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ABSTRACT

A new and emerging technology called femtocell
brings significant improvement in terms of better in-
door coverage and higher data rate. Able to be in-
stalled and maintained by individual user, femtocell
provides a cost effective solution to mobile operators
to achieve higher network capacity. However, inter-
ference due to two-tier network structure introduces
many challenges for successful femtocell deployment.
In this article, we summarize various interference and
resource management techniques proposed in the con-
text of femtocell. Specifically, we focus on interfer-
ence avoidance techniques. First, the overview of
femtocells, its architecture, and common issues are
presented. Next, various interference avoidance tech-
niques are reviewed. At the end, several important
research directions are outlined.

1. INTRODUCTION

The cellular network is considered to be one of the
cost effective technologies in wireless communication
in terms of mobility, coverage and resource usage.
However, cellular networks are still plagued by the
poor indoor coverage, e.g., inside houses and build-
ings, which are both demanding and potentially prof-
itable environment (i.e., for both voice and data ser-
vices) [1, 2]. Moreover, mobile user’s need for higher
data rates presents new challenges for the cellular
standards to provide data service similar to that of-
fered by Wi-Fi networks. To overcome these issues,
the concept of auto configurable small base station
referred to as femtocell was introduced, which can be
adopted in wireless technologies, such as Global Sys-
tem for Mobile (GSM), Universal Mobile Telecommu-
nications System (UMTS) and Long Term Evolution
(LTE), and recently in Worldwide Interoperability for
Microwave Access (WiMAX) [1]. A femtocell con-
sists of femtocell access point (FAP) or home base
station (HBS) which is the short-range (tens of me-
ters), low-power (i.e.,15-20 dBm) and low-cost ($100-
$200) base station designed to increase the indoor
coverage. The FAPs are connected to the network
provider through broadband IP-backhaul connection
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such as DSL router, cable modem, or fiber. A typical
network configuration consists of femtocell overlaid
over the macrocell (i.e., the underlying cell structure),
which can be seen as a two-tier network structure [1].
The use of femtocell is beneficial to both users and
operators in terms of better quality of service (QoS)
and coverage with higher data rates, increased bat-
tery life of mobile device, and reduced operational
cost.

As femtocell will use the existing licensed spectrum
allocated to network service provider, in this context,
femtocell will either use co-channel access scheme or
dedicated access scheme [1–4]. In co-channel access
scheme, femtocell and macrocell share the same li-
censed frequency bands (i.e., frequency reuse), which
increases the bandwidth utilization. However, this
frequency sharing gives rise to cross-tier interference
and co-tier interference [12]. The cross-tier interfer-
ence is caused by an element of the femtocell tier to
the macrocell tier or vice versa, whereas co-tier inter-
ference occurs between elements of the same tier, e.g.,
between neighboring femtocells. Both these interfer-
ences will eventually impact existing macrocell user’s
capacity and performance. On the other hand, in
dedicated access scheme, femtocell and macrocell use
different non-overlapping spectrum which can com-
pletely avoid interference, but result in lower band-
width utilization. This tradeoff between capacity and
interference creates a unique challenge for successful
femtocell deployment which is still an active research
topic. Moreover, as the femtocell will be self deploy-
able unit, and its location may be unknown, tradi-
tional network planning and optimization as well as
interference mitigation techniques cannot achieve op-
timal performance. Therefore, interference and re-
source management become critical to provide proper
network optimization and also to mitigate any in-
terference between the two-tier network. A sim-
ple approach would be to apply interference cancela-
tion/suppression techniques at the receiver to cancel
the strong interfering signals. However, due to ad hoc
deployment of femtocell, these cancelation techniques
could be ineffective. Therefore, more focus is given
to interference avoidance techniques in form of spec-
trum and power management, which are more likely
to work well with diverse setting of femtocells. De-
spite this, other aspects such as the access methods,
frequency band allocation, timing and synchroniza-
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tion, and self-organization characteristics will play an
important role in femtocell.

This article presents a comprehensive survey of
existing interference and resource management tech-
niques proposed for avoiding the interference caused
by femtocells. First, we provide a brief overview of
femtocell, followed by its architecture and some gen-
eral concepts and issues (Section 2). Then, the re-
views of related research works and 3rd Generation
Partnership Project (3GPP) standardization efforts
are summarized (Section 3). We also provide brief
analysis and some performance set marks for success-
ful femtocell deployment (Section 4). At the end,
possible open research issues are discussed and future
research directions are outlined (Section 5).

Since femtocell terminologies are different for dif-
ferent standards (e.g., femtocell is denoted as home
NodeB (HNB) for UMTS 3G and as home enodeB
(HeNB) for LTE), we define some of the terminologies
that would be used throughout the article for con-
sistency. We denote femtocell access point or home
base station as FAP and macro base station as MBS.
Femtocell users are denoted as femto user equipment
(FUE) and macro network users as macro user equip-
ment (MUE). Femtocell refers to the entire femto net-
work with a certain coverage area. Subscribers refer
to the femtocell users with legitimate access to fem-
tocell whereas, non-subscribers denote other macro-
cell users who do not have direct access to femtocell.
These terminologies will be used irrespective of the
underlying technologies unless specified in the arti-
cle. A list of abbreviations is shown in Table 1.

2. OVERVIEW OF FEMTOCELL

Femtocell is essentially a form of cellular access
point deployed by users. As a result, femtocell in-
stallation, organization and configuration are some
of the important issues. The installation of the fem-
tocell should support plug-and-play, with minimum
user intervention. In this regard, the femtocells are
required to be able to completely self configure (i.e.,
selecting initial parameters including transmit power
and frequency), self optimize (i.e., monitoring the re-
source usage) and self heal (i.e., to resolve any prob-
lem by itself) for efficient integration within the mo-
bile networks. To achieve these goals, challenges such
as managing RF interference, network synchroniza-
tion, security and reliability must be resolved [2]. In
the following subsection, we provide a brief discussion
regarding femtocell architecture and its types, access
methods, femtocell convergence and deployment.

A. Femtocell Architecture
For scalable, secure, and autonomous deployment

of femtocell, femtocell architecture needs to be com-
pliant with standards that define the interfaces with
existing cellular network. Further, interoperability
among multiple manufacturing vendors presents the

Table 1: List of Abbreviations

Abbreviations Description

3GPP 3rd Generation Partnership Project
3GPP2 3rd Generation Partnership Project 2
CDMA Code Division Multiple Access
CSG Closed Subscriber Group
FAP Femtocell Access Point
FMC Fixed Mobile Convergence
FUE Femto User Equipment
GGSN Gateway GPRS Support Node
GPRS General packet radio service
GSM Global System for Mobile Communica-

tions
HBS Home Base Station
HeNB Home eNodeB (LTE)
HMS HNB Management System
HNB Home NodeB (3G)
HNB-GW Home NodeB Gateway
LTE 3GPP Long Term Evolution
MBS Macro Base Station
MUE Macro User Equipment
OFDMA Orthogonal Frequency-Division Multiple

Access
RNC Radio Network Controller
RSRP Reference Signal Received Power
SeGW Security Gateway
SGSN Serving GPRS Support Node
TD-SCDMA Time Division Synchronous Code Divi-

sion Multiple Access
UMA Unlicensed Mobile Access
UMTS Universal Mobile Telecommunications

System
W-CDMA Wideband Code Division Multiple Ac-

cess
WiMAX Worldwide Interoperability for Mi-

crowave Access

need of the standard interface between femtocells and
core network [5]. To overcome these issues, different
femtocell architectures have been proposed particu-
larly in the context of W-CDMA (Wideband Code
Division Multiple Access) by various standard bod-
ies. The 3rd Generation Partnership Project (3GPP)
is the primary standard for GSM, UMTS and LTE [5].
Therefore, 3GPP became the pioneer for providing
standards for UMTS femtocell architecture in the
form of 3GPP TS 25.467 Release 9 [6], thus making it
a reference architecture for the evolution to femtocell
networks.

The proposed 3GPP femtocell architecture follows
an access network-based approach, leveraging the ex-
isting lu interface (including lu-CS for circuit ser-
vices and lu-PS for packet data services) into the
core service network [2]. The 3GPP UMTS femto-
cell architecture defines two new network elements,
i.e., the Home NodeB (HNB) and the Home NodeB
Gateway (HNB-GW) which are equivalent to femto-
cell access point and femtocell network gateway, re-
spectively [6]. The communication between these el-
ements is performed via a new interface, i.e., luh as
shown in Figure 1. HNB Management System (HMS)
and Security Gateway (SeGW) are also added to pro-
vide autonomous HNB management and to provide
secure access to the backhaul IP network. However,
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all other network entities related to voice and data
services follow the same architectural configuration
of the proprietary 3G UMTS architecture, thus facili-
tating interoperability. The proposed standard 3GPP
femtocell architecture includes specific functional en-
tities as shown in Figure 1 [6]:

• Home NodeB (HNB): HNBs are typical
customer premise equipments equipped with
NodeB transceiver that provides radio network
controller (RNC) functionality. The basic func-
tion of HNB is to provide radio coverage for stan-
dard 3G handsets within a home over Uu inter-
face. It also supports HNB registration to the
existing mobile network.

• HNB Gateway (HNB-GW): HNB-GW is in-
stalled within an operator network to aggre-
gate traffic from different scattered HNBs back
into an existing core mobile service network
through the standard lu interfaces. HNB-GW
acts as a single RNC to the core mobile net-
work which provides many-to-one relationship
between HNBs and HNB-GW. This function-
ality of HNB-GW improves scalability of the
femtocell network which also offloads the HNB-
specific function from the core mobile network.

• HNB Management System (HMS): HMS
provides cost effective management architecture
to control and manage the femtocell devices.
The main function of HMS is to provide nec-
essary provisioning data required for configur-
ing HNB remotely. For this, HMS uses TR-069
standard, that is a traditional interface used for
DSL modem configuration. HMS also performs
location verification of HNB for authenticating
the user location.

• Security Gateway (SeGW): SeGW provides
a secure link between the HNB and the HNB-
GW (over luh) and also between HNB and HMS
using IPSec [9]. SeGW is responsible for provid-
ing the proper authentication of HNB for the
core network. However, the SeGW is a logically
separate entity and may be implemented either
as a separate physical element or integrated into,
for example, HNB-GW.

