scenarios,
we set Cypp to 1.5, and implement an alternative user classifi-
cation method following the procedure shown in Algorithm 1.
This method with approximated SIR is abbreviated as UC-Spe-
App method. Note that the SIR approximation is used only in
the user classification process. The actual SIR is used in the
network performance evaluation by simulation and analytical
approaches.

The spectrum efficiency user classification methods are
viable. The core of the spectrum efficiency based user clas-
sification method is on the measurement of SIR. Usually the
SIR and throughput are dominated by a few close interfer-
ing sectors/BSs. As specified by 3GPP UEs are required to
periodically measure and report the reference signal received
power from the neighbour cells for cell search and hand
over purposes [1], they are readily available for the user
classification process. The time resolution of the proposed
classification method can be set as that used for user handover.

Capp X max{ ;1.

IV. ANALYTICAL PERFORMANCE MODEL FOR
FRACTIONAL FREQUENCY REUSE SCHEMES

As indicated in Section II, we focus our analysis on the
performance of users associated with sector A; ;, based on
which the overall network performance can be calculated. With
the above user classification strategies, a user located anywhere
within the service area of sector .A; ; can be classified as cell-
centre or cell-edge user.

In this section, we first derive a statistical model for deriving
the SIR distribution of an individual user u located at (z,,, yy,)
as a cell-centre user as well as a cell-edge user. With this model
for individual users, we then calculate network performance
in terms of network throughput and outage probabilities for
different FFR schemes.

A. SIR distribution for a cell-centre user

As an IFR-1 scheme is applied in the cell-centre sub-band,
a cell-centre user within sector A; ; is subject to interference
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from the sectors of BS 1 other than sector 1 as well as all
sectors of all neighbouring cells. Therefore, for a cell-centre
user u of sector 4 1, we have the following expressions for
the sets of IDs of intra-site and inter-site interfering sectors

antra,u = {]|2 S] S Na}7 (17)
QIntelr,u = {.7|1 S] < Na} (18)

According to (7), the SIR ~, ,, of user u within sector A; ;
as a cell-centre user can be calculated as

Pr,l,l,uwl,u
Nsites
Z Pr,l,j,uwl,u + Z Z

JE Qlntra,u =2 jE€ Qlnter,u

_ Pr,l,Luwl,u
= T (19

Yeu =
Pr,i,j,uwi,u

C,t,U
=1

where I ; , is the sum of the interference generated from the
different sectors of the 7th BS to user u, i.e.,

Z Pr,l,j,uwl,uv i =1,
j€Q
I... = 7€8m¢tra,u ) (20)
o E Pr,i,j,uw’i,u7 1= 2a E) Niites-
JEQnter,u

Note that I ; ,, is a log-normal RV as it has been assumed
that the shadow fading within sectors of a site is fully
correlated in Section II.

Let py.,, and o denote the mean and the standard
deviation of the normal distribution associated with I ; .,
respectively, which can be calculated by

Cyisu

Na
In{ > Priju i=1,
- J=2
Bl iw = N, (21)
In Z Pr,i,j,u t= 23 ) Nsitcs»
Jj=1
and
Olc,i,u = Ow- (22)
. SN P
Let us also define two new variables. Y1 ¢, = = 5———,

r,1,1,u
and Ysum ., Which is the interference from neighbouring cells
to signal ratio for cell-centre user u, i.e.,

Tsumc,u
Y;umcu:%a 23
=g 23)

where Igym,c o 1 the sum of the interference from the neigh-
bouring cells to cell-centre user u, and can be calculated as
Tsum,cu = Zf;ges 1. ;. It is important to note that Y7  ,, is
a deterministic variable, while Y um ¢, is @ RV.

