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FEMTOCELL DESIGN FOR DATA COMMUNICATIONS IN
MOBILE NETWORKS

Abstract

Developing smart phone technologies and their applications cause increasing
demand on high data rates. Users interest with social network platforms and they
would like to share photos and videos. According to researches and telecom
company reports about usage area of mobile data transfers, voice and data traffic are
generated at indoor like home, office, restaurant etc. Mobile operators work out for
supplying high data rates and increase their capacity and coverage area for indoor
users who encountered with weak signal power. The one of the main works about
that is decreasing the distance of mobile station and base station. Due to the
decreasing of this distance, users have high data rate and in spite of the increasing
number of base stations, operators have better coverage area and increase their
capacity. Femtocell technology, which is also called home base stations, provides
high data transfer rates and better coverage area for limited number of subscribers at
indoor. Resulting of spectrum scarcity, operators have to share their spectrum with
femtocells and they have to manage interference of existent systems and femtocells.
The most important interference management approach is power control. In power
control technique, transmit power consumption from mobile stations are arranged for
mitigation of interference. In this thesis, game theoretic utility-based adaptive power
control algorithm for uplink of femtocell networks is performed for mitigation of
interference in two different ways. The first one is allocation of femtocell
interference threshold in randomly activated femtocell base stations in a known
macrocell coverage area and the second one is adaptation of the power of the
femtocell users for mitigating total interference from femtocell users at the macrocell
base station. Accordingly, we consider two different pricing schemes which are
centralized pricing and de-centralized pricing for updating the power level at mobile
station. In addition, we examined two different technologies which are frequency
division multiple access (FDMA) and code DMA (CDMA). The results show that

each active user at network could reach the given signal to interference plus noise



ratio (SINR) threshold value with iterative power control algorithm and macrocell
base station encountered with given interference threshold value with power control

and user removal algorithms.



MOBIL SEBEKELERDE VERI ILETIMI ICIN FEMTO HUCRE
TASARIMI

Ozet

Gelismekte olan akilli telefon teknolojisi ve uygulamalari, kullanicilarin daha fazla
veriye daha hizli ulasma ihtiyacina sevk etmektedir. Kullanicilarin sosyal paylasim
sitelerine olan ilgisi, bu siteler aracilig1 ile fotograf ve video paylasimi, baskalari
tarafindan paylasilmis fotograf ve yiiksek ¢oziiniirlikteki videolarn mobil
aygitlarda goriintiilenmek istenmesi ve biitiin bunlarin ¢ok kisa siirede olup
kullanilan aygitin pil dmriiniin uzun olmasi beklenmektedir. Literatiirde yapilmis
aragtirmalar ve telekomiinikasyon servis saglayicilarinin raporlarina gore, bu
isteklerin biiyiik cogunlugu kapali yasam alanlar1 olan ev, ofis, restoran vb. yerlerde
gerceklesmektedir. Sinyal giiciiniin zayif oldugu bu alanlarda kullanicilara yiiksek
hizlarda veri saglayabilmek icin operatdrler kapsama alanlarini ve kapasitelerini
arttirmaya yonelik ¢alismalar yapmaktadirlar. Bu ¢calismalarin baslica olani kullanict
mobil istasyonu ile bagli oldugu operatore ait baz istasyonu arasindaki mesafeyi
azaltarak veri hizini, baz istasyonu sayisinin artmasiyla da mevcut kapasiteyi
attirarak kullaniciya istedigi diizeyde hizmet saglamaktir. Femto hiicre olarak
adlandirilan ve ayni zamanda ev baz istasyonu olarak da bilinen teknoloji, belirli
sayidaki kapali alan kullanicilarina yiiksek hizlarda veri transferi ve operatore daha
iyi kapsama alan1 saglamaktadir. Spektrum kithgindan dolay1 operatorler bu
teknolojiyi var olan spektrumlari ile paylasimli olarak kullanirken, mevcut sistemleri
ile girisimini iyi yonetmek zorundadir. Bunun i¢in kullanilan girisim yOnetimi
tekniklerinden baslica olanm1 gii¢ kontrol teknigidir. Gii¢ kontrol tekniginde, femto
hiicreye baglh kullanicilar kendi giiclinli agda bulunan diger femto hiicre
kullanicilarina ve makro baz istasyonlarma girisim yapmamak ic¢in belli bir esik
seviyesinde tutmalidir. Bu calismada sinyal giiciiniin girisim ve giiriiltii giiciine
oran1 (SGGO) esasli, makro hiicre kapsama alani igerisinde rastgele aktif olan femto
hiicre mobil istasyonlar1 arasindaki girisimi aza indirmek amaciyla oyun teorisi
kullanilan fayda fonksiyonu baz alinmis uyarlanabilir gii¢ kontrol algoritmasi iki
farkli agidan incelenmistir. ilk durumda, makro baz istasyonu tarafindan femto



kullanicilarina rastgele olarak atanmis girisim esik degerlerini ve ikinci durumda
makro baz istasyonu icin belirlenmis toplam girisim esik degerini saglayacak olan
femto hiicre kullanicilarinin giicleri uyarlanabilir algoritma ile elde edilmek
istenmistir. Ayrica femto hiicre kullanicilarinin giiglerini glincellemeleri igin gerekli
girisim eder degerleri merkezi ve merkezi olmayan duyuru semalar1t uygulanmistir.
Bunlara ek olarak frekans boliisiimlii ¢oklu erisim (FBCE) ile kod (CBCE)
sistemleri karsilastirilmistir. Her bir aktif femto kullanicis1 kendisine atanmis SGGO
esik degerine tekrarli gii¢ giincellemesiyle, makro hiicre de kendisine atanmis

SGGO esik degerini gli¢ kontrolii ve kullanici ¢ikarma algoritmasi ile ulagmustir.
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1. INTRODUCTION

Humans always need to share their emotions or introduce their feelings to
others with different ways. At the beginning of humanity, drawing picture on cave
walls was the used way to explain their feelings or happened things to other people.
From past to present, this communication manner has been changing with respect to
the technology. New developments of the technology affect communication types of
people. For instance, posting letter was the most popular technique to
communication but after the inventing of telephone, it was replaced with telephones.
People express their feelings to each other with voice calls. Nowadays, voice calls
are not enough for sharing experiences for people. When they talk to each other over
a telephone network, they also would like to see their gestures and facial
expressions. According to these needs, technology has been shaping by scientist for
satisfying people expectations.

Mobile wireless communication technology is a type of fast-growing
technology according to increasing number of subscribers and demand on high data
rates. At the beginning of this technology, operator could not service in good quality
thresholds to subscribers. Subscribers encouraged with interfered and less secure
conversations, limited capacity and data rate. On the other hand, they had to carry
big mobile equipments for communicating each other and these equipments were
expensive. With the development of the electronic device technology, mobile
equipments have been getting smaller and cheaper. As a result of this evolution,
number of subscribers increased incredibly. Existent systems could not handle
quality of service thresholds and new generation wireless mobile communication
techniques have been developing to cover all needs in quality of service thresholds.
Cellular concept, which was introduced by AT&T Bell Laboratories, is the manner
of this technology. In the cellular technology, allocated frequencies could used at
different cells (is called frequency re-use) and subscribers could change their
positions cell to cell (called as handoff). Operators built their architect with respect
to cellular concept and they could cover subscribers living areas. The most general

1



type of the cellular coverage is macrocell. In macrocell, operator could cover wide
areas. Nevertheless, wide coverage areas are not means handle lots of subscribers. In
addition to this, operators have to expand their capacities because of service to
further subscribers. Due to the physical limits, if and only if cellular areas dwindle
down then operators have better capacity and coverage area. Microcell and picocell
structures come from these manners. Microcell and picocell provide high data rates
to subscribers and if an operator has lots of these small cells, their capacity, coverage
and quality of service become better. Unfortunately, because of the cost and renting
problems, operator could not build these small cells to every corner or building.
According to these restricts, operators began to install separate antennas in an indoor
building and connect them to a macro base station. This method could solve some
problems in coverage but it was not enough for high data rates on mobile stations
and backhaul cost deployments could be a problem for future plans of operators.

In 1990’s, Southwest Bell and Panasonic companies develop an indoor small
cell structure which was a innovation for a solution to indoor coverage but
consolidation of the existent system had not available at that time [8]. According to
this research, scientist have been working on short ranged and low powered cellular
structure which provide better coverage, high capacity and data rate. This type of
cellular structure is called femtocell which is also known as home base stations.
Femtocell and its deployment are hot topics in literature. With respect to [6], the
European Union has started funding research on femtocells with ICT-4-248523
BeFEMTO project which focuses on the analysis and development of Long Term
Evolution (LTE) and Long Term Evolution-Advanced (LTE-A) compliant femtocell
technologies. On the other hand, in Institute of Electrical and Electronics Engineers
(IEEE) databases, number of published paper about femtocell topics have been
increasing year by year [6]. In addition to that, some worldwide foundations like
Femto Forum Limited (founded in 2007), European Telecommunications Standards
Institute (ETSI) and 3™ Generation Partnership Project (3GPP) have been working
on standardization of femtocells.