While the above architecture focuses on 3G
UMTS, it provides a baseline to all standards, includ-
ing GSM, CDMA-2000, TD-SCDMA and WiMAX
solutions. The principle concept remains the same
with certain changes in the terminologies specific to
the underlying standards. For example, CDMA 2000
and WiMAX follow the architecture of the Inter-
net Protocol (IP) network by the 3rd Generation
Partnership Project 2 (3GPP2) [10]. These include
Voice over IP (VoIP) using Session Initiated Pro-
tocol (SIP), with RNC function integrated into the
femtocell [2]. An overview of femtocell architecture
that has been developed for 3GPP and 3GPP2 is
summarized in [7, 8]. A major difference between

3GPP [6] and 3GPP2 [10] architecture is that 3GPP2
provides two distinct femtocell architecture for voice
and packet data service [11].

B. Femtocell Access Method
Apart from using co-channel access scheme or ded-

icated access scheme, femtocell access methods will
also play an important role in mitigating the interfer-
ence and improving the overall network performance.
Spectrum access schemes (i.e., co-channel and ded-
icated) define the channel access scheme for femto-
cells, whereas femtocell access methods define rules
and policies for accessing the femtocell by its sub-
scribers (e.g., FUE) and other non-subscribers (e.g.,
MUE). Based on 3GPP standards, femtocell access
schemes can be divided into following categories:

• Closed Access Scheme: In this access
scheme, only a subset of users, defined by the
femtocell owner, can connect to the femto-
cell [12]. For instance, in Figure 2, FUE 1 can ac-
cess the femtocell, while both MUE 1 and MUE
2 cannot, which is based on the access rule de-
fined by the owner. This insures the user’s reli-
ability in terms of QoS, thus also providing se-
cure connection within femtocell and with back-
haul connection. However, due to closed sub-
scriber group (CSG) policy (i.e., private access),
strong cross-tier interference exists in closed ac-
cess scheme. The power leaks from the femtocell
will cause interference to passing-by macrocell
users, thus degrading their signal quality. How-
ever, efficient spectrum allocation algorithms us-
ing orthogonal frequency-division multiple ac-
cess (OFDMA) subchannels can help to mitigate
this interference [13, 14].

• Open Access Scheme: In this access scheme,
all the users (e.g., FUE 1, MUE 1 and MUE 2 in
Figure 2) located close to femtocell are allowed
to connect to femtocell when the macrocell cov-
erage is low [12]. From the interference perspec-
tive, open access scheme reduces the cross-tier
interference by letting the strong interferers such
as passing by users to use the femtocell when
necessary. Also, open access scheme is benefi-
cial for operators to expand their network ca-
pacities by leveraging third party backhaul for
free. However, this brings the concerns to fem-
tocell owners whether to share their resources
that may eventually degrade their QoS. As open
access scheme provides unconditional access to
femtocell by any legacy cellular users, security
issue may arise due to this uncontrollable ac-
cess. Moreover, the number of handoffs and sig-
naling will also increase drastically as a result
of providing open access to femtocell. Recent
studies show that open access scheme is prefer-
able when the multiple channel access scheme is
non-orthogonal, e.g., code division multiple ac-
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cess (CDMA) [14].
• Hybrid Access Scheme: Hybrid access
scheme is a new access concept introduced in
3GPP Release 9 [15]. In this access scheme,
a limited amount of the femtocell resources is
available to all users (MUE 1 and MUE 2 in
Figure 2), while the rest is allocated for the fem-
tocell owners (FUE 2) [12]. This access scheme
combines both closed and open approaches to

provide trade-off between the impact on the per-
formance of femtocell owners and the level of
access granted to other users. Therefore, hybrid
access scheme requires fine tuning of the shared
spectrum resources among the femtocell owners
and other users. The main advantage of this
scheme is that it solves the interference problems
of closed access method without compromising
the performance of femtocell owners. However,
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extensive research is still needed to apply hybrid
access scheme to different deployment scenarios
(e.g., how to allocate the resource between fem-
tocell owner optimally).

For identifying the existence of femtocell and its
access method, 3GPP has defined a CSG identity
(CSG ID) and CSG indicator [16, 17] for both UMTS
and LTE systems. The presence/absence of the CSG
ID in broadcast system helps to identify a cell as fem-
tocell. Also, combination of CSG indicator is used to
identify whether a femtocell is closed/open/hybrid.
The various combinations of CSG indicator and CSG
ID proposed by 3GPP standard are shown in Fig-
ure 2. A detailed summary of the ongoing effort and
issues related to access control strategy covered by
3GPP for UMTS and LTE systems is provided in [18].

C. Integration of Femtocell into Core-Netork: Fixed
Mobile Convergence

The fixed mobile convergence (FMC) is another
emerging concept which allows seamless connectivity
between fixed (e.g., local area network) and cellular
networks [4]. The ultimate goal of FMC is to opti-
mize transmission of all data, voice and video com-
munications to and among end users, regardless of
their locations or devices. The unlicensed mobile ac-
cess (UMA) (or universal mobile access) is the first
3GPP standardized technology enabling cellular (i.e.,
licensed) and WiFi (i.e., unlicensed) convergence [19].
However, UMA requires a new (dual mode) handset
which should switch efficiently between cellular and
WiFi network resulting in an additional cost [2]. On
the contrary, femtocell-based deployment will work
with the current handsets which only require instal-
lation of a new access point (i.e., FAP). Moreover, re-
cent research studies show that UMA can be used to
address the core network integration of femtocell into
mobile core networks by providing a standard, scal-
able, IP-based interface [2, 20]. The principle idea is
to combine all the functions of a radio access network
and core network (e.g., RNC, GGSN, and SGSN) into
a single network element, thus making the core net-
work access independent [3]. This convergence ar-
chitecture is often referred to as “collapsed stack” or
“Base Station Router (BSR)” which is being consid-
ered in several standards (e.g., 3G UMTS, LTE, and
WiMAX) [21].

In the following, we present specific integration of
femtocell to existing and new technologies (e.g., 3G
UMTS, LTE, and WiMAX).

1) Femtocell in Cellular Networks: The integra-
tion of femtocell into current cellular networks such
as 3G UMTS/HSPA or into new 4G LTE is an ac-
tive research topic which is being constantly pur-
sued by standard bodies such as 3GPP and 3GPP2.
In 3GPP, the femtocells are called Home Node B’s
(HNB) for 3G UMTS/HSPA and Home eNode B’s

(HeNB) for 4G LTE. However, the H(e)NB function-
ality and interface are mostly the same. Moreover,
for 3G networks based onW-CDMA air interface (i.e.,
UMTS/HSPA), femtocell can be integrated using col-
lapsed stack architecture as stated by 3GPP standard
group. For 3G CDMA 2000, IMS and SIP based ap-
proach [22] using full IP-based architecture is more
desirable. This approach is adopted by 3GPP2 and is
under discussion by 3GPP. For LTE, additional func-
tionality such as hybrid cell concept, inbound mo-
bility and access control, is added in 3GPP Release
9 [15]. However, LTE femtocell will have better ad-
vantage than its earlier 3G counterpart as LTE will
use OFDMA instead of CDMA. Typically, OFDMA
provides higher flexibility and robustness in avoid-
ing intracell and multipath interference. This charac-
teristic becomes beneficial while reducing cross-tier
interference due to co-channel deployment [23, 24].
Also, OFDMA femtocell can exploit channel variation
in both frequency and time domain unlike CDMA
which can exploit channel variation only in time do-
main for interference avoidance [13].

2) Femtocell in WiMAX:WiMAX is a wireless net-
work based on IEEE 802.16 standard that provides
higher QoS and data service and becomes an alterna-
tive to cable and DSL [25]. However, due to the use
of high frequency, WiMAX also suffers from poor in-
door coverage. To overcome this, the IEEE 802.16m
SDD (system description document) [26] introduces
the concept of femtocell for WiMAX. Unlike 3G fem-
tocell, WiMAX femtocell integration is simple as it
follows the all IP based service. Depending upon
the class of application environment, various types
of WiMAX femtocell can be developed. According to
recent study, WiMAX femtocell convergence provides
improved performance in terms of higher throughput
and smaller delay than those of other air interfaces
such as UMTS [21, 27].

D. Issues in Femtocell
For the success of femtocell, many challenges have

to be addressed. Foremost, femtocell needs to be low
cost such that it favors the mass scale deployment. It
should also meet all regulatory requirements of un-
derlying implementing technology. Further, it should
be reliable and interoperable to handle interference
and also support synchronization. In the following,
we list some of the important issues in femtocell.

1) Femtocell Deployment Issues: Cost, Scalabil-
ity and Security: For effective femtocell deployment,
various technical and financial challenges should be
tackled [1]. Basically, femtocell’s use of IP connec-
tions (i.e., Internet Access) for backhaul access cre-
ates network design and integration challenges dif-
ferent from the traditional network design consider-
ations for the operators. Foremost task is to modify
the backhaul system to accept and integrate femtocell
with full functionality. Moreover, the cost incurred
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for strategic deployment of femtocell is also important
for adoption of femtocell technology. In many ways,
femtocell will offer savings to the operators in terms
of capital and operation expenditures [3]. However,
femtocell installation will incur certain cost to femto-
cell users. Therefore, proper incentive schemes (e.g.,
revenue share) should be provided to femto users for
adopting the femtocell service. Thus, the need of low
cost femtocell development and implementation be-
comes driving factor for femtocell selection and its
scalability. Due to recent advances in integrated tech-
nologies, the cost of femtocell can be made very af-
fordable (around $100-$200) [2]. Moreover, the oper-
ators can also provide competitive subscription plans
for femtocell users as an incentive to compete with
the existing Wi-Fi market.

Another important concern arising from network
integration perspective is the security issue. As fem-
tocell uses IP connection to connect to core network,
security issues such as authentication and network in-
trusions become vital for network operators. Proper
authentication and device provisioning should be pro-
vided to mitigate these issues. 3GPP user group has
already added secured gateway (SeGW) and HNB
management system (HMS) into standard femtocell
architecture for providing necessary security and au-
thentication for femtocell [6].

2) Interference Management: The RF interference
(i.e., cross-tier and co-tier interference) due to shar-
ing of cellular frequency poses major problems for
femtocell deployment [2]. The spectrum allocation

schemes such as dedicated deployment can mitigate
this interference to some extent. Despite its low
power radiation and shielding from walls of build-
ings, femtocell still can cause interference to macro-
cell users and other femtocell users. These interfer-
ences are crucial for femtocell as they degrade the
network performance. A cross-tier interference ex-
hibits dead zone problem (specially in closed access
scheme) where the high power macrocell user causes
interference to nearby femtocells or when femtocell
users cause unacceptable interference to the macro-
cell users [28]. Also, due to random placement of
femtocell, co-tier interference can degrade the over-
all performance of the femtocell. Thus, interference
should be properly managed. These interference is-
sues can be minimized by using various power con-
trol algorithms and resource management techniques
which will be discussed in detail in Section 3..

