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Joint Subcarrier Allocation and Transmit Power Control
for OFDMA Femtocells

Student : Chiao Lee Advisors : Dr. Li-Chun Wang

Institute of Communication Engineering

National Chiao Tung University

Abstract

It goes without saying that femtcoells are the important technology in the
next generation wireless networks since-the. femtocell can improve indoor
capacity and coverage with lower-power and less cost. However, as femtocells
become popular, the indoor and outdoor users suffer from the complicated
interference, including the-interference from macrocells and other femtocells.
Therefore, the femtocells pose a lot of challenge on managing the two-tier
interference in an autonomous and distributed manner. In this thesis, we
investigate how to distributedly select the subchannels for the OFDMA-based
femtocell systems to reduce interference, improve indoor capacity, and ensure
the link reliability requirement of indoor and outdoor user. We develop the
gain-oriented and interference-avoidance-oriented distributed channel selection
schemes. Simulation results show that the interference from the macrocell and
other femtocells significantly degrades both femtocell and macrocell user’s link
reliability and capacity. However, by properly adjusting the number of used
subchannels, the developed channel selection schemes can improve capacity
and ensure the link reliability.

Moreover, we analyze the outage probability of the distribution channel
selection for femtcoell with two-tier interference in OFDMA system. We can
calculate the femtocell outage probability if we know the information of
macrocell’s and neighboring femtocells’ location and the shadowing standard
deviation. Besides, we also analyze the relationship between the femtocell
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channel usage ratio and the macrocell radius. Therefore, we can know that in
what macrocell radius, how much channel usage ratio of femtocell should be
used.

Finally, We develop the joint sub-carrier allocation and power control
principle for OFDMA femtocells. We compare the channel usage ratio oriented
principle and transmit power oriented principle. Although the both principles
can satisfy the capacity, link reliability, and achieve the highest energy
efficiency for femtocell. The visimulation results shows that average adjusting
times of the channel usage ratio oriented method is lower than the transmit
power oriented method. The channel usage ratio effect on femtocell is different
from power control. We can consider that the channel usage ratio allocate and
limit the resource from whole wireless resource, and the power control
allocates and adjusts the resource under the limited wireless resource.

Overall, the contribution for femtocell in this thesis contains:

« Distributed channel selection prineciple: Develop the distributed channel

selection principles in different femtocell deployments and different macrocell
radius. In addition, we stggest that the macrocell and femtocell should or
should not use the same spectra by the existing probability of the outdoor users

and femtocell deployment.

* QOutage probability analyzing: Provide an analysis framework to analyze

theoutage probability of femtocell with two-tier interference in OFDMA
systems.

« Joint sub-carrier allocation and power control principle: Develop the

joint sub-carrier allocation and power control principle for femtocell to find the

suitable operating channel usage ratio and transmission power.

To summarize, this thesis discusses the channel selection, allocation of
sub-carrier for each subchannel, and power control in OFDMA femtocells,
which can provide important insight into the system design and deployment

principles for future femtocell systems.
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CHAPTER 1

Introduction

1.1 Problem and Solution

Cellular wireless systems have been used by over 1.4 billion subscribers. Cel-
lular systems were initially designed for only voice communications. The traditional
macrocell system serve theaisers in large coverage area with high transmission power.
However, the number of ‘cellular-usérs: continuously increases, and the applications
of cellular systems can also provide data services. Cellular users can use their hand-
sets for sending E-mail watching video, and browsing the internet. Obviously, the
traffic loading on the wireless. communications will become heavier in the future. In
addition, penetration loss reduce the signal strength in the indoor environments. For
example, basement or underground have the poor coverage for the mobile cellular
systems. Therefore, the heavier traffic loading and the dead zone of indoor region are
challenging for macrocells. The femtocell networks is considered as one of important
solutions for these problems in the traditional macrocell cellular systems [1].

It goes without saying that the femtocells will be widely employed in the
next generation wireless networks since the femtocells improve indoor capacity and
coverage. However, as the femtocells become popular, the indoor and outdoor users
suffer from the complicated two-tier interference, including the interference from the

macrocell and other femtocells. Therefore, the femtocells pose a lot of challenges on



managing the interference in an autonomous and distributed manner [2].

1.1.1 Distributed Channel Selection Principle for Femtocell

with Two-tier Interference

As femtocells become popular, the indoor and outdoor users suffer from the
complicated interference. Therefore, we investigate how to distributedly select the
subchannels for the OFDMA-based femtocell systems to reduce interference, improve
indoor capacity, and ensure the link reliability requirement for the indoor and outdoor
users. We develop the gain-oriented and interference-avoidance-oriented distributed
channel selection schemes. In the gain-oriented scheme, the femtocell selects the
subchannels with higher link gain to fransmit data. For the interference-avoidance-
oriented scheme, the femtogell chooses subchannels with lower interference. We com-
pare the two schemes with random selection scheme, which selects subchannels ran-

domly.

1.1.2 Analysis the Outage Probability of OFDM A-based Fem-

tocell

When femtocells are widely used in the future, the two-tier interference to
indoor and outdoor users must not be disregarded. Therefore, we are interested in the
QoS (Quality of Service) for femtocell users. By analyzing the outage probability of
OFDMA based femtocells, we can know that the outage probability for the femtocell
users, and the suitable channel usage ratio for femtocells [3]. We consider the effects of
pathloss, shadowing, and frequency selective fading. We discuss the random and gain-
oriented selection oriented methods. We apply order statistics theorem, to analyze

the femtocell outage probability.



1.1.3 The Joint Sub-carrier Allocation and Power Control
for Maximizing Energy Efficiency in OFDMA Based

Femtocells

In the femtocell networks, we are interested in what channel usage ratio and
the transmission power should be designed. In the viewpoint of the channel usage
ratio, when a femtocell uses a higher ratio of subchannel for sending information,
femtocell interfere to the macrocell’s and the other femtocells” users with high prob-
ability. However, if the femtocell transmit data with a low ratio of channel usage
ratio, a femtocell interfere other femtocell base stations with lower probability, but
will serve its users with low capacity. In the viewpoint of the transmission power,
when the femtocell face thesstrongly mactocell-to-femtocell interference, adjusting
the transmission power te.theshigher level is useful to ensure the link quality. Never-
theless, when the femtoeell face the femtocell-to-femtocell interference, adjusting the
transmission power to the large level is useless hecause the large transmission power
becomes the heavier interference to the other/femtocells. The others femtocell will
increase power to the higher level for ensure the link quality. Therefore, femtocells
compete with each other and increase the power level until to the highest level. In
this case, adjusting the femtocell with lower channel usage ratio is more useful than

increasing the transmission power to the higher level [4].

1.2 Thesis Outline

The rest of this thesis is organized as follows. Chapter 2 introduces the back-
ground of femtocell and the OFDMA systems. Chapter 3 shows the system archi-
tecture, channel models and SINR for the femtocell systems. In Chapter 4 and [5],

different distributed channel selection principle are proposed. We investigate the ef-



fect of two-tier interference in OFDMA femtocell systems with various sub-carrier
allocation methods. In Chapter 5, outage analysis for femtocells of OFDMA systems
with single carrier case are discussed. Chapter 6 discusses the analysis for femto-
cell outage in OFDMA systems in the multicarrier case. The joint transmit power
management and sub-carrier allocation for maximizing energy efficiency in OFDMA
based femtocells are shown in Chapter 7. Concluding remarks are given in Chapter

8.



CHAPTER 2

Background

2.1 Femtocell

2.1.1 The Concept of Femtocell

In cellular communications, femtocells. can be considered as a small cellular
base station. The femtocellisydesigned for the indoor areas like a home or campus/
community environments. It-connects to the network of service provider via broad-
band, like asymmetrical’digital subseriber. loop (ADSL) or cable networks. Today, 1
to 4 active mobile phones«n a residential setting;.and 8 to 16 active mobile phones in
enterprise settings are supported-in typical femitocell. The femtocell is a very promis-
ing technique to improve indoor coverage and capacity for the next-generation mobile
system with the benefits of low power, low cost, backward compatibility, and single-
mode device. The femtocell base station is a simple and low-priced plug-and-play
device with smaller coverage. This means that femtocell may have the opportunity
on using the licensed spectrum again in the indoor environments. Compared to the
macrocell base station, the femtocell base station can use lower power to achieve
higher data rate due to the shorter communication distance [6].

Femtocells operated in the licensed spectrum and may use the same or different
frequency as macrocells. Their coverage may overlap with a macrocell. Femtocells aim

to serve the public users like an open subscriber group (OSG), or to serve a closed



Figure 2.1: The'concept of femtocell.

subscriber group (CSG),”whichsis a“set-of subseribers authorized by the femtocell
owner or the network service:provider:— CSG can be modified by the service level

agreement between the subscriber and the network service provider [7,8].

2.1.2 Femtocell Subscription Types
A femtocell base station may belong to one of the following three subscription
types:

e Closed Subscriber Group Femtocell: A CSG femtocell is accessible only to the
mobile users, which belong to its CSG. Mobile users which are not the members

of the CSG should not try to access CSG femtocell.

e Open Subscriber Group Femtocell: An OSG femtocell is accessible to any mo-



bile users.

e Hybrid Subscriber Group Femtocell: A hybrid femtocell is primarily accessi-
ble to the mobile user that belongs to its CSG femtocell, while other mobile user
outside CSG femtocell may also access such femtocell, and will be served at lower
priority. Hybrid femtocell will provide services to such a mobile user as long as

the QoS of mobile users in its CSG is not compromised.

2.2 Orthogonal Frequency Division Multiple Ac-

cess

2.2.1 Basic Principle

Orthogonal frequency division multiplexing (OFDM) is a multiplexing tech-
nique that divides the "handwidth into multiple frequency sub-carriers. The input
data stream is divided into several parallel substreams of a reduced data rate and
each substream is modulated and transmitted on the separate orthogonal sub-carrier
in an OFDM system. The increased symbol duration improves the robustness of
OFDM to delay spread. Furthermore, the introduction of the cyclic prefix (CP) can
completely discard the inter-symbol interference (IST) when the CP duration is longer
than the channel delay spread. The CP is typically a repetition of the last samples
of data portion of the block that is appended to the beginning of the data payload.
Figure 2.2 shows the last v samples of data portion of the block with N samples.
The CP prevents the inter-block interference and makes the channel appear circular
and permits low-complexity frequency domain equalization. The drawback of CP is
that it increases overhead, and reduces bandwidth efficiency. Since OFDM has a

very sharp, almost “brick-wall” spectrum, a large fraction of the allocated channel
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Figure 2.2: Cyclic prefix withlast v samples'in.a OFDM data portion of the block.

bandwidth can be utilized for data transmission, which helps compensate the loss in
efficiency due to the cyclic prefix.

