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ABSTRACT

KEYWORDS: Coverage probability,rate,frequency allocation scheme

Optimal spectrum allocation to users in cellular system is relevant in a network.
This becomes more complicated when we introduce discrimination among users in the
system. In this work, we consider two sets of users, as privileged users and unprivileged
users in FFR aided cellular network and, we attempt to introduce new frequency allo-
cation schemes such that the set of privileged users are allowed to enjoy better quality
of service with least harm to the other set of users. Also, the scheme we implement
depends on the percentage of privileged users in the network. Coverage probability and
average rate are plotted for different resource allocation schemes and results are anal-
ysed. Also, we have come up with theoretical expressions for coverage and rate of a

user in such a system.
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CHAPTER 1

Introduction

In recent years, mobile broadband systems have witnessed tremendous growth in both
the number of subscribers and the traffic of each subscriber. The network providers are
moving from single service (e.g.Internet access) to multiple service offering (e.g. mul-
timedia telephony and mobile-TV) [2]. However, spectrum being an unreplenishable
limited physical resource, it is difficult to have a single frequency sub-band for a user
fulfilling the rising demand. Moreover, different users subscribing for the same service
may receive different treatment from the network providers because of the subscriber
differentiation provided by the service providers [3]]. Subscriber differentiation may
include high paid versus low paid user, corporate versus private user, post versus pre-
paid user etc. Users with higher priority typically expect better target coverage and rate

levels compared to other users in the network.

3GPP-Long Term Evolution (LTE) is a standard for wireless communications to
achieve high spectral efficiency, high peak data rates, as well as flexibility in frequency
and bandwidth. High spectral efficiency is achieved using frequency reuse factor one.
However, the Inter-Cell Interference (ICI) resulting from the frequency reuse factor one
is the main limitation in these networks. Fractional Frequency Reuse (FFR) has been
proposed as a possible solution and it is one of the Inter-Cell Interference Coordina-
tion (ICIC) technique in Orthogonal Frequency Division Multiple Access (OFDMA)
based LTE networks. OFDMA inherits the immunity to inter symbol interference (ISI)
wherein the users of the same cell are multiplexed in frequency with their data being
transmitted over different orthogonal sub bands ( orthogonal frequency division multi-
plexing (OFDM)). The inter-cell interference problem is a key issue in OFDMA based
mobile cellular networks. The users at the outer ends of the cell suffer from ICI. In a
OFDMA FDD system, the most commonly used interference coordination technique
is a frequency reuse scheme wherein the use the same set of frequencies (sub-bands)
is avoided in neighbouring cells. The ICI is therefore reduced at the expense of the

available frequency resources for each cell. In order to balance a trade off between



available frequency resources of each cell and interference reduction, the following so-
lution, namely FFR, is proposed and currently being used in LTE [1]]. The cell is divided
into two areas namely cell-centre and cell-edge. The total system bandwidth is thus di-
vided into two parts. The first part is universally reused (i.e. frequency reuse factor 1)
by the cell-centre zone and the cell-edge zone experience a frequency reuse factor > 1

(shared among neighbouring cells).

In FFR, frequency reuse factor one is employed in areas close to the base station,
and a higher reuse factor is employed in areas closer to the cell boundary. FFR is a
combination of frequency reuse 1 (FR1) and frequency reuse o (FR¢ ). FR1 allocates
all the frequencies to each cell and hence results in a low-quality coverage due to the
higher inter-cell interference. On the other hand, FR¢ allocates a fraction (%) of the
frequencies to each cell which reduces the area spectral efficiency, but improves the
SIR. FFR exploits the advantages of both FR1 and FRJ by relying on FR1 for the
cell-centre users i.e. for those users who are close to their serving base station (BS)
(who experience less interference) and FR¢ is invoked for the cell-edge users i.e. for
those users who are far from their serving BS and hence, suffer co-channel interference
adversely from the neighboring cells in FR1 . The optimal frequency reuse factor is

FR3 for the cell-edge users [3].

Several ICIC techniques have been proposed to improve rate and coverage in a
multi-cell network [1]] [4]. There are different resource allocation schemes suggested in
literature that take into account the subscriber differentiation in a cellular network [2]]
[3]]. Mostly, there will be a single cell mobile system that consists of a single BS with M
regular users and another N VIP users and they assign target rates to the VIP users and

the corresponding resource allocation strategy is viewed as an optimisation problem.

In this report, we study subscriber differentiation in cellular networks when FFR
is also used. The goal is to improve target rates of high priority users with minimal
degradation to other users. Here, we have = percent of users in a cell as privileged
users and we try to come up with a resource allocation scheme which is a function of

z(mentioned above).