Based on these two variables, the SIR ~., for cell-centre
user v within sector 4; ; can be expressed as

1
B Yl,c,u + Y;um,c,u '

In order to calculate the mean of ~.,, the sum of the
interference Isum,c,u Of the Njes — 1 correlated neighbouring
cells to user u is approximated by another log-normal variable,
where pp,,. .. and oy denote the mean and standard
deviation of the normal distribution associated with the log-
normal approximation Igumc,, respectively. Then, we can

Yeu (24)

apply the method used in [26] to calculate the sum power of
correlated log-normal RVs. The method has a lower complex-
ity and still an acceptable accuracy compared to several other
approximation methods [27]-[29]. According to such method,
Hloum.e.. €an be calculated as

Nsites 105 2 0-%
Pl e =log | D e T e | — =i, 25)
i=1
and oy, .. can be calculated using (26).
PARTA + PARTB
1. = lOg 1+ )
sum,c,u Nsites Py 2 2
( E euIc,i,u+O'5a‘Ic,i,u>
i=2
Nisites R R
) 2prg o, )
PARTA = (e7Teiu — 1) MeiuT e
i=2
Nsites—1 Nsites R )
. +0.5 0.5
PARTB = 2 Y > a0 oo™ 0 e

=2 j=it+1

With the approximation of Igym ., as a log-normal variable
and because S, is also a log-normal variable, Ysum ¢, in the
form of (23) is also known to be a log-normal variable, where
HYeumon and oy, . denote the mean and standard devia-
tion of the normal distribution associated with the lognormal
variable Ygm,c,u, respectively.

As Igym,c,w and S, are correlated, let pr_, . s,c, denote the
correlation coefficient between Isym ¢, and S,,. Then, we can

write that

27)
(28)

/’Lx/sum,c.u = /’l/Isum.c,u - ln(PLl,l,u)y

2 2
+ 0% — 2Psum,1,0,u0 Ly e Ow-

Ysum,c,u

= Ol
In this case, the only unknown variable to calculate py;, . .
and oy, .. 1S P1....S.c,u- We can use the method proposed

in [33] to calculate psum,s,c,u

2 () = (Mre e = s, = (07, +0%)

Plaum,.S,cu =

2071 Ow

sum,c,u
(29)

Nsites
14
=2

(30)

After we have calculated the mean py,,. . and standard
deviation oy, . of the normal distribution associated with
log-normal variable Ygum c .. the probability density function
of 7., given by (24) can be determined accordingly. It is
noted that for a general log-normally distributed RV X, with
parameters 1 x and ox being the mean and standard deviation
of X’s natural logarithm, the probability density function

(denoted by fx(z;pux,0x)) of X can be expressed as

1 _ (nz—px)?

Tipux,0x) = ————¢€ 202 31
fx (@ px,0x) roxvVon (1)

— § ep‘su—"_u[c,i,u+0'5(‘7§v+a’§5um,mu+2pUWaIsum,c,u).

LA PR
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Then, the mean of ~., denoted by 7., for cell-centre user
u can be calculated as
00 (Y~ £ Yaum o)
1 _ <

e
O/ Ve + ) Y0V V27)

where 7., can be obtained by simple numerical integration
tools according to (32).

Based on the previous derivations, the throughput X,
that can be achieved by user u as a cell-centre user can be
calculated by (10).

a) Outage probability: Let us now define outage proba-
bility as the probability that the instantaneous SIR of a user
is less than a given threshold. Then, the outage probability
Oc,uvm,: for a cell-centre user u with a given SIR threshold
Ythr can be calculated as

20
Ysum,c,u

Ye,u

OC,U,%m Prob('Yc,u < 'Ythr)
= Prob(————— < Vi)
Yl,c,u + Ysum,c,u "
oo ] [0 ~ A Yyum,cou)
- 202
— _ ¢ Ysum,c,u dy
/ YOV, V 2T
Yihr,c,u e
1n(}/thr c u) — Ky,
= 1-9 ), (33)
UX/Sum,c.u
where Yinrcu = L Yic. and ®(z) is the cumulative

Ythr
distribution function of the standard normal distribution.