OFDM takes advantage of the frequeney diversity of the multipath channel
by coding and interleaving the‘information across the sub-carriers to transmissions.
OFDM modulation can be realized with the inverse fast Fourier transform (IFFT),
which enables a large number of sub-carriers and low complexity. Resources are avail-
able in the time domain by means of OFDM symbols and in the frequency domain
by means of sub-carriers in an OFDM system. The time and frequency resources
can be organized into subchannels for allocation to each users. Orthogonal frequency
division multiple access (OFDMA) is a multiple-access/multiplexing scheme that sup-
plies multiplexing operation of data streams from multiple users onto the downlink

subchannels and uplink multiple access by means of uplink subchannels.



2.2.2 Sub-carrier Permutation

Permutation is the way to allocate the sub-carrier in a subchannel. There
are two types of permutation: Continuous sub-carrier and randomly distributed sub-
carrier permutation methods. Figure 2.3 shows the continuous sub-carrier and ran-
domly distributed sub-carrier permutation methods. The usage of subchannel can
save the size of the header in MAC layer. For a 1024-point FFT, we need 10 bits to
allocate a sub-carrier. For a 64-QAM modulation, there are only 6 information bits in
a sub-carrier. The huge size for indexing sub-carrier is not practical. For a subchannel
with 18 sub-carriers, one can only use 6 bits to index the total 40 subchannels.

In the IEEE 802.16m evaluation methodology [9], the PUSC permutation is
suggested. PUSC is used together with the Wide-Beam Trisector Cell with Pentagon-
Shaped Sector antenna pattern. For comparisen, Band AMC is also discussed as the
adjacent type permutation, which is the continuous sub-carrier permutation method.
FUSC is suitable for the broadecast messages since FUSC uses the whole band of
bandwidth. The pilots are common among-all the subchannels. All the sectors must
sent all the sub-carriers and pilots into the-air. Usually FUSC is used with omni-

directional antenna in broadcast situation as shown in Table 2.1.

2.2.3 IEEE 802.16m WiMAX System

A scalable physical layer enables standard-based solutions to deliver optimum
performance in channel bandwidths ranging from 1.25 MHz to 20 MHz with fixed
sub-carrier spacing for both fixed and portable/mobile usage models, while keeping
the product with low cost. The architecture is based on a scalable subchannelization
structure with variable Fast Fourier Transform (FFT) sizes according to the channel
bandwidth. Coherence time, Doppler shift, and coherence bandwidth of the channel

forms the basis for the consideration of a scalable structure where the FFT sizes scale



Table 2.1: Permutation Types in WiMAX System.

Sub-carrier Permutation Type

Example

Randomly Distributed

PUSC (Partial Usage of the Sub-carrier)
OPUSC (Optional PUSC)
FUSC/ (Full Usage of the Sub-carrier)

OFUSC (Optional FUSC)

Continuous

Band AMC (Band Adaptive Modulation and Coding)

10
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Table 2.2: OFDMA scalability parameters.

Parameters Values
System bandwidth(MHz) 1.25 5 10 20 |35 7 | 875
Sampling factor 28/25 8/7

Sampling frequency(MHz) 1.4 56  11.2 224 | 4 8 10
Sampling time(nsec) 714.3 178.6 89.3 44.6 | 250 125 | 100
FFT size 128 512 1024 2048 | 512 1024 | 1024
Sub-carrier frequency spacing (kHz) 10.93 128 102.4
Guard time 11.4 16 12.8
OFDMA symbol time 102.8 144 115.2

with bandwidth to keep thesub-carrier spacing fixed. Table 2.2 shows the scalability

range proposed in the corresponding 802.16 standard.

2.2.4 3GPP Long Term Evolution (LTE)

Long term evolution (LTE) is the project name of the 3-rd generation part-

nership project (3GPP). LTE is designed to increase the capacity in mobile telephone

networks. The LTE specification provides downlink peak rates of at least 100 Mbps,

an uplink of at least 50 Mbps and a frame time is less than 10 ms. LTE supports

scalable carrier bandwidths, from 1.4 MHz to 20 MHz and supports both frequency

division duplexing (FDD) and time division duplexing (TDD). Part of the LTE stan-

dard is the system architecture evolution, a flat IP-based network architecture de-

12



Table 2.3: LTE parameters in femtocell system.

Parameter Assumption
Operating frequency same/different as macrocell
System bandwidth 10 MHz
Channel bandwidth same as macrocell
Min separation MS to femtocell 20 cm
Number of Tx antennas 1 (baseline) / 2x2 MIMO (optional)
Number of Rx antennas 2
Antenna gain 0/3/5 dBi
Exterior wall penetration-loss 10/20 dB
Log-normal shadowing.standard deviation 4 dB in rural / 10 dB in urban
Noise figure 8 dB
Min/Max Tx power 0/20 dBm

signed to replace the general packet radio service (GPRS) core network and ensure
support for some old communication system or non-3GPP systems, like GPRS and
WiMax. The main advantages with LTE are high throughput, low latency, plug and
play, FDD and TDD in the same platform, an improved end-user experience and a
simple architecture resulting in low operating costs. The next step for LTE evolution
is LTE Advanced and is currently being standardized in 3GPP Release 10. Table 2.3

show the femtocell parameters in LTE system.
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2.3 Literature Survey

2.3.1 Distributed Channel Selection Principle for Femtocell

with Two-tier Interference

In the literature, the capacity and coverage of femtocells are studied in some
depth. The work in [1] investigated the capacity of a CDMA-based femtocell, with
considering the transmit power configuration for femtocells. In [3], the capacity and
coverage for the OFDMA-based femtocell was investigated. Both the work in [1]
and [3] considered a full-loaded case. That is, the femtocell users are busy all the
time and use the whole spectrum to transmit their data. In addition, the channel
selection is not considered. In [10]; the authors compared channel selection methods
in a OFDMA-based femtoeell system. In [10].. the whole spectrum is divided into
three segments, and each femtoeell user can choose one segment. However, only the
femtocell-to-femtocell interference is considered in-{10].

Different from the'worksan [1;3,10]; this thesis develops the distributed channel
selection schemes for the OFDMA-based femtoeell networks with considering two-tier
interference. In addition, the impact of the number of the subchannels allowed to be

used by a femtocell user on link reliability and capacity is investigated.

2.3.2 OQOutage Probability Analysis for OFDMA-based Fem-

tocell

In [11], the concept of OFDMA system and WiMAX was introduced. In [12],
the outage probability of CSMA-based wireless local area network. The mathematical
methods for the CSMA-based wireless local area network are modeled in the paper.
In [13], it developed an uplink capacity analysis and interference avoidance strategy

in such a two-tier CDMA network. The capacity analysis characterized the uplink

14



outage probability, accounting for power control, path loss and shadowing effects.
Compare to these works in [11-13], this thesis analyze the outage probability

for OFDMA-based femtocell networks with considering two-tier interference. Besides,

the relationship between the femtocell channel usage ratio and the macrocell radius

are also analyze in the thesis.

2.3.3 The Joint Sub-carrier Allocation and Power Control for
Maximizing Energy Efficiency in OFDMA-Based Fem-

tocells

The work in [14] illustrated the power control from the downlink reception
power of pilot sub-carrier. The upper/lower limit value of the transmit power are
considered in this work. In [15};-to-achieve the tradeoff between energy efficiency and
goodput, they suggested-a fast channel-driven.raté and power adaptation algorithm.
They developed a physical/mediunt access control cross-layer analytical method to
evaluate goodput and energy: efficiency. In [16}, this paper derived a fundamental
relation providing the largest, feasible cellular Signal-to-Interference-Plus-Noise Ratio
(SINR), given any set of feasible femtocell SINRs. It provided a link budget analysis
which enables simple and accurate performance insights in a two-tier network.

Different from the works in [14-16], this thesis proposes the joint sub-carrier
allocation and power control for maximizing energy efficiency in OFDMA-based fem-
tocells. Moreover, the channel usage ratio oriented method and transmit power ori-

ented method are discussed in this thesis.

15
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CHAPTER 3

System Models

3.1 System Architecture

We consider the OFDMA-based femtocell system in the campus/community
environment as shows in Fig. 3.1. We eensider the regular grid topology of 25 femto-
cells. This group of 25 femtocells is uniformly distributed in the macrocell with the
coverage radius D), of 500 m. The house size is 10 meters x 10 meters. Each house
has four rooms, and the femtocell base station is located at the bottom-left corner
of the top-right room with a (0.4 m, 0.1 m) shift-from the center of the house. The
separation distance between two neighboring femtocell base stations is dsy (m). Each
femtocell serves one user uniformly distributed in the house. In addition, we assume
that there is at most one outdoor user around the considered femtocell. The outdoor
user is uniformly distributed in the outdoor region with radius (ds; — 10)/2 of the
center femtocell, as shown in Fig. 3.2.

We consider the exclusive spectrum and shared spectrum allocation schemes.
In the exclusive spectrum allocation scheme, macrocell and femtocell systems have
different frequency bands, each allocated with 10 MHz bandwidth. With the shared
spectrum allocation scheme, macrocell and femtocell systems are allocated with the
same 10-MHz spectrum. The exclusive spectrum allocation scheme can reduce mutual

interference, but may have lower spectrum efficiency. On the contrary, the shared



spectrum scheme can increase the spectrum efficiency. Nevertheless, this scheme
faces the serious two-tier interference.

We consider the CSG and OSG access methods for femtocells in the shared-
spectrum allocation scheme. The CSG femtocell system can serve only the authorized
users, and thus the system has better privacy and security. However, the unauthorized
users can not access the CSG femtocell base station, even if the femtocell can provide
stronger signal than the macrocell. Consequently, the unauthorized user may suffer a
stronger interference from the CSG femtocells. The OSG femtocell system is open for
all the users, and the outdoor user can select the stronger signal among the macrocell
and the closest femtocell. Therefore, the outdoor user can have better signal quality
and link reliability. Nevertheless, the privacy and security are difficult issues for the
OSG access method. Beside, the OSG method may result in frequent unnecessary
handoffs between femtocéells' and - macrocells.

The OFDMA-based ‘femtocell system experiences two-tier interference. This
paper considers the downlink case. “As shown in-Fig. 3.1, an indoor femtocell user
has the interference from the 'macrocell'and adjacent femtocells. Fig. 3.2 shows the
interference for the outdoor users. If-served by the macrocell, the outdoor user has the
interference from all adjacent femtocells. As connecting to the femtocell, the outdoor

user suffers the macro-to-femto and femto-to-femto interference, as shown in Fig. 3.2.