3)Spectrum Planning: Spectrum planning is an im-
portant issue in femtocell deployment due to the use
of legacy licensed spectrum. Proper spectrum poli-
cies and access method should be defined to effec-
tively reuse the available spectrum. Also, unlike Wi-
Fi technology, femtocell requires regulatory approval
to use the licensed spectrum. As the spectrum and
radio regulation vary in different countries, interna-
tional agreements should be made for interoperable
operations.

4)Synchronization: Network time synchronization
is necessary between macrocells and femtocells to
minimize multi-access interference and ensure a tol-
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erable carrier offset [1, 13]. Due to lack of centralized
coordination between femtocell and macrocell, syn-
chronization is also required for the proper perfor-
mance of handover. Moreover, providing high preci-
sion synchronization for low cost femtocell becomes
a challenging issue, where the IP backhaul system in
femtocell still inherits the packet jitter problem, thus
creating difficulty in obtaining a time reference [1].
Therefore, for femtocell, efficient synchronization so-
lutions are being considered, such as using IEEE-1588
Precision Timing Protocol over IP or using GPS for
synchronizing with the macrocell [2].

E. Market Infiltration
Femtocells have been attracting lots of attention

among the mobile operators due to the extensive de-
mand for better indoor voice and data traffic [2].
However, according to recent market research, femto-
cell pricing will play an important role in successful
femtocell deployment. The pricing issues and oppor-
tunity costs should be balanced in such a way that
network operators and consumers have the incentive
to shift to femtocell [37]. Beside this, many standard
bodies (e.g., 3GPP and 3GPP2) are actively working
to provide better solution and approach for successful
femtocell deployment. A brief summary of standard-
ization activities related to 3GPP and 3GPP2 is pre-
sented in [7, 8]. Femto-Forum [38] is another collabo-
rative organization formed by operators, vendors, and
content providers to promote and develop open stan-
dards for femtocell deployment worldwide. Similarly,
many vendors provide competitive solution to this
growing industry, such as Alcatel Lucent, Huawei,
ZTE, ip.Access, Airvana, Samsung, Ubiquisys, and
Qualcomm, to name a few.

3. INTERFERENCE AND RESOURCE MAN-
AGEMENT: ISSUES AND APPROACHES

There are many issues of macro-femto interaction
to be addressed. Due to profound impact on the QoS
of communication links and system capacity, the in-
terference issue (both cross-tier and co-tier) is the
main concern [39] and thus, the focus of this article.

Depending upon the mode of transmission and cor-
responding deployment scenario, the macro-femto in-
terference can be classified into downlink (DL) and
uplink (UL) interferences [38]. Figure 3 shows the
DL and UL interference scenarios for a typical macro-
femto network. The downlink interference can be
caused by both MBS and FAP. During the macro-
cell downlink transmission, the transmit power from
the MBS causes cross-tier interference to the nearby
FUE receivers (FUE1 in Figure 3) which are promi-
nent for the femtocell users. Similarly, in the case of
femtocell downlink transmission, the transmit power
from the FAP (FAP1 in the figure) causes cross-tier
interference to the nearby MUE (MUE1 in the fig-
ure) and also co-tier interference to adjacent FUE

(FUE2 in the figure) in dense scenario. In the case
of uplink transmission, the uplink signal from MUE
and FUE causes interference to the nearby FAP re-
ceiver and MBS receiver. For macrocell uplink sce-
nario, the MUE (MUE2 in the figure) close to the
femtocell or inside the femtocell coverage area causes
cross-tier interference to the FAP receiver (FAP4 in
the figure) when transmitting the uplink signal to the
MBS. For femtocell uplink scenario, the FUE at cell
edge (FUE3 in the figure) transmitting uplink signal
to corresponding FAP causes cross-tier interference to
the overlaid MBS receiver and co-tier interference to
the nearby neighbor FAP receiver (FAP4 in the fig-
ure). Both uplink and downlink interferences should
be controlled to meet their respective QoS require-
ments.

Hence, there is a need for interference and resource
management techniques to minimize various interfer-
ence issues in femtocell environment. In the follow-
ing subsections, we focus on various interference and
resource management issues and their corresponding
approaches to mitigate/avoid the effect.

A. Spectrum Allocation Techniques
The excessive cross-tier interference is one of the main
factors which limit the co-channel deployment. Ded-
icated deployment avoids cross-tier interference, thus
making it more realistic and becoming a topic of dis-
cussion of many research works. For example, some
works (e.g., [28, 40, 41]) show that dedicated deploy-
ment not only avoids cross-tier interference, but also
increases data coverage extension [41] and helps to
mitigate femto-to-femto interference (or femtocell co-
tier interference) [28]. The dedicated deployment fails
to achieve full spectrum utilization that can eventu-
ally decrease the overall capacity of the two-tier net-
work. On the other hand, co-channel deployment can
achieve higher spatial reuse of spectrum, thus increas-
ing the spectrum utilization, but at the cost of pos-
sible high interference. A recent work in [42] shows
that co-channel deployment can achieve full spatial
reuse of spectrum and higher capacity if the femto-
cell deployment is limited based on outage probabil-
ity. Also, the spectrum utilization can be increased
by using different spectrum partitioning schemes (i.e.,
splitting of frequency or time domain), frequency
reuse schemes, or other heuristic channel allocation
schemes. In the following, we highlight various exist-
ing literatures on spectrum allocation techniques.

1)Spectrum Partitioning: In the context of macro-
femto network, spectrum partitioning refers to as a
technique of assigning frequency bands to each FAP
and MBS such that the resulting interference can be
minimized. This partitioning could be done in fre-
quency or time domain, or a combination of both,
which can be static or dynamic. The main concern
in spectrum partitioning is how to optimally set the
level of sharing between femtocells and macrocells
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such that their QoS requirements are guaranteed un-
der certain performance metrics (e.g., capacity, out-
age probability, and blocking probability). In [43],
it is shown that allocating just a small amount of
spectrum to femtocell could substantially increase the
service availability in the macrocell. The reason is
that with femtocell in the overlay scenario, substan-
tial traffic load can be accommodated by the femto-
cell, thus decreasing the macrocell traffic load and
hence lower macrocell blocking probability. Simi-
larly, in [44], it is shown that the higher user capacity
can be achieved for femtocell users using co-channel
deployment. This approach enforces higher spatial
reuse through small femtocell and interference avoid-
ance based on the antenna sectoring and time hopped
CDMA in each tier. Basically, this time hopped
CDMA is equivalent to splitting the spectrum in the
time domain instead of splitting it in the frequency
domain.

Another simple alternative would be to use multi-
carrier concept as stated in 3GPP RAN1 Meet-
ing [45], where at least one carrier called escape car-
rier is reserved for macrocell users. This carrier is free
of interference from femtocells. The remaining carri-
ers can be used for co-channel deployment of both
MBS and FAPs to maximize the frequency utiliza-
tion. 3GPP standard group introduces the ways to
optimally split the spectrum to achieve higher spec-
trum utilization. For example, a simple approach
is suggested by 3GPP [46] where the downlink in-
terference is managed using directional information
between FAP and MBS. The directional information
refers to beamforming and frequency domain schedul-
ing. According to this scheme, the MUE uses all
the frequencies except the frequency used in FAP
for interference management at MBS side, whereas
the FAPs use the frequency except frequency used

by MBS to manage interference at FAP side. A dif-
ferent concept of assigning frequency called overlap
frequency is discussed in 3GPP RAN1 Meeting [47],
where FAPs are allowed to use the entire frequency
band and MBS is assigned only part of that frequency
band. Although it is a heuristic approach, femtocell
users will have a protected band which can partly
remove macro interference. For co-channel deploy-
ment, [47] further suggests using frequency alloca-
tion with frequency reuse factor of one. However,
to achieve full frequency reuse, it suggests using fre-
quency selective scheduling (FSS) and beamforming.
FSS takes advantage of the frequency selective fad-
ing of interference, particularly for low-mobility chan-
nels, while beamforming takes advantage of the spa-
tial selectivity of the interferers to combat interfer-
ence. However, FSS and beamforming need chan-
nel information which may cause additional signaling
overhead and delay. Figure 4 provides a discussion of
spectrum allocation techniques.

In LTE system with OFDMA air interface, the mo-
bile users can provide channel quality information to
the attached base station (either macro (e)NodeB or
H(e)NB) via a dedicated control channel [48]. Ac-
cording to [48], this information can be exploited
to determine the level of sharing between femto-
cells and macrocells. The authors in [48] provide an
autonomous algorithm to partition the macro-femto
sharing, which performs a combination of frequency
and time sharing based on the channel conditions re-
ported by the mobile users. According to 3GPP [49],
this spectrum splitting in both time and frequency
domains is more dynamic, which could effectively
mitigate the associated interference. In this case, the
macrocell shares the available channel with femtocells
by partitioning it in time and frequency domains.
The arising interference due to sharing of the same
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Fig.4: Various spectrum allocation schemes.

sub-band is controlled by the request of temporal si-
lencing of the adjacent aggressive FAP operating on
requested sub-band, thus decreasing the interference
from the interfering FAP.

Similarly, in [50], the available OFDMA spectrum
is partitioned into specific subcarriers for macro and
femtocells based on performance metrics such as out-
age probability, spatial throughput, and area spectral
efficiency. It is shown that by restricting the femtocell
access to only a randomly selected subset of the avail-
able channels, both cross-tier and co-tier interferences
can be minimized. It is also shown that besides the
spectrum allocation policies, spatial density of fem-
tocell and radio propagation channel condition also
play important roles to achieve better performance.
In general, to maintain certain performance, the frac-
tional reuse of femtocell spectrum usage should be
minimized to accommodate more femtocells into over-
laid macrocell. More specifically, a recent work in [51]
shows that the fraction of spectrum reuse by fem-
tocell is the key parameter to increase link capac-
ity and reliability. From the link capacity perspec-
tive, increasing the number of subchannels allocated
to femtocell can provide higher capacity, but with
higher interference that can degrade the link reliabil-
ity. An optimization problem is formulated to deter-
mine the optimal number of subchannels allocated to
a femtocell which could maximize the capacity sub-
ject to certain link reliability requirement. It either
selects subchannel with higher link gain or the one
with lower interference. Depending upon the chan-
nel state information, each user selects the preferred
subchannel in a distributed manner. Both the chan-
nel selection principles (i.e., based on higher link gain
or lower interference) are applied to dedicated and co-
channel spectrum allocation schemes. The simulation
results show that both channel selection schemes per-
form better for dedicated spectrum allocation due to
less cross-tier interference.