According to increased number of subscribers and developing technologies on
smart phones, demand on data rate is increasing year by year. The goals of
femtocells are provide high data rates to a limited number of subscribers with
decreasing the distance between mobile stations and base stations and shrink the

coverage areas of base stations for increasing available spectrum to limited number
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of subscribers. This short ranged access points could connect to backhaul with
broadband connection like cable modem, Digital Subscriber Line (DSL) or radio
frequency channels [1]. In the literature, there are two types of femtocell
deployments [2]. The first one is “3G Femtocells” which is called as “Home Node
Bs” by 3GPP and use wideband code division multiple access (WCDMA). The
second one is “4G Femtocells” also called as “Home evolved Node Bs” and it uses
orthogonal frequency division multiple access (OFDMA) and single carrier
frequency division multiple access (SC-FDMA) technology at downlink and uplink,
respectively.

Besides femtocell deployment has some advantages, it also has some
disadvantages. One of the main advantages of femtocells is auto-configuration but
that advantage becomes a disadvantage for operators in some situations. Femtocell
access points are not planned by operators so that, operators could not estimate the
number of femtocell in their coverage area and it becomes a threat to their macrocell
base stations about interference problem because of the spectrum scarcity.
Chandrasekhar et al. [1] investigated technical challenges of femtocell and femtocell
networks with 8 different questions. Questions are related with adaptation of
femtocells on an existent network, spectrum allocation, timing and synchronization,
quality of service requirements, interference managements, access methods, handoff
and emergency services. With respect to these subjects, questions were answered
with different suggestions. This paper also mentioned open research areas of
femtocell networks as a survey and it became a major reference for femtocell
researches. According to scarcity of spectrum, femtocells and macrocells have to
share the same spectrum and the main technical challenge of femtocell is usage of
that restricted spectrum [1]. Each operator has to manage their networks for
mitigating interference. Further, operators have to take in the consideration the
access modes of the active femtocells. Three different femtocell access modes in
Universal Mobile Telecommunications System (UMTS) and LTE femtocells which
are closed, open and hybrid, investigated at [7]. In closed access mode, only
authenticated subscribers could use the femtocell spectrum, contrary to this, all
subscribers could use the femtocell access point in open access mode. Not only
authenticated subscribers but also other subscribers could use the femtocell access
point in hybrid mode. In spite of all subscribers could use them, authenticated users
have priority to utilize on hybrid mode femto access points. In 3GPP technical report
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[5] and Femto Forum published paper [3] for a solution of these models and
assumptions in UMTS femtocell networks.

In [2], authors proposed different interference and resource management
approaches for OFDMA femtocells. Co-tier interference which occurs between
femtocell to neighbor femtocells and cross-tier interference which occurs at
different tiers of the network like femtocell to macrocell or macrocell to femtocell
are supposed in different interference scenarios for both downlink and uplink.
According to these assumptions, several interference management approaches as
femto-aware spectrum arrangement [16] which macrocell base stations (M-BSs)
develops an interference pool and this pool includes macrocell mobile stations (M-
MSs) that take a role of threat to nearby femtocell base stations (F-BSs) and
assigned these M-MSs to dedicated spectrum, clustering method [17], beam subset
selection, collaborative frequency scheduling, fractional frequency reuse and
resource partitioning [18], cognitive radio based distributed spectrum sensing and
power control schemes presented in the recent literature and compared on some
criteria like access mode, complexity, efficiency, transmission mode, cooperation
and type of interference [2, TABLE I]. In addition, strict interference may cause
deadzones at coverage area. Deadzones are created because of asymmetric level of
transmission power and in the literature there are some researches for reduce
deadzone and improve quality of service. In [9, 12, 14, 19-32], power allocation
schemes investigated for mitigate interference on uplink or downlink and one-tier or
two-tier femtocell networks with respect to signal to interference plus noise ratio
(SINR), signal to interference ratio (SIR) and carrier to interference ratio (CIR).
Chandrasekhar et al. [9], proposed power control algorithm in multi-tier femtocell
networks with a SINR threshold. In this paper, F-BSs have to arrange their powers
obtaining SINR threshold value and utility based SINR adaptation function was used
for this allocation. They also investigated near-far effects of co-channels in two-tier
networks and cellular link quality. In [10], power control algorithm works for
mitigate cross-tier interference in OFDMA femtocell networks when limited channel
state information of neighbor M-MSs are available. F-BSs could arrange their
powers which was called neighbor-friendly (NF) scheme at paper, with respect to
expected values of M-MSs channels information and wall loss of the F-BS coverage
area. They evaluated the effects of estimation errors on the wall loss and gain of
femtocell and macrocell users. In [26], M. Xiao et al. investigated utility based
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power control with non-cooperative game for maximizing net utility. At this work,
utility and cost functions was selected as sigmoid and linear, respectively and
reformulate the Foschini-Miljanic [19] power control algorithm. Furthermore, they
studied on adaptive and fair price settings and utility function parameters which are
steepness and center. Uplink power control for CDMA systems was studied as a
non-cooperative game by T. Alpcan et al. at [27]. In this paper, number of active
user at network is related to minimum SIR threshold and spreading gain of CDMA
system and active users update their power with parallel or random update
algorithms on centralized or decentralized pricing schemes. In [31], non-cooperative
game for power control in CDMA systems is extended to multi-carrier CDMA case.
X. King et al. studied on price-based power allocation on femtocell networks with
Stackelberg game approach at [33]. Upper and lower bounds of utility based power
allocation scheme has founded for urban areas and closed form formulation has
obtained for rural areas. On the other hand, uniform and non-uniform pricing scheme
has studied with respect to dense of access points. Moreover, in the literature there
are some studies on scheduling and power allocation for uplink SC-FDMA systems
[34, 35]. In [34], SC-FDMA is investigated in two different subcarrier mapping
scheme which are Localized-FDMA (L-FDMA) and Interleaved-FDMA (I-FDMA).
In addition, set of subcarriers called as chunk in the paper, assigned to different users
and minimum mean square error (MMSE) frequency domain equalizer used for
preventing the inter symbol interference (ISI). After these considerations, power and
bit allocation for multiple set of subcarriers with respect to capacity of users are
investigated.

In this thesis, motivated by mitigating the cross-tier and co-tier interference
where power allocation schemes are used in femtocell networks, we generalize the
work in [9] and [33]. Different from the [9] and [33], the contribution of the current
study is to investigate the effects of the number of active users and distance between
macrocell base station to femtocell base stations square grid for randomly activated
femtocell base stations in a known region with adaptation of game theoretic power
algorithm with respect to given SINR thresholds for single antenna systems. Firstly,
we generalize the SINR for FDMA system then, use it for maximizing the utility
function of each femtocell users for adaptive power allocation and mitigation of
interference on network with using proposed utility function in [9]. Secondly,

optimal solution of interference prices and femtocell users power are founded with
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respect to utility function of the macrocell base station under a known interference
constraint for de-centralized and centralized sensing schemes. After that, we adapt
the given solution to CDMA systems and observe the effects of number of active
users and their SINR values.

The rest of the thesis organized as follows. In Chapter 2, general introduction
to cellular communications and their evolution are presented. Femtocell solution to
increasing demand on high data rates and different types of femtocell deployments
are introduced in Chapter 3. Furthermore, system model and power control are
described at Chapter 3. In Chapter 4, the performance gains of proposed scheme are
evaluated by simulations. Chapter 5 concludes our work and gives some ideas for

future researches.



2. GENERAL INTRODUCTION TO CELLULAR
COMMUNICATIONS

Wireless communication systems were used for special-purpose
communication years ago whereas it effects directly to all human life today.
Wireless systems contain enhanced standards, technologies and communication
techniques to satisfy the need of users at various application areas. Served systems
are generally classified as service type, data rate, throughput, performance and
reliability.

The most popular application of wireless communication systems is cellular
systems. Subscriber and bandwidth need rises day to day by means of developing
technology. Cellular phone systems proposed for transmit voice signals at first
whereas it replaces with advanced mobile communication systems for access to
internet in the recent times.

Smart phones and tablets provide easy access to social media, file transfers, e-
mail services and internet surfing. Because of these services, people use their mobile
stations to reach and share the data. Also, recently developed applications which are
video talk, mobile television, real time video conference and location based service
and wideband mobile communication technologies triggered number of subscribers
to increase. With respect to these improvements, new generation mobile
communication systems’ traffic will replace by multimedia data transfer. It can be
foreseen that new generation systems will need wideband technologies but because
of the spectrum scarcity, operators could not allocate wide bandwidth to supply
these multimedia services. Therefore, it is significant that new developing

techniques should use current frequency spectrum efficiently.
2.1. 2" Generation (GSM) Systems

At the beginning of 1990’s, first generation system could not supply good
quality to their subscribers due to the fact that the number of subscribers had been

7



increased dramatically. Telecommunication companies and scientists wanted to
improve the used system and service to all subscribers in a specific quality of service
thresholds. At 1991, Global System for Mobile Communications (GSM) introduced
the first standardization on second generation (2G) systems in Finland. In this
system, communication over channel has been using digital processes. With the
digital systems, subscribers have high quality and capacity for communication. In
2G systems which work on 900, 1800 and 1900MHz, Time-Division Multiple
Access (TDMA) and Frequency-Division Multiple Access (FDMA) techniques are
used for channel access. FDMA has 25MHz bandwidth and 124 carrier frequency
(bandwidth divided into 200 KHz parts). These carriers separated on time axis by
TDMA [37, 38].