3.1.1 Location-Aware Femtocells

Location awareness can help reduce the interference from femtocells to the
outdoor users. With the capability of location awareness, the femtocells are aware
of the location of outdoor users. Therefore, if there is an outdoor user near the
considered femtocell, this femtocell should decrease the used sub-carriers to reduce

the interference to the outdoor users. The IEEE 802.16m system has the location
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capability to accurately estimate and report the location of the outdoor user, as stated
in the system description document (SDD) [17]. The location capability combined
with network level signaling for supporting the location based services (LBS) and
emergency location services (such as E-911 calls) can be also used to implement the
location-aware femtocells [18].

The IEEE 802.16m system provides four positioning methods in: the network-
determining, MS-determining, femtocell-detecting, and global-positioning-system-based
methods [17]. For example, in the network-determining method, the system can mea-
sure the uplink time of arrival (TOA) and angle of arrival (AOA) to locate the outdoor
user by the cooperation of several macrocells. These measurements can be supported
via existing uplink transmissions (e.g. ranging sequence) or the signals used for the
LBS measurements. The implementation-ofthe location determination is out of the
scope of this paper. The detailed information can be obtained in the IEEE 802.16m

system description document.

3.2 Radio Channel Effects

This paper considers the impacts of pathloss, shadowing and frequency selec-

tive fading channel as follows.

e Pathloss: The pathloss decays with the propagation distance d between the trans-
mitter and the receiver [19,20]. That is,

Lrg(d) = 201log,,(44) | for d < d
L(d) = rs(d) g10(57) S app (3.1)
Lps(dBp) + 35 lOglO( d ) , for d > dBp

dgp
where \ is the wavelength of operating frequency. The break point distance is
dpp = 5 m for the indoor link and 30 m for the outdoor-to-indoor link. Lpg(d) is

the free space pathloss.
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Figure 3.3: Time domain response of Stanford University interim channel model type

3 (SUI-3).
e Penetration Loss: The penetration loss is.assumed to be 5 dB per internal wall

for indoor link; and 10 dB per external wall for outdoor-to-indoor link [10].

e Shadowing: Shadowing is modeled by a logsmermal random variable 10%, where

X is a Gaussian distributed random variable with zero mean. The standard devi-

ation is 5 dB for the indoor'link between the femtocell and the indoor user; and

10 dB for the other links.
e Frequency-Selective Multi-Path Fading: Figure 3.3 shows that the frequency-
selective multi-path fading is described by the Stanford University interim-3 (SUI-

3) channel model, which assumes 3 taps with non-uniform delays [21].

3.3 Exponential Effective SINR Mapping (EESM)

We consider the two-tier interference including the femto-to-femto, macro-to-

femto, femto-to-macro interference. Let P;,, and pgk% be the transmission power of
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macrocell and that of the k-th femtocell at the m-th sub-carrier of the j-th subchannel.
Moreover, Ggs and Gpg are the antenna gains of macrocell and femtocell. The
channel gain between macrocell and the considered user is Hj,,, and that between the
k-th femtocell and the considered user is hg»izl, which include the effects of shadowing
and frequency-selective multi-path fading. Therefore, the signal to interference-and-
noise ratio (SINR) of the m-th sub-carrier in the j-th subchannel for the user served

by macrocell is defined as
PjmGpsHjm
L(D)
)
Kok Grshl)

1;1 T L) 2+ No

Ljm =

(3.2)

where the first term of the denominator is the total interference from K neighboring
femtocells, L(d) is the path-logs,"and-Ny'is.the noise power. The SINR of the m-th

sub-carrier in the j-th subchannel for thewser served by the i-th femtocell is defined

as
el
L L(d;
O (ci) : (3.3)
J,m K (k)G h(k)
PrimGBsHjm 1 Z PG FShym + N,
L(D) L U T(dk) 0
k=1k#i

where the denominator considers the interference from the macrocell and the neigh-
boring femtocells.

The exponential effective SINR mapping (EESM) method is to map a vector
of the per sub-carrier SINR level to a single AWGN-equivalent SINR [22]. Suppose
that there are M individual sub-carriers in a subchannel with the SINR for each sub-
carrier {y1,72,...,7m}. The AWGN-equivalent SINR for the subchannel j can be

expressed as
M

1 _am
ryefﬁj(ryl?r}?? s 7,YM) - _ﬁln<M Z e 8 )7 (34)

m=1

where [ is an EESM calibration factor to minimize the mean square error between the

effective SINR calculated by EESM method and the equivalent SINR obtained from
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Table 3.1: Modulation Coding Schemes and EESM parameter ().

Code Rate Spectrum  Minimum EESM

Modulation (Repetition: Efficiency SINR factor

default=1) o (bit/s/Hz) (8, dB)
QPSK 1/2(4) 0.25 -2.5dB  2.18
QPSK 1/2(2) 0.5 0.5 dB 2.28
QPSK 1/2 1 3.5 dB 2.46
QPSK 3/4 1.5 6.5 dB 2.56
16-QAM 1/2 2 9 dB 7.45
16-QAM 3/4 3 12.5 dB 8.93
64-QAM 1/2 3 14.5 dB 11.31
64-QAM 2/3 4 16.5 dB 13.8
64-QAM 3/4 4.5 18.5 dB 14.71

simulation. Table 3.1 shows the considered modulation coding schemes (MCS), the
corresponding SINR threshold, and the EESM parameter 3. According to Table 3.1,

we can determine the MCS and the spectrum efficiency o; for the used channel with

the effective SINR ~err (71,725 -+, YMm)-
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3.4 Performance Metrics

3.4.1 Link Reliability

The link reliability is the probability that effective SINR for the considered
user is greater than a predefined SINR threshold v;,. Consider that there are total J
subchannels. We define the subchannel usage ratio p as the ratio of used subchannels
to the total subchannels. One user selects pJ subchannels for downlink transmission.
Let ¢; denote the utility function. According to the channel selection scheme, if the
subchannel j is selected to transmit data, ¢; = 1; otherwise, ¢; = 0. Then, we define

the average link reliability for the considered user as

bl
- 1
P p_J E LA verr >} (3.5)
=1

where P {7.ss; >} is the linkreliability of the j-th subchannel. The SINR threshold

i, means the minimum-SINR requirement for data transmission.

3.4.2 Femtocell Capacity

The femtocell capacity C' is defined as the average throughput of a femtocell,
which depends on the channel selection scheme, the number of used subchannels, and
the adopted MCS of each subchannel. According to the equivalent SINR 7.sf; from
the EESM method, we can determine the used MCS and then the spectrum efficiency
0j. Assume that B,, is the bandwidth of a sub-carrier and there are M sub-carriers
in a subchannel. The subchannel bandwidth is B; = M B,,. Then, the femtocell

capacity is equal to

J
1
C= 1—|——G ]Z_;&ijjO'j, (36)
where G is the guard fraction.
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3.4.3 Effective Spectrum Efficiency

The effective spectrum efficiency of the exclusive and shared spectrum allo-
cation schemes for the femtocells are calculated in the following. In the exclusive-
spectrum scheme, the total allocated bandwidth is 2B since the femtocells and macro-
cells are allocated with different frequency bands. Assume that the achieved femto-
cell capacity under the link reliability requirement is C,,. The effective spectrum

efficiency of one femtocell in the exclusive-spectrum scheme is defined as

O@ZL‘
SEe = 55 (3.7)

In the shared spectrum scheme, the femtocells use the same frequency band of band-
width B as the macrocells. Let Oy be the achieved capacity of one femtocell with
the link reliability requirement. Therefore, the.effective spectrum efficiency for the

shared- spectrum scheme is de———ned as

Csh

SEs, = =

(3.8)

Indeed, SE., and SEg,. defined in (3:7) and (3.8) are the measurements of
spectrum efficiency improvement by one femtocell. Although the effective spectrum
efficiency SE., and SFEy, are not the actual spectrum efficiency of a heterogeneous
macrocell /femtocell system, they can be used to quantitatively compare the spectrum
efficiency of the exclusive and shared allocation schemes. Intuitively, with the double
bandwidth, the exclusive-spectrum allocation scheme may have less spectrum effi-
ciency than the shared scheme. However, in the shared-spectrum scheme, femtocells
must reduce the used sub-carriers for ensuring the link reliability of all the users. This
signi  cantly reduces the effective spectrum efficiency. Hence, we suggest employ-
ing the location awareness capability in the femtocell system to improve the effective

spectrum efficiency of the shared spectrum scheme.
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Thanks to the location awareness capability as discussed in Section 3.1.1, the
femtocells are aware of the existence of an outdoor user. Therefore, only the fem-
tocells close to the outdoor user should decrease the used sub-carriers to reduce the
interference. In this situation, the achieved femtocell capacity is Csn1. On the con-
trary, the femtocells far away from the outdoor user can still use more sub-carriers
with higher capacity Cyno. Suppose that for the considered femtocell, the probability
that there is an outdoor user around it is p. Therefore, with the location awareness,

the average spectrum efficiency for the shared scheme can increase to

pCsn1 + (1 —p)Cono

SEps = i

(3.9)

The existing probability p of outdoor user around a femtocell depends on the pop-
ulation density, femtocell density, femtoecell transmission power and so on. This

probability can be estimated from the long-term statistics.
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CHAPTER 4

Distributed Channel Selection for

Femtocell with Two-tier Interference

4.1 Femtocell Capacity Maximization

Capacity and link reliability are bothiessential factors in the distributed chan-
nel selection principle for.the OEDMA-based femfocell systems. From a link reliability
perspective, decreasing.the ' number of subchannels allocated to a femtocell can de-
crease the interference for the usersiaround the femtocells. However, from the link
capacity standpoint, increasing the number of 'subchannels allocated to a femtocell
can provide higher data rate:

To improve the tradeoff between capacity and link reliability, we formulate
an optimization problem to determine the optimal number of subchannels allocated
to a femtocell, aiming to maximize femtocell capacity subject to the link reliability
requirement of indoor and outdoor users.

The decision variable in the optimization problem is the channel usage ratio
p. Based on these considerations, we formulate the capacity maximization issue as a
nonlinear programming problem in the following:

J

1

WX O = g 2P0 (1)
]:



subject to:
1
p=7 > s (4.2)
j=1

P, > Rely, (4.3)

where ¢; € {0, 1}, and Rely, is the link reliability requirement for all the users.