2)Fractional Frequency Reuse: Another popular
scheme for increasing the spectrum utilization is
based on a conventional frequency reuse concept
which is extensively applied to existing cellular net-
works [52]. Frequency reuse concept makes the co-

channel deployment more practical by reusing the
available frequencies such that the same frequencies
are not reused in adjacent neighboring cells to avoid
any cross-tier interference. Recently, this concept is
being adopted by 3GPP LTE and WiMAX systems.
In this case, frequency reuse is partitioned such that
cell-edge UEs are assigned the resources with higher
frequency reuse factors than the UEs at the cell-
center to obtain an effective reuse which is greater
than one but not too high [53]. This scheme is better
known as fractional frequency reuse (FFR) which not
only partitions the spectrum resources but also allows
concurrent implementation of various frequency reuse
schemes and partitioning schemes. However, the con-
ventional FFR scheme should be modified to apply to
macro-femto network.

In [54, 55], a modified FFR scheme is proposed
for avoiding interference in LTE femtocell. As shown
in Figure 5, the macrocell region is divided into in-
ner/center regions and outer/edge regions including
three sectors per region, denoted by C1, C2, C3 and
E1, E2, E3 repsectively. The available frequency band
is partitioned into two parts (i.e., F1, F2) where F2

is further divided into three parts (i.e., FA, FB , FC).
Different frequency sub-band is allocated to each
macrocell sector according to FFR concept such
that sub-band F1 with reuse factor of one is used
in the center region and the remaining sub-bands
FA, FB , FC with reuse factor of three are used in
the edge regions. The femtocell is allowed to use
those sub-bands which are not used in macrocell sec-
tors. For example, when a femtocell is located in
edge region E1, it uses sub-bands F1, FB , FC , while
the macrocell uses sub-band FA. Similarly, when the
femtocell is in the center region, the femtocell addi-
tionally avoids using the sub-bands F1 already used
by macrocell in the center region and also the asso-
ciated sub-band used by the macrocell in the edge
region of current sector.

Such FFR schemes can avoid cross-tier interfer-
ence, thus enhancing the total throughput of overall
network especially for cell-edge users. However, this
scheme is static, where the regions are divided based
on static distance or SINR. As a result, the scheme
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Fig.5: Fractional frequency reuse (FFR) scheme for femtocell.

may not be suitable for the dynamic load environ-
ment (e.g., number of users is time-varying). Also,
this scheme may experience reduced capacity of each
region and the complexity will be high if the density
of femtocell increases.

In [56], an adaptive FFR scheme is proposed to
reduce femtocell co-tier interference. The proposed
scheme adjusts the frequency reuse factor based on
the knowledge of channel state of the operating en-
vironment. The main idea here is to adjust the fre-
quency reuse factor close to one so that the higher
spectral efficiency can be achieved. The mutual in-
terference among nearby femtocells is analyzed de-
pending upon the femtocell location information pro-
vided by the HNB gateway. This mutual interfer-
ence information is used to classify the femtocells into
different groups according to the interference level.
A set of orthogonal subchannels is assigned to each
group and the transmit power of each femtocell is ad-
justed based on the received signal strength indica-
tion (RSSI). The simulation results show that the pro-
posed scheme is effective for densely populated fem-
tocell area. Similar approach is considered in [57],
where the interfering FAP is determined based on
path loss difference to FUE from the serving FAP and
neighboring FAPs. This information helps to con-
trol the downlink interference of FAP. Based on this
information, the FAPs are assigned those sub-bands
that are non-overlapping with the interfering neigh-
boring FAPs, thus making interfering FAPs orthog-
onal. Moreover, based on the SINR limit, the FAP
decides which available sub-bands will be reused so
that they can be assigned to other FUEs. However,
for both schemes, the throughput decreases with the
increase of the total number of femtocells in a macro-
cell. In [58], it is shown that femtocell co-tier inter-
ference in dense deployment can be reduced by fur-

ther dividing the allocated femtocell band (i.e., using
FFR scheme) into two separate bands for center and
edge users. For this, the center frequency of all the
femtocells is the same, while at the edge of neighbor-
ing femtocells different frequency bands are used to
avoid the co-tier interference. By doing so, the pro-
posed dynamic frequency reuse scheme outperforms
simple dedicated and co-channel frequency allocation
schemes with much lower outage probability. How-
ever, for this scheme, the femtocell network should be
self organizing network (SON) based femtocell HNB.
The SON based femtocell is still under consideration
and is the focus of many research works.

3)Mixed Spectrum Allocation: As an alternative
way to take advantage of both deployments (dedi-
cated or co-channel), a mixed spectrum usage can be
used in which the FAPs can flexibly operate in either
co-channel or dedicated mode based on the placement
of femtocell or spatial condition (i.e., the distance be-
tween the FAP and MBS) inside the macrocell. The
main concern would be in finding the appropriate
coverage area for allocating either deployment. A
straightforward solution is to divide the coverage area
into inner and outer regions (similar to FFR scheme).
In [59], the coverage of macrocell is split into inner
and outer regions, such that the dedicated allocation
is applied in inner region and co-channel allocation
is applied in outer region (Figure 6). The proposed
scheme effectively avoids cross-tier interference. The
inner and outer regions are differentiated based on
the interference-limited coverage area (ILCA), which
is the area within a contour where the received power
levels from FAP and MBS are the same. The draw-
back of this assignment is that it is only applicable to
downlink scenario.

In [60, 61], another mixed spectrum usage simi-
lar to [59] is proposed, where instead of dividing the
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macrocell coverage, the femtocells are classified into
the inner and outer femtocells based on spatial condi-
tions (i.e., the distance between the FAP and MBS).
Similar to [59], it is shown that femtocell favors dedi-
cated deployment when it is close to MBS (i.e., inner
femtocell) and co-channel deployment when FAP is
far from macrocell BS (i.e., outer femtocell) [60]. To
differentiate inner and outer femtocells, the thresh-
old distance dth is defined (instead of ILCA). The
threshold distance refers to the distance at which the
capacity of femtocell for both deployment is the same
for both downlink and uplink transmissions. How-
ever, for a practical implementation, the threshold
distance (dth) can be calculated by comparing the es-
timated reference signal received power (RSRP) (pr)
of MBS at FAP with corresponding power threshold
(pth) in both downlink and uplink directions [61]. To
mitigate the downlink cross-tier interference caused
by the femtocell users to the nearby macrocell users,
the FAP is notified about the interfered macrocell
users so that the resource is reallocated to mitigate
the interference for macrocell users [60]. However, di-
viding the inner and outer regions might be difficult
in the case of densely populated femtocell environ-
ment. Due to possible overlapping of regions, achiev-
ing the appropriate spectrum allocation will be more
challenging than the simple cases mentioned in [59–
61]. Similarly, in [62], the entire OFDMA frequency
band is divided into two bands, i.e., co-channel and
dedicated bands. The co-channel band is shared by
femto and macrocell. On the other hand, dedicated
band is used only by the macrocell with combination
of dynamic frequency bandwidth division and clus-
tering algorithm (CFCA). The clustering algorithm
is used to find the dividing ratio of these two bands.
The dedicated macrocell band helps to mitigate the
downlink dead zone for MUEs around femtocells and
to guarantee macrocell services. In the case of co-

channel band which corresponds to reuse portion of
the entire bandwidth, different subchannels of that
reuse portion are assigned to femtocells in different
clusters. However, the femtocell in a particular clus-
ter reuses the same subchannels. The clustering al-
gorithm based on graph method is used to allocate
the femtocells into different frequency reuse clusters.
Also, the number of clusters and ratio of frequency
band are determined. It is shown that due to higher
frequency reuse factor, the cross-tier interference is
effectively avoided.

The implication of the above mentioned spectrum
allocation techniques will definitely depend on the
choice of operators and their available resources. Nev-
ertheless, spectrum allocation techniques will also de-
pend upon the choice of access method used by the
customers. In the case of dense femtocell network,
open access scheme can give rise to adjacent chan-
nel interference [60]. Note that the adjacent channel
interference can be measured by adjacent channel in-
terference ratio (ACIR) based on the carrier separa-
tion. The carrier separation should be maintained to
at least 5 MHz to effectively mitigate the adjacent
channel interference [63]. However, providing effec-
tive carrier separation without compromising avail-
able spectrum utilization is still an open issue.

On the contrary, closed access scheme can guar-
antee higher throughput for the customer [64]. How-
ever, at the same time, it also decreases the overall
throughput of the network. Moreover, the number of
users with transmission error in the case of closed ac-
cess scheme is higher than that in open access scheme
due to higher cross-tier interference. According to
the work in [29], it is shown that by limiting the ac-
cess of OFDMA femtocell resources by non-subscriber
for a CSG scheme, the cross-tier interference can be
reduced while guaranteeing the performance to the
femtocell owner. The proposed scheme is similar to
hybrid access scheme introduced in 3GPP Release
9 [15]. The resulting throughput cutback (i.e., re-
duced number of accesses) for CSG femtocell owners
due to sharing of subchannels might not be significant
for most applications. It means that all the voice calls
and video calls can be made without loss of femtocell
throughput. The reason is that the shared subchan-
nels used by the non-subscribers were already unoc-
cupied in the first place. However, the probability to
share the femtocell spectrum also depends upon the
density of non-subscribers in the vicinity of the femto-
cell. Thus, limiting the number of shared subchannels
helps to guarantee a reliable service from femtocell
subscribers, while reducing the outage probability of
the non-subscribers.

B. Power Allocation and Control Techniques
Despite the various spectrum allocation tech-

niques, interference management and mitigation is
incomplete without proper power allocation and con-
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trol schemes. They are important especially in the
densely populated femtocells over high traffic macro-
cell environment. The transmit power of femtocell
not only dictates its coverage area, but also can
cause undesirable interference to macrocell and other
neighboring femtocells. The FAP transmitting with
fixed power can significantly degrade the macrocell
throughput and coverage [66]. Moreover, femtocell
power control problem constitutes a multi-level trade-
off such that decreasing the FAP transmit power will
have negative effect on its coverage area, while in-
creasing the power will increase interference to MBS
and coverage overlaps to neighboring FAPs [67]. Also,
during uplink transmission, both FUE and MUE sig-
nals can cause severe interference to nearby MBS and
FAP, given that they are close to FAP/MBS vicin-
ity. Clearly, there is a need of effective power control
strategy to set the FAP signal power optimally such
that undesirable interference to the legacy macrocell
network is minimized while maintaining proper cov-
erage to its own users.