B. SIR distribution for a cell-edge user

As an IFR-3 scheme is applied in the cell-edge sub-band,
a cell-edge user within sector 4 ; is subject to interference
from a subset of sectors. Therefore, for a cell-edge user u of
sector A4; 1, we have the following expressions for the sets of
IDs of intra-site and inter-site interfering sectors

N,

Outraw = {j]j =3k + 1,1 <k < L?aj}, (34)
N,

QInter,u = {.7‘.7 =3k + 170 < k < L?J} (35)

Let 7, denote the SIR of user u as a cell-edge user, and
Ic ;. denote the sum of the interference generated from the
different sectors of the i¢th BS to user u. It is important to
note that apart from the expressions of the sets of IDs of
the intra-site and inter-site interfering sectors for cell-centre
and cell-edge users, the expressions of SIR e ,, and I ; ,, for
cell-edge users are the same as (19) and (20) for cell-centre
users, respectively. Therefore, the same approach to compute
the user SIR and other relevant performance metrics for cell-
centre users can be readily applied for cell-edge users.

With N, < 4, the calculation of SIR «,, of user u as a
cell-edge user can be simplified as

Pr,l,l,uq;bl,u Pl,l,u

ryeﬂlb Nsites Nsites ’ ( )
Pr,i71,u'(/]i,u Ieﬂ’,u
=2 1=2
where I, ; ,, is calculated as
Ie,i,u = r,i,l,uwi,u- (37)

(@)

KI,.;, and og, . are the mean and standard deviation of the
normal distribution associated with the log-normal variable
I i, which are calculated as

N,
pren =0 (D Piju |, i=2 0 Nes: (38)
j=1

and

Oloiy = Ow- 39

Let us now define Yyym e, as the sum interference from
neighbouring cells to signal ratio for cell-edge user w, i.e.,

Isum 1
}/sum,e,u = % = 5 > (40)

where Igym e, 15 the sum of the interference from the neigh-
bouring cells to cell-edge user u, and can be calculated as
Tsum,eu = Zfi;e I ;.. Then, as for cell-centre users in
the previous subsection, Igym,e,. Can be approximated by a
log-normal RV where pg,. .., and o . . denote the mean
and standard deviation of the normal distribution assocaited
with Igum e, , respectively, which can be determined using the
same approach as for determining (25) and (26), respectively,

With the approximation of Igyme. as a log-normal RV
and because S, is also a log-normal RV, Ysum e and ey
are also known to be log-normal RVs. Let py,,. ., and
OYoum.o.. denote the mean and standard deviation of the normal
distribution associated with Ygum e« , respectively, which can
be determined using the same approach as for determining
(29) and (30), respectively.

Let p, , and o, denote the mean and standard deviation
of the normal distribution associated with the log-normal RV
Ye,u- According to the properties of the log-normal RVs, we
can write that 1., , = —py, .. a0d 0, , =0y, ... Then,
the mean of e, denoted by Ye,u for cell-edge user u can be
calculated as

Tow = et e /2 41)

Based on the previous derivations, the throughput A ,, that
can be achieved by user u as cell-edge user can be calculated
using (11).

a) Outage probability: The outage probability Oc y .,
for a cell-edge user v with a given SIR threshold 7, can be
calculated as

PTOb(’Ye,u < fythr)

Ythr

Oe;uﬁchr
[In(y) = tire 1
1 T A
— —e e,u y
YO, V2T

0
_ (hl(%hr) - u%,u> 7

O-’Ye,u

(42)

where ®(x) is the cumulative distribution function of the
standard normal distribution.
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C. System-level performance analysis

Due to the symmetry of the sector structure and the full
load traffic assumption, it is expected that all sectors have
very similar performances. Therefore, the analysis of a repre-
sentative sector (say sector .A; 1) is sufficient for system-level
performance analysis.