2G systems which have low data transfer rate are developed as a result of
multimedia services interest and toward the quick rise of data transfer. Despite
reaching 64 Kbps data transfer rate with these 2G systems, HSCSD (High Speed
Circuit Switched Data) system is developed which has not common usage. Due to
have immediate rise of data transfer for short periods and have generally stable
channel traffic for long periods, network resources are not used in the mobile
systems. For that reason, data packages are generated so as to manage data traffic
more efficient. Hence, 2.5G systems have been started to use with the help of packet
switching technique since ending of the 1990s.

GMSK (Gaussian Minimum Shift Keying) modulation and 140 Kbps data rate
characteristics belong to general packet radio service (GPRS) and on the other side
8PSK (Phase Shift Keying) modulation and 384 Kbps data rate characteristics
belong to enhanced data rate for GSM evolution (EDGE).

Adaptive modulation and coding technique (AMC) is utilized for EDGE
consistent mobile phones. Hence depending on measured signal noise ratio (SNR)
feedback value, the best modulation type is determined. Put it simply, 8PSK
modulation is used for data transmission whereas GMSK modulation is used for
noisy channel conditions [37].

GPRS and EDGE systems aim to low latency owing to be formed by 2G
systems developments. Due to increased usage of multimedia services, new
generation mobile communication systems focus on to provide high capacity and

high data rates.



2.1.1. Network Architecture

GSM network architecture includes three sub-systems which are base station
subsystem (BSS), network switching subsystem (NSS) and operating and
management subsystem (OMSS). BSS operates radio communication processes and
signaling process from mobile station to NSS. Call processing and subscriber related
transactions are carrier out at NSS. OMSS is responsible for monitoring the alarm
system and occurred traffic at network. The network architecture of the GSM system

is shown in Fig. 2.1.

BSS NSS

Other
Networks

MSC

GMSC

A-bis

OMSSs

A-bis

Traffic and Signaling

———————— Signaling

Figure 2.1 GSM Network Architecture

Mobile Station (MS) consist of mobile equipment which is called as smart
phone today and identified with international mobile equipment identity (IMEI), and
subscriber identity module (SIM) card which stores information about the subscriber
like keys for authentication and international mobile subscriber identity (IMSI). A
MS could join to the network with U, interfaces which also called air interface and
include 200 KHz channels.

Base Transceiver Station (BTS) is also called base stations, consist of radio
transmitter and receivers, radio transmission equipments, antennas and amplifiers
and it provide service to MSs at cells. BTS controls the Uy, interface which is the
interface between MS and BTS. MSs could control up to eight BTSs but they only
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connected to only one BTS. BTSs connected to base station controller (BSC) with
Auis interface which is include 16 or 64 kbit/s connections.

Base Station Controller (BSC) manages one or more than one BTSs. It gathers
the measurements of MS and BTS and handles power control, channel allocation
and decides to handover or handoff processes. It connected to mobile switching
center (MSC) with A interfaces. A interface carries the information of timeslots and
enable channels.

Mobile Switching Center (MSC) is a unit of call switching processes. It
manages several BSCs in an area and controls incoming and outgoing calls to MS
and originates inter-MSC handovers, call setup, call termination and call forwarding.
It has also connections between NSS’s units for switching and provides some
services like authentication, registrations. The connection between Gateway MSC
(GMSC) provide a link for communicate other networks.

Home location register (HLR) is a database which stores administrative
information about each subscriber. Location area (LA), roaming information, IMSI
number, connected MSC and visitor location register (VLR) of the mobile station is
stored at HLR. When a MS change its LA, it informs MSC for handover process and
MSC updates its current location area at HLR database. It includes big amount of
subscribers in an operator and answer real-time request within short time. These data
stored at HLR until subscription cancellation of a subscriber.

Visitor Location Register (VLR) is a dynamic database and stores temporary
information of mobile stations. It is associated with a MSC service area and stores
LA information of current MS in that area. It keeps HLR data temporarily. The
structure of the HLR and VLR prevent frequent HLR updates.

Equipment Identity Register (EIR) is another database at NSS and it stores
IMEI numbers of mobile stations. It decides a mobile equipment have a permit to
connect network. This decision is taken by EIR with respect to IMEI number.

Authentication Centre (AuC) keeps safe the user identity and information
transfer. SIM card of each subscriber has key information which is called
authentication key and links could be protected with using these keys at mobile
station and authentication centre. At authentication centre, special algorithms work
for decryption of the protected data.

Network Management Centre (NMC) and Operation and Management Centre
(OMC) are the units of the OMSS. NMC controls the subordinated OMCs. OMC
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monitors network and reports situation of network and their traffic. Number of OMC

in a network is changed with respect to size of the network.
2.2. 3" Generation (UMTS) Systems

In 1990s, ITU (International Telecommunication Union) had been starting to
work on defining standards (IMT 2000 — International Mobile Telecommunications
2000) which will be used in third generation (3G). Two different working teams
which are 3GPP and 3GPP2 performed studies to remove different and inconsonant
standards for 2G systems and it is aimed that universal mobile communication
system to be developed [39].

3GPP team worked to develop GSM standard whereas 3GPP2 team aimed to
develop cdmaOne standard. As a result of conflicts between the two groups,
different standards for 3G are come up. Consequently, three different standards
which are W-CDMA (Wideband CDMA) developed by 3GPP, CDMA2000
developed by 3GPP2 and TD-SCDMA (Time Division Synchronous CDMA)
developed by CATT (Center for Advanced Technology in Telecommunications) can
be analyzed. The most common W-CDMA standard has 5 MHz bandwidth and data
rate is estimated 144 Kbps for mobile users, 384 Kbps for urban usage and 2 Mbps
for constant usage.

3G systems support not only IP (internet protocol) but also non-IP data traffic.
2003 onwards, initial commercial 3G systems can be seen firstly in England and
Italy in Europe. UMTS technology is the most preferred one within the 3G systems
and it constitutes to develop mobile systems soon after GSM and EDGE. UMTS
technical features were completed by 3GPP team and numerous partners in 1998.
UMTS technology presents higher data rate and spectral efficiency than TDMA and
FDMA which are used in 2G systems. Lastly, UMTS technology provides
opportunity for benefit from multimedia services with the support of asymmetric
data rate.

Mobile service usage has been becoming widespread in 3G systems and as a
result the need of high capacity and data rate is raised. Accordingly, with version 5
HSDPA (High Rate Downlink Packet Access) and with version 6 HSUPA (High
Rate Uplink Packet Access) is developed by 3GPP. Maximum data rate was
increased to 14.4 Mbps for download with HSDPA technology in 2005. On the other
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hand, high transfer rate is also needed for uplink. In accordance with this need, data
rate was raised to 5.76 Mbps with HSUPA technology in 2007.

HSDPA and HSUPA technologies are called HSPA (High Speed Packet
Access) which is very significant to UMTS technology development. Moreover,
HSPA technology is assessed as 3.5G and developed by 3GPP. Also, 16QAM
modulation is used for downlink whereas QPSK modulation is used for uplink.
3GPP version 7 provided additional features for HSPA as 64QAM and MIMO
(Multiple-Input Multiple-Output) and thus HSPA+ technology was developed. As a
result, data transfer rate was increased to 42Mbps by HSPA+.

Next step was version 8 which was developed by 3GPP and it was called LTE
technology. This technology increased data rate to 100 Mbps for downlink using
OFDM (Orthogonal Frequency Division Multiplexing) technique and to 50 Mbps
for uplink using SC-FDMA (Single-Carrier FDMA). Obtained data rates are nearly
3 times as much than HDSPA and HSUPA. Additional MIMO support provides up
to 326 Mbps data rate. It will be possible to use new services like IPTV, VolP, high

resolution video etc. along with becoming widespread of UMTS based technologies.

2.2.1. WCDMA

W-CDMA standard has 5 MHz bandwidth, 3.84 Mcps chip rate and data rate
is estimated 2 Mbps for mobile users. In addition to that it is able to carry over 100
simultaneous calls. According to latest releases data rate have been increased to 14.4
Mbps. The difference between CDMA and WCDMA, information is spread over a
wide band and this information multiplying with chips from spreading codes of
CDMA in WCDMA. In CDMA, orthogonal code sequences or pseudo-noise
sequences generates waveforms and these generated waveforms are modulated with
user data. At the result of this process, original information is spreading over the
available frequency. WCDMA allow frequency division duplex (FDD) and time
division duplex (TDD). Separated different 5 MHz carrier frequencies are used for
both downlink and uplink in FDD but only one radio channel could be used at uplink

and downlink at different times.
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Figure 2.2 WCDMA Bandwidth Allocation

In Fig.2.2, bandwidth allocation of WCDMA with respect to time and
frequency bands is shown. 4.4-5 MHz bands are allocated for users and these bands
also separated with respect to time and spreading codes. According to reuse
capability of frequencies with different codes, WCDMA provides high spectral
efficiency. In addition to that, many users could access same frequency band with
using different spreading codes. This means, capacity of the UMTS networks is
greater than the GSM network. On the other hand, in [39] mentioned that wideband
signal has better performance than the lower bandwidth signal at different
propagation paths and UMTS systems have higher diversity content against fading.