4.2 Distributed Channel Selection Scheme

We develop two distributed channel selection principles for the femtocell sys-
tems [23]: the gain-oriented and.interference-avoidance-oriented channel selection
schemes. The first scheme aims to transmit.data in the subchannel with higher
link gain. By contrary, the second one transmits'data in the subchannel with lower
interference. Both schemes operate in-a distributed manner. Each femtocell can se-
lect the subchannels for transmission by itself. The key parameter is the subchannel
usage ratio p as shown in’(7.1)7 We detail the developed channel selection schemes

as follows [24].

4.2.1 Max-Min Gain-Oriented Subchannel Selection Scheme

We explain the procedures in the following.
(S1) Compare the link gain of individual sub-carrier in a subchannel. The minimum

sub-carrier link gain in a subchannel is

_ ' (@) -
hj = min M{hjym}, forj=1,...,J (4.4)

m=1,2,...,

where M is the total number of sub-carriers in a subchannel, and .J is the the total

number of subchannels.
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(S2) Number all the subchannels according to the minimum sub-carrier link gain, by
the order hy > hy > ... > h,; > ... > hy.

(S3) Select the first pJ subchannels with higher link gain for transmission. That is,
i-th subchannel will be selected, if h; > h,;.

For example, there are 4 subchannels in the OFDMA-based femtocell system,
and each subchannel has 3 sub-carriers. The link gains for the sub-carriers in each
subchannel are SCH; = {0.2, 0.5, 0.4}, SCHy = {-1.4, -0.3, -0.6}, SCH3 = {-0.1,
0.7, 1.1} and SCHy = {-0.4, -0.8, 0.3} (dB), respectively. According to (S1), the
minimum link gain h; for four subchannels are {0.2, -1.4, -0.1, -0.8} (dB). Assume
that we need to choose two subchannels for transmission. Then, according to (S2)
and (S3), we select SCH; and SC' Hj since these subchannels have higher minimum

link gains.

4.2.2 Max-Avg Gain-Oriented Subchannel Selection Scheme

This scheme seleets the subchannels.according to the average sub-carrier link
gain.

(S1) Compute the average subscarrier link gain of each subchannel.

M
1 .
hj:MEjhngn, forj=1,...,J. (4.5)
m=1

(S2) Number all the subchannels according to the average sub-carrier link gain, by
the order hy > hy > ... > h,; > ... > hy.
(S3) Follow the step (S3) in Section 4.2.1.

Consider the example in Section 4.2.1. The average link gain h; for the four
subchannels are {0.37, -0.74, 0.59, -0.28} (dB), respectively. Following (S2) and (S3)
in Section 4.2.1, we will select SC H; and SC Hj, since these subchannels have higher

average link gain.
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4.2.3 Min-Max Interference Avoidance Subchannel Selection

Scheme

The procedures are described in the following. We consider the interference
from macrocell and other femtocells.
(S1) Compare the interference of each sub-carrier in a subchannel. The maximum
interference for the sub-carriers in a subchannel is

K k k
-Pj,mGBSHj,m Z p§,r31GFSh§,7)n}

I; = maxr { L{dy)

m=1,2,....M L(D) (4-6)

k=1,k#i
(S2) Number all the subchannels according to the maximum sub-carrier interference,
by the order I < I, < ... < [,; < ... <.
(S3) Select the first pJ subchanmels withslower interference for transmission. That
is, i-th subchannel will besselécted jif ;- </ )5

Assume that the total interference power for the sub-carriers in each subchan-
nel are SCH; = {-70, -91, -83}, SCH, = {-81,-72; -102}, SCH3 = {-81, -113, -102}
and SCH, = {-89, -108,-75} (dBm); respectively. According to (S1), the maximum
sub-carrier interference I; forfour subchannels are {-70, -72, -81, -75} (dBm). Ac-
cording to (S2) and (S3), we will select 'SCHs and SCH, due to lower maximum

interference.

4.2.4 Min-Avg Interference Avoidance Subchannel Selection

Scheme

This scheme selects the subchannels according to the average interference for
the sub-carriers of a subchannel.

(S1) Compute the average interference of a subchannel.

M K (k) (k)

1 P .GpsH; D Grsh;

[' — J,m J,m J,m 7,1 . 47

TN By D Dl 5 (47)
m=1 k=1,k#i
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(S2) Number all the subchannels according to the average interference, by the order
L<L<.. <I;<..<I.
(S3) Follow the step (S3) in Section 4.2.3.

Considering the example in Section 4.2.3, the average interference /; for four
subchannels are {-74.5, -76.3, -85.7, -79.6} (dBm). Then, following (S2) and (S3), we

select SCH3 and SC'H, due to lower average interference power.

4.3 Simulation Results

We investigate the downlink capacity and link reliability of the OFDMA-based
femtocells by simulations. We consider the shared spectrum allocation and the ex-
clusive spectrum allocation sehemes for-the femtocells and macrocell. In the shared
spectrum allocation scheme, we-consider a fully=loaded macrocell system where the
macrocell uses all the subcahnnels to send data. Hence, the macrocell must interfere
with the femtocell on each subchannel. We assume the femtocell layout as shown in
Fig. 3.1. There are 24 femtocells around the ¢onsidered femtocell, and the group of
25 femtocells is uniformly distributed in.a-macrocell with the coverage of 500 meters.
The separation distance between femtocells is dsy = 20 m, unless otherwise speci-
fied. The nominal system parameters are listed in Table 4.1. There are total J = 40
subchannels. The link reliability requirement is Rely, = 90%. The SINR threshold
for link reliability is v, = —2.5 dB as an example. Based on the above simulation
setup, we compare the gain-oriented and interference-avoidance-oriented distributed

channel selection schemes.
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Table 4.1: Parameters in the OFDMA-based IEEE 802.16m WiMAX sys-

tem.
Parameter Value
Carrier frequency 2.5 GHz
mBS/fBS Tx power 43,14 dBm
Noise figure (mBS/fBS/MS) 5dB/7dB/5dB
mBS radius; 1Dy, 500 m

Separation distance between {BSs, d, 20 m/40 m

Antenna gain (mBS/fBS/MS) 8dB/3dB/3dB
System bandwidth 10 MHz
Sampling frequency 11.2 MHz

FFT size 1024
sub-carrier bandwidth, B; 10.9375 kHz

Number of null/pilot/data sub-carriers 184,120,720

Number of subchannels, J 40
sub-carriers of each subchannel, M 18
Link reliability requirement, Rely, 90%
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4.3.1 Link Reliability and Capacity in Exclusive Spectrum

Allocation

Figure 4.1 shows the femtocell link reliability against the channels usage ratio
p for the exclusive spectrum allocation schemes, where ds; = 20 m. In the figure, the
femto-to-femto interference significantly affects the link reliability. As the channel
usage ratio p increases, the link reliability probability decreases due to the increasing
interference from other femtocells. Compared to the random selection scheme, the
developed distributed channel selection schemes has better link reliability. There-
fore, given the link reliability requirement, the developed channel selection schemes
can use more subchannels. In this example, under the link reliability requirement
P > 90%, the maximum allowable channel usage ratio of the random selection
scheme is 0.8. The maximum’ allowables.channelrusage ratio of the developed channel
selection scheme can increase to-0.9. "The figure also shows that for a lower p, the
interference-avoidance-oriented schemie can choose .the subchannels with lower inter-
ference to improve the link reliability. However,/with a higher p, the femtocell will use
almost all the subchannels;’and.the interference from neighboring cannot be avoided.
In this situation, the gain-oriented scheme to select the subchannel with higher gain
can achieve higher link reliability.

Figure 4.2 shows the femtocell capacity against the channel usage ratio p in
the exclusive spectrum scheme, where d ; = 20 m. In general, as the femtocell uses
more data subchannels with a larger p, the femtocell can provide higher capacity.
Noteworthily, the capacity for the gain-oriented scheme is the concave function of
p. In this example, the optimal femtocell capacity is 10.7 Mbps at p = 0.8. This
is because as p increases to a larger value, the increasing femto-to-femto interference
degrades link reliability and thereby diminishes the femtocell capacity. In this figure,

the proposed channel selection schemes can achieve higher capacity than the random
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selection scheme. For example, if the link reliability requirement P,.; > 90% is given,
the gain-oriented channel selection scheme with p = 0.8 can achieve 17% higher
femtocell capacity than the random selection scheme with p = 0.8. This figure also
shows that the interference-avoidance-oriented channel selection scheme has higher
femtocell capacity for the case with a lower p. With a lower p, each femtocell only uses
a fewer subchannels The interference-avoidance-oriented channel selection scheme can
choose the subchannels with lower interference. In this case, the link reliability and
then the femtocell capacity can be improved.

In Figs. 4.1 and 4.2, it is shown that the Max-Min and Max-Avg methods
for gain-oriented scheme have comparable link reliability and femtocell capacity. In
the interference-avoidance-oriented scheme, the performance of Min-Max method and

that of Min-Avg method are almost the same:

4.3.2 Link Reliability and Capacity in Shared Spectrum Al-

location

Figure 4.3 illustrates. the.indoor user’sreliability probability for various chan-
nel usage ratio p, where ds; = 20 m." We consider the shared spectrum allocation
scheme and two-tier interference. Compared to Fig. 4.1, this figure shows that the
interference from macrocell remarkably degrades the link reliability of indoor user.
For example, the link reliability probability for the random channel selection scheme
at p = 0.8 decreases by 8% as the macrocell and femtocells share the same spectrum.
It is shown that the proposed channel selection schemes still can improve the link re-
liability. The gain-oriented selection scheme has higher link reliability. In the shared
spectrum scheme, it can be observed from the simulation results that the macro-to-
femto interference dominates the two-tier interference. Since the macrocell uses all

the subchannels to serve macrocell users, the interference from macrocell cannot be
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avoided. In this situation, the gain-orient selection scheme to select the subchannels
with higher link gain can achieve better link reliability. Therefore, under a link re-
liability requirement, the gain-oriented selection scheme can use more subchannels
with higher femtocell capacity. For example, the channel usage ratio p for the ran-
dom selection scheme should be less than 0.3 to meet the link reliability requirement
P, > 90%. The gain-oriented selection scheme can use nearly twice subchannels for
data transmission.

