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Abstract The next generation heterogeneous networks

are expected to offer higher data-rate and better QoS to the

customers by leveraging smaller cells like femtocells and

making use of orthogonal frequency division multiple ac-

cess. However, uncoordinated dense deployment of fem-

tocells in macrocell network pose unique challenges

involving cross-tier interference and resource management

which results in significant degradation of the system

performance. As part of addressing these challenges for the

successful integration of both technologies, this paper

proposes the deployment of a self-organizing femtocell

network that employs an opportunistic smart frequency

reuse technique –cross polarized complementary frequency

allocation (CPCFA). It exploits the frequency and polar-

ization diversity to mitigate interference in two-tier femto-

macro networks. In this work, a strategy combining the

adoption of reverse frequency allocation and orthogonal

polarized transmission is analyzed as a potential solution

for maximizing spectral efficiency and minimizing inter-

ference in the existing heterogeneous networks. Focus of

the current work is on downlink transmission where the

traffic is high and the deployment of femtocell is more

beneficial. The results of analytic and simulation studies

prove that CPCFA increases the scope for an easily im-

plementable, remarkable opportunity in the context of two-

tier femto-macro network that can substantially increase

the system capacity as well as cell coverage without ad-

ditional network complexities.

Keywords Femtocell � Macrocell � Interference �
Cross-polarization � Frequency reuse

1 Introduction

Explosive demands for high data-rate communication net-

works with better spectral efficiency is the key driving

force towards continued technology evolution in the field

of wireless communication. Also, with proliferation of

various multi-media devices, future wireless access net-

works are expected to be autonomous in terms of operation.

Hence, they should exhibit a significant degree of self-

organization and self-optimization characteristic as also

recognized by the standardization body-3rd Generation

Partnership Project (3GPP) [1]. These objectives can be

achieved by combining advances in communication tech-

nology, smart topology design, and spectrum reframing [2].

As the most effective step towards addressing these chal-

lenges, self-organizing femtocells with ‘easy plug and play

property’ have been recently gaining significant attention.

Currently, 3GPP LTE-Advanced and IEEE 802.16 m are

standardizing the self-organizing network concept for IMT-

Advanced femtocell networks as well [3–7]. Moreover,

considering the volume of traffic that is expected in the

future years, the convergence of optic fiber backhauls to

radio over fiber backhauls is quite promising in the case of

heterogeneous networks [8].

The co-existing architecture of macrocell network along

with self-organizing femtocells hold the potential in

meeting high data-rate demands which enable the network

operator in accommodating more traffic. However, the
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deployment being highly dense and planned by the user

themselves, restricts the control of user on the topology

and activity of the femtocell. As a result, conventional

network planning, configuration and optimization for

femtocell networks is quite a difficult task [3]. The dif-

ferent tiers of the femto-macro network share the same

frequency channels or orthogonal ones so as to avoid the

need for a new user equipment which ends up in cross-tier

interference. Hence, the interference between two tiers

should be managed through proper frequency allocation

schemes, which allow efficient utilization of the scarce

radio spectrum and assure the highest level of user’s

quality of experience [4]. Although the interference in a

femto-macro network cannot be fully eliminated, it is

possible to limit it within a reasonable range by smarter

resource management. For the same reason, the resource

management solutions for femtocells cannot be separated

from the macrocell and is difficult to be designed from

scratch. This motivates the introduction of self-organiza-

tion characteristic into the femtocells. This helps it to in-

telligently access the macrocell spectrum and thereby

reduce the operational expense and subscriber churn by

eliminating any human involvement in the network con-

figuration process. Even though several methods of self-

organization [5–7] which alleviates the macro-femto in-

terference [9], are available in the literature, self-organiz-

ing femtocells that promote orthogonal resource allocation

between two-tiers has not drawn much attention and forms

the main focus of this work.

The current challenges of capacity crunch and limited

coverage in wireless networks can no longer be addressed

by increasing the base station density alone. This further

encourage the researchers to design better frequency reuse

techniques, orthogonal spectrum allocation and alignment

techniques. To address these problems, extensive research

is being carried out in the field of self-organizing, cognitive

femtocells [10–11]. They are capable of autonomously

integrating into the cellular framework and the benefits are

reflected more with colossal increase in base station den-

sity. Since the selection of an interference management

strategy relies on the trade-off between complexity and

efficiency that it offers, fractional frequency reuse is con-

sidered as an optimal choice mainly due to its marginal

complexity and minimal signaling overhead. It has also

proved to enhance the system throughput by a large margin

while maintaining the QoS demands to the customers.

Broad comparison of different interference management

and frequency reuse techniques are analyzed in [12], which

finally proposes the optimal static fractional-frequency al-

location (OSFFA) as the one that offers superior perfor-

mance in heterogeneous networks. In addition to this

architecture, improving the orthogonal characteristics of

frequency carriers and efficient reuse of available spectrum

can further enhance the system performance. It is in this

context, that we propose an OFDM transmission system for

self-organizing femtocells embedded in a macrocell net-

work. It incorporates the concept of reverse frequency al-

location [13, 14] within an orthogonally polarized

transmission network [15, 16]. Exploiting both frequency

and polarization diversity helps in improving the system

performance by effectively controlling the cross-tier in-

terference and efficiently managing the radio spectrum. In

RFA, the femtocells adopt the reversed order of uplink

(UL) and downlink (DL) frequencies used by the macrocell

network for its transmission, in addition to a well-planned

geographical separation. This better balances the require-

ments of higher spectral efficiency and reduced inter-cell

interference. Furthermore, femtocells and macrocells make

use of orthogonal polarization for transmission to ensure

isolation between the two networks and thereby reduce

interference. This further enables the same frequency car-

rier to be used simultaneously by both networks in the

same location. These strategies coupled in a self-organizing

femtocell network guarantees capacity maximization and

interference minimization through increased signal to in-

terference plus noise ratio (SINR) and dynamic spectrum

access which eventually makes it a potential candidate for

adoption in the next generation cellular architectures.

The rest of the paper is organized as follows. Section 2

discuss the motivation behind the adoption of CPCFA

strategy along with the detailed description of related

works on how spatial separation and frequency isolation

can contribute towards efficient interference mitigation.

Section 3 projects the CPCFA framework in detail. Sec-

tion 4 carries out the system analysis which is further used

in the extensive simulations in Sect. 5. Section 6 finally

concludes the paper.

2 Related works

2.1 Reverse frequency allocation

In classical macrocell network which operates in FDD

mode, UL and DL transmissions take place along two

separate bands which are allocated in pair to every single

user. However, in a co-existing femto-macro network, the

DL/UL transmission from the macrocell can interfere with

the DL/UL transmission of the femtocell if both of them

transmit along the same frequency band simultaneously.

Hence, a potential solution to avoid interference is to prevent

femtocell and macrocell from using the same frequency

band for simultaneous transmission whether it be in UL or

DL in the same location. However, scarcity of the highly

expensive spectral resources prohibit the femtocell and

macrocell from using dedicated spectrum for transmission
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as it results in spectral inefficiency. An easy and imple-

mentable approach is to reverse the UL and DL transmis-

sions between femtocell and macrocell network [13]. This

kind of complementary spectrum allocation between femto-

macro network for UL and DL transmission prevents one

network from interfering with the other during their trans-

missions. Further, in order to prevent the UL transmission of

the macrocell users interfering with the DL transmission of

the femtocell users and vice versa, geographical separation

is also employed during spectrum allocation. The main ad-

vantage of this ‘‘Reversed Mode’’ spectrum allocation is

that, it neither needs a dedicated spectrum for femtocell

operation, nor does it consume the macrocell spectrum.

However it doubles the spectral efficiency when compared

to that of OSFFA scheme. This is because the entire

macrocell spectrum (S1 ? S2) is made available to the

femtocells but the UL and DL frequencies are interchanged/

reversed ðS01 þ S02Þ in the femtocell operation to ensure

minimal interference as demonstrated in Fig. 1.