WCDMA designed to be co-operated with existent GSM network. GPRS and
EDGE technologies also could be used in UMTS networks. With this approach,
UMTS systems could be installed at existent 2G base station with only using
different antennas and external TRX equipments.

2.2.2. Radio Access Network Architecture

UMTS network could be divided into 3 groups which are user equipment,
UMTS terrestrial radio access network (UTRAN) and core network (CN). UTRAN
originates radio based processes and provides connection between core network and
users. Data transfers and switching calls at internal or external networks carried out
by CN.

GSM EDGE radio access network (GERAN) is used for GSM subscriber
connection to network. Release 4 network architecture which is proposed by 3GPP

is shown in Fig.2.3. In Release 4, circuit switching and control units are separated at
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core network. Accordingly, increase data transfer throughput and easy transition to
IP-based networks are aimed. MSC is divided into MSC-Server (MSC-S) and circuit
switched media gateway (CS-MGW) units for providing this structure,

User equipment (UE) is the same with the mobile station in GSM. It is
consistent with 3G interfaces. As in the case with GSM, UE is consisted of mobile
equipment (ME) and UMTS subscriber identity module (USIM). BTS at the GSM
system is called Node B in UMTS systems. The base station of UTRAN system
Node B connected to UE with U, interfaces and connected to radio network
controller (RNC) with I, interfaces. Node B gives information to RNC about the

link quality with Uy, interface. It originates incoming and outgoing calls to UE.
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Figure 2.3 UMTS Network Architecture

Radio Network Controller (RNC) controls Node Bs which are connected to
one RNC. |, interface connects different RNCs and RNCs connected to core
network with I, interface. RNC and connected Node Bs to these RNCs compose
radio network subsystem (RNS).
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MSC-S is responsible for controlling incoming and outgoing calls and roaming
subscriber management. It works with CS-MGW and it controls more than one CS-
MGW. In its structure, there has a VLR database. CS-MGW monitors circuit
switched incoming and outgoing traffic and process it. It is connected to UTRAN
with 1, interfaces and connected to GERAN with A interfaces. On the other hand,
CS-MGW connected with external networks and provides a conversion of circuit to
packet switching carrier techniques. Accordingly, data carried on time slots
converted to IP packets or vice versa.

Gateway MSC-S (GMSC-S) provides a connection with external networks.
Serving GPRS support node (SGSN) controls internal packet switching traffic and
have some functions like mobility management, session management, interaction
with other areas of the network and billing. Gateway GPRS support node (GGSN)
controls external packet switching traffic.

Other elements of the architecture which AuC, VLR, HLR and EIR shared

with GSM network architecture.
2.3. 4™ Generation (LTE) Systems

The major requirement for systems beyond 3G is higher data transfer rate and
communication capacity. In 2008, some standards which fulfill these requirements
were defined by ITU-R (ITU — Radio communication Sector) and fourth-generation
(4G) communication systems development was planned. 4G term includes not only
cellular systems but also wide band wireless access systems as WiMAX (Worldwide
Interoperability for Microwave Access).

4G systems represent not only higher data rate and communication capacity
but also more mobility, service quality (QoS), security and lower latency. It will be
provided to benefit from new generation mobile services as ultra wide band internet
access, multimedia content entertainment via internet, high quality audio and high
resolution video associated with 4G systems.

3GPP planned to use LTE-A technology which has MIMO support property,
high rate data transfer, coordination between base stations and heterogeneous
network usage. LTE-A technology is defined as 3GPP version 10 and development

studies are started in 2008 March. Commercial use is expected to use in 2013 and
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2015. Moreover, it is estimated that LTE-A data transfer rate will reach to 1.6 Gbps
in 2015.

802.16m standardization finished in September 2009 which was developed by
IEEE. According to the announced rating system results of ITU-R in October 2010,
both LTE-A and 802.16m technologies meet all the required condition successfully
for IMT-Advanced. There are minimal differences between LTE-A and IEEE
802.16m standards like LTE-A uses for downlink and uplink OFDMA and SC-
FDMA respectively and on the other hand IEEE 802.16m uses for downlink and
uplink only OFDMA.

Another 4G technology is UMB (Ultra Mobile Broadband) which is developed
by 3GPP2 team. UMB technology is defined with regard to 3GPP LTE in order to
solve compatibility problem. Furthermore, OFDM technique is used instead of
CDMA for UMB technology. 288 Mbps and 75 Mbps data rate is enable for
downlink and uplink respectively, owing to 20 MHz bandwidth.

2.3.1. OFDMA

4™ generation system prefer OFDM modulation at their downlink because
OFDM provide spectrum efficiency, high data rate transmission and robustness to
multipath fading. In addition to that, according to orthogonality property and used
techniques cyclic prefix and guard interval, it prevents inter symbol interference
(IS).

OFDM is the special case of multi carrier modulation which is the principle of
transmitting data by dividing the stream into several parallel bit streams and
modulating each of these data stream onto individual carriers or subcarriers. Large
number of subcarriers modulated with low data rate and transmitted over parallel
channels. These narrow band channels could be reached high data rate streams. 15
KHz subcarrier spacing used and this reciprocal to data rate in OFDM. LTE systems
has very low rate (15 Kbps) if you compare the UMTS systems (3.84 Mbps) but in
LTE these low rate subcarrier spaces use at 5 MHz bandwidth and it reaches 4.5
Mbps data rate [40]. In OFDM, subcarrier frequencies are chosen orthogonal to each
other. This means, during the sampling of one subcarrier, the other subcarriers have

zero value and other subcarriers could not affect the sampled subcarrier information.
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In OFDM system, input data is in frequency domain. This data series
connected in serial to parallel converter and connected it to multicarrier modulator
which is the inverse fast Fourier transform (IFFT) and converts frequency domain
signal to time domain signals. Cyclic prefix adding at transmitter part of the system
and deleting the receiver part of the system. Cyclic prefix added data connected to
parallel to serial converter. Then, digital signal is converted to analog signal for
transmitting. At the receiver part, the analog signal is converted to digital signal and
connected serial to parallel converter. After that it connected to multicarrier
demodulator (FFT). This demodulated symbols connected to detector and then
converted with parallel to serial converter.

OFDMA is a variant of OFDM modulation which provides multi user
transmission. In OFDMA, different time slots on a subcarrier could be allocated
different users.

USER 2
USER 3
- -
£ £
> —
Subcarriers Subcarriers

Figure 2.4 Subcarrier allocation of OFDM and OFDMA

Fig 2.4 shows the differences between OFDM and OFDMA technologies.
Subcarriers allocated dynamically among the different users of channel with respect
to time slots in OFDMA. Scheduling users by frequency and time slots, narrow band
interference and multipath fading are prevented. Accordingly, OFDMA systems are
robust and have increased capacity [40].
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2.3.2. SC-FDMA

SC-FDMA is a form of OFDM modulation and used in LTE system at uplink.
The one of the drawbacks of OFDM is high peak to average power ratio (PAPR).
Due to the high PAPR, mobile stations are not convenient for using OFDM at uplink
transmission because they have to amplify this high power. Unfortunately, battery of
mobile stations could not operate this process. Accordingly, SC-FDMA used for
transmission from mobile station to base station. It combines low PAPR techniques
of single carrier transmission systems with robustness to multipath and flexible
frequency allocation of OFDMA [40]. On the other hand OFDMA and SC-FDMA
allocation of time slots and subcarriers shown in Fig.2.5. [40, Figure 2.3-1].
According to figure, although each 15 KHz frequency bands allocated different users
at same time slot in OFDMA, different time slots assigned different users with
whole frequency subcarriers without high PAPR.

. . -1‘1 ]’-1 . . 1'-1 -‘l’]

Sequence of QPSK data symbols to be transmitted

OPSK modulating
data symbols

i —bis e Frequency 3 60 kHz Frequency
OFDMA SC-FDMA
Data symbols occupy 15 kHz for Data symbaols oceupy M*15 kHz for
one OFDMA symbol period 1/M SC-FDMA symbol periods

Figure 2.5 OFDMA and SC-FDMA frequency and time allocations

2.3.3. System Architecture Evolution

Increasing number of the network elements lead to increase burden of the
backbone. New base stations are installed by operators for supplying adequate

conditions to subscribers like capacity, coverage and data rate. On the other hand,
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operators have to monitor their network and manage them for improving service
quality. Accordingly, core networks elements should be consist of intelligent
devices. A core network with intelligent devices provides robustness and easy
managing to a network. The evolution of the network architecture is started with
respect to these situations. The evolved systems should provide optimized packet
switched services, high throughput and data rate to end users, improved accurate and
decreased latency packet transmission [41]. Furthermore, evolution of system
architecture should not defuse the existent systems, it should co-operated with
existent systems and also sufficient to development of the architecture.