Figure 4.4 illustrates the outdoor user’s reliability probability for the various
number of data subchannels in femtocells, where dsy = 20 m. Compare to the Fig
4.3, this figure shows that interference from femtocells remarkably degrades the out-
door link reliability. When femtcoells increase channel usage ratio p, the interference
effect on the outdoor user’sdink-reliabilitysignificantly. Therefore, femtocell have to
decrease the transmitted . subchannels by a low value for ensuring the macrocell user’s
link reliability requiremeént P = 90%. In this case, the shared spectrum allocation
scheme and two-tier interference are considered...We compare different distributed
channel selection schemes and different subscription types. In this figure, the OSG
femtocell can allow more subchannels.for transmission than CSG femtocell under the
condition of the macrocell user’s link reliability requirement. When the outdoor users
face to the two-tier interference, the OSG femtocell can provide a opportunity to
connect with stronger link no matter the femtocell or macrocell. However, if outdoor
user choose the femtocell for communication, the outdoor user have to face stronger
two-tier interference than indoor user without the protect by the wall. The CSG fem-
tocell can provide more subchannel for transmission by gain-oriented selection scheme
because that could makes the macrocell user transmit by different subchannel from
other femtocells. Moreover, if we consider the factor of distributed channel selection
schemes, we can find out the channel gain and interference-avoidance-oriented selec-

tion scheme provide different performance to OSG and CSG femtocells. The OSG
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femtocell can provide more subchannel for transmission by interference-avoidance-
oriented selection scheme. Because the femtocells will choose the different subchan-
nels from the neighboring femtocell by the interference-avoidance-oriented selection
scheme, the outdoor users have less interference when it connect to the femtocell. This
figure also shows that the performance of random selection scheme and gain-oriented
selection scheme are the same. For the outdoor user, each indoor user choose their
higher link gain is independent to each other and to the outdoor user. Therefore,
when the indoor user is served by the femtocell with gain-oriented selection scheme,
it is look like the randomly selection to the outdoor users.

Figure 4.5 shows the femtocell capacity for the various number of data sub-
channels in the shared spectrum allocation scheme, where dy; = 20 m. It is shown
that the macrocell-to-femtocellinterference degrades the femtocell capacity remark-
ably. Since the macrocellinterferes with the femtocell, the femtocell have to use fewer
subchannels to ensure link reliability. In this situation, the interference-avoidance-
oriented scheme is preferred, hecause it can effectively decrease interference and im-
prove capacity. In this case, under the-link reliability requirement P, > 90%. the
interference-avoidance-orientéd scheme-for-p = 0.5 can achieve 103% higher capacity

than the random selection scheme for p = 0.3.

4.3.3 Spectrum Efficiency Improvement by Location Aware-

ness

Figure 4.6 shows the average effective spectrum efficiency against the existing
probability of the outdoor user nearby the femtocell p. From Fig. 4.4, we know that
the femtocell has to pose their channel usage ratio p in a very low value for ensuring
the link reliability of outdoor users in the shared spectrum allocation scheme. There-

fore, effective spectrum efficiency of the femtocells in the shared spectrum allocation
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scheme are much lower than the femtocell in the exclusive spectrum allocation scheme.
However, if the femtocell has the capability of location awareness, then the femtocell
can reduce the channel usage ratio p only when the femtocell notice the outdoor users
is nearby this area. Therefore, the femtocell with location awareness capability can
make the effective spectrum efficiency of the shared spectrum allocation scheme has
probability higher than the exclusive spectrum allocation scheme. In this figure, if the
femtocell has the capability of location awareness, the effective spectrum efficiency
of the CSG and OSG femtocells decreases as the existing probability p increases.
Besides, the effective spectrum efficiency of the exclusive spectrum scheme has the
cross point with that of the shared spectrum scheme. The cross point corresponds
an existing probability of the outdoor user p*. That means that the shared spectrum
scheme has better effective spectrum efficiency than the exclusive spectrum scheme
as p < p*. Moreover, the eross points in Fig. 4.6 can be calculated as we assume the
average effective spectrum “efficiency of the shared spectrum scheme equals that of

the exclusive spectrum scheme.

4 pCshl + (]- - p)OshO Ny o Ceac
SEps = 5 = SE., = 5| (4.8)
p=p
Therefore, the cross point is calculated as
* C'shO - lCex
pf=—-2= (4.9)
C1shO - Cshl

4.3.4 Impacts of Location Awareness on Spectrum Efficiency

Figure 4.7 illustrates the spectrum efficiency versus the femtocell density in
different spectrum allocation schemes and different subscription types. This figure
shows that when the denser of femtocells deployment, the spectrum efficiency decrease
due to the heavier interference from the neighboring femtocells. In the exclusive spec-

trum allocation scheme, the existing probability of the outdoor user does not effect
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on the femtocell spectrum efficiency because the outdoor user and the femtocell user
are using the different spectra. When we consider the femtocell with the capability of
location awareness in the shared spectrum allocation scheme, the existing probability
of the outdoor user effect on the femtocell spectrum efficiency significantly. When
we assume that there are no outdoor users around the femtocell area, that means
the femtocell can provide as higher capacity as possible and do not consider the link
reliability of outdoor user. In this case, the shared spectrum allocation scheme can
achieve higher spectrum efficiency than exclusive spectrum allocation scheme. How-
ever, when the existing probability of the outdoor user is higher, and ensure the link
reliability of outdoor users, the spectrum efficiency in the shared spectrum alloca-
tion scheme is much lower than the exclusive spectrum allocation scheme no matter
the femtocell with the closed subscriber group or closed subscriber group. From the
Fig. 4.4, we know that femtocells have to .pose the transmission subchannels in a
very low value for ensuring the outdoor user’s-link quality. Therefore, The existing
probability of the outdoer user is a’important facter if we consider the macrocell and
femtocell are allocated in‘the same spectrum.

Figure 4.8 illustrates the proebability‘of outdoor user nearby the femtocell ver-
sus the femtocell density in different femtocell subscription types. When the femtocell
has the capability of location aware function, it means that the femtocell can get the
information that if the outdoor users are nearby the femtocell. The femtocell can
provide the highest capacity to their users if there is no outdoor user nearby and re-
duce the number of subchannels for transmission when the outdoor user is nearby the
femtocell. These lines in the Fig. 4.8 show that in what probability of outdoor user
nearby the femtocell, the shared spectrum and exclusive spectrum allocation scheme
have the same spectrum efficiency in the same density of femtocell deployment. This
lines also cut up the figure in three parts and these parts help us to know what is

the more suitable allocation scheme in each situations. For example, when we knows

44



that the density of femtocell is 1500 femtocells per 1km? and probability of outdoor
user nearby the femtocell is 60%, and it located in the upper area of this figure, then
we suggest that exclusive spectrum allocation scheme is suitable because the higher
capacity can be achieve in this allocation scheme. Moreover, When we knows that the
femtocell deployment and probability of outdoor user nearby the femtocell is located
in the middle or lower area of this figure, the shared spectrum allocation scheme can
make OSG femtocell with better spectrum efficiency. However, when we have to use
the CSG femtocell in shared spectrum allocation scheme, the femtocell deployment
and probability of outdoor user nearby the femtocell is located in the lower area of

this figure can provide the higher capacity than exclusive spectrum allocation scheme.

4.4 Conclusions

In this chapter, we developed the distributed channel selection principle to en-
sure the link reliability and improve capacity in the OFDMA-based femtocell systems.
We consider the impact on indoor user.and-outdoor user with different spectrum allo-
cation. For the femtocells, the femtocell-tosfemtocell and the macrocell-to-femtocell
interference significantly degrade the link reliability and capacity. We develop gain-
oriented and interference-avoidance-oriented channel selection principles to improve
capacity and link reliability. When we request the indoor user under the link reliabil-
ity requirement P,.; > 90%, the simulation results show that the developed channel
selection scheme can achieve at most 103% higher capacity than the random selection
scheme. Moreover, for guaranteeing the link quality of macrocell user, femtocells have
to use very low ratio of subchannels for transmission. However, location awareness
can help femtocells be aware of the location of outdoor users. Then femtocells can
reduce their channel usage ratio only when the outdoor users in the femtocells’ cov-

erage. Femtocells can service their user with whole capability without interfering the
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neighbour macrocell users. Furthermore, from the viewpoint of spectrum efficiency,
the exclusive spectrum allocation scheme is suitable for the area having outdoor user
with high probability. The shared spectrum allocation scheme can provide the higher

spectrum efficiency when the probability of serving outdoor users is low.
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CHAPTER 5

Analysis of Distributed Channel Selection
for Femtocell with Two-tier Interference:

Single Carrier Case

In this chapter, our goal.is-to-analyze the outage of femtocell with two-tier
interference in the single carrier case. Besides, we investigate the impacts of channel

usage ratio and the macrocell radius-on the outage probability of femtocell users.

5.1 Assumptions

5.1.1 Sub-carrier Allocation

There are two main categories of subchannel allocation scheme in OFDMA
systems: contiguous and randomly distributed sub-carrier permutation method. Con-
tiguous sub-carrier permutation allocates contiguous sub-carriers into one subchannel.
Randomly distributed sub-carrier permutation allocates non-contiguous sub-carriers
distributed over the entire bandwidth into subchannels. The objective of randomly
distributed permutations is to achieve the inter-cell interference averaging for the
moving users. The contiguous sub-carrier permutation is more suitable for the fixed

wireless communications. Femtocell is used for a small area and indoor environment



like campus/community environment. Therefore, the contiguous sub-carrier permu-

tation is better for the femtocell systems with the low mobility communication [25].

5.1.2 Radio Channel

Path loss and Penetration Loss

The path loss decays with the propagation distance d between the transmitter

and the receiver [19,20]. That is,

Lps(d) = 201log,,(4) | for d < d
Lpathloss(d) = FS( ) glO( A >d =0 s (51)
Lps(dBp) + 35 loglo( ) , for d > dBp

dgp
where )\ is the wavelength of operating frequency. The break point distance is dgp =
5 meters for the indoor link-and 30.meters for‘the outdoor-to-indoor link. Lgg(d) is
the free space pathloss.
The penetration-10ss Lpenetration 18 assumed to be 5 dB per internal wall for

indoor link, and 10 dB per external wall-for- outdoor-to-indoor link. That is,
Lpenetration = 5I/Vzn + 10Wout7 (52>

where the W;,, is the number of the crossed internal wall, and W,,,; is the number of
the crossed external wall.
From (5.1) and (5.2), we can know the pathloss and the penetration loss.

Therefore, the total loss by the transmission path is defined as
L(d) = Lpathloss<d) + Lpenet’/‘atian' (53)

Shadowing

Shadowing is modeled by a log-normal random variable 101%, where £ is a

Gaussian distributed random variable with zero mean. The standard deviation is 5
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dB for the indoor link between the femtocell and the indoor user, and 10 dB for the

other links.