Numerous power allocation strategies are proposed
where mostly the femtocell power is adjusted to con-
trol the unwanted power leakage. The reason is
that macrocell is considered as primary infrastruc-
ture, meaning that the foremost concern is to ensure
better QoS for its users irrespective of the interfer-
ing effects caused by overlaid femtocells. Moreover,
due to ad hoc deployment of femtocells, people focus
more on decentralized power control schemes where
the necessary algorithms are introduced for FAPs and
FUEs. Basically, an optimization problem is formu-
lated to adjust and control the signal power, which
is subject to some performance constraints (e.g., re-
quired SINR, outage probability, and required capac-
ity/throughput). The objective is to maximize the
performance such that interference can be minimized
or avoided depending upon the proposed constraint.
Most of the power control schemes more or less fol-
low this strategy to mitigate the resulting interfer-
ence caused by femtocells. As part of these strategies,
the FAP needs to have a sensing function to measure
link gain, channel state, and received signal strength
indicator (RSSI). This sensing function is known as
self-organizing capability, which is also one of the im-
portant features for successful femtocell deployment
(more detail in subsection 3-D). The power is then ad-
justed based on the knowledge of these system param-
eters. For example, in [67], a decentralized self opti-
mizing algorithm is proposed, which uses femtocell’s
user load information to adjust the FAP pilot trans-
mit power. The decision for increment/decrement of
the minimum power threshold is performed on the ba-
sis of the coverage metrics (e.g., call drop probability
and coverage overlap coefficient).

As the first step for reviewing various power allo-
cation and control methods, we first highlight some
of the femtocell power control methods proposed and

discussed by 3GPP TSG-RAN WG1 standardization
for LTE advanced system. We categorize the 3GPP
attempts as follow:

Range Expansion: For successful co-channel de-
ployment, 3GPP standard highlights the need of cell-
association techniques to gain the benefit from the
presence of low-powered FAPs. Femto range expan-
sion (RE) [68] has been introduced as one of the
cell-association techniques to leverage the interfer-
ence caused by high-power MBS by allowing MUE to
be served from the cell that is not necessarily having
the strongest signal. The basic mechanism for femto
RE is based on the measurement of reference signal
received power (RSRP) plus the offset value. The
offset value determines the femto RE such that it is
configured to be greater than zero (offset > 0) for
femtocells and equal to zero (offset = 0) for macro-
cells. A simple illustration of femto RE is shown in
Figure 7. With femto RE enabled, the coverage area
will be increased to also cover the shaded region as
shown in Figure 7.

FAP

MBS

MBS RSRP > FAP RSRP+Offset

Range extension

FAP RSRP > MBS RSRP

FAP RSRP+Offset > MBS RSRP

Fig.7: Femto Range Expansion Principle.

The RE helps the low-power FAPs to expand its
footprint, thus increasing the number of connections
and also offloading the traffic from the macrocell.
Moreover, multiple FAPs can simultaneously utilize
the bandwidth once macro interference is removed,
thus achieving cell-splitting gains. Also in [69], it is
shown that range expansion could improve cell-edge
UE throughput by balancing the load among macro-
cell and femtocell. Typically, 8-10dB range expan-
sion is needed to expand the range of FAPs when
there are small number of FAPs in the system and
UEs are uniformly distributed in the network. Simi-
larly, in [70], another femtocell node range expansion
method called hotzone first (HF) is proposed. Ba-



A Review of Radio Resource Management in FemtoCell from Interference Control Perspective 115

sic principle of HF is to allow UE to connect to a
femto node if the measured downlink SINR is larger
than a certain threshold. If there are several femto
nodes fulfilling this criterion, then the UE connects to
the femto with the highest RSRP. For the case with
low SINR, [72] and [73] suggest using smaller bias
with macrocell transmit power de-boosting, and lim-
iting the maximum number of MUEs scheduled per
subframe in certain subframe. The symbol/subframe
shifting, selective scheduling and power attenuation
with RB granularity are proposed to enable legacy
UEs to use femtocells.

In [71], three schemes of cell-selection are pro-
posed. Scheme A is Rel8-RSRP selection where each
UE selects its serving cell with the highest average
RSRP. Scheme B is minimum path loss, where each
UE selects its serving cell with the smallest path loss.
Scheme C is biased RSRP selection, where the pro-
posed scheme biases users in favor of selecting a hot-
zone cell by adding a cell-selection bias to the RSRP
from hotzone cells.

Cooperative Silencing: In [74], cooperative si-
lencing scheme is proposed where the FAP pauses
its transmission to reduce inter-cell interference to a
closely located MUE. This scheme seems to be essen-
tial in the case of a closed access scheme, specially for
mitigating downlink interference to MUE under the
coverage of FAP which is transmitting its own down-
link signal concurrently. However, silencing the inter-
fering FAP can cause unaccessibility effect to users of
FAPs. Although this scheme mitigates the femto-to-
macro interference completely, the denial to service
of FUE can raise serious concerns.

FAP Power Control: Due to the plug-and-play
nature of femtocell, 3GPP emphasizes on controlling
the power of FAPs rather than the incumbent MBS.
Several FAP power control methods are proposed to
3GPP to avoid unnecessary power leakage of FAP
to the surrounding, thus degrading the performance
of macrocell. In [75], an adjustable FAP power set-
ting scheme based on path loss is introduced as an
alternative to fixed FAP power setting. The FAP ad-
justs its transmit power based on the environment.
Furthermore, the importance of penetration loss due
to external/internal walls of building is highlighted.
In the real life situations, if the FAP receives a low
signal power from the MBS, the FAP would not be
able to identify the reason for the low received signal
power, whether due to penetration loss of the walls
or long distance. Hence, this work proposes the ad-
justable FAP power setting scheme based on pene-
tration loss to mitigate interference for control chan-
nel. Similarly, in [76], two types of FAP power set-
ting methods called proactive and reactive schemes
are proposed for downlink scenario. In the case of
proactive scheme, the FAP adjusts its transmit power
before it starts transmitting to avoid creating macro-
layer coverage holes. One strong candidate for proac-

tive FAP power setting is the NLM (network listen
mode)-based scheme, where the FAP initializes its
maximum transmit power based on measurements to-
wards the strongest co-channel deployed macrocell.
On the other hand, reactive scheme relies on sens-
ing from terminals, such that FAP transmit power is
adjusted only when an interference problem is first
detected. Reactive scheme can be characterized as
closed-loop control mechanisms.

A hybrid power setting scheme is proposed in [77],
which consists of open-loop power setting (OLPS)
mode and closed-loop power setting (CLPS) mode.
In the OLPS mode, FAP adjusts transmit power
based on its measurement results or predetermined
system parameters in an open-loop manner. On the
other hand, in the CLPS mode, FAP sets its trans-
mit power primarily based on the coordination with
MBS. FAP applies a hybrid power setting scheme, if
it switches between power setting modes according
to the operation scenarios. In [78, 79], a per-cluster
based opportunistic power control algorithm is pro-
posed for mitigating aggregate femtocell interference
to macrocell in densely deployed femtocell environ-
ment. The per-cluster based opportunistic power
control has two sensing algorithms. The first algo-
rithm is self-configuration in which by using central-
ized sensing, MBS can estimate the number of ac-
tive femtocells per cluster. The second algorithm is
self-optimization, which uses distributed sensing such
that each femtocell senses whether other femtocells
are active in the same cluster. This scheme helps to
mitigate the aggregate interference (AGGI) by esti-
mating the effective AGGI lever per cluster and op-
portunistically allocating the FUE power. As a re-
sult, the total throughput increases.

Beside the aforementioned techniques, there are
many works in literature dealing with various power
control schemes to mitigate the underlying interfer-
ence in macro-femto network. A short summary of
different power control techniques is presented in Ta-
bles 2 based on recent contributions to research com-
munity [66], [80] - [84]. All the works mentioned
in Tables 2 apply power control schemes to FAP or
FUE. Most of the techniques such as those presented
in [66], [80] - [82] use self-organizing capability to ac-
quire required information to provide better femtocell
power control. However, they differ in the granularity
of information sensed from the surround RF environ-
ment. For example, in [66], femtocell location is used
to calculate the transmit power of the FAP, which
can be achieved during the activation of the femto-
cell by the MBS through the DSL backhaul connec-
tion. Downlink RSRP from the nearest MBS and
uplink reception/interference power from FUE and
MUE are used to adjust FAP and FUE power in [80,
81]. In [82], RF measurement information such as
RSSI is used to provide power adjustment for both
downlink and uplink directions. The works in [83,
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Table 2: Summary of Power Allocation Techniques

Publication Interference
Scenario

Spectrum
Alloca-
tion/Access
Method

Sensing Informa-
tion

Approach Remark

Arulselvan et
al. [66]

Downlink:
FAP to
MUE

Co-channel /
Closed

Uses femtocell loca-
tion information and
required bit rates
computed locally
based on macrocell
load, number of ac-
tive FAPs, distance
of FAP to MBS, and
fading environment

FAP data channel power
is controlled distribu-
tively based on the
knowledge of femto-
cell location (geo-static
scheme) and based on
constraint of targeted
bit rates (adaptive power
control)

FAP power is increased
(decreased) based on
MUE distance from FAP
and required bit rate
constraint

Morita et
al. [80]

Downlink:
FAP to
MUE

Co-channel /
Closed

Uses DL co-channel
RSRP from the
strongest MBS and
UL reception power
form neighboring
MUE to calculate
path loss and pene-
tration loss

Adaptively controls FAP
power setting based on
the estimated penetration
loss

FAP power is increase
(decrease) if the penetra-
tion loss is high (small).

Jo et al. [81] Uplink:
FUE to
nearby MBS

Co-channel /
Closed

Uses DL signal power
and effective isotropic
transmit power of
MBS to calculate the
path loss and uplink
interference power
from MUE and FUE
to calculate the noise
and interference (NI)
level

The FUE uplink power is
adjusted by limiting the
cross-tier interference to
MBS to predetermined al-
lowable level (open loop)
and also combining NI
level at the MBS (closed
loop)

Closed loop technique
provide better through-
put for FUE than open
loop with minimal degra-
dation to macrocell
throughput

Yavuz et
al. [82]

Downlink:
FAP to
MUE/FAP
and
Uplink:
FUE/MUE
to FAP

Co-channel /
Closed.