2.2 Cross polarized transmission

Classical wireless communication systems have relied on

one channel per frequency, although it is well understood

that two polarization states of plane waves allow two dis-

tinct information channels. Techniques such as ‘polariza-

tion diversity’ already take advantage of this. Polarization

diversity can be used as a tool to exploit frequency diver-

sity by assuring minimal co-channel interference by virtue

of its property known as cross polarization discrimination

(XPD). XPD is defined as the ratio between the temporal-

average power in the emitted polarization and the value of

temporal-average power that has leaked into other polar-

ization [17]. XPD represents the polarization state of a

wireless signal. In a transmission channel, maximum signal

strength between nodes occur when both transmitter and

receiver use identical polarization. However, due to XPD,

when a given antenna receives a co-channel signal sent

from a cross-polarized antenna, the effective signal

strength is reduced by several dB. Larger the XPD between

polarized transmissions, larger will be the isolation. The

two distinct polarization modes of a dual-polarized wire-

less channel being co-polar (represented by ||) and cross-

polar (represented by \), XPD of a co-polar signal whose

power is P|| is given by:

XPDjj ¼
Pjj

P jj!?jjð Þ ð1Þ

and that of a cross-polar signal whose power is P\ is given

by :

XPD? ¼ P?

Pð?!jjÞ ð2Þ

where Pðjj!?Þ and Pð?!jjÞ represent the amount of power

that has leaked from co-polar channel to cross-polar

channel and vice versa respectively. Hence, in order to

avoid interference between the two-tiers, orthogonality in

signal polarimetric dimension is employed. The polariza-

tion of both networks being orthogonal to each other due to

their sense of rotation as in Fig. 2, assures isolation be-

tween them which helps in interference reduction and

hence improve the SINR. At this point, a significant chal-

lenge to be addressed is to choose between the different

type of polarization for wireless signal transmission-linear

(includes vertical and horizontal) or circular (right-hand

and left-hand). Definitely linear polarization has an edge

over circular polarization in terms of expense and ease of

implementation. However, these advantages do not stand

valid in case of a mobile ad-hoc environment, where the

user equipment (UE) is not stationary and variations in

macroBS

femtoBS

LHCP

RHCP

UE

Fig. 2 Cross-polarized transmission in femto-macro network
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Fig. 1 Reverse frequency allocation strategy
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polarization alignment is possible. The advanced signal

propagation properties enable the circular polarization an-

tenna technology to offer numerous performance advan-

tages over traditional linear polarized technologies.

Circular polarization helps in effectively addressing all the

challenges incurred in the conventional linear transmission.

It does not incur phasing issues and is capable of estab-

lishing reliable signal links regardless of the antenna ori-

entation of the device. It is much better at penetrating

obstructions and the signal is not adversely impacted by

obstructions and other environmental conditions. Unlike

the linear polarized antennas, transmission takes place

along all planes in a circular polarized transmission which

lowers the likelihood of signal cancellation and is hence

suitable for use in non-line-of-site applications. The recent

past breakthrough in antenna design and innovative sci-

entific burst outs have made this technology affordable for

common applications as well. The analysis of polarization

effects in indoor wireless high data-rate communication

scenarios in [18] claims that appropriate use of circular

polarization could lead to significantly reduced channel

delay spread, and hence improved error performance even

with minor attenuation. In addition to this [19] shows that

the variation of rms delay spread as a mobile moves over

several wavelengths is also greatly reduced when circular

polarized antennas are used. Extensive simulations and

analysis carried out in [20–21] approves that the use of

circular polarization is advantageous in reducing the effects

of multipath delays and reflections from the wall even

when it has a multi-layered structure. Above all, the sig-

nificant advantage of circular polarization is that even after

multiple reflections, refractions and delay, its sense of ro-

tation can never be altered by any naturally existing sub-

stance even though there can be a minor shift in angular

orientation. This assures that orthogonality is always

maintained between two tiers of the network.

3 Cross polarized complementary frequency
allocation strategy

With billions already spent, network operators always

search for effective methods to squeeze out the maximum

out of the existing multi-tier networks. In these networks,

when one of the tier is unplanned and uncoordinated, the

key challenge of allocating scarce spectral resource to the

users should be addressed effectively [22]. As we know,

both higher cross-tier interference (with shared spectrum

usage) and limited spectrum availability (with dedicated

spectrum usage) are capacity-limiting factors. Hence,

Cross-Polarized Complementary Frequency Allocation

(CPCFA) strategy is designed by incorporating the merits

of the aforementioned methods in Sect. 2, where frequency

diversity along with polarization diversity is exploited to

improve the system performance. For this purpose, we

consider a macrocell network with an operator-planned

static frequency allocation having a frequency reuse factor

of 1, within which self-organizing femtocells are embed-

ded. These femtocells are capable of dynamic spectrum

access by exploiting the CPCFA strategy. Here, the self-

organizing femtocell base station (femtoBS) sense the user

operations in its vicinity which enables it to take real-time

decisions regarding its operational spectrum. They are

aware of the nearby user actions and future intensions via

inter-cell communication enabled through femtocell gate-

ways, or femtoBS assisted sensing. It takes input from the

nearby macrocell base station (macroBS) based on which it

configures its own operational frequency. The aim is to

minimize the interference that it cause to users in its

vicinity. Then comes the self-optimization, where the

femtocell management system (FMS) reconfigures the

spectrum allocation in order to satisfy the QoS demands of

subscribers through optimal sub-carrier allocation and

cross-polarized orthogonal transmission. It also maximizes

the spectrum access of femtocell in times of heavy user

traffic within each zone of the macrocell. Above all, it

takes care of the self-healing part, where it switches its

operational frequency or initiates a handover in times of

intolerable co-tier interference. In essence, even with

scarcity in the available radio spectrum, it is the self-or-

ganizing femtocell that operates on reverse frequency

strategy, that enables the two tier network to achieve better

spectral efficiency. Also the femtocell nodes carry out

transmission via right hand circular polarized (RHCP)

signals which is orthogonal to that of left hand circular

polarized (LHCP) transmission used by macrocell nodes.

macroBS

femtoBS

UE

Fig. 3 Reverse Frequency Allocation for a single cell
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This support independent operation across tiers by ex-

ploiting polarization diversity with two senses of rotation.

Figure 3 demonstrates the crucial idea behind the

CPCFA strategy where a macrocell coverage area is ini-

tially partitioned into two non-overlapping regions namely

the cell-center (inner region) and cell-edge (outer region).

The total available macrocell spectrum is also partitioned

and allocated to these two regions which is then reversed

and allocated to the femtocells located within these alter-

nate regions. Depending on whether the user belongs to the

femtocell network or the macrocell network, the polariza-

tion mode for transmission is further chosen between

LHCP for macrocell and RHCP for femtocell. This spec-

trum partitioning and the reverse frequency allocation for a

single cell is depicted in Fig. 4.

However, the spectrum allocation using CPCFA strategy

is not that simple in case of a multi-cell scenario which

needs to be wisely formulated in order to facilitate flex-

ibility, scalability and higher efficiency. It should ensure

that both macrocell and femtocell are benefited in terms of

better capacity, lower interference and higher spectral ef-

ficiency. For this purpose, the femtocells must be capable

of self-configuring its resource utilization and optimize its

usage in accordance with the system parameters at run-time

[23]. There is a series of steps involved to satisfy this

criteria. Hence, the following procedures explain the op-

eration of CPCFA strategy in a three-cell cluster which can

be further scaled to any number of cells in the network.

Further in our studies, the user equipment registered to

macroBS are referred to as macroUEs and those registered

to femtoBS are referred to as femtoUEs.