3GPP has huge impact on the evolution of the system architecture. Purposes of
this evolution are decreases network components, getting intelligent them and use
flat IP to transport all services. In Release 6, GGSN, SGSN, RNC and Node B are
connected with data and signaling transmission. At Release 7, RNC combined with
Node B and it has a direct connection to GGSN user plane which is also called data
and connected to GGSN over SGSN for control plane which is called as signaling.
Release 8, which is the first LTE release, system architecture evolution (SAE) had
started. SAE provides many advantages to operators. These advantages are capacity
improvement, packet switched data transfer over all IP network, high response with
reduced latency and reduced expanses for operators with decreased number of
network components. Co-operation between WiMAX and LTE/UMTS technologies
are announced with Release 9. It also provides MIMO technologies. With Release
10, LTE Advanced was finalized and in Release 11, third party application has a co-
operation with LTE-A. Nowadays, 3GPP is still working on Release 12 which
content is still open now.

System Architecture Evolution has four main components which are user
equipment (UE), evolved UTRAN (E-UTRAN), evolved packet core (EPC) network
and service domains. The evolution has been continuing on E-UTRAN and EPC
units. Network deployment of SAE is shown in Fig.2.6.

UE is typically handset such as used in 2G and 3G networks and provide
communication links with network. LTE based UEs also provide voice calls over IP
which called as VVolIP with using some applications.

E-UTRAN node B (eNodeB) is a base station which controls all radio related
functions of the network. It is responsible for radio resource management (RRM),
mobility management (MM), ciphering/deciphering, IP header
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compression/decompression, bearer handling, data delivering and UE radio signal
level measurements control. It is connected to serving gateway (SGW) of the EPC
with “S1” interfaces and connected to other eNodeBs with “X2” interfaces. The
eNodeB structure provides fast routing for incoming and outgoing calls with less

interaction with EPC.
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Figure 2.6 Evolved Network Architecture

Evolved packet core network consist of four main units which are mobility
management entity (MME), serving gateway (SGW), packet data network gateway
(PGW) and home subscriber server (HSS).

MME handles signaling and controlling of UE for management of network
connection, assignment of network resources, authentication, security, roaming,
paging and handover. It is the main control unit of the EPC and has connections with
SGW for controlling tunnels, with eNodeBs for paging, mobility management and
handover processes, with HSS for user profile, authentication and security
parameters and location management, with other MMEs for idle state mobility and
handover between MMEs.

SGW is data plane unit in EPC and act as a demarcation between RAN and
core networks [42]. SGW is a relay between eNodeBs and PGWs. It transports all 1P
data traffic between UE and network and routes incoming and outgoing data
packets.

PGW is a termination point between EPC and service domains like Internet, IP
Multimedia Subsystem (IMS) and IP domain server. It provides IP address
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allocation to UE for communicating external networks and controls policy and
charging.

HSS is a database which contains all subscriber related information. On the
other hand, AuC is a part of the HSS. Subscriber related information includes enable
services, allowed packet data networks and visited networks [41]. It has a connection

with MME for location management and authentication processes.
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3. HOME BASE STATIONS: FEMTOCELLS

In this chapter, initially way to femtocell technology and benefits of this
technology will be introduced. Secondly, 3G and LTE femtocells network
architecture will be presented. Then, one of the important interference management

techniques which power control algorithm will be explained with our system model.

3.1. Way to Femtocell Technology

Due to the increasing demand on capacity and data rate, service providers have
to get their cells smaller to service all subscribers in adequate conditions. According
to observation of Martin Cooper who is inventor of the mobile phone, since
Guglielmo Marconi’s first radio transmission, voice or data transmission over a
given physical region has doubled every 30 months. This observation also called as
“Law of Spectral Efficiency”. On the other hand, developed smart phone applications
leads to need on high data rates at user’s personal areas like home and office. In
[43], usage of mobile phones for voice calls (more than %50) and data traffic (more
than %70) occurs at indoors.

2G systems can handle voice calls but have not enough capacity and coverage
for high data rates. On the other hand, 3G systems provide high data rates to mobile
users but nowadays this amount of provided data rates are not sufficient to users.
Furthermore, indoor signal strength weak for high data rate transmission. Operators
have to build new macro base stations to increase the data rate and capacity. The
goal of building new base stations is to decrease the distance between base stations
and mobile users and service to users with strong signal power. This means that
transmit and receive antenna distance should be small for high capacity and data
rates. Unfortunately, this solution approach is not feasible for operators because of

cost and burden of network. In this regard, mobile operators developed a device
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which can be installed by users at the interior of house, office, etc. and can
communicate with the mobile network over a DSL connection, radio-frequency
backhaul or cable modem. This device is called femtocells or home base stations.
The mean of “femto” prefix is 10 to the power -15 or quadrillionth. Just because of
this, these devices called as home base stations.

Femtocells are inexpensive, short ranged and low powered base stations. It
improves network coverage and provides high data rates to indoor mobile users.
Further, it improves indoor signal strength and allocate wide spectrum to few
number of subscribers. The serving number of subscribers changes with respect to
vendor’s design.

Femtocells have lots of benefits to subscribers and operators. The most
important benefit for both operators and subscribers is low cost. Operators enlarge
their coverage area without any new site or tower installation with femtocells. On
the other hand, subscribers have adequate conditions and high data rates with low
prices because femtocells connected to backhaul via internet. Also broadband
connection to core network reduced burden of the backbone of operators. In addition
to that, power consumption has positive feedback to expanses of operators. Femto
access points could be setting from subscribers and its electric consume funded by
subscribers.

The second important advantage of femtocells is higher spectral efficiency and
data rate. Femtocells provide qualified service to customers because of high spectral
efficiency. It allocates wide spectrum to a set of subscribers. Furthermore, with
respect to the short transmit and receive distance, mobile handset has long battery
life. Additionally, this reduced transmit and receive distance leads higher signal to
interference plus noise ratio levels. Femtocell base station transmits with low power
and interference threat to other femtocells or macrocell users could be less. Due to
both these causes, femtocell improves capacity.

Femtocell access points are self-adapted units. Operator installation or
configuration need not for home users. Plug-and-play property of the femtocells
provides easy installation to home users and it leads to easy deployment on
marketing of femtocells.

Femtocells have been developing technology by 3GPP, Femto Forum and
ETSI. In 3GPP terminology, 3G femtocells called as Home Node B (HNB) and LTE
femtocells called Home evolved Node B (HeNB). HNBs are specified with 3GPP
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Release 8 and it uses WCDMA technology for increase capacity and provides high
data rates to indoor users [5]. According to this release, outline of HNBs are
described. It also describes network architecture, co-operation with other 3GPP
technologies, access modes, interference scenarios, management schemes and

requirements.

3.2. HNB and HeNB Network Architecture

According to 3GPP standards and technical reports [5, 46-48], 3G femtocell
network has different elements and new interface from UTRAN network
architecture. A key point in architecture design has been to ensure scalability
regarding a potential large volume of connected HNBs [44]. The new elements of
the HNB architecture are HNB, HNB gateway (HNB-GW), security gateway
(SeGW) and HNB management system (HMS). Deployment of HNB network
architecture is shown in Fig.3.1.
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Figure 3.1 HNB Network Architecture

HNB is a short ranged, low powered femtocell access point and provides high
spectral efficiency and data rates to a set of subscribers. These devices used by
subscribers when plug in and self adapted to core network. It has a connection to

HNB-GW with Iy, interfaces. Iy, is an open interface and provides link between
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HNB and HNB-GW. |y, also introduces two new protocols which are HNB
application part (HNBAP) and radio access network application part (RANAP) user
adaptation (RUA). HNBAP handles registration and deregistration processes
between HNB and HNB-GW. On the other hand, RUA handles setting up and
deleting processes for RANAP |, connections and transferring RANAP messages.

HNB-GW provides a connection to UTRAN for 3G femtocells with I,
interfaces. A far amount of HNBs connected to core network with HNB-GW. In
other words, it loaded with high data traffic. On the other hand, it provides
registration of UE to HNBs and synchronization. SeGW provides secure IP
addresses for Internet connection of HNBs and core network. Also it authenticates
HNBs to core network. HMS provides configuration data to HNB based on TR-069
standards. It performs HNB location verification and operational parameters.

The differences between 3G and LTE femtocells network architecture are used
femtocell access point, gateway and interfaces between them. In LTE femtocells
network, femtocell access point called as HeNB and it connected to mobile stations
with LTE U, interface which uses OFDMA for downlink and SC-FDMA for uplink.
On the other hand, HeNB connected to HeNB gateway (HeNB-GW) with S1
interface and HeNB-GW provides connection for a far amount of HeNB to
management entity and serving gateway. In addition to that, HeNB-GW provides

secure IP tunnels with HeNBs. In Fig.3.2 shows HeNB network architecture.
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3.3. Power Control in Femtocell Networks

One of the most important interference management scheme is power control.
According to near-far effects of mobile station and femtocell access points and
asymmetric level of transmission power, macro-to-femto, femto-to-macro, femto-to-
femto interferences and deadzone problems may occur. Power control algorithms are
solution of these problems with controlling mobile station transmit power which
means effective battery consumption at handset and minimizing interference which
occurred by other users to another cell.

Occurred interferences classified in two types, co-tier interference is
mentioned to interference originated at same tier like femto-to-femto. Cross-tier
interference happened at different tiers of the network like macro-to-femto and vice
versa. Deadzones are related with unbalanced power consumption at base station and
mobile station. For instance, if a mobile station located at cell edge of the mobile
station coverage area, it has to transmit data with high power levels and it may leads
interference to another user or femto access points. Also, base station has to transmit
high level power to reach the cell edge users and it may leads interference. Co-tier,
cross-tier interferences and deadzone problems could be solved by effective power
control algorithms.