1.1 Purpose of the project

We analyse the resource allocation scheme to be designed when there are discrimination
among users [2] as a set of privileged users versus a set of unprivileged users in a multi-
cell environment as modelled in [1]. Here, we try to provide better service for so-called
privileged user set in the system with least harm to the remaining set of users. We
expect the set of privileged users to achieve a threshold SIR, 7},. Our key observations

include:

1. When the number of privileged users in the system is very low, we use FFR with
0=3 and combine it with a starvation scheme(FR-1,3 plus starve scheme) wherein
cell-centre users enjoy FR1, cell-edge users enjoy FR3. The cell-centre privi-
leged users who didn’t meet 7}, demand are swapped with cell-edge unprivileged
users. Again, among the cell-edge privileged users those who didn’t meet 7},, we
give them the provision to use one more sub-band by starving another cell-edge
privileged user in that frame.

2. When the number of privileged users in the system is medium, say 2 to 4 on an
average per cell, we go for both FR-1,3 and FR-1,3,4 schemes. To elaborate, we
assume channel to remain constant over n + 1 frames.

e The system follows FR1 for cell-centre, FR3 for cell-edge users and the
cell-centre privileged users who didn’t meet 7, demand are swapped with
the cell-edge unprivileged users over n frames.

e For n+1th frame, all privileged users who didn’t meet the requirement (even
after swapping) will enjoy FR4, other privileged users enjoy FR1 or FR3
depending on their position either at cell-centre or cell-edge respectively
and remaining set of unprivileged users at cell-edge enjoy FR3 and others
enjoy FR1.

The above said resource allocation schemes show very good performance and are
explained in detail in chapter 4. Coverage probability expressions are theoretically de-
rived for above schemes and we believe that one can use these expressions to decide
which resource allocation strategy to be followed depending on the number of priv-
ileged users present in the system instead of going for time consuming simulations.

Next chapter familiarises the system model and the parameters used.



starve

Percentage of | Frequency Reuse | Explanation

privileged users | scheme deployed

in a cell

Low (eg.5%) FR-1,3 plus | All cell centre users uses FR-1 and cell edge users

uses FR-3 and the privileged users who didn’t meet
T}, requirement uses one more FR3 sub-band

Medium (eg. 25
%)

FR-1,3 plus FR-
1,3,4

All cell centre users uses FR-1,cell edge users uses
FR-3 in every n frames and for every n + 1th frame,
the privileged users in cell-edge who didn’t meet 7},
requirement uses FR-4 and all other cell-center users
use FR-1 and cell edge users use FR-3.

Table 1.1: List of resource allocation schemes proposed for obtaining better perfor-
mance for privileged users




CHAPTER 2

System Model

A two-tier 19 cell network with hexagonal tessellation is considered. Number of trans-
mit antennas(/V;) and receive antennas(/V,) is 1. We consider three resource alloca-
tion patterns- FFR3(with FR1 and FR3), FFR4(with FR1 and FR4) and FFR34(with
FR1,FR3,FR4). SIR of a user, in FR1, FR3 and FR4 schemes, at distance r metres from

serving BS are given by,

[0}

7T u = u
m(r) = gll , I = thdl and 73(r) = 91_3 , Iy = Zh;di (2.1
1€Y 1€Q
g — hog—a
m(r) == L= > hid; 2.2)

i’

Y, ¢ and ¢'represent set of interferers in FR1, FR3 and FR4 schemes , « is the
path loss constant, r and d; are the distances from the user to the serving BS and to the
14, interfering BS, respectively, while g and h; denote the corresponding channel fading
power,which are independent and identically exponentially distributed (i.i.d.) with a

unit mean, i.e., g ~ exp(1) and hi ~ exp(1) Vi.

FFR—1,3

Cell-centre

Figure 2.1: Frequency allocation in FFR for three neighbouring cells with 6 = 3. The
cell-centre users of all the cells rely on a common frequency band F{, while
the cell-edge users of the three cells occupy different frequency bands,
namely F, F5 and F3 [1].

The users in the network are classified according to their wide band SIR (WBSIR)

as cell-edge or cell-centre users i.e. users with WBSIR > Sy, categorised as cell-centre



FFR—1,4

Cell-centre

|| Cell-edge

Figure 2.2: Frequency allocation in FFR for three neighbouring cells with 6 = 4. The
cell-centre users of all the cells rely on a common frequency band F{, while
the cell-edge users of the three cells occupy different frequency bands,
namely F, F5, F3 and F.

user and others as cell-edge user similar to [|1] . If the calculated SIR of a user is lower
than Sy, the user is classified as a cell-edge user, else as a cell-centre user. Typically,
FFR divides the whole frequency band into a total of (1+6) parts, where Fj, is allocated
to the cell-centre users of all the cells, as seen in figures and One of the Fi,
...Fs parts is assigned to the cell-edge users in each cell in a planned fashion. The users
are assumed to be uniformly distributed in a cell. The transmit power is assumed to be
fixed. A cell-centre user will experience the fading power, i.e., g and h; from the user to
the serving BS and to the i, interfering BS, respectively. However, the cell-edge user is
allocated another sub-band (from the set of sub-bands assigned to cell-edge users) and
it experiences a new fading power, i.e., ¢’ and A’ in FR3 and g and h in FR4 schemes
from the user to the serving BS and to the 7, interfering BS respectively.