3.1 Location cognizance for macroUEs

The macrocell spectrum allocation is methodically planned

by the network operator. As a result, the task of partitioning

the macrocell coverage area, into two non-overlapping

regions namely the cell-center (inner) and the cell-edge

(outer) region is also carried out by the network operator.

However, the radius of the cell-center region is a sig-

nificant design parameter which may be dependent on the

user density, QoS requirement of the customers, spectrum

resource availability etc. To aid this decision making, it

was shown in [24] using Monte Carlo simulations that, the

average network capacity is maximized for uniformly

distributed UEs, if the cell-center region radius is 0.65

times the macrocell radius. The same channel allocation

and cell-center region radius is adopted in our analysis as

well. Thus macroBS identifies the macroUEs located

within 65 % of its radius as inner region macroUEs and

those outside as outer region macroUEs. This partitioning

is dependent on specific multipath and fading profiles

which is neglected in our studies for fair comparison.

3.2 Spectrum allocation for the macrocell

Sectorization in the cellular network diminishes the need

for new macrocell sites. At the same time, operators get

superior capacity and to a lesser extend better coverage

without densification of the macrocell network. Hence

every macrocell which is partitioned into cell-center and

cell-edge region is further sub-divided into six sectors as

shown in Fig. 5. The total available bandwidth (S) of the

macrocell is divided into OFDMA time–frequency units

and allocated to the inner region (S1) and outer region (S2)

macroUEs such that S = S1 [ S2. This means that the

partition S1 contains the UL and DL frequency carriers for

the inner region macro-users whereas the partition S2
contains the UL and DL frequency carriers for the outer

region macro-users. Here (S1) contains a major portion of

the total available carriers which is allocated to the cell-

center region or the inner region (C1–C6) macroUEs by the

network operator and is named as sub-band A. The cell-

edge (outer) region spectrum (S2) is further sub-divided

into six sub-bands B, C, D, E, F, G and allocated to cell-

edge region (E1–E6) macroUEs as in Fig. 5. In short,

frequency reuse factor (FRF) of 1 is applied to the cell-

center region and FRF of 6 is applied to the cell-edge

region resulting in the entire macrocell to embrace an FRF

of 1. Thus, the macrocell employs static spectrum alloca-

tion meticulously planned by the network operator, which

also assures the absence of intra-cell interference due to the

OFDMA technology adopted. Here the boundaries of every

single zone is neither rigid nor of uniform geographical

size or shape as depicted in the figure, due to fading. It

merely highlights the need for a spatial separation in re-

source allocation so as to enable spectrum reuse without

interfering each other’s operation. It also highlights that,

the cell-center region macroUEs do not reuse the spectrum

of the cell-edge region macroUEs, as a result of which the

entire macrocell system is free from inter-cell interference.

The use of distributed antenna system (DAS) [25] supports
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this mode of sectored spectrum allocation along with spa-

tial frequency reuse within the macroBS coverage area.

The radio transmission in the cell-center region is carried

out by a centrally located macroBS with omni-directional

antenna which holds the main processing modules like the

channel cards. For the cell-edge region, we resort to the

distributed antenna elements. The DAS in our proposed

architecture constitute the central macroBS and 6 direc-

tional distributed antenna elements (DAE) connected

through high-speed back bone network. With proper con-

figuration and planned positioning of DAEs, DAS has the

potential for outperforming centralized antenna system due

to which the location decision of DAE is important. Hence

the directional DAEs are 120� directional antennas, each

located at the vertex of the cell, facing towards the central

macroBS as shown in Fig. 5 [26]. Taking DAS into con-

sideration, the partitioning in Fig. 5 can be perceived as the

average coverage footprints of the multiple antenna ele-

ments over a period of time. DAS is also capable of

optimizing the transmission characteristics by ensuring

proper tilt angle for the antenna which has a direct influ-

ence on the coverage and interference parameters of the

network. Down tilting along with accurate beam forming of

the antenna reduces interference to neighbors but increases

capacity of the nearby users, whereas up tilting increases

the coverage. The major motive behind deploying DAS is

to avoid the location optimality problem which can be

annoying in case of real cellular systems. The other reason

being inter-cell interference mitigation through reduced

transmit power which boosts the system capacity and offer

better coverage mainly due to the absence of overlapping

frequency bands. In our work, the connection between the

macroBS and the DAEs is through optical fiber, so that the

assumption of near-perfect reception of data at the DAE

from the macroBS becomes realistic. However, it should be

noted that, the interference—free low cost implementation

of such a multi-tier system with all these benefits come at

the cost of an additional system complexity.
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Fig. 5 Femtocell spectrum selection in CPCFA based on macrocell spectrum allocation
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3.3 Location cognizance for femtoUEs

Femtocells are plug and play devices which are installed by

the customers without any prior planning. Unlike the

macrocells, they can be turned on and off at any time,

making their deployment completely random. Hence the

position and location of the femtocells within the macrocell

vary continuously. As a result, femtoBS needs to sense the

environment and be aware of its own location as well as its

neighbors in the macrocell coverage area. However, the

radio transmission range between the femtoBS and the

femtoUE is comparatively small. Hence we assume that

the femtoUE lies within the same zone as that of the

femtoBS. In short, similar to the macroUEs, femtoBSs and

hence femtoUEs are also classified based on their location.

Since, femtocells are usually located indoors, the reg-

istered physical address associated with the broadband IP

address or the GPS location information obtained during its

installation can be used as a measure to assist the location

selection. Assuming the femtocell to be stationary for a

long period of time after being deployed, its position can be

tracked when it locks to a GPS signal to ensure that its area

of operation is legal to transmit along a specific band. Since

the frequency planning does not require any real-time

feedback and assuming that the femtocells are immobile

after deployment, their GPS information obtained via

femtocell-gateway assists in tracking its location.

Now RFA is employed and hence the spectrum allocated

to macroUEs is reversed and assigned to the randomly dis-

tributed femtoUEs based on their location i.e. the frequency

spectrum of the cell-center region macroUEs (S1) is allo-

cated to the femtoUEs in the cell-edge region and that of the

cell-edge regionmacroUEs (S2) is allocated to the cell-center

region femtoUEs. In essence, the spectrum partitions S01 and

S02 of femtocell correspond to the reversed UL and DL fre-

quency pairs of spectrum partitions S1 and S2 of macrocell

respectively. However, sectorization and geographical

separation is applicable to femtoUEs as well, in case of a

three cell cluster which is explained in the next section.

3.4 Spectrum selection by femtoUEs

(self-configuration)

Though the macrocell depends on static spectrum alloca-

tion with unity frequency reuse factor, the massive de-

ployment of femtocells demand more spectral resources

which encourage the adoption of dynamic spectrum access.

As a result, the operation of femtocells is expected to be

self-organizing with an autonomous spectrum selection

process. The self-organization mechanism includes self-

configuration and self-optimization phases. Self-con-

figuration is the phase soon after the femtoBS is switched

on, in which the femtoBS within each sector configures its

own operational frequency based on the input that it senses

from the neighboring macrocell environment. It selects the

least interfering sub-band for its operation along which it

transmits in the reverse mode with a polarization ortho-

gonal to that of the macrocell transmission.

The sectorization process and the corresponding fre-

quency band selection by the femtoBSs is summarized in

Stage 1 of operational algorithm furnished in Table 1. In

the self-configuration phase, each femtoBS select its op-

erational frequency among the N available sub-bands. Let

Fo and Fi represent the number of femtocell users in the

outer and inner region respectively whereas Mo and Mi

represent the number of macrocell users in the outer and

inner region respectively. Firstly, similar to the method-

ology in [27], the set of usable frequency sub-bands Sf for

the femtoBS j is initialized to the set of all frequency sub-

bands S made available to the macroBS, where

S = SMiU SMo. Here SMi is the frequency spectrum avail-

able to the inner region macroUEs and SMo is the frequency

spectrum available to the outer region macroUEs. Several

wireless communication standards have highlighted the

capability of wireless nodes in sensing and measuring the

instantaneous signal strength (RSSI) for all sub-carriers

[28–30]. Hence, as the femtoBS j is switched on, it senses

the radio signals received from the neighboring macroBS

and estimates the RSSI value Rf for each received fre-

quency sub-band. Let Rx denotes the RSSI value for a sub-

band say x and R�
f denote the highest RSSI value.