Multipath Fading on Subchannel

Rayleigh fading is used in the outage probability analysis of femtocells with the
two-tier interference. Rayleigh fading characterizes the impact of multipath propaga-
tion distribution. The probability of density function for Rayleigh distributed random

variable h as
Fu(h) = 2he™"". (5.4)
Let Y = h?. Then the cumulative density function of Y can be written as

Fy(y)=1-—¢e7". (5.5)

5.1.3 Signal to Interference and Noise Ratio

We consider the two-tier‘interference including the femto-to-femto, macro-to-
femto, femto-to-macro interferenee. Let - ; be the transmission power of the k-th
base station at the j-th subchannel, respectively. Shadowing can be characterized by
a log-normal random variable 10%, where &, ; is a Gaussian random variable on the
j-th subchannel of the k-th femtocell. The subchannel gain between the k-th base
station and the considered user is y; ;. Therefore, the received signal power at the

femtocell mobile terminal can be written as [12,26,27]
$k,j
PiJ = Pk,jl()lioyk,j/L(rk). (56)

Assume that there are K base stations that include the (K — 1) femtocells and

a macrocell in the system, labeled from 2 to K. Let the desired user be indexed with
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1. Then the total interference Pj, received from the other (K — 1) base stations of

subchannel j can be expressed as

K
Py =Y eriPrl0 s/ L(ry), (5.7)
k=2

where ¢; is the utility function. If the subchannel j is selected to transmit data,
€j = 1; otherwise, ¢; = 0.
Then, the signal-to-interference noise ratio (SINR) on the j-th subchannel of

the first femtocell can be express as

Py

SINR = ——>—
Pr, + No

(5.8)

where Ny is the noise power.

5.2 Outage Probability of Single Femtocell

We consider a scenario ghat only a femtocell in this area, none other macrocell
or femtocells. By setting thewrequired received threshold v, the outage probability

can be expressed as
Poutage
= Pr[SNR < v

g
Py 10756 y; 5/ L(r;)

= Pr|
No

< Ven)

N, &ij
P;jm— o L(r;)]

= Pr[yi,j < Yt

R

] [

—o0 0

8

58 L(r)) fy (rs) fe(€)dride
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2

o R
_ 1 r 2 i 202
_ / /[1 'YthpO 10~ i3 L( z)] RZ \e/i d?‘ldf, (59)
—oo 0

where R is the cell radius and there are no other femtocells and macrocell in the

neighboring area.

5.3 QOutage Probability of Random Channel Selec-

tion Principle for Femtocell with Two-tier In-

terference

In this case, we consider the two-tier interference including the femto-to-femto,

macro-to-femto, femto-to-macro interference. (The effect of noise may be neglected

Ny = 0) in the interference limited system: Thus, the outage probability of

random selection principle for femtocell with two-tier interference can be written as

Poutzzge,random

= PI‘[S]RLJ' < ’Yth]
Pl,j 10£i‘j/10yi7j/L(’l“i)

K
S ek P 10530y, o/ L(ry)
fo—2

= PI‘[ < Vth]

Py ;105:3/10y ek j P j 10503/ 10y, -
T Y thz g

=P L)

]

k=2

€p.i Py k=615 L(r
= Prlyi; < v E ]le J10" 10 Lgri;yk’j]. (5.10)
J
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Let r = (ro,73,...,7x) and £ = (&, &3, ..., k). Then the outage probability of random

selection principle for femtocell user 1 can be written as

Poutage,random (7'17 51 |7“, 5)

I Ekjlh,j Pk ka 51] L(Tl)
0

0

. enyvj e enyyj . dy2 e dyK

o0 o0

:/.../ey‘m ey, - dyg
0o 0
[T exs b ML r
—/ /eXp Zyk] 1 + yen ]JD — 10 LEJ;W@?“'W
0 0 k=2 L.J k
K

= 1—H ! (5.11)

1, r
S (1 + A )

5.4 Outage Probability-of Gain-Oriented Channel
Selection Principle for Femtocell with Two-tier
Interference

In Section. 4.2, we develop the gain-oriented channel selection principle for
femtocell systems. The gain-oriented selection scheme aims to transmit data in the
subchannel with higher link gain. This selection scheme operate in a distributed
manner. Each femtocell can select the subchannels for transmission by itself. We

detail the gain-oriented selection schemes in Sections. 4.2.1 and 4.2.2.
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5.4.1 QOutage Probability of Maximal Link Gain Channel for

Femtocell with Two-tier Interference

We assume that the gain value of each subchannel is Rayleigh distribution.
Recall Equations 5.4 and 5.5 in Section 5.1.2, we can have the distribution of received

power Z as the cumulative density function of Z can be written as
fz(z) =¢e" (5.12)
Frp(z)=1—¢". (5.13)

Consider that there are total N subchannels. If we use only one sebchannel
for transmission, we will choose the highest link gain channel by the gain-oriented
selection scheme. In this casejlet-¥Y==ma&(z,, 22, ..., zy) and 21, 29, ..., zy are inde-
pendent and identically distributed (i.i.d.); then. the cumulative density function of

Y can be written as

FY(y) N P{Zl S Y, z2 S Y, -y ZN S y}

- thzg ,,,,, ZN(y,y7,y)

= (1—e )", (5.14)

and the probability density function is expressed as
d

fr(y) = d—yFY(Z/)

d
:—1— —y\N
-

= Ne ¥(1 —e¥)N 71, (5.15)
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Figure 5.1: Probability density function for the max channel gain selection.

Figure 5.4.1 shows that the probability density function of the maximal sub-
channel link gain selection from 1 subchannel, 2 subchannels, and 40 subchannels. It
also illustrates that if we can choose the maximal subchannel link gain from more
subchannels, then the higher probability we can choose the subchannel with higher
link.

When we assume all the femtocells with the capability of channel gain selection
function. The interference from macrocell and femtocells should be considered. In
this interference limited system, the effects of noise may be neglected. Thus, the

outage probability of maximal link gain selection principle for femtocell with two-tier
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interference can be written as
Poutaga(l—st) = PI[SNRLj < Vth]

Pl,j 10§i‘j/10yi’j/L(7’i)

= PI'[ e < "}/th]

1;2 €k, P 10950/ L(ry,)

Py ;10%0:3/10y, . €1 Py 105310y,
1,5 Yi,j thz k,j

L(r;) L(ry) ’]

il

K
€k Prj  ki—t1i L(r
= Prlyey < Y- b KL, ) (5.16)
k=2 b Tk

Let r = (ro,r3, ..., 7x) and & = (£2,&3,-+.,€x ). Then the outage probability of maximal

link gain selection principlefor femtocell user+1 can be written as

Poutage,(l—st) (Tla 51 |T7 5)

cpi By €ei=61.; L(ry o o
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1=0 ! k=2 (1+ (N — Z)Vth%m " L(Tk))

—

5.4.2 OQOutage Probability of n-th Highest Link Gain Channel

for Femtocell with Two-tier Interference

For the base station like femtocell, multiple subchannels are used in the same
time. According to the gain-oriented principle, femtocell uses the top higher sub-
channel for sending information. In addition, the total N subchannels are considered
in the femtocell system. If we use n subchannels for transmission, we choose the
1-st to n-th highest link gain channel by the gain-oriented selection scheme. In this
case, let Y = {y1,v2,...,yn} besthe order statistics of independent and identically
distributed (i.i.d.) randomiyvariable from. (21,2, ..., 2y) where y; < yo < ... < yp,

then the cumulative density funetion of Y, can be written as

N

P )= YA, ()lf — P (5.18)

= {
and the probability density function-is-expressed as

N!

W) = N i =1

22 = Fay))" (5.19)

In this case, the outage probability of n-th highest link gain selection principle

for femtocell with two-tier interference can be written as

Poutzzge, (n—th)

= PI"[SNRLj < /Yth]

P '10§i’j/10 i L T
RO g )

€k7ij7j10£k*j/10yk7j/L(Tk)
=2

= Pr|

k
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Let r = (ro,rs,...,rk) and & = (£2,&3,...,€k). Then the outage probability of n-th

highest link gain selection principle for femtocell user 1 can be written as

Poutage,(nfth) (7“1, 51 |T, 5)
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5.5 Simulation Results

We investigate the downlink outage of the OFDMA femtocells by analysis in
Sections 5.3 and 5.4. We consider the exclusive spectrum allocation and the shared
spectrum allocation schemes for the femtocells.and macrocell. The gain-oriented
distributed channel selection scheme and randomr selection scheme are considered.
We assume the femtocell'layout as'shown in Fig. 3:1. There are 24 femtocells around
the considered femtocell; and the group of 25 femtocells is uniformly distributed
in a macrocell with the coverage of-500-meters. The separation distances between
femtocells are dsy = 20 meters. The link reliability requirement is larger than 90%.

The nominal system parameters are listed in Table 4.1.

5.5.1 QOwutage Probability in Exclusive Spectrum Allocation

Fugure 5.2 shows the outage probability of different channels with different
highest link gain against the femtocell sub-channel usage ratio p with the exclusive
spectrum allocation, where dsy = 20 meters. This figure shows the femtocell-to-
femtocell interference in the exclusive spectrum allocation significantly impacts on

the outage probability. As the subchannel usage ratio increases, the outage prob-
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ability increases due to the increasing interference from other femtocells. In this
figure, the subchannel with higher link gain can achieve lower outage probability. If
the subchannel with the link gain is higher than the 15-th higher subchannel, those
subchannels can ensure the link reliability requirement larger than 90% while other
femtocell using all the subchannels. Compare to the random selection scheme, gain-
oriented selection scheme can guarantee at least 25 suchannels perform better than
randomly selection.

Fugure 5.3 shows the outage probability against the data sub-channel usage
ratio p with the exclusive spectrum allocation, where dsy = 20 meters. We consider
the two channel selection schemes: gain-oriented and random selection schemes. The
femtocell-to-femtocell interference in_the exclusive spectrum allocation significantly
impacts the link reliability probability. As.thie.channel usage ratio increases, the out-
age probability increases due fo the increasing interference from other femtocells. In
this figure, the gain-oriented selection scheme has.better performance than random
selection scheme. If we request the'‘outage probability requirement has to larger than
90%, the random selection scheme can-use-only channel usage ratio p = 0.4 for trans-
mission and the gain-oriented seleetion-schéme can transmission with channel usage
ratio p = 0.8. That means we can use 100% more subchannels for communications if

we use the gain-oriented selection scheme.