In order to facilitate the analytical evaluation of the system-
level performance, the whole sector A;; service area is
divided into segments with equal size of dyes X dyes m? by
equally spaced horizontal and vertical lines. It is noted that the
segmentation approach is only applied to the analytical model
for theoretic analysis purpose. In the simulations, the users
are randomly distributed following a uniform distribution. The
segments are given IDs (k, 1), k denoting the row number and
I denoting the column number associated with the segments.
Segment (0,0) corresponds to the top left segment. Let each
segment with ID (k,l) be represented by its centre point
(denoted by M, ;), which has a location Ly, ,. For modelling
purpose, the users are randomly located at the centres of
the segments with uniform distribution, and are associated to
only one sector according to their received signal strength.
For simplicity, we have assumed that users are uniformly
distributed in the network, but the model can work with any
other user distribution.

Let us recall that 2. and €2, denote the sets of cell-centre
and cell-edge users in sector 4 ;, respectively, where N
and N, denote their cardinality, respectively. As the locations
of users in sector A; ; are known, the sets (). and (), can
be determined according to the user classification methods
described in Section III. Specifically for the traditional IFR-1
scheme €2, = ¢ and N, = 0, while for the traditional IFR-3
scheme Q2. = ¢ and N, = 0. Then, we can approximate the
system-level performance as follows.

Let vt denote the mean SIR of the entire network,

Z 70,u+ Z Ye,u

uEN uEN,

VTnet = A ) 43)
and
> Yewdb + D, Yeu,db
ety = wEQ, uEQ, (44)

N. + N, ’

where 7., and 7., are computed by (19) and (36), respec-
tively.

Similarly, we can calculate the site throughput X4t by (13)
and the outage probability Oyet,~,,, Of the entire network with
respect to a SIR outage threshold 7y, by

Z OCquv’Ythr + Z OCyuv"/thr
UEN, UEN,

4
AT (45)

OHEt;’Ythr =

V. NUMERICAL RESULTS
A. System configurations

In total, twelve system configurations presented in Table II
with 3, 6 and 12 sectors per BS are evaluated and com-
pared, using the proposed analytical model as well as system-
level simulations. Analytical results are obtained using Matlab

numerical tools, where simulation results are averaged over
2000 simulations runs. The corresponding bandwidth partition
coefficient 5 was set to 0.5, unless stated otherwise, meaning
that cell-centre users benefit from 50% of the bandwidth.
Table III presents the most relevant system parameters.

In the simulations, the users are uniformly distributed within
the coverage area of sector A, ;. The user density used in the
simulations is 0.0025 active user per square meter.

For the numerical evaluation, we use a spectral efficiency
function F(x) which approximates an abstracted LTE link
level model from the Vienna LTE link level Simulator [34],
with 2x2 antenna mode, open loop spatial multiplexing
(OLSM) and adaptive modulation and coding (AMC). The
original LTE link-level model (presented in Fig. 9 of [34])
mapping channel SNR (dB) to spectral efficiency (bps/Hz) is
approximated by the following spectral efficiency function:

7, 2> 40 dB
6

F(z) = ;) cr', —10<z<15dB (46)
0 2 < —10 dB,

where the function input x corresponds to SIR value in dB,
and the polynomial coefficients ¢; are determined by a Matlab
curve fitting tool as 0.5935, 0.09151, 0.001567, 0.0001185,
1.8e-05, 1.0e-06, 1.3e-08, for 7 = 0,1, ..., 6, respectively. The
analytical model can be applied to work with other abstracted
link level models.

B. Network performance

Figures 3 and Figures 4 show the network performance in
terms of mean user SIR, mean site throughput and mean out-
age probability, against the various presented system configu-
rations for Risp = 500 m and Risp = 1000 m, respectively. In
the figure, the 5%-tile site throughput performance is shown.
The 95% confidence intervals for mean user SIR, mean site
throughput and mean outage probability are also presented.
From these results, it can be observed that analytical results
closely match system-level simulation results. In more detail,
the average difference between analytical and system-level
simulation results is less than 5%. This fact shows the accuracy
of our proposed analytical model, one of the main contribution
of this paper. This accuracy enables the use of this analytical
tool as an effective method to predict network performance
in a fast and reliable manner. For example, optimization tools
that attempt to find a proper antenna orientation and downtilt
in HOS deployments can use the proposed analytical model
to quickly search over different candidate configurations and
find the best performing one.