Analyzing the strength of the received signals, if the RSSI

value of sub-band A is found to be the highest, it means

that femtoBS j is located in the cell-center region i.e.

within any of the six sectors C1–C6 as in Fig. 5. In this

case, femtoBS j forms S�f , a set of six sub-bands among the

pack of seven sub-bands, whose signal strength received at

femtoBS j is comparatively higher. The set S�f is now ex-

cluded from S which leaves behind the 7th sub-band to be

allocated to femtoBS j in the reversed mode. If the RSSI

value of sub-band A is not the highest, then it means that

femtoBS j is located in the cell-edge region within any of

the six zones represented by E1-E6. In this case femtoBS

forms S�f which comprises of the set of all sub-bands except

A. Excluding S�f from S results in sub-band A to be allo-

cated to femtoBS j in the reversed mode ðA0Þ:
With reference to the static spectrum allocation adopted

for the macrocell, Fig. 5 depicts the best possible sub-

bands for femtocell operation in each zone during the first

iteration of the algorithm owing to minimal interference.

Since the macrocell radio transmission range for sub-band

A is restricted to the cell-center region, the femto-user

equipments (femtoUEs) will make use of sub-band A0 in
the cell-edge region owing to least interference
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experienced. Here A0 corresponds to the reversed UL and

the DL carriers of sub-band A; which is used by femtoUEs

in the cell-edge regions (E1–E6). Similar is the case for

other sub-bands as well i.e. B0, C0, D0, E0, F0 and G0 are used
by the femtoUEs in the cell-center regions (C1–C6).

Selection of frequency sub-band by the femtoBS is based

on the assumption that the separating distance between the

base stations on either tier are significantly large so that the

interference is within tolerable limits. In addition to this,

the smaller transmission range of femtoBS in the cell-edge

region assures that the macroUEs operating on the same

sub-band in the cell-center region as well as in the neigh-

boring macrocell are free from interference.

To sum up, the intra-cell interference is mitigated since

the cell-center UEs do not share the same spectrum with

cell-edge UEs and inter-cell interference is minimized due

Table 1 Algorithm for CPCFA in 3 cell cluster
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to the spatially separated frequency allocation with ortho-

gonal polarization. Also the inter-tier interference is con-

trolled since the UEs in both tiers make use of different

spectrum in a given zone that too in reversed mode.

3.5 Self-optimization by femtoBS

The key issue that self-optimization phase addresses is the

dynamic selection of additional frequency spectrum con-

sidering the effect of co-channel and co-tier interference in

a heavy traffic environment. Since frequency resources are

limited, it is important to enable efficient frequency reuse

while satisfying the bandwidth requirements. In the current

scenario, even though the frequency reuse is enabled via

proper geographic separation, the possibilities of band-

width scarcity cannot be neglected completely. As a result

fairness measures are applied by the FMS to optimize the

network performance by ensuring that every sector is al-

lotted sub-carriers based on its user density and the cor-

responding QoS requirements. The resource allocation and

QoS information recovered by the femtoBS from the FMS

through the femto-gateway enables it to adopt a throughput

constrained opportunistic scheduling [31]. During every

periodic cycle of status update from the femtoBSs, FMS

determine the sectors which are lacking in spectral re-

sources to satisfy their required QoS. On finding such

sectors, immediate actions are taken by the FMS to initiate

the femtoBS to aggressively access additional sub-bands

(and hence sub-carriers) from the macrocell spectrum ad-

hering to the condition that the resulting aggregated cross-

tier interference is constrained and maintained within ac-

ceptable limits.

Stage 2a and 2b of the operational algorithm explains

how the additional sub-bands and hence sub-carriers are

accessed one after the other by the femtoBS in the inner

region and outer region respectively. After accessing a new

sub-band, in case the SINR at a femtoUE operating along a

given sub-carrier falls below a pre-determined threshold T

for a time interval s1 the self-optimization feature adopts

the first countermeasure of decrementing the femtoBS

transmit power by a value d. This triggers a similar reaction

from the interfering femtoBS as well, which will limit the

overall interference and hence improve the SINR. If the

femtoUE still reports a low value for SINR, the femtoBS

waits for a time interval s2 and determines whether the UE

attached to the interfering femtoBS is within its own cov-

erage area. If within its radio transmission range, the

femtoBS initiates a handover for this UE, and accepts it as

its own registered user. If the UE is out of its coverage area,

the femtoBS chooses the next sub-carrier within the se-

lected sub-band for its operation and repeat these steps

until it becomes capable of transmitting with the guaran-

teed QoS. The introduction of timeouts s1 and s2 help in

avoiding unnecessary handovers due to channel fluc-

tuations or presence of fast-moving UEs within the fem-

toBS coverage area. This dynamic access of spectrum

satisfies the lower capacity bound of every attached user,

before additional sub-carriers are allocated to achieve

maximum gain for users with better channel quality. When

the same scheduling strategy is applied at the macroBS, the

problem of lower throughput for the cell-edge region users

can be solved to an extend by imposing higher value for

their lower bounds which always gets satisfied before

serving cell-center region users. In short, the algorithm

assures bandwidth efficiency with the guarantee that the

process does not exacerbate the interference in the network.

In addition to this, the self-optimization feature also

optimizes the transmission characteristics of femtocells for

which a combination of co-channel reuse with orthogonal

allocation is introduced. The use of cross-polarized trans-

mission is considered as a means of eliminating the cross-

tier interference and thereby increase the SINR. For this

purpose, circular cross-polarization is chosen as the best

mode of transmission in wireless network as explained

before. Since the transmission along all the sub-bands in

the macrocell network is enabled through left hand circular

polarization (LHCP), the spectrum allocated to the ran-

domly distributed femtocells, will make use of a polar-

ization orthogonal to that of the macrocell network i.e.

right hand circular polarization (RHCP) as explained in

Fig. 2. The sense of rotation being orthogonal to each other

ensures isolation and cannot be altered even with random

fluctuations or phase changes. This is because other than

for any meta-material, no naturally existing substance has

negative permeability or permittivity [32]. The different

orthogonal polarization states (LHCP and RHCP) of a

given frequency can be depicted using a Poincare sphere

[33]. Two points on the surface of the Poincare-sphere are

orthogonally polarized if the line joining them passes

through the center of the sphere and is cross polarized if

they are symmetrically placed with respect to the equator

of the sphere. This property makes it possible for the same

frequency to be allocated to femtocell users and macrocell

users simultaneously with orthogonal/cross polarization. In

short, co-existing femtocell and macrocell users make use

of orthogonal/alternate polarization so as to maximize the

isolation between their transmissions and hence increase

the communication quality.

3.6 Self-healing by femtocells

In the case of any sudden variations in the network

configuration, the self-healing phase try to bring the

system to a stable state without compromising on the

QoS requirements. It enables the automatic detection and

resolution of failures and reconfigures the current
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settings to facilitate the smooth functioning of two-tier

network with minimal impact on each other. When the

failure is resolved, it gets back to its normal settings. The

self-healing phase also takes care of the polarization

changes during the handover procedures when a UE

switches from a macrocell network to a femtocell net-

work and vice versa.