Coverage probability(P.(r)) and rate(R(r)) of a user, at distance r metres from the

reference base station, with SIR 7(r) are given by,

Fe(r) = P(n(r)>T) (2.3)

R(r) = E[ln(1+n(r))] (2.4)

Here, T is the target SIR.

Figures[2.3]and 2.4|represent a two-tier 19 cell system with hexagonal shaped cells.

The cell-centre users suffers interference from all 18 neighbouring cells whereas cell-



Figure 2.3: Hexagonal macrocell structure. The interference imposed by a FR1 system
on cell 0 is contributed by all the 18 neighbouring cells, while only the
shaded cells impose interference in a frequency reuse % system []1].

edge users in FR3 suffer interference from 6 BSs in second tier of cells and cell-edge
users in FR4 suffer interference from 4 BSs in second tier of cells. Since in FR3 and
FR4, interference experienced is from second tier of cells, the SIR will be better for
cell-edge users compared to cell-centre users in FR1 where some of the interferers are

close to them(first tier).

2.1 Prior Art

The idea of classifying users as cell centre and cell edge users based on SINR thresh-
old and the study on the optimal frequency reuse factor of the edge users as well as
the bandwidth to be assigned to both centre and edge users are discussed [S]] [6]. A
user can be classified as cell-centre user or cell-edge user based on distance threshold
or SIR threshold. System level simulations and theoretical analysis has been studied
in detail [6] [7]. The expressions for the area spectral efficiency with both FFR and
SFR systems under fully loaded and partially loaded scenerio for downlink and up-
link is studied in [8]]. An analytical statistical generic model of co-channel interference
for uplink FFR-based OFDMA networks considering the effect of user scheduling al-
gorithms is proposed in [9]. The authors of [10] showed coverage probability (CP)



Figure 2.4: Hexagonal macrocell structure. The interference imposed by a FR1 system
on cell 0 is contributed by all the 18 neighbouring cells, while only the
shaded cells impose interference in a frequency reuse }1 system .

and rate of the system is better in presence of correlated interferers than when the in-
terferers are independent and derived the CP and the average rate expressions when
FFR or soft frequency reuse (SFR) schemes are employed in single-inputiASmultiple-
output (SIMO) network. Expressions are derived for both the CP and average rate of
multi user-multiple input multple output (MU-MIMO) and SIMO systems based on a
planned FFR deployment, with and without frequency-domain correlation between the
sub-bands allocated to the FR1 and FR3 regions [1]]. Also, [1]] showed the optimal
choice of the SINR threshold, for which the CP of the FFR system is higher than that of
its FR3 counterpart. Emerging system-level interference-reducing strategies based on
cooperation is discussed in [11].

FFR and exploitation of the channel state information at the transmitter (CSIT) are ef-
fective approaches to enhance the spectrum efficiency of the outer coverage region. A
new FFR pattern is proposed [[12] for multi-cell OFDMA systems with frequency or
time division duplexing (FDD/TDD) in time-varying channels wherein the frequency
assignment is such that for the zones with high CSIT accuracy the amount of resources
is larger compared to the reference schemes and the amount of resources allotted lessens
with reduction in CSIT accuracy in later part of the frame whereas the total resource

amount per frame remains the same.



So far, we were discussing about static resource allocation schemes whereas [13]]
discuss about a self-organized dynamic resource allocation scheme using enhanced FFR
(SODRA-EFFR) where resources are allocated dynamically to cell inner and outer re-
gions in LTE relay-based networks. The downlink power, frequency resources alloca-
tion for cell inner and outer regions , frequency resources allocation between eNBs and
relay stations in each cell are dynamically allocated in [[13]] based on coordination be-
tween neighbouring eNBs and relay stations. A solution to enhance adaptive distributed
FFR scheme based on the center of gravity(CoG), a point within the cell such that the
sum of distance between this point and all user positions is minimum, of users in each
cell is proposed in [[14]] employing cellular automata(CA) as a step towards achieving an
emergent self-organized solution. Cell-centre users enjoy FR1 and cell-edge users en-
joy FR3 with power amplification such that the amplification factor is calculated based
on the state of each cell (dependent on CoG), the ratio of users located in cell edge to
cell center, and the current state of neighbouring cells [[14]. Attempts are made in [15]]
to find out the optimal bandwidth subdivision for cell centre users and cell edge users

under a prescribed boundary function.