In adaptive power control algorithms, mobile stations adjust their transmit
powers with respect to SINR threshold parameters given by operators or distance
from the macrocell base stations. On the other hand, game theoretic approaches are
used for adaptive power allocations. Users arrange their transmit powers for
reaching adequate conditions from base station but also they have to consider other
users and base station service quality and adjusts their power for prevent unaccepted
interference to others.

Macrocell base station By provides coverage area with radius R.. Femtocell
base stations (F-BSs) connected to network in this coverage area over the M-BS. N
number of F-BSs B; where i=1,2,..,N active in this area. During each signaling slot,
one scheduled user active at cell and transmits with p; Watts power. The received
SINR v; of user i at B; is equal to

pih;
j#i

Il
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where ¢* denotes Additive White Gaussian Noise (AWGN) variance, h;; represents
channel gain between user i and its base station Bi, h;; denotes user j and base
station B; channel power gain. When i=j=0 means macro base station and user
respectively. F-BSs and F-MSs indexed with i>0 and j>0. According to this
representation, i=0,1,2,....N and j=0,1,2,...,N. The received SINR y; should be in

threshold intervals I'imin and I'max.

1_‘min = 7/i = 1_‘max (3-2)
The matrix representation of the received power is

p=>TGp+n (3.3)

Here vector p denotes the transmission power of users p=[po,p1,p2 -...pn] " and user 0
denotes macrocell user. I' is a (N+1) by (N+1) matrix and threshold values for each

user placed its diagonal. # is normalized noise vector with elements

= ho (3.4)

L o (3.5)

For a nonnegative solution of p, the spectral radius of I'G should be less than unity
with respect to the Perron-Frobenius theorem and [20], where spectral radius p(I'G)

equals to maximum eigenvalue of I'G and it has to smaller than 1.
p=(1-TG) >0 iff p(I'G)<1 (36)

The Pareto optimal solution of p, in equation (3.6), provides transmission
power in the given threshold values of SINR. At the solution of power vector, I'G is

presented with
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0 I
I'G= ( ] (3.7)
I'iq; IGF

In this notation, I'; equals M-BS SINR threshold value I'o, I't matrix and it has
femtocell base stations SINR thresholds at its diagonal, q. vector includes channel
gains between F-BSs and M-BS and gs vector consists of M-MSs and F-BSs. F
matrix comprises channel gains of each F-BS to other F-BSs and its diagonal

contains F-BS to F-MS channel gains. I'.q.' multiplication is equal to
T
e =T, |:G0,1 Go, Gy ] = [FOGOJ [oGo, -+ TGy } (3.8)

Also I's g vector and submatrix F equals to

r, 0 -« 071G,] [TIGy |
0 F2 - 0 Gz,o rsz,o
I'iq; =| . S . LT : (3.9)
_O 0 rN__GN,O_ _FNGN,O_
Gll Gl,2 Gl N
= Gz 1 Gz,z Gz N
: (3.10)
_GN 1 GN,2 GN N |

The principals and properties of this notation explained in [9]. Furthermore,
some theorems for power control strategy, matrix theorems and their proofs could be
found in [9].

In our system model, we consider a coverage area for macrocell base station
Bo like a square with length of edge is L meters. Femtocell base stations (F-BSs) are
randomly connected to network. In the first step, we assumed, coordinates of each
FBs B; is (xi,yi) where i=1,2,..,N are known by M-BS. x; and y; points placed in the
range of O to L. The channel gains h;; selected with respect to the IMT-2000
specifications [45] and equals to
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K,min(D™,1) i=j=0
KR/’ i=j>1
h ={K,min(D;5*,1) i=0,j>0 (3.11)
K,min(D;7¢,1) i>0,j=0

Komin(D;j*,1) i j,i,j>0

where D shows distance between M-BS and M-MS, D;; shows distance between F-
MS j and F-BS B;. ac, a5 are outdoor path loss exponents for M-BS and F-BSs
respectively. £ is indoor path loss exponent for F-BSs. Fixed loss of femtocell user i
and its base station B; is shown with Kg. Similarly, Ky is fixed loss between
femtocell user i and other F-BS B; where i and j indices from 1 to N and i and j not
equal for determining of Ky,. K. is fixed M-BS By propagation loss and equals to

K. =30log,,(f.)-71 (3.12)

where f; is in megahertz (MHz) and K. value is in decibels (dB). For simplicity, in
this system model Ky, and K. assumed equal to each other. In order to clarify the
system model Fig.3.3. pictured.

L meters

Figure 3.3 System Model of Femtocell Deployment
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3.3.1. Power Control with Non-Cooperative Game Theory
3.3.1.a. Interference Constraint for Femtocell User
In non-cooperative power control game, each user maximizes its individual

utility U;. The power control game could be expressed as

max Ui(pi’yi |p—i) (3.13)

0< Pi< Prax
This maximization computed for each user in the game set i=0,1,..,N. The
given vector p. is the transmit power of users other than user i and interference
power at the B; is determined with
N
If(p—i)é_z pjhi,j+02 (3.14)
i ]
i,j=0
To finding equilibrium point of each user for maximizing its utility, Nash
Equilibrium is used. In the Nash equilibrium all user improve its utility under
consideration of other user [9]. Accordingly, utility function of femtocell user i
includes two parts named as profit and cost.
C( Pir P )
—If (p_i) (3.15)

Femtocell user i maximize its individual power and also maximize its SINR so

Ui(pi’7i |p—i):R(7i1ri)+bi

that R(y;,T;)called as profit. The increasing level of power for all users, macrocell

base station By encountered with high interference level. According to this
increasing interference level at By, femtocell user i has to reduce its net utility for
decreasing its power and interference level at By. In the formula, C( pi,p_i) is the
cost function and b; is a constant which reflects relative importance of the penalty
with respect to the profit of user i [9].

On the other hand, utility function of the cellular user to achieving minimum

SINR threshold value, its equal to

2

Uy (Pos 70 1Po)=—(70—T) (3.16)
For the existence of Nash equilibrium we assume that utility of user i U; is
continuous in p and U; is strictly concave with respect to pi. Accordingly, SINR
Nash equilibrium at femtocell base station B; where i=1, ..., N, satisfies
« B h,

TP
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where p’ transmission power under Nash equilibrium and it’s equal to

. . I (pii) b oC '
S=mind| — 7 =],
P hi,i | hi,i op, Pres (3.18)

where [x]" means max{x,0} and f; equals to

fi(x)= {Ml (3.19)

0 ,

According to [9], femtocell profit and cost functions selected as

R(}/i,ri)zl_e—ai(Vi,ri) C(pi1p—i):_pih0,i (3.20)
where a; is a constant. With respect to these functions and assuming a;,b; #0,

reformulated of the Nash equilibrium point of femtocell user power p; expressed as
p =min WAGR) (r") ro Ll ah p
I hi,i | q bi hO,i o (3:21)

The Nash equilibrium point of the macrocell user power p; is

o ()

p, =Mmin

Loy Proax (3.22)
0,0

If we write the equations (3.21) and (3.22) as an iterative power control update

() h T
(k+1) _ : pi 1 al i
CD —mind S| T +—=In| =L || [ p
. SO T ( | OJ p (3.23)
(k+1) ; (()k)
o ~=min k) Lo, Proax (3.24)
Y0

3.3.1.h. Interference Constraint for Macrocell Base Station

Maximizing of the individual utility functions of femtocell users could lead to
increase total interference at the macrocell base station. Considering this problem,
Kang et al. in [33] proposed new way of thinking for control the power of femtocell
users for controlling the total interference at the M-BS. According to given threshold
interference value of M-BS used for determining interference price for femtocell

users and each user update their powers with respect to this price. In [33], given
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problem formulated with Stackelberg game for low number of femtocell users in the
coverage area of M-BS. This low density is called as sparse deployed scenario and
closed form expression of the optimization of interference price and power
adaptation has obtained. For high density of user case which is called densely
deployed scenario achieved with assuming noise power at the closed form
expression changing with interference power plus noise ratio. The both scenario also
performed for two different interference pricing schemes which are centralized and
de-centralized sensing. In centralized sensing, M-BS broadcast same interference
price to all F-MSs and in de-centralized sensing, M-BS allocates different

interference prices to different F-MSs.

Stackelberg game is a strategic game that consists of a leader and several
followers competing with each other on certain resources [33]. For this system
model M-BS is a leader and F-MSs are the followers. Firstly, leader determined the
interference price for enable to serving in adequate conditions and then followers
update their powers with respect to this interference price. That game could be
shown in some expressions like interference threshold of M-BS (3.25), utility
function of M-BS with respect to interference price u and interference power of
femtocell users to M-BS (3.26).