Uses RF measure-
ment information
such as received sig-
nal strength indicator
(RSSI) for interfer-
ence mitigation

Downlink: Multiple car-
rier selection and FAP
transmit power self cal-
ibration based on path
loss, link budget, QoS
constraint is used
Uplink: Adaptive attenu-
ation at FAP and limiting
FUE transmit is proposed

More stable RF environ-
ment sensing is achieved
using feedback of FUE
and MUE measurements
to FAP

Chandrasekhar
et al. [83]

Uplink Co-channel /
Closed

Not mentioned A utility based SINR
adaptation is used to
form per-tier SINR con-
tour such that SINR equi-
librium (Nash Equilib-
rium) is achieved which
limits the increase in
transmit power of any
strong interfering femto-
cells

Distributive algorithm is
proposed to progressively
reduce the SINR target of
the strongest interfering
femtocell when the util-
ity based SINR adapta-
tion fails to provide the
target macrocell SINR

Hong et
al. [84]

Downlink:
FAP to
MUE and
neighboring
FAPs

Co-channel /
Closed

Not mentioned A non-cooperative game
model is formulated to
fairly assign FAP trans-
mit power distributively
based on revenue/cost
payoff function

The best response power
selected by each FAP con-
sidering the interference
power from other femto-
cells to maximize its pay-
off function will always
converge to an Nash Equi-
librium
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84] use game theoretic approach to resolve the cross-
tier interference in two-tier network. However, [83]
focuses on achieving SINR equilibria distributively
at FAP, whereas [84] focuses on providing fairness
among the femtocell users.

C. Joint Power and Spectrum Allocation Techniques
A simple joint power and spectrum allocation

scheme is suggested by 3GPP [86], where power con-
trol is applied jointly with spatial resource reuse such
as overlapping carrier [47]. For multiple carrier al-
location, the MUE near to femtocell uses orthogonal
frequency, whereas the MUE far from femtocell uses
all the available carrier frequencies. The downlink in-
terference from far MUE is avoided by reducing the
transmit power of that particular carrier, which is
used by femtocell. Furthermore, in [87, 88], soft fre-
quency reuse (SFR) method is proposed to provide
better spectrum utilization. SFR follows the concept
of FFR such that the frequency is allocated differ-
ently in cell edge and cell center. Both cell edge and
cell center bands are made orthogonal to avoid in-
terference from adjacent cells and also from the cell
edge users to cell center users. The transmit power
is adjusted such that cell center users transmit lower
power to limit the interference.

The work in [89] provides an analytical frame-
work for joint power control and channel reallocation
scheme to maintain the QoS requirement of MUE,
especially in the dead zone. In the context of macro-
femto network with co-channel deployment, an opti-
mization problem for distributed downlink power con-
trol is formulated, with a silencing scheme (similar to
that proposed in 3GPP R1-102430 [74]) to mitigate
the cross-tier interference. The objective is to max-
imize the energy efficiency of FAPs by suppressing
the interference to both the MUEs and FUEs while
guaranteeing the target QoS of both users. The QoS
for both users is measured in terms of their received
SINR. The feasibility condition of the power control
problem is derived for single and multiple femtocell
scenarios such that the optimal transmit power of the
FAP is achieved, if there is a feasible solution. If
the power control problem is not feasible (i.e., femto-
cell power is still interfering), then the proposed algo-
rithm requests the interfering FAP to switch channel
and the feasibility check is performed again. However,
in any worst case that the feasibility solution does
not exist, the proposed algorithm tries to silence the
interfering FAP to meet the required QoS of MUE.
Also, in [82], downlink femtocell carrier selection and
femtocell downlink transmit power calibration tech-
niques are proposed to mitigate the downlink inter-
ference caused by closed-access UMTS femtocells to
the macrocell users. A self calibrating adjustable al-
gorithm is proposed where the FAP transmit power is
determined based on the measurement of the received

signal strength indicator (RSSI) from other MBS and
FAP. It is shown that depending upon the number
of registration attempts by MUE, the FAP transmit
power can be reduced to limit the interference to the
MUE.

In [90], another distributed dynamic spectrum al-
location and power allocation algorithm is proposed
to minimize the downlink interference suffered by
MUEs and FUEs. The dynamic spectrum alloca-
tion scheme is applied to the femtocell users, whereas
power allocation scheme is applied to both macro-
cell and femtocell. An optimization model is formu-
lated for which a near-optimal solution is obtained by
utilizing the time-sharing property. Both the femto-
cell and macrocell downlink interference is considered
in finding the optimal channel access for FUEs and
power allocation vectors for MUEs and FUEs. By
neglecting the co-tier femtocell interference, the opti-
mization problem is made simpler such that the trans-
mit powers of MBS and FAPs for MUEs and FUEs
are only dependent on their access channels. The con-
straints of target SINRs of MUE and FUE receivers
and tolerable MUE and FUE interference levels are
considered. A similar approach is followed in [91],
where an optimization problem is formulated to max-
imize the weighted sum rate of multiple OFDMA
femtocell users. The proposed algorithm jointly allo-
cates subchannels, rate, and power resources to FAPs,
which are subject to interference and rate constraints
of MUEs. However, co-tier interference between fem-
tocells is not considered in the interference thresh-
old. By using the Lagrangian dual decomposition,
the power and subchannel are allocated with prices.
Thus, by adjusting these prices, the transmit power of
the FAP can be coordinated for each subchannel. The
MBS increases the price of subchannel if the macro-
cell interference exceeds a threshold, thus reducing
the resource used by femtocell. Otherwise, MBS will
reduce the price to allow the femtocell to use more
resource.

However, the proposed schemes in [90, 91] do not
consider the co-tier femtocell interference that may
increase the complexity of the algorithm as the num-
ber of femtocells and the number of channels increase.
To characterize this interference, a similar approach
is proposed in [92] to mitigate the co-tier femtocell
interference in dense environment by using central-
ized joint power and subchannel allocation scheme.
Even though the distributed scheme is simpler and
more practical, the centralized scheme is more effi-
cient for optimizing system performance. Moreover,
3GPP femtocell architecture also considers coordi-
nated multi-point transmission/reception, which can
be categorized as centralized node. An optimization
problem is formulated to maximize the system ca-
pacity, which is the sum of capacity of all links. The
underlined idea is to allow each FUE to choose an
appropriate FAP as a serving node based on the av-
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erage received signal strength. Then, FAPs allocate
power based on each allocation scheme. The for-
mulated non-convex optimization problem is solved
using power allocation and subchannel allocation
sub-problems. The power allocation sub-problem is
solved first assuming that the subchannel allocation is
known by the respective FAPs for which the solution
is found to be binary power allocated (BPA). Then,
the subchannel allocation sub-problem is solved as-
suming that the power is allocated in a BPA form.
The solution of this problem provides the best FAP to
transmit and the best FUE to receive signal for each
subchannel. The work in [93] provides a distributed
power control and scheduling algorithm to control
FAP downlink transmit power in OFDMA femtocell
to minimize femtocell co-tier interference. The FAP
transmit power is minimized with constraint of indi-
vidual rate and power of a user. The optimal power
level on each subchannel is determined by exploiting
the multiuser diversity of OFDMA, thus acquiring
the link gains from the serving FAP and also from
the interfering FAPs. By using cooperative relaying,
the same link gain information is distributed among
all the common users within their enclosed coverage
area. Based on this information, each FAP tries to
find a feasible transmit power on each subchannel by
solving the power optimization problem. If the opti-
mal solution exists, then that power level is used by
the FAP on each subchannel. However, if FAP fails
to achieve the link gain information, a heuristic algo-
rithm is proposed to determine the admissible subsets
of users on each subchannel by deferring the trans-
mission of the users causing high interference. The
high interfering user is assumed to be the one with
the lowest nominal SINR which is calculated locally.
The high interfering power level is eliminated by the
scheduling algorithm, thus providing suboptimal so-
lution that is proved to be close to global optimal
solution (with global link information).

Similarly, in [94], two optimization problems
(called MaxPwr and MaxCap) are formulated to
maximize the sum of FAP transmit power and its
associated capacity. Beside optimizing the power
and spectrum allocation of each FAP, the proposed
scheme also provides the optimal FAP-to-FUE asso-
ciation pair. A centralized resource management is
assumed which collects the required information for
network optimization for a Korean version of mobile
WiMAX called WiBro [95]. The proposed optimiza-
tion is subject to the constraint of indoor coverage
and interference caused by FAP to outside MUE. The
MaxPwr maximizes the sum of FAP transmit power,
whereas MaxCap maximizes the femtocell capacity
based on specific limited SINR degradation to MUE.
Both optimization problems complement each other
such that femtocell maintains enough coverage with-
out degrading the transmission of nearby MUE. Sim-
ilarly, the work in [96], provides a game-theoretical

approach to design decentralized strategies for an
OFDM femtocell system. In this case, FAPs com-
pete against each other to obtain the optimal spec-
trum allocation under the constraint on maximum
interference to MUEs. The proposed decentralized
strategies allow each player (here FAP) to optimize
its own opportunistic throughput (payoff) based on
the channel information subject to detection thresh-
old and vector power allocation jointly. Moreover,
the proposed approach is also generalized for the case
where the channel is not known exactly (e.g., due to
channel estimation errors). It is shown that adding a
proper pricing term for each user’s utility function
can prevent greedy behavior among two FUEs for
occupying the whole bandwidth. The pricing term
increases with the fraction of bandwidth usage such
that the one occupying larger bandwidth pays more
as penalty.

D. Self-Organizing Capability
Due to random and distributed nature of femtocell

deployment, conventional cellular configuration and
optimization techniques may not be suitable to ad-
just the femtocell network parameters (e.g., transmit
power and frequency allocation). Therefore, it be-
comes necessary to include appropriate sensing capa-
bilities in FAP so that FAP can automatically observe
the radio environment and perform self-organization
of radio parameters [3, 81, 97, 98]. Technically, self-
organization is the ability of the system to config-
ure itself to perform certain functionality without any
external supervision or central dedicated control en-
tity [99]. The main characteristic of self-organized
system is that each entity operates based only on the
local information retrieved from other entities in the
vicinity. The self-organization capability has been
regarded as one of the prerequisites for the femto-
cell network and there are many researches which
acknowledge its necessity (e.g., [48, 58, 66, 80, 82, 93])
discussed in subsections 3-A, 3-B, and 3-C. There-
fore, self-organization plays an important role in fem-
tocell networks including self-configuration in initial
state, self-optimization in operational state and self-
healing in case of failure of network element, thus
reducing the overall operational and capital expendi-
ture cost [97].