Influence of power control factor towards improvement of SFR system outage per-
formance and resistivity of Strict FFR systems towards interior radius selection are
studied [16]. We have seen cross tier interference as well as intra-cell interference. If
the antennas itself experience spatially correlated interference, maximum ratio combin-
ing help improve performance [17]. When there are power disparities among power
nodes, [[18]] provides an optimal fractional frequency reuse and power control scheme
which coordinate the interference among high power and low power nodes efficiently. A
3- cell network MIMO with the rearranged tri-sector frequency partition strategy which
outperforms the multi-cell network MIMO with omni-directional antennas is discussed

in [19].

We have seen homogeneous cellular systems with hexagonal tessellation alone or
BSs forming a spatial poisson point process alone. The outage probability and the spa-
tially averaged throughput of heterogeneous cellular networks where the Distributed
Antenna Systems(DAS)-aided macrocells and femtocells coexist and the performance
of the system in DAS-aided unity frequency reuse (UFR) and fractional frequency reuse
(FFR) transmission scenarios are discussed in detail in [20] and [21]] respectively. An

analytical evaluation of the performance of the mobile users according to their spa-

9



tial locations is studied [22]. A hybrid model where the macrocells form a hexagonal
grid whereas the femtocell base stations (FBSs) form a spatial Poisson point process
(PPP) to model the two-tier network is adopted [22] . Resource allocation to femto-
cells in OFDMA systems employing fractional frequency reuse are studied [23]], [18].
A two-tier OFDMA cellular network comprising co-channel deployed macrocells and
femtocells is considered [24]]. [24] aims at optimizing FFR-based parameters as a func-
tion of, for instance, the RB scheduling policy used in both tiers (e.g., roundrobin (RR)
or maximum signal-to-interference-plus- noise ratio (MSINR)), the density of users per
cell, the femto-BS (FBS) density per area unit or the power attenuation due to wall

penetration losses.

We have seen the effect of FFR on reduction of ICI in multi-cellular network. The
performance of coverage and average rate in FFR-aided cellular networks with uni-
formly weighted users have been discussed in literature. But the resource allocation
strategy when there is subscriber differentiation in FFR-aided networks is still uncer-
tain. In next chapter, we try to analyse the performance in such a network and derive
expression for coverage probability. This attempt helps to understand the type of re-
source allocation scheme to be designed in a network where there are high priority

users without going for high level simulations.

10



CHAPTER 3

Adaptive resource allocation for two tier FFR-Aided

cellular networks with non-uniform weighted users

The users are classified as cell-centre and cell-edge users depending on their WBSIR. If
WBSIR is greater than or equal to SIR threshold (WBSIR>S};,), the user is cell-centre

user else a cell-edge user.

3.1 FR-1,3 plus starve

The SIR of a cell-centre and cell-edge user is given by . We have z per cent of the
available users as privileged users in each cell. If a privileged user is cell-centre user
and didn’t meet 7}, requirement , first swap the cell-centre privileged user with cell-
edge unprivileged user ("’swap’ implies a user in one frequency reuse scheme exchange
sub-band with another user in different frequency reuse scheme) because /'R3 scheme
suffers less interference. If there are privileged users enjoying F'R3 sub-band who still
didn’t meet 7}, requirement, they will use one more sub-band and SIR becomes @
and SIR of the corresponding starved unprivileged user becomes zero at that instant.
The standard FFR coverage probability expression is obtained using [1]. Coverage

probability of privileged users in the system, Pr, is given by

P,

P

= PF@ZJ + PFevp + Pst,c,p + PFst,mp + PFst,evp (31)

e Pr_,is coverage probability of cell-center privileged user x probability of user
being a cell-centre user

e Pr,_, is coverage probability of cell-edge privileged user x probability of user
being a cell-edge user



e Pp,,.p 18 coverage probability of cell-center privileged user using FR-3 sub-
band(swap) x probability of user being a cell-centre user

e Pr, . pis coverage probability of cell-center privileged user using FR-3 sub-band
who uses one-more sub-band in FR-3 (swap cum starve) X probability of user
being a cell-centre user

e Pr, . p is coverage probability of cell-edge privileged user who uses one-more
sub-band in FR-3(starve) x probability of user being a cell-edge user

T is target SIR and Sy, is the SIR threshold to classify a user as cell-center or cell-
edge user. T}, represent the desired SIR for privileged users. Here, Pr, p,, Pr, p, Pr,, p
represent coverage probability of cell-center privileged user, cell-edge privileged user
and remaining privileged users who didn’t meet 7}, requirement even after using FR-3

sub-band .