Table IV and Table V provide more detailed information
about the mean site throughput and mean outage probability
for the different system configurations, indicating the relative
performance gains with respect to S3/[FRI. In Tables IV and
V, the rows with labels ‘Mod” and ‘Sim’ correspond to the
results with path loss and shadowing fading only (modelled
and simulated, respectively); while the rows with labels ’Sim-
Small’ correspond to the results with path loss, shadowing
fading and fast fading (simulated). The fast fading follows
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TABLE II
SYSTEM CONFIGURATION NAMES AND DETAILS
Config. S3/IFR1  S6/IFR1  S12/IFR1  S3/SE  S6/SE  SI2/SE  S3/RSS  S6/RSS  S12/RSS  S3/DIST  S6/DIST  S12/DIST
#. sectors 3 6 12 3 6 3 6 12 3 6 12
Classifica. N/A UC-Spe UC-RSS UC-Dist
Reuse IFR-1 [ FFR
TABLE Il T T e T =
SYSTEM SETTINGS st Eg?jgﬁon g
@ 7 "Mod 5%-til
Parameters Value ? or '[:':':Sicr)n 5%_“:: ]
Carrier frequency 2000 MHz D a4} - .
Bandwidth 5 MHz 3 K
Number of sites Ngites = 19 _3 2r ) E‘ 1
Inter-site distance Risp = 500 m, 1000 m 'g ok A i Ul Uiy, III-,- I PR
Number of sectors N, =3,6,12 B i oo o g
Transmit power 21.6 W Sef :_i - EE 1
Shadowing standard deviation 6 dB g 4 ik i
Shadow correlation p=0.5 :f E.
Antenna height 25 m 6 g E 1
Max antenna gain (dBi) 15.5/19.8/22 (3/6/12 sec.) | R e
Antenna front to back ratio 25 dB 8 S3IFR1 SURSS SI/SE SOIFRT SORSS SO/SE STZIFRTSIZIASS ST2/SE
Horizontal HPBW 9345 65°/ 33°/ 17° (3/6/12 sec.) Frequence reuse scheme ID.
Antenna mode 2x2 antennas
M SIR (dB).
Vertical HPBW 0345 11.5°/ 8.5°/ 8.5° (3/6/12 sec.) (a) Mean (dB)
Segment resolution dres 10 m % |:iM dl - I I I I I I
Antenna downtilt 04own 10.38°/ 8.28°/ 8.28° (3/6/12 sec.) 45 I:ISi?n I3 =
. . . 2 —_ —
User density (simulation) 0.0025 per m §40 2 2Mod 5%-tile o J
Outage threshold ~ytp, —5 dB = 7 71Sim 5%-tile
Bandwidth partition coefficient 5 | [0, 0.1, ...,1] =% T
%30 o ] -
a Rayleigh distribution with scale parameter set to 2//7 =1 ]
to have a mean value of 1 for the Rayleigh distribution. It ol ]
. . (o2}
can be observed that there is a small difference between the sl L e N 1.
throughput results obtained without and with fast fading under < . s HIHIS H
. . . . . i ' ] V- e
the investigated system settings, mainly due to the averaging HilH A e
0 1 1 L 1 .
"

over a large number of snapshots. There is a small increase in
outage probability when fast fading is considered. As the fast
fading impact is negligible in this scenario, fast fading is not
considered in the simulations in the remaining of the paper.

Moreover, it is noted that mean deviation of mean site

throughputs with UC-Spe-Acc and UC-Spe-App methods was
less than 1.4 % indicating that our approximation is accurate.
As a consequence, results with UC-Spe-Acc method are not
shown in this section for the sake of space.

a) Impact of the number of sectors per BS on system
performance: If we compare the configurations with 3, 6 and
12 sectors per BS, it can be observed from Fig. 3 that:

o Average network SIR decreases with increasing number
of sectors per BS. This is due to the larger inter-cell
interference introduced by more sectors per BS.

o Average site throughput increases with increasing number
of sectors per BS. This is due to the lager spatial reuse
introduced by more sectors per BS, which outweighs the
SIR decrease.