In the following, we provide the insight and im-
portance of self-organization capability for the self-
optimization of the femtocell networks. For instance,
a recent work in [100] provides a simple method for
self-configuring the femtocell to recognize the net-
work environment. The proposed algorithm high-
lights the need of sensing the radio environment in-
formation which should be properly processed to set
its initial power, frequency allocation and the opti-
mum location inside the building to maintain opti-
mum operation. To further refine the coverage of
femtocell, the implementation of self-optimization ap-
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proach based on the collected information from the
FUEs and MUEs is proposed. To achieve the femto-
cell’s self-configuration and self-optimization, a low
cost 6-element antenna solution is proposed. It is
shown that self-configuration approach can optimize
the coverage and reduce interference at the same
time.

In [64], a self-optimization scheme for frequency
planning in the context of OFDMA femtocells is
proposed. It is shown that OFDMA femtocells are
capable of facilitating the deployment of such self-
organization mechanisms. On the other hand, [101]
presents a self-optimization coverage coordination
scheme for CDMA femtocell that adjusts the FAP pi-
lot power based on the mobility events of the passing-
by MUEs, and also from FUEs. For initial con-
figuration, measurement based auto-configuration is
used where the initial pilot power is measured us-
ing the built-in measurement capability of the FAP.
For self-optimization of reducing the excessive mobil-
ity signaling, the FAP counts the number of mobility
events and classifies them into wanted and unwanted
events over time. The pilot power is adjusted accord-
ingly. A similar self-optimization coverage coordina-
tion scheme is proposed in [98] based on the statistics
of the signal and interference power measured at a
femtocell downlink to prevent any unnecessary mo-
bility event in advance. As opposite to the scheme
based on the mobility events, the proposed scheme
uses the interference power from other neighboring
macrocells and femtocells to continually adjust the
transmit power of FAP so that it does not leak into
the surrounding while sufficiently providing the fem-
tocell coverage. For this, an analytical expression for
the coverage leakage probability of the femtocell is
derived, which is verified by simulation.

Similarly, a self organized uplink power control is
proposed in [81] to mitigate the cross-tier interfer-
ence in femtocell networks. Although the power con-
trol scheme helps to mitigate the interference issues
in femtocell network, it is hard for macrocell users
to detect a macrocell BS in vicinity. In [102], a new
preamble structure for the IEEE 802.16e (WiMAX)
based femtocell is proposed which enables the macro-
cell users to detect the macrocell BS even though
they are located very close to the FAPs. For this,
a self-initialization algorithm is proposed. At first,
the FAP adjusts its transmit power based on the cov-
erage of femtocell and the received power from the
macrocell. This received power is determined by the
distance between the macrocell and femtocell. The
power control method is similar to that in [106]. As
OFDMA is used, the subcarriers of the preamble are
allocated according to the cell specific segment. Each
segment uses a set of preambles which should be
unique to avoid interference. However, there might
be high probability of using the same segment as the
neighboring femtocells which may cause performance

degradation in femtocell search. To overcome this,
the punctured preamble is proposed where the exist-
ing preamble is punctured into predetermined man-
ner resulting in virtual segment of existing segments.
Thus, femtocell using different virtual preambles in
the same segment makes two subsegments which do
not interfere with each other. Once the power is al-
located, the femtocell measures the energy of each
segment and the subsegment with the least power is
selected as the femtocell segment. Then the femto-
cell selects the preamble based on cross-correlation
between the received signal and the femtocell.

Similarly, in [97], a framework based on self-
organization jointly self-optimizes the spectrum as-
signment and the transmit power in the context of
downlink OFDMA femtocell deployments. The self-
optimization is performed based on user’s reported
measurements of interference from other femtocells
and macrocells. The measurement reports are col-
lected by users using an uplink control channel which
is used to estimate the channel status and cell sta-
tus. For self-organization capability, two time-scale
perspective called short-term and medium-term is
considered. In the short-term period, the FAP per-
forms packet scheduling and link adaptation to ex-
ploit multi-user diversity, whereas, in medium-term
period, each FAP executes a self-optimization algo-
rithm to determine suitable spectrum and transmit
power assignment for the femtocell depending upon
other cell’s perceived interference. For spectrum as-
signment, the self-optimization algorithm selects ran-
dom subchannels according to the interference per-
ceived by its users. Once the spectrum assignment
is decided, the transmit power is adjusted such that
the average SINR is maintained at a certain prede-
fined threshold. It is shown that the proposed low
complexity self-optimization framework using simple
inclusion of autonomous and adaptive mechanism can
improve overall spectral efficiency and also reduce the
interference.

E. Power Saving Mechanisms
In recent years, the rising energy cost coupled with

increased awareness in energy conservation has re-
sulted in many efforts in reducing the use of energy
(i.e., improving energy efficiency). In this regard, it
has been shown that open access femtocells deploy-
ment in conjunction with macrocell can decrease the
total network energy consumption by up to 60% [113].
The reason is that most of the traffic load is shared by
femtocell, which eventually reduces the macrocell’s
energy consumption. In addition, the energy con-
sumption of femtocell is paid by the customers, which
in turn reduces the network cost for the operators.
However, assuming that each femtocell at least con-
sumes a power of 12 W (e.g., 105.12 kWh/year) [114],
increase in femtocell deployment will have negative
impact on the overall energy consumption such that
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the contribution of the femtocell to the total energy
consumption increases linearly with the increase in
femtocell deployment [113]. Thus, efficient meth-
ods are required to reduce the energy consumption
while maintaining the core benefits and functionality
of femtocells.

In [114, 116], a femtocell driven dynamic idle mode
procedure for reducing the adaptive femtocell energy
consumption is proposed. The proposed procedure
allows the individual FAP to completely switch off its
radio transmission and associated processing in idle
mode, while keeping the femtocell to core network
connection alive. However, switching the femtocell
pilot transmission on and off introduces additional
core network signaling overhead due to macrocell-to-
femtocell handover initiated when a registered fem-
tocell user tries to make a call. To mitigate this ef-
fect, core-network-driven and user-equipment-driven
approaches are proposed in [115]. In the case of
core network driven approach, the core network sends
wake-up control message to control the idle/active
mode of the FAP using the backhaul connection. This
method helps to provide centralized decision not only
based on particular mobile but also taking into ac-
count the macrocell traffic behavior, user subscrip-
tion, and user’s location information. However, this
approach also incurs additional control signal over the
backhaul to wake up the femtocell. On the contrary,
in the case of user-equipment-driven approach, the
mobile equipment is allowed to broadcast the wake-
up signal in an on-demand basis (e.g., in an absence
of sufficient macrocell coverage). This approach helps
to activate the FAP without relying on the macrocell
coverage.

4. PERFORMANCE ANALYSIS OF FEM-
TOCELL DEPLOYMENT

The performance analysis of femtocell provides
an accurate characterization and understanding of
complexity associated with the femtocell deployment.
Based on the reviews of existing research works, we
summarize some of the important key points and di-
rections related to the performance analysis in this
section.

Based on 3GPP TR 25.820 [103] under Release 8,
the femtocell deployment typically depends upon the
choice of spectrum policies (dedicated, co-channel,
or orthogonal), access method (open, closed, or hy-
brid), and power allocation (fixed, adaptive, or con-
trolled). Therefore, performance analysis to inves-
tigate the impact of these factors on the interference
and capacity will be crucial for achieving optimal per-
formance under specific conditions. For femtocell, ca-
pacity/throughput and coverage are the main aims of
the analysis.

A recent work in [105] provides capacity and cover-
age analysis of femtocell network based on detailed in-
door path loss model. The evaluation results indicate

that the system performances of femtocell are signifi-
cantly affected by the surrounding environments (e.g.,
wall structures, separation between macro and fem-
tocell). This type of analysis would be beneficial in
understanding the effect of outage probability, inter-
ference and bandwidth requirements on femtocell and
macrocell networks, which can be used for femtocell
network planning [42]. Depending upon the femtocell
deployment criterion, we provide some of the insight
directions and trends followed by many existing liter-
atures.

A. Spectrum Allocation Policies (Dedicated or Co-
channel)

For femtocells, selection of spectrum access policies
(using dedicated, co-channel, or recently orthogonal)
has always been an important issue and focus of many
works. According to an analysis by Nokia Siemens
Networks [40] on E-UTRA system with 10MHz sys-
tem bandwidth, it is shown that macrocell capacity
degradation depends entirely on the number of FAPs
placed randomly inside the macrocell and spectrum
policy used. An important observation in this experi-
ment is that unlike co-channel deployment, dedicated
channel deployment has negligible effect on macrocell
capacity degradation. The reason for this is due to
separate frequencies used. Dedicated channel deploy-
ment mostly eliminates potential interference from
macrocell users, thus increasing the capacity for both
users. However, dedicated channel deployment has
the limitation due to the scarcity of available spec-
trum and high cost of the new spectrum licensing.
Therefore, it is impractical following the current fre-
quency reuse approach. Co-channel deployment, on
the other hand, is more suitable due to the poten-
tially significant increased spectral efficiency per area
through spatial frequency reuse, but at the cost of co-
channel interference [106]. Therefore, for successful
co-channel deployment, the key issue remains as how
to optimize the interference and available resources
to ensure low impact on the performance of existing
macro cellular network [40, 106].

Many works (e.g., [1, 44, 104, 106]) and standard
bodies such as 3GPP have given significant attention
to the managing and mitigating interference in co-
channel deployment. Some of the key points of the
performance analysis for using either co-channel or
dedicated channel are highlighted below:

• To achieve theoretical femtocell capacity for
both uplink and downlink, femtocell should be
able to configure, provide open access, and pro-
vide certain power control strategies automat-
ically. It is also recommended to adopt high-
order modulation scheme such as 64-QAM in
the future version of cellular standards (e.g.,
HSPA) [106].

• For dedicated channel deployment, optimal
spectrum partitioning by limiting the femtocell
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spectrum usage based on certain performance
metrics (such as outage probability, capacity,
and spatial throughput) can guarantee better
QoS to both macrocell and femtocell users [42,
43], [45]-[51].

• For co-channel deployment, enforcing higher
spatial reuse in the form of adaptive FFR
schemes based on measurement of RF environ-
ment (e.g., channel state and path loss) rather
than mixed spectrum allocation can achieve
higher femtocell capacity [44], [57]-[61].