3.1.1 Calculation of coverage probability of privileged users

Here, 7;(r) is the SIR of a user, at distance r from the serving BS, in FR1 scheme
T}, is desired SIR threshold for a privileged user and .S, is SIR threshold to classify a
user as cell-centre or cell-edge user. P(ny(r) > T, m1(r) > Th|ni(r) > Sy,) gives the
coverage probability of a privileged user given he/she is a cell-centre user. P(n;(r) >
Sth) gives the probability that a user is a cell-centre user. The coverage probability of

cell-center privileged user x probability of user being a cell-centre user, P, ,, is given

Pr.p = Pln(r) >T,m(r) > Tum(r) > Su)P(m(r) > Sth)

= P(Th(?’) > Th,771(7“) > Sthanl(r) > T)

1
N L,[ 1+ max(T, Ty, Sen)red; @

12



The other equations derived below follow similar logic.

Prp = P(ns(r) >T,n3(r) > Tu|m(r) < Sum)P(m(r) < Sth)
= P(ns3(r) > Th,m(r) < Su,ms(r) >T)

= P(ns(r) > Th,773( ) > T)P(m(r) < Sin)

1
_ 1-J]—
o 1+ max(T, Th)ro‘d_ ( L,[ 1+ Sthradi_“)

Pst,mp = P

—

n3(r) > T, n3(r) > Th,m(r) < Thln(r) > Sin)

i)
)

I
=

(r)

1(r) > Si)

n3(r) > max(T,Ty),n1(r) < Ty, m(r) > Swu)
(r)

I
=

n3(r) > max(T,Ty))P(Sy, < m(r) < Tp)

1 1
N 1+ max (T, Ty)red; @ (1;[ 1+ Sthradi_a>

i€

1
1IN -
( gl—i—Thro‘dia)

<

ns:(r) refers to the SIR of a user, at a distance 7 from serving BS, who uses additional
sub-band by starving another user (3.8). A privileged user uses one more sub-band only
if his/her SIR in FR3 didn’t meet 7}, demand. So, P(ns(r) > T, n3(r) < Th,m(r) < Th|m(r) > Su)
refers to the coverage probability of a privileged user who uses one more sub-band given

he/she is a cell-centre user. Similar logic is followed in

Pry.p = Pms(r) > T, na(r) < Th,m(r) < Thlm(r) > Su)P(m(r) > Su(B.2)
= Py(r) > T,n3(r) < Th,m(r) < Th,m(r) > Sw) (3.3)
= P(nu(r) > T,n3(r) < Th)P(Spn < m(r) <Th) (3.4)

Pry.p = Pse(r) > T ns(r) < Tilm(r) < Sw)P(m(r) < Swm) (3.5
= Ps(r) > T,m3(r) < Th,m(r) < Sin) (3.6)

= Pns(r) >T,n3(r) <Tp)Pmi(r) < Sw) (3.7)

13



Nat(r) = ==+ = (3.8)
L= hid;® (3.9)

1€¢
=Y hid;" (3.10)

1€¢

Here, g and ¢’ are fading power of two sub-bands used by the privileged user. ¢ is set
of interferers in FR-3 scheme, N=|¢|. Since there are two sub-bands used by the user,
the interference experienced will be different in different sub-bands referred as I, and
I'. Here, h and b’ are the corresponding channel fading power. d; is distance between

user and iy, interfering BS. Similar approach as in ([3.§]) is seen in [17]-Appendix A.

« o

7T =
Plra(r) >T) = P(E—+ 9

>T) (3.11)

Let X= % and Y= 272 ,hence we rewrite |i and lb as shown below.

1

Pryep = Pa(r) > T,ns(r) <Th)P(Sin < m(r) <Th)

= P(X—f-Y >T,X <Th)P(Sth <’I71(7”) < Th)
1

= P(X+Y>T,X <Th)(HW)

i€l

1
1-J7r-——-
( ll;ll—l-ThTadia)

Pr,.p = Pms(r)>T,n3(r) < Th)P(nu(r) < Swm)

= P(X+Y >T,X <T,)P(m(r) < Sw)
1

i€

where we have c.d.fof X and Y as,

14



Fx(z) = 1-]] ——
” 1+ araed;
1
Fr(y) = 1-]] g
s 1+ yrod;
de(I)
fx(@) = dx
-1 1 ()"
i€ 1+:C(d£z)a 130) 1+$(dLL)a
dFy(y)
fr(y) =
) =
. 1 ()
TG &1+

In FR-3 reuse, a user in reference cell experience interference from six interferers as

(dm) k2 = (d12) kg = (d14) ke = (dw)a

shown in Let kg = (L)a
kig = (5=

, k1o =

) where 7 is distance between user in reference cell-0 and d; is the distance

between user and set of interferers in FR-4 scheme (i,j € ¢={8,10,12,14,16,18}).

fx(z)

fr ()

k;

.
1 +kll’) j€¢><

H(
i€

1"—]{7]1'

)

H 1—|—ka qu 1+kjy

and since X and Y being independent, we get fx vy (z,y)= fx(z) fy(y)

PX+Y >T, X <T)) = / /
y=0Jzx

F (@) fy (y)dyda+ /
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y=

o0

T

Th

=0

fx (@) fy (y)dwdy
(3.12)



:1_[/@,0/35 (y)dwdy

T / @l )dxdy]

:1_[/“)/96 (y)ddy

+ fX() ]

.I:Th

We solve [ f f )d:l:dy] using numerical integration and
/OO fx(@)de = H; (3.13)
=T}, . ico (1 + leh) .