However, it is important to note that doubling the number of
sectors per BS does not double the site throughput. Indeed,
when we move from S3/IFRI to S6/IFRI, the average site
throughput increases by 71 %, while when we move from
S6/IFR1 to S12/IFRI, the average site throughput increases
by 50% (see Table IV for detail analysis of average site
throughput gains). This indicates that there is a diminishing

S3/IFR1 S3/RSS S3/SE S6/IFR1 S6/RSS S6/SE S12/IFR1S12/RSS S12/SE

Frequence reuse scheme ID.

(b) Mean site throughput (Mbps).

a
®

e
3
T

e
@
T

a
2
T

o o
o @
T T

Average network wide outage probability.

S3/IFR1 S3/RSS S3/SE S6/IFR1 S6/RSS S6/SE S12/IFR1S12/RSS S12/SE
Frequence reuse scheme ID.

(c) Mean outage probability.

Fig. 3. Network wide performances with Risp = 500 m, bandwidth
coefficient 8=0.5.

performance gain with the increasing number of sectors per
BS due to interference, and adding more sectors per BS may
not always increase the average network throughput in a cost
effective manner. Similar trends are observed for Fig. 4 with
Risp = 1000m, and the other user classification methods.
This highlights the importance of frequency reuse schemes,
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TABLE IV
MEAN SITE THROUGHPUT AND GAIN OVER S3/[FR]

Setting Throughput (Mbps) and gains over S3/IFRI (%)
Risp/f S3/IFRI ~ S3/RSS S3/SE S6/IFR1 S6/RSS S6/SE S12/IFR1 S12/RSS SI12/SE
500/0.3 Mod 17.8/0.0  15.0/-15.5 17.8/-0.1  30.5/71.4  22.8/282  27.2/52.6  46.0/158.6  40.2/125.7  43.5/144.4
Sim 17.4/0.0 14.7/-15.4  17.4/0.1 30.0/72.1  22.4/28.6  26.7/53.0  45.3/160.0  39.4/126.4  42.7/145.1
Sim-Small ~ 17.4/0.0  14.8-15.0  17.5/0.7  29.7/70.7  22.3/28.1 26.6/52.6  44.6/156.2  39.1/124.4  42.3/143.0
1000/0.3  Mod 152/0.0  12.7/-16.3  15.1/-0.8  26.3/73.2  20.2/33.0  23.7/56.2  40.2/164.4  37.2/144.8  39.0/156.8
Sim 14.9/0.0  12.5/-16.1 14.8/-0.3  25.8/73.6  19.8/33.2  23.4/56.9 39.5/165.4  36.5/145.0  38.3/157.4
Sim-Small  14.9/0.0  12.6/-15.7 14.9/0.0  25.7/72.3 19.8/32.8  23.3/56.2 38.9/161.0  36.1/142.3  37.9/154.6
TABLE V
MEAN OUTAGE PROBABILITY AND GAIN OVER S3/IFR1
Setting Outage probability and gains over S3/[FRI (%)
Risp/fB S3/IFRI S3/RSS S3/SE S6/IFR1 S6/RSS S6/SE SI12/IFR1 S12/RSS SI12/SE
500/0.3 Mod 0.12/0.0 0.05/-60.6 0.02/-87.0 0.14/21.2 0.09/-24.4 0.07/-41.2 0.24/98.7 0.11/-5.4 0.10/-14.3
Sim 0.12/0.0 0.04/-64.0 0.01/-89.5 0.14/18.9 0.09/-25.4 0.07/-42.0 0.24/97.6 0.11/-6.6 0.10/-15.5
Sim-Small ~ 0.16/0.00  0.08/-52.04  0.03/-78.96  0.18/16.23  0.09/-42.34  0.07/-55.19  0.27/73.71  0.11/-27.87  0.10/-34.70
1000/0.3  Mod 0.18/0.0 0.08/-52.8 0.04/-76.6 0.20/12.5 0.14/-22.8 0.11/-39.0 0.30/68.0 0.16/-11.9 0.15/-17.7
Sim 0.18/0.0 0.08/-55.7 0.04/-80.1 0.20/11.7 0.14/-23.8 0.11/-39.7 0.30/69.1 0.16/-12.9 0.15/-18.7
Sim-Small ~ 0.22/0.00  0.12/-44.83  0.07/-68.16  0.24/9.75 0.14/-37.83  0.11/-50.83  0.33/51.89  0.16/-28.97  0.15/-33.71