4 System analysis

Metrics play a significant role in multi-tier systems where

the channel conditions are varying, traffic load is unpre-

dictable and users in each tier have individual priorities to

satisfy. For example, macrocell systems with heavy traffic

load will have to optimize spectral efficiency whereas

femtocell systems that guarantee better QoS will have to

ensure high data-rate to its customers. Since optimizing

one metric may result in sub-optimal performance of

other metrics, designers usually come up with a hierarchy

for the priorities, then fix thresholds for multiple metrics

so as to ensure better service in each tier. This section

discuss about such metrics and the corresponding

thresholds that play a primary role in improving the

overall system performance.

An OFDMA downlink cellular scenario with two tiers

corresponding to macrocell network and femtocell network

is considered as the system model. The basic radio resource

unit that can be allocated in OFDMA transmission is a

physical resource block (PRB). Intra-cell interference re-

duction is guaranteed by scheduling at most one UE per

PRB in each cell [34–35]. The network is composed of

seven macrocells with macroUEs uniformly distributed and

femtoUEs randomly deployed. The sub-carriers from the

designated frequency sub-bands as in Fig. 5 are allocated

to the macroUEs which trigger the femtoBSs to select its

own operational frequency owing to minimal interference

[24]. Now, let Pfb, Pfu,Pmb and Pmu represent the transmit

powers of the femtoBS, femtoUE, macroBS and macroUE

respectively, SMi, SFi and SMoSFo represent the bandwidth

allotted to the macroUEs and femtoUEs in the inner region

and outer region respectively, r2 represents the noise

power spectral density, Prc
s corresponds to the transmitted

signal power from sender s to receiver rc, d denotes the

random variable which represents the distance between the

interfering BS and the UE under consideration, n represents

the path loss exponent and h0j j2 represent the small scale

fading between any BS under consideration and the at-

tached UE. Because the bandwidth and time duration of

PRB are restricted [36], it is assumed that all sub-carriers

within a PRB experience the same log-normal shadowing

and frequency-flat Rayleigh fading [34]. In addition, the

shadowing and fading coefficients remain constant within

each PRB [37], but may vary from one PRB to the next.

Hence the interference power at a receiver is assumed to be

the sum of received power from all other base stations

making use of the same sub-carrier as that of the home base

station and is assumed to follow a general statistical dis-

tribution that includes all random effects like fading,

shadowing etc.

4.1 Sub-carrier allocation

Using Monte-Carlo simulations, it is shown in [38] that, the

average network throughput is maximized when the sub-

carrier allocation between the cell-center and cell-edge

users is proportional to the square of the ratio of the inner

region radius [aR where a e (0, 1)] to the macrocell radius

(R). Hence the ratio of the sub-carrier allocation (k) be-

tween the inner and the outer region of a macrocell network

can be expressed as a factor of the area occupied and is

given by:

k ¼ a2

1� a2
ð3Þ

Thus the total number of available sub-carriers is sub-

divided into S1 = [S a2] (* A) and S2 = S - S1 and al-

lotted among the macroUEs in the cell-center and cell-edge

region respectively. S2 is further partitioned into sub-

bands * (B, C, D, E, F, G) and allotted to macroUEs in 6

zones within the cell-edge region as shown in Fig. 5. Now

as per the proposed scheme, the number of sub-carriers

available to the femtocell users is expected to be the same

as the macrocell users. Also, twice the frequency spectrum

is available for resource allocation with macrocell operat-

ing on the conventional frequency bands and femtocell

operating on the reversed frequency bands. Thus sub-car-

rier allocation is reversed for femtoUEs with S01 ¼ ð�A0Þ
and S02 ¼ S� S01 made available to femtoUEs in the cell-

edge and cell-center region respectively. SFi is further di-

vided into sub-bands � B0;C0;D0;E0;F0;G0ð Þ and allotted

to femtoUEs in six sectors within the cell-center region as

the operational algorithm explained in Table 1. From these

equations, it can be concluded that one of the main ad-

vantage of using the RFA scheme is the ability to achieve

100 % allocation within each cell as well as each tier.

4.2 Power allocation

The cell-edge (outer) macroUEs will require higher power

allocation compared to cell-center (inner) macroUEs, if it

is in case of conventional cellular architecture. However,

such networks results in inter-cell interference. As a po-

tential solution to this problem, in CPCFA scheme the

overall transmit power is reduced and inter-cell interfer-

ence is controlled through the use of DAS which possess
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the additional merit of better and efficient coverage along

with extended battery life [39]. This assures efficient in-

terference-limited transmission in the cell-edge region as

well. Assuming the total transmitting power (Pt) to be

evenly distributed among all the sub-carriers (or PRBs)

within the cell-center and cell-edge region of the macro-

cell, with P being the power per PRB (the power con-

sumption per PRB is assumed to be equal for the sake of

fair comparison) and S being the total available bandwidth,

we have:

PS
k

1þ k

� �
þ
X6
i¼1

Pi ¼ Pt ð4Þ

Here
P6
i¼1

Pi ¼ PS 1
1þk

� �
, where Pi corresponds to the

transmit power from the DAE i. It is evident that the factors

Pi, a and k has a critical impact on the performance of the

system. Variation in service distribution in each cell can be

ensured by adjusting the value of a. With increase in a the

cell-center region radius increases, which results in more

PRBs or sub-bands to be allocated to the cell-center region

UEs and hence increase their average throughput. The re-

verse happens for decrease in a value, resulting in an im-

proved throughput for the cell-edge region UEs. The

capacity of the cell-edge region is also dependent on

transmit power Pi. In short, the implementation of DAS

helps in maintaining an optimal value for UE performance.

Selecting an appropriate value for a and hence that of

k based on the system preferences helps in improving the

overall performance by imposing a strict control over the

interference and thereby improves the average user

throughput.

4.3 Throughput

The average received power at the femtoUE in the down-

link is given by:

Pavg ¼ PfbI ð5Þ

Pavg ¼ Pfb h0j j2d�n ð6Þ

where d is the distance between the femtoBS and the

femtoUE and I represents the channel attenuation. With

reverse frequency allocation, the associated SINR at a

femtoUE in the downlink is formulated as:

SINRDL Fi ¼
Pl
i h0j j2d�nPFi

j¼1;j 6¼i PfbI
l
j þ
PMo

k¼1 PmuI
l
k þ r2

ð7Þ

SINRDL Fo ¼
Pl
i h0j j2d�nPFo

j¼1;j 6¼i PfbI
l
j þ
PMi

k¼1 PmuI
l
k þ r2

ð8Þ

where SINRDL_Fi is the signal to interference plus noise

ratio at the inner region femtoUE, SINRDL_Fo is the signal

to interference plus noise ratio at the outer region femtoUE,

Ilj ¼ hlj

��� ���2d�n; Ilk ¼ hlk
�� ��2d�n. The interference at femtoUE

l is due to the DL signal transmission from femtoBS (j) and

UL signal transmission from macroUE (k) which are using

the same frequency band as that of femtoUE l. As evident

from (7) and (8), unlike the classical fractional frequency

reuse systems, the femtoUEs in the inner region is inter-

fered only by femtoBSs located in the inner region and is

never subjected to interference by transmissions from

femtoBSs located in the outer region.