Results are obtained for different values of r and d;. Hence, using all these results

above, we get the coverage probability expression as mentioned in [3.1]

Before we proceed to calculation of coverage probability of unprivileged users,
we need to know the probability with which a privileged user has been swapped or the
probability with which a privileged user has starved some other user etc.

Ps.,s 1s the probability with which a cell-centre privileged user meet 7}, demand by
swapping a cell-edge unprivileged user and later starving a cell-edge unprivileged user,
P, 1s the probability with which a cell-centre privileged user swap a cell-edge unpriv-
ileged user to meet 7}, demand , Ps; is the probability with which a cell-edge privileged

user starve a cell-edge unprivileged user to meet 7},.

Py = P(ns(r) <Th,m(r) < Sm)

1
- |0 H1+Trad‘ “—gwﬂ

16



Py, = P(ns(r) > Th,m(r) > Sip,mi(r) < Ty)
1 1
B [(H 1+ Sthr“d;"‘)<1 -11 1+ Tm‘o‘d;a)]

i€ i€

1
>< e —
g 1 + ThTad;a

Pswst = P(U:«x(r) < Thvnl(r) > St]hnl(r) < Th)
1 1
— 1=
M5t~ i)

i€ i€y

1
1-TJ7 -
X|: H1+Th7’adia:|

230)

p?“Ob - (Psw + Pswst + Pst)

1-prob gives the probability that the privileged users were neither swapped nor did they
starve any other user. In other words, 1-prob gives the probability that the unprivileged
cell-edge users were not starved or swapped. If we have more than one privileged user,

then P, Ps,s and Py will be arrays (of size equal to number of privileged users), then
prob = mean(Psy, + Pswst + Pst)

Using Pk, Pswst and Py, we can calculate coverage probability of unprivileged users

as shown below 3.141

3.1.2 Calculation of coverage probability of unprivileged users

e P .y 1s the coverage probability of cell center unprivileged user x probability
of user being a cell-centre user

e P, .y 1s the coverage probability of cell center unprivileged user x probability
of user being a cell-centre user

e Pr, ., is the coverage probability of cell center unprivileged user x probability
of user being a cell-centre user

e Pr, ., is the coverage probability of cell-edge unprivileged user x probability of
user being a cell-edge user

17



Py, is the probability that a cell-edge unprivileged user will be starved, P, is the
probability that a cell-edge unprivileged user will be swapped, P;, s is the probability
that a cell-edge unprivileged user will be swapped and another unprivileged user will

be starved, then total coverage probability of unprivileged user is given by

Pr,, = Prup+ (Prupy —prob x k) + Py, X & X Pp, 4 (3.14)
Proup = P(m(r) > T|nu(r) > Su)P(ni(r) > Si) (3.15)
Pr.oup = Pns(r) > T|m(r) < Sw)P(nu(r) < Su) (3.16)

(3.17)

no.ofprivilegedusers

where k= Ny
no.ofunprivilgedusers

Proup = Pln(r) > Tln(r) > Sin) P(m(r) > Sin)

= P(m(r) > T,m(r) > Su)
1

B (g 1 + max(T, Sth)ro‘d;a)

Prowp = Pna(r) > Tm(r) < Su)P(m(r) < Si)
= P(ns(r) > T,m(r) < Sw)

1 1
p— —_— 1 — —
(1;[) 1+ Trad;a>( 1} 1+ Sthrad;a>

Hence, using above results we get coverage expression for unprivileged users as men-

tioned in3.14]

3.2 FR-14 plus starve

The users are classified as cell-centre and cell-edge users depending on their WBSIR. If
WBSIR is greater than or equal to SIR threshold (WBSIR>S,;,), the user is cell-centre
user else a cell-edge user. The SIR of a cell-centre and cell-edge user is given by [3.1§]

whereas if a user uses one more sub-band in the same region by starving another user,

18



his/her SIR is given by and starved user has zero SIR at that instant.

m(r) =L L= hdandn(r) = T—, L= hd"  (3.18)
! ey 4 i€y’
gr=* . gar s
sty \T') = =+ ) I 1 hhdz “ (319)
st ( ) I, I, 4 %

Here, g, and ﬁil refers to the channel fading power of the additional sub-band of
the user in FR4 and corresponding interferers.We have x per cent of the available users
as privileged users in each cell. If a privileged user is cell-centre user and didn’t meet
T}, requirement, first swap the cell-centre privileged user with cell-edge unprivileged
user as mentioned earlier. Also, F'R4 scheme suffers % of the I'R1 interference. The
only difference in FR-1,4 combination compared to FR-1,3 combination is the number

of interferers in cell-edge which reduces from 6 to 4.