which can be an important solution to the above problem by
achieving linear throughput gains while maintaining relatively
low outage probability.

b) Impact of user classification methods on system per-
formance: If we compare the configurations with different user
classification methods, it can also be observed from Fig. 3 that:

e Due to the lack of inter-cell interference coordination,
IFRI provides the worst mean and 5%tile SIR per-
formance, which translates to the largest mean outage
probability. Indeed, IFRI results in a high mean outage
probability of 12% for the 3 sector case and 24% for the
12 sector case. As a note, it is interesting to observe
that IFRI outperforms RSS in terms of mean average
throughput. This is because the mean throughput of /FR1
is driven by its cell-centre users, which benefit from
the larger available bandwidth in /FRI than in RSS.
However, the better inter-cell interference coordination
of RSS results in a better 5%-tile throughput.

e Due to inter-cell interference coordination and the en-
hanced user classification method, SE provides the best
mean and 5%tile SIR performance, which is translated
into the lowest mean outage probability. SE decreases the
mean outage probability with respect to RSS by around
73% for the 3 sector case and 22% for the 6 sector
case. This shows the better fairness of the proposed user
classification method. In SE, all users receive the same
amount of bandwidth regardless of their positions, and as
a by-product more users are classified as cell-edge users
and thus benefit from inter-cell interference coordination.
In terms of mean average throughput, SE significantly
outperforms RSS with gains of 19% for both 3 sector and
6 sector cases, at the expense of some slight degradation
on 5%-tile throughput for the 6 and 12 sector cases.
As mentioned before, since more users are classified as
cell-edge users, the outage probability decreases, but also
the 5%-tile throughput. Note that this trade-offs can be
controlled by using the bandwidth partition coefficient 3,
as it is shown in the next section.

The different system configurations with Risp = 1000 m
follow the same trends, as shown in Fig. 4.

C. Impact of bandwidth partition on FFR performances

In the following, a study is performed to assess how the
different system configurations may perform under different
bandwidth partitions to cell-centre and cell-edge users. In order
to do this, the bandwidth partition coefficient [ is varied
between 0 and 1 with a step size of 0.1, and the corresponding
site throughput and resource allocation fairness are calculated.

The widely used Jain’s fairness index is used to measure
the resource allocation fairness [35]. Assume that there are V.
cell-centre users and N, cell-edge users after running the user
classification method, which have been allocated a bandwidth
BWan and (1 — 5)Way, respectively, and that the available
bandwidth in each band is equally shared among the existing
users (i.e., round robin). Then, the resource allocation fairness
can be calculated using Jain’s fairness index [35]. ((8) can be
calculated as:

|:NcﬁWall + Ne(]-_ﬁ)wall:|2
= y BWar \* - (1= B)Wa]®
all - all
(Ne + Ne) § Ne (NC ) + Ne [Ne }
1
= : 47)
g2 (1-p)7
(Nc +Ne) |:]\7C + ZVe:|

For this setup, Fig. 5(a) shows the site throughput resulting
from system configuration S6/DIST with a=0.7, S6/RSS, S6/SE
and S6/SE-Acc, against the bandwidth partition coefficient 3
for Risp = 500 m. Figure 5(b) presents the corresponding
outage probability, while Fig. 5(c) presents the corresponding
resource allocation Jain’s fairness index. Both simulation and
analytical results are presented for site throughput and outage
probability, while only simulation results are presented for the
fairness index for readability.
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(c) Mean outage probability.