N
> I <T, (3.25)
=

N

U ves (u’p):Zﬂili(pi) (3.26)

=)

The interference power from F-MSs to M-BS is defined as

I ( b ) = b hO,i (3.27)

Where ho; is the channel power gain between F-MS and M-BS. To obtain the

optimum value of interference price y, the optimization problem equals to
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maxu g (”’p)

#;>0
N
Subjectto > 1,(p,)<T,, (3.28)

i=1
The received SINR at femtocell base station B; and power vector of all users
other than i p is the same like the femtocell side interference threshold case but

utility function of the user i is changed for this model. The M-BS interference

constraint utility function is equal to

Ui(pwp_inui):/liIog(1+7i)_:ui|i(pi) (3.29)

where 4; is payoff factor and w; is interference price. With using this utilization

function we optimize the power of the F-BS as the same like the previous section.

maxU; (p;,p_;, 1) (3.30)

pi>0

The both equation (3.28) and (3.30) are form of a Stackelberg game. For
finding the optimum solution of both interference price and power of femtocell
users, we have to find Stackelberg Equilibrium points with using individual

solutions of these equations as

U ves (u*’P*) = U yes (H,P*)

U, (P00 2U, (Pt o)

p. is solution of the equation (3.30) and p” is a solution of the equation

(3.28). If we consider this problem from femtocell side, it can be easily seen that this
optimization problem is a non-cooperative game and Nash equilibrium points are
solution of it. On the other hand, if we consider this problem from macrocell side,
there is only one macrocell base station. Accordingly, power of femtocell user could

be solved firstly and then M-BS computes the optimum interference price.

As the stated in the beginning of this subsection, closed form expression has

obtained at the paper [33] for sparse deployed scenario which means interference
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between femtocell users neglected. According to this assumption, equation (3.28)

could be written as

p;=0

pih;
max ﬂfl |Og (14‘ Uzy j — L hO,i P (3.32)

for solving optimum power of F-BSs and could be solved like the femtocell side

constraint. The optimal solution of p; is (see the Appendix A for details)

A 62+

b= /’lir;Oi _E (3.33)

Substituting optimal solution of femtocell user power to the M-BS side optimization

problem, we have

N h. o2 i
max ﬂ’l_:u| O,|(7
w20 A= hi,i
N h.o?) (3.34)
Subject to >’ A _Thi? <T,,
i=1 \ Hi hi,i

Finding the optimal solution of the equation (3.34), assume that all the F-MSs are

sorted in the order

Ah, S s Ay aMNana S NN (3.35)
hO,lo-Z hO,N—laZ ho,NU2 .

This means that the nearest F-MS is indexed with first user and these indexing goes
to user N which is the furthest user to M-BS. According to this assumption, optimal

solution of the interference price in the de-centralized case is equal to

(3.36)




According to interference threshold I'y for the M-BS and distance between F-
MS and M-BS, M-BS may not effectively distribute the interference thresholds to F-
MSs. Therefore, some users could be remove from the serving M-BS with an
adaptive user remove algorithm with respect to distance and threshold value. The
decision of removing users is taken according to relationship between gk and square

root of sort order of N™ user where g is

K hOIO'Z
24\ h,

Qk = ho (3.37)

and the algorithm works like, first step, number K equals to N and sorted the N
users with respect to sort order in equation (3.35). Second step, compute gk and then
compare the gk with square root of sort order of N™ user. If gk is bigger than the
square root of sort order of N™ user, remove the user K, decrease the number K by 1
and go back to second step. If g« is smaller than the square root of sort order of N

user, compute the interference price u; for user i.

q Sl if I<K
H=9 " \h,0? (3.38)

o0 otherwise

The reason of the u; equals to infinity could be explained that, when w; equals

infinite, the power of the user i equals zero according to equation (3.33).

For the centralized sensing scheme, some changes at the equations (3.33) and
(3.36). In the (3.33), the interference price u; is replaced with u because of all user
have same price and in (3.36) the nominator of the gk is equals to 4; and discard the
square root of sort order of user i. The following two equations show optimal power

and interference price solutions, respectively.

x A o '
P, = h h (3.39)
0,i i,

35



Hy = hy, 07 (3.40)

In the densely deployed scenario, interference power between femtocell users
into account and both centralized and de-centralized schemes could not have exact
solution [33]. Kang et al. in [33] proposed upper and lower bound for densely
deployment case and they assumed that the difference between sparsely and densely
scenarios for solution of interference prices is noise power. They suggest to finding
interference price for densely scenario only changing the noise power at sparse
scenario solution to interference power plus noise power. According to this

suggestion, optimal power equations (3.33) and (3.39) becomes

+

N
prhi’.+02
p = A (3.41)
I ,Uiho,i hi,i
N , +
| oA _;pjhi’j+0'
P = (3.42)

2y h,

for de-centralized and centralized schemes of the densely deployed scenario,

respectively.

In optimal solution of interference prices for the densely deployed scenario,

interference power of each femtocell user i is assumed that Zi;ﬁj p;h ; =¢&where ¢

is upper bound of the interference power at user i. After the assumption of
interference power, noise power is replaced with 6 where 6 =&+o° and compute it
for finding optimal interference price for both centralized and de-centralized

schemes.

In addition to that, that approach could be used in CDMA systems with

changing a parameter at the received SINR equation of the FDMA system. In
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CDMA systems, spreading gain L behaves as a coefficient of SINR derivation where
L is the ratio of chip rate W and total rate R [27]. The SINR of the user i in the
CDMA system is

pi hi,i

- (3.43)
2. Pih+o’

It can be easily seen that, the spreading gain acts as a coefficient of channel
power gain of femtocell user to femtocell access point. Accordingly, multiplication
of the spreading gain L with diagonal of the channel gain matrix leads increasing of
channel gain of F-BS to F-MS or vice versa and this increasing part improve the
SINR expression. On the other hand, we could say that, coded time and frequency
slots could be used effectively by users if codes of different slots are orthogonal to

each other.
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4. RESULTS

In this section, we initially provide simulation results for proposed adaptive
power control algorithm under two subsections which are interference thresholds
assigned to femtocell users and macrocell base station. In these simulations, two
different channel power gains modeled for different interference constraint case. In
the first case which means constraint on femtocell user side, channel power gains
model consists of wall loss, penetration and path loss with respect to equation (3.11)
and the second case which means constraint on macrocell base station side, channel

power gains modeled with simplified path loss model.
4.1. Interference Constraint on Femtocell User

Simulated power control scheme with respect to threshold SINR for both
femtocells users will be showed in some figures. In these figures, given system
model performed for different number of randomly activated femtocell access points
and different power adaptation scheme which are Pareto optimal solution and game
theoretic approach.

As we stated the system model at section 3.1. According to this system model,
M-BS has a coverage area with 1000m radius and F-BS has a coverage area with
30m radius. F-BSs are randomly activated in a square grid with edge length is 500m.
F-MSs are located at cell edge of their access points which means distance between
F-BS and F-MS is 30m and M-MS is located at center of square grid. The M-BS is
located in different distances like center of grid, edge of grid and far away but
covered to grid. The AWGN power o was determined after assuming a cell-edge
user obtains a cellular SNR equaling 20dB at By [9]. The threshold interference
value for F-MS are generated randomly with uniform distribution of the interval
[Ttmin, Trmax] @nd as in the [9], if generated set of I's resulted in spectral radius of
I'sF is bigger than 1 ptF) > 1, generated set divided by p(Ff,F)(1+10'3) for
satisfying (3.6) with feasible SINR threshold for F-MSs. On the other hand,
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maximizing the chance of the SINR thresholds for both M-MS and F-MSs, the
cellular user threshold value selected as in [9, equ.(42)]. The simulation parameters
are shown in Table | and power update algorithm for given assumption of the

system model given in Table II.

Macro SINR Thresholds  T'cmin - Temax 3 —10dB
Femto SINR Thresholds  Tipin-Tfmax 5—250dB

Carrier Freq. f. 2000 MHz
Femtocell Radius R¢ 30m
Macrocell Radius Rc 1000 m

Grid Length L 500 m
Indoor Wall Loss Ksi 37 dB
Indoor Path Loss B 3dB
Outdoor Path Loss o 4 dB
Max. Trans. Power Prax 1 Watt

TABLE | — Simulation Parameters

/e A AN ves [ omitae ) 7 S wo [/
f Generfa;:l aset | P (F fFJ 5 k=1 i p- ke=Maxlter B Calculate SINR

NO YES

Y
r
f
I‘fz | Y
p T FI14107)

Calculate

(k+1) (k1)
IRV o

TABLE Il — Flowchart of Power Update for Femtocell User

In Fig.4.1, randomly activated F-BSs square grid and location of M-BS is
shown in different number of users in given area. Blue circles show F-BSs and red
star which is located at the center of the square grid is M-BS. It could be easily seen
that in the low number of user case N=10, F-BSs could not encountered with large

interference than high number of user cases N=80, N=100.
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Figure 4.1 Coordination of Randomly Activated F-BSs
According to number and location of the F-BSs, the interference threshold
values and power consumption values of F-BSs are affected. For preventing
deadzone problem and mitigating of the interference between the cell-edge and
closer users, power control algorithms used and effects of algorithms with respect to

different approaches and parameters shown in Fig.4.2.
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Figure 4.2 Effects of Power Control Approaches
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In Fig.4.2, M-BS and center of the square grid equals to 650m and M-MS

located at the center of the grid. Also constant of the utility function of the femtocell
user R(y;, ;) is assumed equals for all user i (a;