5.5.2 Outage Probability in Shared Spectrum Allocation

Fugure 5.4 shows the outage probability of different channels with different
highest link gain against the femtocell sub-channel usage ratio p with the shared
spectrum allocation, where dy; = 20 meters. The two-tier interference is considered.
Comparing Fig. 5.2, it is shown that the interference from macrocell significantly

effects on the link reliability, and the outage probability increases. For example, in
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Figure 5.2: Outage probability with exclusive spectrum allocation scheme in different

highest channel gain.
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Figure 5.3: Outage probability with exclusive spectrum allocation scheme in random

and channel-gain oriented selection schemes.
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Fig. 5.2, when we request the link reliability requirement has to larger than 90%, the
50% subchannels can be used. However, only 30% channel usage ratio can be used
when we allocate the macrocell and femtocells in the same spectrum.

Fugure 5.5 shows the outage probability against the data sub-channel usage
ratio p with the shared spectrum allocation, where d;; = 20 meters. We consider
the gain-oriented and random selection schemes. Compared to Fig. 5.3, it is shown
that the two-tier interference significantly impacts the link reliability probability.
Random selection scheme can use 40% channel usage ratio for communication and
guarantee the link reliability in the exclusive spectrum allocation scheme, but only
30% can use in the shared spectrum allocation scheme. That means femtocell use
25% lower subchannels because the extra interference from the macrocell. In addition,
this figure illustrates the gain=oriented selection scheme has better performance than
random selection scheme.y If we tequest the outage probability requirement has to
larger than 90%, the random selection scheme can. use only channel usage ratio p =
0.3 for transmission and the gaincoriented selection scheme can transmission with
channel usage ratio p =+0.7.»That means wé can use 133% more subchannels for

communication if we use the/gain=eriented selection scheme.

5.5.3 Impact of Macrocell Radius and Femtocell Channel Us-
age Ratio

In this subsection, we are interest in the relationship between the macrocell and
the femtocell. In other words, we try to know the relationship between the femtocell
channel usage ratio and the macrocell radius distance Dj;. How many subchannels
can be used while we know the information of the macrocell radius. From the analysis
and the simulation results, the larger radius of macrocell, the higher channel usage

ratio can be used by femtocells.
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Figure 5.5: Outage probability with shared spectrum allocation scheme in random

and gain-oriented selection schemes.
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We investigate the downlink outage of the OFDMA femtocells by analysis in
Sections 5.3 and 5.4. We consider the shared spectrum allocation schemes for the
femtocells and macrocell. The gain-oriented distributed channel selection scheme
and random selection scheme are considered. We assume that the femtocell layout
as shown in Fig. 3.1. There are 24 femtocells around the considered femtocell, and
the group of 25 femtocells is uniformly distributed in a macrocell with the coverage
Dy The separation distances between femtocells are dy; = 20 meters. The link
reliability requirement is larger than 90%. The nominal system parameters are listed
in Table 4.1.

Fugure 5.6 shows the outage probability of different channel usage ratio p
against the macrocell radius with the shared spectrum allocation, where d; = 20 me-
ters. We consider the interference from maerocell and femtocells. The gain-oriented
and random selection schiemes are considered. It is shown that the two-tier interfer-
ence significantly impacts the link reliability probability. As the macrocell radius Dy,
increases, the outage prebability decreases because the interference from the macro-
cell decrease. In this figure; the lower ehannel usage ratio p can achieve lower outage
probability and interfered from the-othersfemtocells with lower probability. When we
compare the gain-oriented selection scheme with random selection scheme, the gain-
oriented selection scheme can achieve lower outage probability than random selection
scheme when we use the same channel usage ratio. For example, as D), = 1000 me-
ters and the channel usage ratio is 50%, the outage probability is 10% by the random
selection scheme, and 4% by gain-oriented selection scheme.

Table 5.1 shows the relationship between macrocell radius D), and channel
usage ratio p of femtocell. In this table, we know that the larger the macrocell radius,
the higher the channel usage ratio used. The table also shows that the gain-oriented
selection scheme can used more channel usage ratio p than randomly selected under

the same macrocell radius D). If the macrocell radius D), is shorter than 250 meters,
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the random selection scheme makes the femtocells is outage even femtocells use only
the channel usage ratio p = 0.1. In the same condition of macrocell radius Dj; = 250
meters, femtocells can transmission with channel usage ratio p = 0.5 if femtocells use
the gain-oriented scheme. In addition, the channel usage ratio will be limited by the
interference from the others femtocells. Even we ignore the macrocell interference,
the fmetocell still cannot use all the bandwidth for transmission.

Table 5.2 shows that the relationship between channel usage ratio p and macro-
cell radius Dj;. The table shows that the gain-oriented selection scheme is better for
femtocell in the same macrocell radius under the same channel usage ratio p that
femtocell is used. If we request the channel usage ratio p = 0.4, the macrocell radius
Dy has to be longer than 647.39 meters if the femtocell use the random selection
scheme, and if the femtocell \use the gain-oriented selection scheme, the macrocell

radius Dy, has to be longer than-170.15 meters.
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Table 5.1: Macrocell radius versus channel usage ratio with different selec-

tion method.

Macrocell Channel Usage Ratio Channel Usage Ratio with

Radius with Random Maximal Channel Gain

(D) Selecion (Ratio p) Selecion (Ratio p)
100 X X

150 R 0.3

200 X 0.5

250 0.4 0.6

300 0.1 0.6

400 0.2 0.7

500 0.3 0.7

750 0.4 0.7

1000 0.4 0.8

00 0.4 0.8
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Table 5.2: Channel usage ratio versus macrocell radius with different selec-

tion method.

Channel Random Selecion Maximal Channel Gain

Usage Ratio on Macrocell Selecion on Macrocell
(p) Radius (Du) Radius (D)
0.1 24444 125.02
0.2 295.86 138.21
0.3 387.30 149.26
0.4 647:39 170.15
0.5 X 196.74
0.6 X 239.67
0.7 X 349.35
0.8 X 949.96
0.9 X X
1 X X
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CHAPTER 6

Analysis of Distributed Channel Selection
for Femtocell with Two-tier Interference:

Multicarrier Case

In this chapter, we analyze the outage of femtocell with two-tier interference
in multicarrier case. Both'gain-oriented and ranidom selection scheme are discussed.
Moreover, we investigate the relationship between.channel usage ratio and macrocell

radius in the exclusive and shared spectrum allocation schemes.

6.1 Assumptions

6.1.1 Sub-carrier Allocation

Contiguous and randomly distributed sub-carrier permutation allocations are
two main categories of subchannel allocation scheme in OFDMA systems. The con-
tiguous sub-carrier permutation is already discussed in Chapter 5. Therefore, in
this chapter, we focus on the randomly distributed permutations. The benefit of
distributed permutations is to achieve frequency diversity and inter-cell interference
averaging. In the chapter, we discuss the outage probability for femtocell of OFDMA

systems with multicarrier case.



6.1.2 Radio Channel

We consider the radio channel effects of path loss, penetration loss, and shad-

owing, which are discussed in Section 5.1.2.

Multipath Fading on Sub-carrier

Rayleigh fading is used in the outage probability analysis of femtocell with two-
tier interference. Rayleigh fading characterizes the impact of multipath propagation
distribution. The probability of density function for Rayleigh distributed random

variable h as
Fu(h) = 2he™". (6.1)
Let Y = h?. Then the cumulative density function of Y can be written as

F(y)=1—¢€7". (6.2)

6.1.3 Signal to Interference and/Noise Ratio

We consider the two-tier ‘interference. Let Py, be the transmission power
of the k-th base station on m-th sub-carrier of j-th subchannel. Shadowing can be
characterized by a log-normal random variable 10%, where &, ; is a Gaussian random
variable of j-th subchannel in the k-th femtocell. The sub-carrier gain between the
k-th base station and the considered user is y .. There are M sub-carriers in
a subchannel. Therefore, the received signal power at the m-th sub-carrier in the

femtocell mobile terminal can be written as

P

Tk,j,m

= Pk,j,m10£k’j/10yk,j,m/L(Tk)7 (63>
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and the total power of a subchannel in the femtocell mobile terminal is

M
Pej = Y Py, (6.4)
m=1
M
= Prjm10%9°0Y "y jm)/ L(re) (6.5)
m=1
= Pojm 1053/, o/ L(ry), (6.6)

where y; ; is the subcahnnel gain, which is the sum of the M sub-carriers gain. The

probability density function for the link gain of a subchannel yy ; is
M-1

fy(y) = eyh, (6.7)

and the cumulative density function of y;; can be written as

ey N
Fru) = 1= 5 (6.8)
t=0

Assume that there are K<base stations that include (K — 1) femtocells and
a macrocell in the system, labeled from 2-to K. Without the loss of generality, let
the desired user be indexed with 1. Then the total interference P, received from the

other (K — 1) femtocell of the j-th subchannel can be expressed as

K
Pry = eniPe 109/ Liry), (6.9)
k=2

where ¢; is the utility function. If the subchannel j is selected to transmit data,
g; = 1; otherwise, ¢; = 0.
The SINR on the j-th subchannel of the first femtocell can be express as

Py

SINR = ——>=— |
Pr, + No

(6.10)

where N is the noise power.
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6.2 Outage Probability of Single Femtocell

First, we consider a scenario that only a femtocell 1 in this area, no other
macrocell or femtocells. By setting the required received threshold =, the outage

probability with one femtocell can be expressed as

oo R N
Sicg
= Fy [yen 55— =0 B E() L) e () drsdé
PI,J,m
co 0

< C &g ¢ 2
//{1 —Yeh P L 10—&%%%(1%)%:1 [%h%ilo 10 L(r;)] }27"1- e*f?d ”
= —€ oJo — riag,
— t! R?2 \/2n0

(6.11)

where R is the cell radius and there are no other femtocells and macrocell in the

neighboring area.
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6.3 Outage Probability of Random Channel Selec-
tion Principle for Femtocell with Two-tier In-

terference

6.3.1 Single Interference Case for Random Channel Selection
Principle

First, we consider one interference only from the base station k. Assume the
noise can be neglected (i.e. Ny = 0) in this case. Thus, the outage probability of

random selection principle for femtocell with two-tier interference can be written as

Poutage,random

= PI"[SIRL]' == ’}/th]

Pl,j,mlogi’j/loyi,j/L(ri)

= Pr
[€k,ij,j,m10£k’j/10yk,j/L(Tk)

< Ven)

Pl,j,mlogi’j/loyi,j o €k,jpk,j,m10§’“’j/myk,j
L(ﬂ') h L(Tk)

= Pr|

EkJPk,j,m Ski—81,5 L(Tl)
=P i < kg~ kg,m . '
I‘[y N Vth Pl’j’m L(Tk-) yk,]]