Fig. 4. Network wide performances with Risp = 1000 m, bandwidth
coefficient 5=0.5.

First of all, it is important to note again that the analytical
results closely match system-level simulation results, which
demonstrates the accuracy of our analytical model.

In terms of the study, it is noted that S6/SE achieves
the highest possible fairness index value for all bandwidth
partition coefficients 5, meaning that all users receive the same
amount of bandwidth regardless of their positions and the
bandwidth partition coefficient. This mitigates the impact of
the user distribution and dynamics on the system performance.
This was a design objective, which translates to a fairly
comparable site throughput for all values of 5. In more detail,
S6/SE maintains a relatively high network throughput, which
monotonically and slowly increases with 3. Looking at the
extreme cases, if 5 = 0, all the bandwidth is cell-edge

bandwidth and all users are classified as cell-edge users. Thus
the system suffers from resource muting. If g =1, all the
bandwidth is cell-centre bandwidth and all users are classified
as cell-centre users. Thus the system suffers from inter-cell
interference. According to our results, 3 = 0.5 is a good
operation point for this scenario, with close to the highest
throughput and lowest outage probability.

In contrast, for S6/DIST and S6/RSS, since user classifi-
cation is fixed and does not depend on 3 (but on distances
and received signal strength, respectively), the fairness index
significantly varies with (5. As a result, all users do not always
receive the same amount of bandwidth in the scenario, and thus
the user distribution and dynamics as well as the bandwidth
partition have a significant impact on system performance.
For example, with regard to user distribution, if at a given
point in time there are no cell-edge users according to the
S6/DIST and S6/RSS user classification methods, the cell-edge
bandwidth would be unused. This is inefficient and does not
occur with SE, which has the capability to classify a user as
cell-centre or cell-edge user on the fly according to traffic
conditions. With regard to bandwidth partitioning, it is also
important to note that for S6/DIST and S6/RSS, as a result of
the fix user classification, the larger the 3, the more resources
are allocated to cell-centre users, and thus the larger is the
resulting site throughput at the expense of a decreased cell-
edge performance. As a result, the site throughputs of S6/DIST
and S6/RSS monotonically increase with f3, at the expense of
fairness. It is important to note that with 5 = 0.6 the fairness
indices of S6/RSS and S6/DIST are close to 1, and the site
throughput of S6/RSS and S6/DIST are similar to that of S6/SE.
However, the outage probabilities of S6/RSS and S6/DIST are
much higher.

VI. CONCLUSION

In this paper, HOS deployments have been considered as
a cost-effective approach to improve network capacity, and
their performances have been analysed in detail. Towards this
objective, a novel statistical model has been presented to
theoretically characterize the HOS deployment performance in
conjunction with a strict FFR scheme in terms of user signal
quality, site throughput and outage probability. Moreover, we
have considered the impact of different user classification
methods in the FFR scheme, and proposed a new spectrum
efficiency-based user classification method that improves re-
source utilization and allocation fairness. It is important to note
that the proposed statistical model can be easily extended to
work with different BS placements and user distribution, as
well as scheduling techniques. Our studies show that the aver-
age difference between analytical and system-level simulation
results are less than 5% in terms of mean user SIR, mean site
throughput, and mean outage probability, indicating a good
accuracy of the proposed analytical model. In terms of mean
site throughput, HSO provide a diminishing gain with the
number of antennas due to inter-cell interference. Performance
results also show that the proposed user classification method,
SE, outperforms the RSS method with gain of 19% for both
3-sectors and 6-sectors cases. Moreover, it decreases outage
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Fig. 5. Network performance against bandwidth partition coefficient with

probability with respect to the RSS method by around 73%
for the 3 sector case and 22% for the 6 sector case. In the
future, we are interested in investigating other FFR schemes
and interference coordination schemes to HOS deployments.
In addition we are interested in the investigation on the
combination of azimuth and vertical sectorization to find out

efficient settings to improve network performance.
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