In FR-4 reuse, a user in reference cell experience interference from four interferers
as shown in Similar logic as followed above in FR-13 plus starve is followed
here. The only difference is the set of interfering BSs. Let k7 = (), k1o = (7-)%,
kis = (75)% ki = (g-)* where r is distance between user in reference cell-0 and d; is

the distance between user and set of interferers in FR-4 scheme(i,j € ¢'={7,10,13,16}).

1 k;
fx(@) = H (1+ ]{;Z.x)z(l + kjz)

i€’ jey’

1 k;
fr(y) = H(1+k¢y)z(1+/@y)

1€’ Jjeg’
h fx(z)dz H !
X = —
=T}, iew (1+ KT3)

The privileged users enjoying F'R4 sub-band who still didn’t meet 7}, requirement
will use one more sub-band and SIR becomes [3.19] and the SIR of the corresponding

starved unprivileged user zero at that instant. Expressions for coverage probability is

19



similar to section Since deploying FR4 in the system affect rate adversely, we
implement this scheme in n + 1th frame and FR-1,3 scheme (wherein cell-centre user

enjoy FR1 and cell-edge user enjoy FR3) in rest n frames.

3.3 FR-1,3,4 scheme

The SIR of a cell-centre and cell-edge user is given by [2.1]. We have z per cent of the
available users as privileged users in each cell. If a privileged user is cell-centre user
and didn’t meet 7}, requirement , first swap the cell-centre privileged user with cell-edge
unprivileged user. The privileged users using F'R3 sub-band who still didn’t meet 7},
requirement will switch to F'R4 scheme with their SIR being [2.2]. Since deployment
of FR4 in the system affect rate adversely, we implement this scheme once in n + 1
frames.

We proceed to simulation results in next chapter.
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CHAPTER 4

Simulation results

4.1 Simulation Set-up

1. 19 cell system with 24 sub-bands and 24 users per cell is considered. The cell
radius is R=500m.

2. SIR Threshold, S;,= 0 dB (used for CP plots)
3. SIR Threshold requirement for privileged user, 7;,=15 dB
4. Path loss factor, o« = 3.2

5. Channel fading power is independent and identically exponentially distributed
with unit mean.

6. Standard FFR system refers to 19 cell FFR system (FR1 in cell centre and FR3 in
cell edge ) with uniformly weighted users.

We consider a two-tier 19 cell system with 24 users and 24 sub-bands per cell. All
users are uniformly distributed in a cell and so are the sub-bands which are uniformly
shared among the users. We generate channel fading power for each user in accordance
with the serving BS as well as corresponding interfering BSs. We calculate SIR per
user per sub-band. If the user’s SIR > Sy, the user is a cell-centre user else cell-
edge user. Once this classification is done, then we look into privileged users in the
set of users and their corresponding SIR. If the privileged user is a cell-centre user
who didn’t meet 7}, requirement, we will swap that user with an unprivileged cell-edge
user(’swap’ is merely exchange of sub-bands in different frequency reuse schemes).
Deployment of various resource allocation schemes mentioned in Chapter [3| depends
on the number of privileged users in the system using FR3 who still didn’t meet the
T}, requirement. This is done over 50 iterations and in each iteration we find out the
number of weak privileged users* in each of the 19 cells in the system. We go for
section [3.1]if the percentage of privileged users per cell is very low (the average number
of weak privileged users per cell be 1) else switch to FR-1,3 cum FR-1,3,4 scheme 3.3

as mentioned in the table [I.I] Also, we assume channel fading be constant for n + 1



number of frames.
*A weak privileged user implies a privileged user in FR) scheme who didn’t meet 7},

requirement.

4.2 FR-1,3 plus starve scheme

When the number of privileged users in the system is very small, we can employ FR-1,3
cum starve scheme. Each iteration comprises three frames over which channel fading
is constant. Coverage probability(F,.(r)) and rate(R(r)) of a user, at distance r metres

from the reference base station, with SIR 7(r) are given by,

Fe(r) = P(n(r)>T) 4.1

R(r) = E[ln(1+n(r))] 4.2)

Here, T is the target SIR. Coverage probability and average rate, using this scheme, are
plotted for different number of privileged users.