Further employment of polarimetric dimension to ensure

orthogonal allocation of spectrum across tiers, assures sig-

nificant capacity improvement by means of efficient interfer-

ence control. In this case, the set of interferingBSs are assumed

to use the same co-polar sub-carrier within the same tier but

with orthogonal polarization in different tier. It is for this

reason that femtocell network adopts RHCP for its transmis-

sion whereas the macrocell network employs the orthogonal

LHCP for its transmission. While making use of cross polar-

ized signals for transmission in femto-macro networks, with

Prc
s representing the average power received at receiver rc

when transmitted from sender s, it is depicted in terms of the

XPD value based on the signal polarization as [40]:

For cross-polarized reception:
1

XPD
Prc
s

For co-polarized reception:
XPD� 1

XPD
Prc
s

ð9Þ

Taking specifically the case of femto-macro network,

femtocells are assumed to have co-polar transmissions

whereas macrocells resort to cross-polar transmission with

respect to the femto-user under consideration. Hence ap-

plying the polarimetric orthogonality in Eqs. (9)–(7) and

(8) yields DL SINR as:

SINRDL Fi ¼
Pl
i h0j j2d�n XPD� 1ð ÞPFi

j¼1;j 6¼i P
jj
fb XPD � 1ð Þ þ

PMo
k¼1 P

?
mu þ r2

ð10Þ

SINRDL Fo ¼
Pl
i h0j j2d�n XPD� 1ð ÞPFo

j¼1;j 6¼i P
jj
fb XPD� 1ð Þ þ

PMi
k¼1 P

?
mu þ r2

ð11Þ

where P
jj
fb ¼ Pfb h0j j2 d

fu
fb

� ��n� �
is the interference at fem-

toUE l due to the DL signal transmission from femtoBS

j and P?
mu ¼ Pmu h0j j2 dfumu

� ��n
� �

is the interference at fem-

toUE l due to the UL signal transmission from macroUE

k. The Shannon-Hartley bound [41] is further used to cal-

culate the maximum amount of error-free digital data that

can be transmitted over the communication link with a

specified bandwidth. Equations (10) and (11) highlight that

cross-polarized transmission can be utilized as an effective
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measure to improve the downlink system capacity of the

femto-macro network that employs the CPCFA scheme, if

one tier makes use of a polarization orthogonal to that of

the other tier which in turn depends on the cross-polar-

ization discrimination maintained between the two tiers. In

addition to this, adoption of CPCFA proves to be a

promising practical solution to minimize the chances of

interference to the macrocell network as well, which can be

demonstrated in terms of primary protection ratio (PPR).

Taking PPR =
cmacroþfemto

cmacro only
where Cmacro?femto being the ca-

pacity of the macroUEs in the presence of interference

from the femtoUEs, and Cmacro_only being the capacity of

the macroUEs without any interference [42], CPCFA

seems to offer significantly higher value for PPR.

4.4 Coverage probability

Coverage probability definitely decreases with increase in

interference from the nearby radio transmissions which

include femtocells, overlaid macrocell, and neighboring

macrocells. Coverage probability analysis of the CPCFA

scheme can project a clear picture on the probability of

successful transmission. A node is said to be in coverage,

or the transmission from a femtoBS to a femtoUE is con-

sidered successful if and only if the SINR is above a

threshold say T. This threshold value definitely depends on

the receiver’s characteristics like sensitivity, modulation,

coding scheme etc. Let the traffic at the interfering fem-

toBSs and macroBSs be modeled by a sequence of inde-

pendent indicators with for all i, Ki e{0,1} such that

P Ki ¼ 1f g ¼ K and P Ki ¼ 0f g ¼ 1� K Thus the cover-

age probability for the femtocell downlink in the inner

region (Pc_i) is expressed as :

Pc i,PðSINRDL Fi [ TÞ
¼ EPint DL

P SINRDL Fi [ Tð ÞjPint DL½ �
ð12Þ

¼ E exp
�T

Pd�n XPD� 1ð Þ
XFi

j¼1;j 6¼i

P
jj
fbKj XPD� 1ð Þ

  "

þ
XMo

k¼1

P?
muKk þ r2

!!#

ð13Þ

¼ exp
�Tr2

Pd�n XPD � 1ð Þ

� �
� E

YFi
j¼1;j 6¼i

exp
�TP

jj
fbKj

Pd�n

 !" #

� E

YMo

k¼1

exp
�TP?

muKk

Pd�n XPD� 1ð Þ

� �" #

ð14Þ

The expectation in the last term of (14) can be

expressed as:

E exp
�TP

jj
fbKj

Pd�n

 !" #
¼ P Kj ¼ 1

� �
x r

1

0

exp � TPfb

Pd�n

� �

f
p
jj
fb

pfb
� �

dpfb þ P Kj ¼ 0
� �

x1

¼ 1� TK

P

P
jj
fb

� �
d

d
fu

fb

� ��n

þ T

ð15Þ

The expectation in the last term of (14) can be expressed

as:

E exp
�TP?

muKj

Pd�nðXPD� 1Þ

� �	 

¼ P Kk ¼ 1ð Þ

� r
1

0

exp � TPmu

Pd�nðXPD� 1Þ

� �
fp?mu pmuð Þdpmu þ P Kk ¼ 0ð Þ � 1

¼ 1� TK

XPD� 1ð Þ P
P?
mu

� �
d

d
fu
mu

� ��n

þ T

ð16Þ

Substituting (15) and (16) in (14), yields coverage

probability of inner region femtocell in the downlink as:

Pc i ¼ exp
�Tr2

Pd�n XPD� 1ð Þ

� �

�
YFi

j¼1;j6¼i

1� TK

P
jj
fb

� �
d

d
fu

fb

� ��n

þ T

8>><
>>:

9>>=
>>;

�
YMo

k¼1

1� TK

XPD� 1ð Þ P
P?
mu

� �
d

d
fu
mu

� ��n

þ T

8<
:

9=
; ð17Þ

Similarly, the coverage probability for the outer region

femtocell in the downlink (Pc_o) is expressed as:

Pc o ¼ exp
�Tr2

Pd�n XPD� 1ð Þ

� �

�
YFo

j¼1;j6¼i

1� TK

P

P
jj
fb

� �
d

d
fu

fb

� ��n

þT

8>><
>>:

9>>=
>>;

�
YMi

k¼1

1� TK

XPD� 1ð Þ P
P?
mu

� �
d

d
fu
mu

� ��n

þT

8<
:

9=
; ð18Þ

Coverage probability analysis definitely provides inter-

esting insights on the expected system performance. The

first term on the right hand side of (17) and (18) is relevant

only in systems where the throughput is limited by the

background noise in comparison to the interference from

neighboring nodes. However, in dense multi-cell, muti-tier

networks where the background noise is negligible when

compared to the interference, the transmission is limited by

the interference and polarization terms (i.e. the second and
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third terms in the expression) which depends on the po-

larization characteristics of the interferers, traffic distribu-

tion and network topology.

4.5 Maximum permissible active femtocell density

When the femto-macro network shares the radio spectrum,

and co-channel reuse is permissible within the system,

there is always a maximum active femtocell density be-

yond which every single addition in the femtoBS density

increases the interference to the macrocell network. When

the femtoUE reuses the frequency sub-band of the mac-

roBS in the downlink, the received SINR highly depends

on its distance from the serving femtoBS and the inter-

fering macroUE. The interference statistics measured by a

femtoUE is a representative of that experienced by all other

femtoUEs [40]. From (10) and (11), the interference ex-

perienced at a femtoUE l in the inner region and outer

region respectively due to the downlink transmissions

along the same frequency sub-band used by nearby fem-

toBS j is given by :

For inner region : Ifufb ¼
XFi

j¼1;j6¼i

Pfb h0j j2 d
fu
fb

� ��n

For outer region : Ifufb ¼
XFo

j¼1;j6¼i

Pfb h0j j2 d
fu
fb

� ��n
ð19Þ

With k representing the spatial density of the femtoUEs,

the moment generating function of I
fu
fb is given by [43]:

E exp �sI
fu
fb

� �h i
¼ exp �2pk r

1

0

u

1þ un

sPfb

du

 !