= a). According to Fig.4.2, Pareto
optimal solution gives the mean of the threshold vector of F-MSs I's and number of

F-BSs in the grid could not affect the F-MSs average SINR. This situation is not a
fair scheduling because when the less number of users active in the region, they
could have higher average SINR. Thanks to the game theoretic approach with a=0.1
and b=1, less number of users have higher average SINR than the mean of the

threshold vector. In addition to that, constant a in the profit function of the femtocell
user have a significant effect on the average SINR.
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Figure 4.3 Convergence of Power Level for Different Users

In Fig.4.3, we also investigate the rate of convergence of power level at

different users with respect to number of iteration. Different level of power is
obtained by different users after nearly 5 iterations. Maximum power is considered
as 1 and with the first iteration there is high convergence rate but after the 2"

iteration, the convergence rate of the power consumption is smaller than the 1%
iteration.
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In Fig.4.4, instantaneous SINR values of the femtocell users with N=50 and
their threshold values are shown. In the given graph, only one femtocell user could
not reach its threshold value but its SINR closed to threshold value. On the other
hand, if we compare the Fig.4.2 and Fig.4.4 in the constant a=0.1 case, the mean
value of the SINR at Fig.4.2 at N=50 is nearly 18dB, also mean of the instantaneous

SINR at Fig.4.4 for 50 users is nearly 18dB. Both graphs could satisfy each other.
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Figure 4.4 Instantaneous SINR vs I't with a=0.1
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4.2. Interference Constraint on Macrocell Base Station

In interference constraint on M-BS side performed with respect to user density
and sensing scheme in this subsection. In the simulations, the AWGN noise power
o° is selected as 1 and /; equals to 1 for all users i. Different from the previous
simulation parameters, channel power gains are generated by d for M-BS to F-MS
or F-MS to M-BS transmission and generated by d” for indoor transmission like F-
BS to F-MS where a and £ are outdoor and indoor path loss exponents and equals to
4 and 3, respectively. For general, in simulations, we assume M-BS is located at the
center of the square grid. In the axes of figures, we use index Qgg instead of
threshold I'y.

Firstly, we investigate the active user selection algorithm on two different
pricing schemes which are de-centralized and centralized ways in Fig.4.5. It can be
easily seen that de-centralized sensing has more flexible to serving more users than
centralized sensing scheme in given interference constraints at M-BS. In the
centralized sensing all users have same interference price and it would lead to
increasing the total interference at the M-BS because of the near users. On the other
hand, in the de-centralized scheme, near users have low interference prices than the
far users and it would be provide a balance on the interference level of each F-MS.
Because of this reason, de-centralized sensing used M-BS could serve more users

than centralized scheme.
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—— De-Centralized
—= Centralized
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Number of Active Users
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Qup
Figure 4.5 Active User Adaptation at M-BS for N=10
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In addition to that, de-centralized and centralized sensed interference prices
shown in Fig.4.6(a) and Fig.4.6(b), respectively.
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Figure 4.6 (a) De-Centralized Sensing (b) Centralized Sensing

According to equation (3.28), M-BS could tolerate only given interference
constraint therefore total interference at the M-BS could be equal or smaller than the
threshold with optimal solution of the interference prices to users. Fig.4.7 shows
comparison of threshold value and total interference from F-MS to M-BS. In each
SINR threshold value of M-BS, total interference at the M-BS is equal or smaller
than the threshold value. This means, equation (3.28) satisfied for both de-

centralized and centralized sensing schemes.
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Figure 4.7 Total Interference at M-BS vs Interference Threshold
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In the following two figures Fig.4.8 and Fig.4.9 show de-centralized and
centralized sensed power allocation, SINR and channel gains of users at interference
constraint at the M-BS equals to 20 dB. According to these figures, channel gain of
the nearest user is closed to each sensing scheme but wasted power level is smaller
at the de-centralized sensing.
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Figure 4.8 Power Allocation of De-Centralized Sensing with N=10
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Figure 4.9 Power Allocation of Centralized Sensing with N=10
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Up to now, we consider 10 femtocell users in the M-BS coverage region and
we called that as sparsely deployed scenario. Now, we would like to investigate the
same approaches for densely deployed scenario with N=30, 50 and 80. As the
mentioned at the subsection 3.3.1.b, for densely deployed scenario, interference
between user i and other users are also considered. The total interference from other
users at user i is assumed equal to ¢. For the simulations, we assume that ¢ is equal
to mean of the total interference with initial power of the femtocell users equals to 1.
According to these assumptions, equation (3.28) is satisfied for the given N values
and active user selection has the near results with Fig.4.5. We omit these figures for
brevity. Effects of the number of users at the M-BS coverage area on power
consumption and SINR at each F-MSs are shown in figures Fig.4.10 and Fig.4.11

for de-centralized and centralized sensing, respectively.
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Figure 4.11 Power Allocation of Centralized Sensing with N=50

According to figures Fig.4.10 and Fig.4.11 more balanced SINR at the

F-MSs

could be obtained at de-centralized sensing scheme. At the centralized scheme, near

users have high SINR but the SINR is become lower to far users.

47



In Fig.4.12, SINR of each user versus different active users with de-
centralized sensing is shown. In this figure the interference threshold 7'y is equal to
20dB. It could be easily seen from the figure, when N=30, all F-MS hold positive
SINR values. When we increase the number of users, some users encountered with
negative value of SINR in decibel scale because of satisfying the total interference

at the M-BS could be smaller than the threshold value.
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Figure 4.12 SINR of Active Users at Iy =20dB with De-Centralized Sensing
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Effect of the distance between M-BS and square grid center D performed in

the Fig.4.13. Fig.4.13 shows that the increasing of distance between grid center and
M-BS, femtocell users waste low level of power.
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Comparison of the active user adaptation for the de-centralized and centralized
sensing scheme under densely deployed scenario with N=50 is performed for
FDMA and CDMA systems in Fig.4.14. The advantage of the spreading gain at the
CDMA systems could be seen in active user adaptation with de-centralized scheme
with respect to [27, equ. (2.2)]. In the simulations, we use L=128 spreading gain.
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In addition to that, we also obtain the SINR values and power consumption of
each user with de-centralized scheme at Fig. 4.15. Thanks to CDMA spreading gain
L, the instant SINR of each user has high levels furthermore, the power

consumption levels of users have same manner with FDMA systems.
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5. CONCLUSIONS

In this thesis, we studied the adaptive power allocation for randomly activated
femtocell access points in a known covered area by macrocell base station and
mitigate interference from these activated femtocell base stations to macrocell base
station and femtocell mobile users. According to our system model, we have some
assumptions for tractability of the interference problem.

Femtocell has a significant impact on service quality with providing high data
rate and wide spectrum to a set of subscribers. According to increasing number of
subscribers and smart devices like smart phones, tablet pc, etc. operators have to
manage large amount of data traffic. Further, they have to serving with high data
rates and good quality thresholds for reducing the turnover subscriber number.
Femtocells could be a solution to this problem if and only if with efficient
interference management techniques. Effects of adaptive power control algorithm
for interference managing are shown with simulation results in this study. In these
results, we presented effects of femtocell access point number on the macrocell base
station capacity and how a femtocell base station handles core network traffic and
increase users signal strength without being a threat to other subscriber quality of
service.

In the first proposed model, femtocell users could reach their interference
threshold values with maximizing their signal strength and minimizing their
interference to macrocell user. In simulations, randomly activated femtocell users
have SINR threshold values with de-centralized sensing from M-BS. According to
results, mostly each user could reach its threshold SINR value for constant a=0.1
and Pareto optimal solution. In addition to that, power levels of users could
converge in a low number of iterations shown with figure.

In the second proposed macrocell interference constraint model, simulation
results shows macrocell base station could handle the limited number of users with
respect to its interference threshold value. If we would like to evaluate to the
centralized and de-centralized sensing schemes, de-centralized scheme could serve
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more users than the centralized scheme at low level interference threshold values.
Moreover, femtocell users have near instant SINR values at the de-centralized
scheme. This result could be used in system designer for high user dense areas.

On the other hand, M-BS location to the square grid of F-BSs is performed
and simulation results show that when the distance between femtocell users and
macrocell base station increase, the power consumption of the users decrease.
According to this outcome, could be used for determining frequency and available
area for fractional frequency reuse and resource partitioning interference mitigation
technique.

Lastly, we could mention about the performances of FDMA and CDMA
systems. In CDMA system, all users could be active in the given SINR threshold
values at M-BS with using de-centralized sensing. The major effect of this result is
spreading gain of the CDMA systems. The assumed orthogonal codes provide
effective resource allocation to users in the de-centralized scheme.

Future work of this study may include investigation of the solution of
optimum interference prices for SC-FDMA system with localized and interleaved
schemes. Furthermore, number of active users in each F-BS and number of multiple

antennas at the mobile station could be proposed in future studies.
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APPENDIX A: OPTIMAL SOLUTION of POWER

The optimal solution of the power vector is directly written at the equation
(3.33). Maximum or minimum point of the utility function could be found with
getting first derivative of the function with respect to desired to be obtained value
and equals it to 0. In the following equation, we do same structure for finding
optimum solution of power for each user according to utility function of each user

under the assumption of sparsely deployed scenario.
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