1. 5% privileged users in the system- Coverage plot is shown in and rate plot is
shown in

2. 15% privileged users in the system- Coverage plot is shown in 4.3|and rate plot is
shown in

4.3 FR-1,3 plus FR-1,3.4 scheme

When there are more privileged users in the system, we go for FR-1,3 scheme for n
frames and FR-1,3,4 in n + 1th frame as mentioned in the table Here, n=4. Here,
SIR of a user is calculated using [2.T] and SIR of the weak privileged user in FR3 with
SIR being [2.1| who enjoys FR4 in n + 1th frame is calculated using [2.2] Coverage
probability and rate is calculated using [4.1] and {.2] respectively. Coverage probability

and average rate, using this scheme, are plotted for different number of privileged users.

1. 15% privileged users in the system- Coverage plot is shown in|4.5|and rate plot is
shown in
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Figure 4.1: Coverage probability of unprivileged and privileged users in 19 cell FFR
system is compared with Standard FFR system over varying Target SIR,T.
For simulated plot, SIR of a user is calculated using [2.1 and SIR of the
weak privileged user using an extra sub-band is calculated using[3.§]and the
coverage probability is calculated using 4.1} Theoretical plot was obtained
using the expressions [3.1] and [3.14] whereas FFR Std. plot uses the FFR
coverage expression in [1]]. Theoretical and simulated plots are matching.
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Figure 4.2: Rate of unprivileged and privileged users in 19 cell FFR system is compared
with Standard FFR system over varying SIR threshold,S;,. SIR of a user
is calculated using [2.T] and SIR of the weak privileged user using an extra
sub-band is calculated using[3.8] Rate is calculated using[4.2] Unprivileged
users didn’t suffer worst in this frequency allocation scheme.
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Figure 4.3: Coverage probability of unprivileged and privileged users in 19 cell FFR
system is compared with Standard FFR system over varying Target SIR,T.
For simulated plot, SIR of a user is calculated using [2.1 and SIR of the
weak privileged user using an extra sub-band is calculated using[3.§]and the
coverage probability is calculated using 4.1} Theoretical plot was obtained
using the expressions [3.1] and [3.14] whereas FFR Std. plot uses the FFR
coverage expression in [1]]. Theoretical and simulated plots are matching.
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Figure 4.4: Rate of unprivileged and privileged users in 19 cell FFR system is compared
with Standard FFR system over varying SIR threshold,S;;,. SIR of a user
is calculated using [2.T] and SIR of the weak privileged user using an extra
sub-band is calculated using[3.8] Rate is calculated using[d.2] Unprivileged
users didn’t suffer worst in this frequency allocation scheme.
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Figure 4.5: Coverage probability of unprivileged and privileged users in 19 cell FFR
system is compared with Standard FFR system over varying Target SIR,T.

2. 25% privileged users in the system- Coverage plot is shown in |4.7|and rate plot is
shown in 4.8
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Figure 4.6: Rate of unprivileged and privileged users in 19 cell FFR system is compared

with Standard FFR system over varying SIR threshold,S;,.Unprivileged
users didn’t suffer worst in this frequency allocation scheme.
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Figure 4.7: Coverage probability of unprivileged and privileged users in 19 cell FFR
system is compared with Standard FFR system over varying Target SIR,T.
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Figure 4.8: Rate of unprivileged and privileged users in 19 cell FFR system is compared
with Standard FFR system over varying SIR threshold,S;,.Unprivileged
users didn’t suffer worst in this frequency allocation scheme.

From the above results, we infer that the FR-1,3 plus starve scheme holds good
when there are less number of privileged users per cell and FR-1,3 plus FR-1,3,4 scheme
performs better when there are more number of privileged users per cell. Also, we
see that average rate suffers in FR-1,3 plus starve scheme with increasing per-cent of

privileged users per cell.
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CHAPTER 5

Conclusions and Future work

We have derived coverage probability expressions for F'R — 1, 3 plus starve and F'R —
1,4 plus starve schemes. From simulation results, it is evident that for low percentage
of privileged users in the system F'R — 1,3 plus starve shows good performance, for
medium case we better opt F'R — 1, 3 for n frames and F'R — 1, 3, 4 for n + 1 th frame.
Based on extensive simulations, we observed that if the percentage of privileged users
in the system becomes very high, using 'R — 1,3 for n frames and F'R — 1,4 plus
starve for n+ 1 th frame gives good results. These types of resource allocation schemes
help improve performance of privileged users and save unprivileged users from loss of
coverage and rate to some extent. We have derived expressions for coverage probability
which shows the effect of different parameters in the performance of the system. Using
our results, one can easily determine which resource allocation strategy to be employed
in the FFR-aided system with subscriber differentiation and hence, avoid performing
time consuming simulations. Future work may include deriving expression for optimal

count of frames n wherein switching happens between resource allocation schemes.
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