¼ exp �kðsPfbÞ
2
nK

� �

where K ¼ 2p2

n sin 2p
n

� �
ð20Þ

In the CPCFA system, to guarantee the outage of a

femtoUE due to cross-tier interference, it is positioned at

the coverage boundary of its serving femtoBS with shortest

distance to the interfering macroUE. We have from the

previous section,

From (16) and (20), (21) becomes:

Pc i ¼ exp
�Tr2

Pd�n XPD� 1ð Þ

� �

�
YMo

k¼1

1� TK

XPD� 1ð Þ P
P?
mu

� �
d

d
fu
mu

� ��n

þT

8<
:

9=
;

� exp �kiT
2
nKK XPD� 1ð Þd2

� �n o
ð22Þ

where ki is the maximum permissible femtoBS density in

the inner region which is given by:

Pc i ,P SINRDL Fi [ Tð Þ ¼ P
Pl
i h0j j2d�n XPD� 1ð ÞPFi

j¼1 Pfb hj j2 d
fu
fb

� ��n

XPD� 1ð Þ þ
PMo

k¼1 Pmu hj j2 d
fu
mu

� ��n

þr2
[ T

0
B@

1
CA

¼ E exp
�T

Pd�n XPD� 1ð Þ r2 þ
XMo

k¼1

Pmu dfumu
� ��n

Kk þ
XFi

j¼1;j 6¼i

Pfb d
fu
fb

� ��n

Kj XPD� 1ð Þ
 ! !" #

ð21Þ

ki ¼

� ln Pc i

QMo
k¼1 1� TK

XPD�1ð Þ P

P?mu

� �
d

d
fu
mu

� ��n

þT

8<
:

9=
;

0
@

1
A

�12
4

3
5þ �Tr2

Pd�n XPD�1ð Þ

� �

T
2
nKK XPD� 1ð Þd2

� � ð23Þ
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Similarly, the maximum permissible femtoBS density in

the outer region is given by:

4.6 Average system sum rate in downlink

The maximum achievable downlink capacity for a fem-

toUE j on a sub-carrier s is given by:

Cs
j2Fi ¼ DB log2 1þ cSINRDL Fið Þ ð25Þ

Cs
j2Fo ¼ DB log2 1þ cSINRDL Foð Þ ð26Þ

where DB corresponds to the sub-carrier spacing, c is a

constant defined by -1.5/ln (5 9 BER) where BER rep-

resents the target bit error rate (e.g.,10-6) [24]. Similarly,

the maximum achievable downlink capacity for a macroUE

k on a sub-carrier s is given by:

Cs
k2Mi ¼ DB log2 1þ cSINRDL Mið Þ ð27Þ

Cs
k2Mo ¼ DB log2 1þ cSINRDL Moð Þ ð28Þ

where SINRDL Mi ¼ Pl
i h0j j2d�n XPD�1ð ÞPFo

j¼1;j 6¼i
P
jj
fu
þ
PMi

k¼1
P?
mb

XPD�1ð Þþr2
and

SINRDL Mo ¼ Pl
i h0j j2d�n XPD�1ð ÞPFi

j¼1;j6¼i
P
jj
fu
þ
PMo

k¼1
P?
mb

XPD�1ð Þþr2

Here SINRDL_Mi is the signal to interference plus noise

ratio of the inner region macrocell and SINRDL_Mo is the

signal to interference plus noise ratio of the outer region

macrocell. The average system sum rateCavg is given by [12]:

Cavg ¼
P

j2Fi

P
s2S v

s
j2Fi

Cs
j2Fi

Fi

þ
P

j2Fo

P
s2S v

s
j2Fo

Cs
j2Fo

Fo

þ
P

k2Mi

P
s2S v

s
k2Mi

Cs
k2Mi

Mi

þ
P

k2Mo

P
s2S v

s
k2Mo

Cs
k2Mo

Mo

ð29Þ

where in general vs = 1 when a sub-carrier s is allocated

to a UE, otherwise it is set to 0.

4.7 Interference free femtocell exclusive region

(IFFER)

In addition to having a proper coverage, the derivation of an

interference free femtocell exclusive region (IFFER) would

play a key role in the placement of femtoBS in an indoor

environment. This interference free coverage region is usu-

ally dependent on parameters like transmit power of the

femtoBS and macroBS, distance of the femto-user from the

macroBS and femtoBS, path loss exponent etc. As per [44]

IFFER is defined as the area within a contour where the

received power levels from the femtoBS and macroBS are

the same. However in CPCFA case, the main source of in-

terference in the femtocell downlink is from macroUEs

rather than from the macroBS. To be specific, the interfer-

ence is from the UL transmissions of the outer region mac-

roUEs for the inner region femtocell downlink and from the

UL transmissions of the inner region macroUEs for the outer

region femtocell downlink. Figure 6 explains the variation in

IFFERwith increasing distance from themacroUE in case of

CPCFA scheme. Consider a simple scenario where the

femto-user is located at the coordinates (x, y). Let the re-

ceived signal strength from the cross-polarized macroUE

located at (x1, y1) be P\
mu and that received from the co-

polarized femtoBS located at (x2, y2) be Pfb
|| . Considering the

signal to interference ratio to be 0 dB [45] at the border of the

IFFER, it can be written as P?
mu ¼ P

jj
fb

femtoBS

femtoUE

macroUE power = femtoBS 
power

IFFER

macroBS

macroUE

Fig. 6 IFFER in CPCFA scheme
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i:e:Pmu h0j j2 dfumu
� ��n¼ Pfb h0j j2 d

fu
fb

� ��n

ð30Þ

Applying (9)–(30), results in:

Pmu

XPD d
fu
mu

� �n ¼ XPD� 1ð ÞPfb

XPD d
fu
fb

� �n ð31Þ

Taking n = 2, and substituting the distance from the

macroBS and femtoBS to the femto-user we get:

Pmu

x� x1ð Þ2þ y� y1ð Þ2
¼ XPD� 1ð ÞPfb

x� x2ð Þ2þ y� y2ð Þ2
ð32Þ

which can be rearranged and re-written as :

x2 þ y2 þ B1

A
xþ B2

A
yþ C

A
¼ 0

where A ¼Pmu�PfbðXPD�1Þ;B1 ¼ 2PfbðXPD�1Þx1�
2Pmu x2;B2 ¼ 2Pfb XPD�1ð Þy1�2Pmuy2;C ¼Pmu x22þy22

� �
�Pfb XPD�1ð Þ x21þy22

� �
However, this denotes the equa-

tion of a circle centered at �B1

2A
;�B2

2A

� �
with ra-

dius

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
1

4A2þ B2
2

4A2� C
A

q
. Hence IFFER will have an area given

by p B2
1

4A2þ B2
2

4A2� C
A

� �
. Thus, it becomes clear that, apart from

the location and transmit power of femtoBS, IFFER is

dependent on the transmit power of the macroUE and the

XPD value too, in a CPCFA network. Higher the XPD

between femto-macro transmissions, larger will be the

IFFER. For n to be any arbitrary path loss exponent other

than 2, the (2/n)-th root needs to be applied to both sides in

(30) which becomes exactly similar to the scenario where

n = 2 with an entirely different value for the transmit

powers [44].

5 Results and discussion

In this section CPCFA performance is analyzed and verified

throughMonte-Carlo simulations inMATLAB environment.

Simulation involves an OFDMA cellular scenario with two

tiers - macrocell network and femtocell network respectively.

The simulation model consider the advantages of the frame-

work developed in [47] which introduces a certain amount of

randomness in themodel. Hence themacroUEs are uniformly

distributed in the network whereas the femtoUEs are ran-

domly placed. The simulation environment assumes the

hexagonally-shapedmacrocell to be located centrallywithin a

group of 7 macrocells and the central macrocell is assumed to

have anomni-directional antenna serving 105macroUEswith

50 in the cell-center region and 55 in the cell-edge region.

Femtocell distribution is varying within this macrocell with a

density k ¼ 1= 2500P2
� �

femtoBS per m2 with each one

having single femtoUE attached to it. The simulation studies

assume a macrocell of radius 600 m. The macrocell radius in

the plots also correspond to the mean of the separation be-

tweenmacroBS and the random femtoBS chosen over a series

of simulation runs. The non-line of sight path loss variations

are tracked according to the channel environment modeled as

per wireless world initiative new radio (WINNER) II model

[48], and the transmissions are affected by shadowing and a

wall loss attenuation of 12 dB. For the polarized transmis-

sions, an XPD value of 10 dB is assumed. We assume a

‘snapshot model’ for our simulations, where the parameters

given in Table 2 are assumed to remain constant over each

simulation run [46].