• Despite the cross-tier interference, the higher
spectrum utilization and throughput associated
with co-channel deployment makes it better con-
tender for spectrum allocation [104], [54]-[64].

Based on these key points and discussions by sev-
eral works in literature (e.g., [1, 44, 104, 106]), it can
be concluded that the increase in bandwidth gained
from co-channel deployment and/or providing better
interference avoidance strategy can reduce the inter-
ference, thus making co-channel deployment a viable
approach in practical femtocell networks.

B. Access Method (Open, Closed, or Hybrid)
The choice for femtocell access scheme must be

carefully adopted. The selection of access scheme de-
pends on the interference as well as the adaptation of
customer and the network operators. Based on vari-
ous research literature, some key points for selecting
the appropriate access scheme are given below:

• For private and home usage, closed access femto-
cell with dedicated channel deployment provides
better QoS and higher return of investment to
the customers.

• The underlying interference is mostly caused by
closed access with co-channel deployment which
can be mitigated to some extent using OFDMA
approach [14].

• For commercial or public usage, open access
femtocell with either deployment provides bet-
ter reduction in interference which is beneficial
to operators as it increases their coverage and
capacity without any additional cost [21, 40, 44,
103, 104, 107].

• For open access co-channel deployment, spec-
trum usage can be increased by taking into
account the available bandwidth, interference
caused, link quality [107] and the instantaneous
load of the network [108] that can reduce the
interference.

• Hybrid access scheme which limits the open ac-
cess to macrocell users and minimizes the fem-
tocell resource loss is more beneficial than com-
plete closed access or open access scheme [12,
13, 103, 107].

Based on these analysis, hybrid scheme seems to
be preferable in many ways. However, it still requires
further detailed analysis [107]. Despite the inherit-
ing issues, the choice of specific access scheme (i.e.,

closed, open, or adaptive) depends upon the specific
configuration of femtocell, nearby macro base sta-
tions, and location of mobile stations, and the re-
quired connectivity and throughput [108].

C. Adaptive Power Allocation vs. Joint Power and
Spectrum Allocation

To address the interference issues related to co-
channel, cross-tier and co-tier, power allocation strat-
egy plays an important role. To guarantee femtocell
deployment with minimum interference, the power ra-
diation by FAPs must be tuned to ensure sufficient
transmit power for femtocell coverage while minimiz-
ing the unnecessary power leakage. Thus, adaptive
transmit power control instead of fixed power scheme
is desirable where the FAP can adjust the trans-
mit power based on the interference caused/received
to/from the macrocell and other neighboring femto-
cells. Moreover, as discussed in subsections 3., combin-
ing both power and spectrum allocation techniques
can result in even better interference mitigation solu-
tions. Some of the key points for using either adaptive
power control techniques or joint power and spectrum
allocation techniques are highlighted below:

• For effective power control techniques, there is
a need to standardize the FAPs self measure-
ment capability such that transmit power can
be controlled based on information about var-
ious system parameters (e.g., RSRP, RSSI, in-
terference level, path loss, penetration loss and
location) [68], [75]-[82], [106].

• More stable RF environment sensing can be
achieved using feedback of FUE and MUE mea-
surements to FAP [82].

• For joint power and spectrum allocation tech-
nique, power allocation should follow spectrum
allocation such that optimal power is allocated
to assigned subchannels [90]-[93].

5. OPEN RESEARCH ISSUES AND DI-
RECTIONS

In this section, the ongoing and possible future re-
search directions for femtocell are outlined.

A. Mobility Management
The femtocell handover process, as in traditional

cellular network, should be able to ensure seamless
connectivity when user moves into or out of a fem-
tocell. However, due to different backhaul network
with no direct communication between the femtocell
and macrocell, the femtocell handover is challenging
problem. Moreover, frequency of handover depends
on the nature of access method (e.g., higher handover
in open access and comparably lower in closed and
hybrid access schemes [29]). Three types of handover
take place in femtocell, namely inbound (i.e., macro-
cell to femtocell), outbound (i.e., femtocell to macro-
cell) and femtocell to femtocell handover. Among
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these, the inbound handover (for open access) is more
crucial as macrocell users passing by femtocell can ex-
perience an outage due to frequent handover to un-
correlated femtocells [1].

To overcome these issues, many handover tech-
niques such as multiple carrier deployment [11], pre-
diction of dwelling time before handing off the macro-
cell user to nearby femtocell [1], cooperative measure-
ment to generate neighboring handoff list [30], and
femtocell reselection cache scheme [31], are proposed
as the solutions. In [32], intracell handover scheme is
proposed for OFDMA femtocell using closed access
scheme, which allows the non-subscriber (or macro-
cell users) to transfer from interfered channel to a
clear or less-faded channel. In [33], an intermediate
node is introduced to provide mobility management
scheme for LTE femtocells. Similarly, different han-
dover techniques for UMTS femtocell are also pro-
posed in [34, 35]. For WiMAX femtocells, [36] pro-
poses a probabilistic mobility prediction based on
global positioning system (GPS) to identify the mo-
bility pattern of the macrocell and femtocell users.
Although femtocell coverage is small, the random de-
ployment and consequently dense scenarios will create
intra-cell handover which should be tackled properly
to overcome call drops during handovers.

B. Smart Antenna System for Femtocell
Due to prevailing interference issue in macro-femto

network, using smart antenna in FAP can provide an
alternative solution to avoid cross-tier interference.
Smart antennas (also known as multiple input multi-
ple output (MIMO)) are antenna arrays with intelli-
gent signal processing algorithms that help to exploit
the spatial diversity of the wireless channel. Smart
antenna techniques are already used in cellular sys-
tems (e.g., W-CDMA and UMTS). MIMO spatial
link adaptation will enable a femtocell to achieve high
data rates and optimum coverage [1]. An initial in-
vestigation to provide possible antenna configuration
that would be compatible with MIMO systems suit-
able for femtocell application is presented in [109]. A
MIMO configuration of up to 6× 2 antenna elements
is modeled for this purpose. Similarly, in [110], femto-
cell coverage optimization is achieved using a simple
switched multi-element antenna system. A low cost
multi-element antenna prototype is built to generate
a set of different gain patterns by simply switching
between one or multiple antennas. Also, in [111],
E-plane horns based reconfigurable directional an-
tenna is used to reduce the two-tier interference and
enhance the femtocell capacity. Further, in [112],
femtocell based distributed antenna system (DAS)
is proposed to reduce the co-channel interference in-
troduced by frequency reuse among the femtocells,
thus maintaining high spectral efficiency. To leverage
the advantage of both femtocell and DAS, remote an-
tenna units are deployed on each floor of the building

such that they are connected to FAPs. Clearly, us-
ing smart antenna can provide necessary diversity in
the transmitting signals that can restrict the radio
interference within an antenna sector. However, for
effective and smart antenna integration, maintaining
low cost with easy end-user deployment is the key
challenges faced by many femtocell vendors.

C. Toward Cognitive Femtocells
Based on the access method and use of spectrum,

femtocells exhibit a close correlation with the cogni-
tive radio (CR) technology. The analogy lies in the
fact that both CR and femtocell are introduced to
achieve better capacity enhancements by means of
various spectrum management and interference mit-
igation techniques. By considering the femtocell de-
ployed by user as a secondary user (SU) and macrocell
as primary user (PU), cognitive channel sensing capa-
bility of CR can be exploited to sense the radio usage
of the macrocell network to mitigate any interference
induced by the femtocell deployment [118–120]. For
instance, in [118], cognitive sensing is used to identify
the channel reuse pattern in OFDMA based femtocell
to allocate low-interference spectrum to the femtocell
users. The cognition capability is used to recognize
the interference signature from the network so that
the channels can be reused to avoid the interference
to other femtocells. Similarly, in [121], the cognitive
sensing capability is used to autonomously monitor
the traffic load and radio resource allocation correla-
tion probability of the macrocell users so as to allo-
cate non occupied spectrum to the femtocell.

Despite CR underlying issues (e.g., sensing reliabil-
ity, regulating policies, and susceptibility to interfer-
ence), FAP equipped with CR capability can use mul-
tiple access schemes (i.e., multimode operation) and
multi-operator service deployment, hence supporting
a communication convergence [119, 120]. The conver-
gence can provide diverse enhancements to conven-
tional femtocell access facilities such as adaptive oper-
ation, higher throughput, better interference manage-
ment, and flexible energy throughput trade-off [120].
Further, the cognitive capability can create different
femtocell economic model by altering femotcells into
more advanced entities. For example, native femto-
cell users can be provided with proper compensation
by network operator for allowing service to its legacy
users (i.e., non subscriber) depending upon how much
the femtocell resource is allowed to be used by non-
subscribers. A cognitive radio based femtocell archi-
tecture is proposed in [119, 120], which utilizes the CR
capability to achieve better throughput using power
allocation and dynamic spectrum access techniques.
A more insight in various technical issues for cog-
nitive femtocell deployment is summarized in [120].
Table 3 highlights some of advantages and the as-
sociated challenges related to cognitive femtocell. A
cognitive femtocell architecture will minimize the un-
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derlying issues of both technologies [120].

D. Hybrid of Resource Partitioning and Power Con-
trol

As mentioned in subsection 3., the combination of
spectrum allocation and power control schemes pro-
vide more effective interference mitigation solution to
the two-tier networks. Specifically, the combination
of resource partitioning and power control scheme
has more potential than the co-channel counterpart.
Resource partitioning mitigates interference not only
on control channel but also on data channel between
macrocell and femtocell since the resource for MBS
and FAP is not overlapped. Although, it reduces the
spectrum utilization, the complete interference avoid-
ance provides a better solution to the resource man-
agement issues. Thus, hybrid scheme that combines
the power control and resource partitioning (in all fre-
quency/time/space domain) will be a promising so-
lution for current and future standard activities.

6. CONCLUSION

Driven by need for better indoor coverage and
higher data rates, femtocell stands as a cost effective
alternative for both mobile operators and consumers.
The two-tier interference issue is one of the biggest
challenges faced by femtocell that is confronting with
its successful deployment. This article has provided a
comprehensive survey on the relevant research works
relating to interference and radio resource manage-
ment that could provide the basis for an effective so-
lution. The future of femtocell will also depend upon
the mobile operator’s revenue model. With cost ef-
fective solutions and better interference management
techniques, femtocell will soon be an important part
of the current and future cellular and wireless broad-
band systems.
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