Potential throughput improvement with the CPCFA

scheme is analyzed by comparing it with the conventional

sectored frequency allocation method (CSFA), the optimal

static fractional frequency allocation method (OSFFA)

[12], the reverse frequency allocation (RFA) method [14]

and the cross-polarized wireless access (CPWA) method

[16] as a function of macrocell radius.

Figure 7 projects the comparison of average downlink

capacity of femto-macro system for the five different

methods as the number of femtoBSs vary within the

macrocell with 105 macroUEs. The whopping throughput

enhancement with CPCFA strategy is clearly evident from

the figure when compared with the other schemes. This is

due to reduced co-tier and cross-tier interference, espe-

cially for the femtocell users for which the interference

from macroBS is completely eliminated. Even though

frequency and polarization diversity achieved through RFA

and CPWA offers better throughput than OSFFA and

Table 2 MATLAB simulation parameters [46]

Parameter Value

Channel bandwidth 10 MHz

Sub-carrier spacing 15 KHz

Carrier frequency 2.5 GHz

Max transmit power of macroBS 43 dBm

Max transmit power of macroUE 23 dBm

Max transmit power of femtoBS 23 dBm

Max transmit power of femtoUE 23 dBm

Thermal noise density -174 dBm/Hz

Antenna gain of macroBS 15 dBi

Antenna gain of femtoBS 2 dBi

Antenna gain of UE 1 dBi

Inner region radius 450 m

Outer region radius 600 m

Lognormal std. deviation (outdoor) 8 dB

Lognormal std. deviation (indoor) 4 dB

Power decrement d 3 dB

Threshold for coverage T 10 dB
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CSFA, CPCFA guarantees a better system performance by

exploiting both of them in a combined fashion. To add on,

in comparison to the CPWA, OSFFA and CSFA methods,

the increase in usable sub-carriers in the cell-edge and cell-

center region for CPCFA strategy, plays a significant role

in enhancing the system performance further.

Figure 8 projects the primary protection ratio compar-

ison for the different methods. It is evident from the figure

that the legacy macrocell network has the least impact with

the incorporation of CPCFA framework. Higher value of

PPR is maintained well throughout the macrocell coverage

area in case of CPCFA when compared with that of

CPWA, RFA, OSFFA and CSFA. Unlike the monotonic

trend observed for the CSFA and CPWA methods, a slight

variation in PPR is observed towards the boundary of the

cell-center region due to increase in interference and de-

crease in macroBS signal strength. However, this is com-

pensated by the incorporation of DAS in the cell-edge

region which causes the PPR to attain a comparatively high

value towards the cell-edge. This ensures that the incor-

poration of CPCFA scheme can only result in the better-

ment of the system performance as a whole with minimal

impact on the macrocell network.

Figure 9 compares the coverage probability of different

methods. It is clear from the plot that CPCFA scheme of-

fers the highest coverage probability for the femtoUEs

throughout the network. The frequency diversity minimizes

the interference, while polarization diversity maximizes the

co-channel frequency reuse, and hence assures better

coverage in CPCFA case. The probability of coverage in

case of CPWA and RFA is also comparable to that of

CPCFA even though not as high, due to their advantages in

terms of frequency diversity and polarization diversity re-

spectively. CSFA and OSFFA has lesser coverage prob-

ability in the cell-center region and increases towards the

cell edge region. This is because, coverage probability in-

creases as the interference from the macroBS reduces with

increase in separation between the femtoUE and the

macroBS.

Figure 10 compares the IFFER expansion for different

methods along with increase in XPD value. It is evident

from the simulation results that with larger XPD, higher is

the isolation between the femto-macro network, lesser is

the cross-tier interference and hence larger is the IFFER.

This siginifies that in a CPCFA network, the IFFER is

dependent not only on the transmit powers of the base

stations and the path loss exponent but also on the XPD

value. This increase in IFFER seems to be almost linear in

case of femto-macro network with just reverse frequency

Fig. 8 Primary protection ratio comparison

Fig. 7 Downlink capacity analysis of femto-macro system

Fig. 9 Coverage probability analysis
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allocation, but exponential when it comes to a two-tier

network where isolation is ensured by means of polariza-

tion and frequency diversity through CPCFA scheme.

Hence CPCFA plays a key role in increasing the coverage

area of femtocells and reducing the probability of outage

due to sharing of frequency spectrum with the macrocell.

Further, the choice of n also proves to be fatal, since in-

crease in n for femtocell network decreases the IFFER

whereas increase in n for macrocell network increases

IFFER. Hence it becomes the choice of the network op-

erator to have a trade-of between the throughput and cov-

erage probability by manipulating the transmit power and

the IFFER. However, the application of cross-polarization

together with reverse frequency allocation improves the

system performance over these constraints and thereby

guarantee the required QoS.

Table 3 projects the improvement in average system

sum rate with CPCFA method in comparison to other

methods. We find a steady increase in average system sum

rate as we move from the CSFA method towards CPCFA

method. Further, for different configuration of femto-macro

user distribution, CPCFA method steadily guarantees the

highest throughput even when we observe slight fluc-

tuations in other schemes. This finally helps to conclude

that the CPCFA framework can bring in significant im-

provement in the downlink system performance and hence

serve more data traffic in the downlink.

6 Conclusion

Today, multi-tier heterogeneous networks play a significant

role in meeting the coverage and capacity needs of increas-

ingly data centric networks in a cost effective and op-

erationally efficient fashion. However, mass deployment of

femtocells within the macrocell network demand the

elimination of cross-tier interference problem to prevent

performance degradation in the system. In this paper,we have

presented a thorough downlink analysis of femto-macro

network employing decentralized cross-polarized comple-

mentary frequency allocation strategy where self-organizing

OFDM femtocells make use of their cognitive capabilities to

select their operational frequency based on their location and

owing to minimal interference from the macrocell. A theo-

retical framework exploiting the polarization and frequency

diversity to improve the system capacity through frequency

reuse has been demonstrated. Eliminating the downlink in-

terference from themacroBS to the femtoBS throughCPCFA

scheme, enhances the cell-edge user’s performance and at the

same time control interference in the two tier network with

superior spectral efficiency. It has been validated with

mathematical analysis and extensive simulation that the

system performance can be improved by increasing the XPD

value and maintaining the orthogonality of cross polarized

signals at 90 degree antenna feed separation. To conclude,

even with minor imperfect calibrations, the use of CPCFA in

femto-macro network seems to remarkably increase the

system capacity and allow efficient frequency reuse in com-

parison to the eminent fractional frequency reuse methods

available in the literature. The present paper primarily fo-

cuses on downlink service provisioning and spatial reuse in

co-located macro-femto networks with shared spectrum.

Nevertheless, much work remains to be investigated on the

uplink service provisioning along with user association, the

inter-cell interference coordination schemes with dynamic

power control to make the frame workmore autonomous and

scalable; which might be the key to proliferation of this

technology on a broader scale.

Fig. 10 IFFER analysis

Table 3 Comparison for different system configurations

Average system sum rate comparison (bps)

User FUE MUE FUE MUE FUE MUE

Occupancy 200 100 200 50 200 200

CPCFA

1.293 9 107 2.519 9 106 4.688 9 106

CPWA

4.464 9 106 9.542 9 106 1.060 9 106

RFA

3.413 9 106 6.152 9 105 9.067 9 106

OSFFA

2.070 9 106 3.492 9 106 1.115 9 105

CSFA

7.882 9 105 9.503 9 105 3.578 9 105
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