= Prlyi; < Iuyr4l, (6.12)

€k Lk jm | Sk 13 L(ry)
Pl,j,m L(T‘k) :

The outage probability of random selection principle for femtocell user 1 can

where I, = v,

be written as
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Poutage,random,2fBSs

< R Vs |
o Tk * (Iies) Yy du -
/ Z T e Y TR
) t=0
e y2]y2 dy e_lkyke_yk,ij,jM—l 1\421 ([kyk,j)tdy |
T (M —1)! ] "
" —
M-1 t+M—1
(Ir) t M —1)! ;
= Z k - )! (yk’ﬂ) e~ Tkt Due gy, (6.13)
2 (M - 1) (t+M— 1) J
i Ik t+ M1y 1

(6.14)

”M

1)t (oot 1)t+M.
6.3.2 Multi-interference Case for Random Channel Selection
Principle

We consider the two-tier.interferenee; the interference from total K — 1 base
stations 2 to K. This means that the femtocell has to face the two-tier interference. In
ths case, the noise effects may be neglected. Thus, the outage probability of random

selection principle for femtocell with two-tier interference can be written as

Poutage,rcmdom

= PI‘[SIRLJ' < '7th]

Pl,j,m10£i’j/10yi,j/L(Ti)

= Pr[—

> i Prjm 10503/, /(1)
f=2

< Ven)

7



= Pr| ]

Pl,j,mlogi’j/loyi,j § Whi 5k,ij,j,m10£k‘j/10yk,j
L(r;) t L(ry)
k=2

gk]Pk]m 751“'751”' L<T1>
i < E 0 )
y J fyth Pljm L(rk)yk,]]

K
= Prly;; < Z Ty
k=2

~ Prly; <ur » Ik, (6.15)
k=2

,”Pk]ml k#oﬁla L(r1)
L(rg) "

Let r = (7‘2,7"3, ooy T ) and €= 19 &3, ..., Ei). Then the outage probability of

where I, = vy,

random selection principle €or-femtocell user. locan be written as

Poutage,random (Tla El |T7 g)

K t
) ¢ I
7[1 o k§2[k M1 (yIkZ::Q 3) ][e_y,y M—l]d
J 2 ) 2V - 1))
K K t
e_nyIM_l Ooeiyl k=2 =Ygy, M—1 M-1 (ysz2[k)
= dy[ _/ — dy[
/ (M — 1)' ) (M _ 1)' ; t!
K t
M—1 e—y1(1+ ZQIk) M—1 ylt(’g Ii)
=1 / (M — 1)| 7 dy[
t=0 0
K t
4 o0 t+M—1 T
1 SH. (1;2 . ‘yf(”kifk)
o (M —1)lt! oo
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t

1<ZII€) t+M_1‘OO t+M—1

K
- Yr —y1(1+2 Iy)
- Z M — D)l /t+]\/[—1 = dyr
t=
0

Ml(ZIk)(t—FM—l)! 1

- —7T ——r (6.16)

=0 (1+ 3 1)

6.4 QOutage Probability of Gain-Oriented Channel
Selection Principle for Femtocell with Two-tier

Interference

6.4.1 Owutage Probability of Maximal Link Gain Channel for

Femtocell with Two-tier Interference
In Section. 4.2, we developed the gain-oriented selection principle for the fem-
tocell systems. The gain-oriented selection.scheme aims to use the subchannels with
higher link gain for communication. 'The gain-oriented selection scheme operates in

a distributed and autonomous manner. Each femtocell can select the subchannels

for transmission by itself. We detail the gain-oriented selection schemes in Sections.

4.2.1 and 4.2.2.

Single Interference Case for Maximal Link Gain Channel Selection

In Section. 6.1.3, we know the probability density function for the link gain of

a subchannel is

(6.17)
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and the cumulative density function of a subchannel can be written as

M-1 efzzt
Fypz)=1->" Tt (6.18)
t=0

Consider that there are total N subchannels. If we use only one sebchannel for
transmission, we choose the highest link gain channel by the gain-oriented selection
scheme. In this case, let Y = max(z, 22, ..., 2x5) and zq, 29, ..., 2y are independent
and identically distributed (i.i.d.). Then the cumulative density function of Y can be

written as
FY(y) - P{Zl S Y, z2 S Y,y ZN S y}

=9 le,zg,.‘-,ZN (y, y, ceey y)

H Fty)

YEE e_ty!y ‘3 (6.19)

t=0

First, we consider a interference only from the base station k£, and assume the
effect of noise can be neglected. The outage probability of maximal link gain selection

principle for femtocell with two-tier interference can be written as

Poutage,(l—st)

= PI‘[SIRL]‘ < fYth]

Pl,j,m10§i’j/10yi,j/L(Ti>

= Pr[ . < ’Yth]
€. Prjm 1093/ 0y, /L (1)
_ py Dm0 Oy e P00 Oy
L(T,L) Vth L(Tk)
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£k, tri—615 L(r)
=Prly; ; < L b 10—
[y \J 'Vth Pl’j’m L(Tk) yk,]]

= Prly;; < yrilil, (6.20)

ki L3 L(r1)
L(r)”

Let r = (ro,rs,...,rx) and & = (&,&s, ..., £k). Then the outage probability of

where [, = %hmm
1,5,m

maximal link gain selection principle for femtocell 1 can be written as

Poutage,(l—st) (Tla 51 |T7 é-)

0o M-1 (yk 'Ik)t Ne—yk,jyk M-1
_ 1 — ¢ Yrilk J J dyy.
/[ € ; t! ] (M —1)! Y
J —
00 N M—1 t SR —yp s —
N O N T
= 1 L —erwiaTh g = dyr.;
/; l (1)'(—e tz_; # ) (M —1)! kg
/= =
0 N N —yp IO +D), M- =ML 1) "
S D [ e S O
= — Qo) ! 7
o =0 l (M —1)! =0 "
S5 3f B ISR CR ki HY) SUREUAURUEE P
z (M 1), f o
/5 =0
- /ZN: N L MZI e vV ”“)y - (N—l)t(yk,jf’“)t)dyk
, 4 —1)! t! !
0 1=0 =0

M—llkt(N_l) t+M—1'7 t+M1
(M — el t+M>4

lo(z) 0
()

e Yk, (I (N=0)+1) dy g

I
WE

M-1

-t —D)'(t+ M —1)!
—1W14N—0+U”M'

I
] =

(6.21)

N
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Multi-interference Case for Maximal Link Gain Channel Selection

When we consider the interference from other K — 1 base stations 2 to K,
the noise effects may be neglected in the interference limited system. Thus, the
outage probability of maximal link gain selection principle for femtocell with two-tier

interference can be written as

Poutage,(l—st)

= PI‘[SIRLJ' < 'Yth]

P1,j,m10£i‘j/10yi,j/L(7‘i)

= Pr[— < Yen]
];2 €k, Prjm10% Oy i/ L(ry,)
Py s 1053100 Py jn10%k:3/10
= Pr| thz Ehi ki, I ]
L) L(ry)

k=2

K
il P 2 3% Z 51 L(r
= Prly; < ’Ythz %10 LE gyk,y]
7.77m

K
= Prly;; < Z Y, k]
k=2

K

~ Prly; <uyr »_ Iil, (6.22)
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¢
where I}, = 4, = P1 ’”m10 kil LE:;%
Let r = (ro,rs,...,rx) and & = (&,&s, ..., £k). Then the outage probability of

maximal link gain selection principle for femtocell user 1 can be written as

Poutage,(l—st) (7"1, fl |T7 5)
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6.4.2 Outage Probability of n-th Highest Link Gain Channel

for Femtocell with Two-tier Interference

For femtocell systems, the femtocells use multiple subchannels for serving their
users. By gain-oriented principle, femtocells choose the subchannels with higher link
gain for communication. There are total N subchannels in a femtocell system. If we

use n subchannels for transmission, we will choose the highest n link gain channel
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by the gain-oriented selection scheme. In this case, let Y = {y1,v2,...,yn} be the
order statistics of independent and identically distributed (i.i.d.) random variable
from (z1, 22, ..., zny) where y; < yo < ... < yy, than the cumulative density function

and probability density function of Y,, can be written as

R =3 ) imwrn - mp- (620
Nt N—-n n—1
) = e O E - Fa) (629

Single Interference Case for n-th Highest Link Gain Channel Selection

Two femtocell base stations-lI-and‘k are considered in this scenario, and the
interference is only come from the femtocell k. There are N subchannels in a femtocell
system, and we consider-each subchanneldndividually. The outage probability of the
n-th highest link gain ssubchannel for femtocells*with two-tier interference can be

written as

Poutage,(n—th)

= PI"[SNRL]' < 'Yth]
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Let r = (7“2,7“3, worg) and & = (&2,&3,...,&k). Then the outage probability of

n-th highest link gain selection principle for femtocell user 1 can be written as
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Multi-interference Case for n-th Highest Link Gain Channel Selection

There are total K base stations in this scenario, and the femtocell 1 has to face
the interference from macrocell and femtocell 2 to K. There are N subchannels in a
femtocell system. We consider each subchannel individually. The outage probability
of n-th highest link gain subchannel for femtocell with two-tier interference can be

written as

Poutage,(nfth)

= Pr[SNRl,j < 'Yth]
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Let r = (7’2,7”3, i) and & = (&,&3, ..., &k). Then the outage probability of

where I, = v,

n-th highest link gain selection principle for femtocell user 1 can be written as
Poutage,(n—th) (rla 51 ‘T7 5)
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6.5 Simulation Results

We analyze the downlink outage probability of the OFDMA-based femtocells
in this chapter. We consider the exclusive spectrum allocation and the shared spec-
trum allocation schemes for the femtocells and macrocell. The gain-oriented dis-
tributed channel selection scheme and random selection scheme are considered. We
assume the femtocell layout asishown-in Fig. 3.1. There are 24 femtocells around
the considered femtocell, and'the group-of 25 femtocells is uniformly distributed in a
macrocell with the coverage of 500 meters. The séparation distances between femto-
cells are dsy = 20 meters. The link reliability requirement is larger than 90%. The

nominal system parameters are listed in Table 4.1.

6.5.1 Outage Probability in'Exclusive Spectrum Allocation

Fugure 6.1 shows the outage probability of different channels with different
highest link gain against the femtocell sub-channel usage ratio p with the exclusive
spectrum allocation, where dsy = 20 meters. This figure shows the outage of subchan-
nels with different highest link gain in the femtocell system. In the exclusive spectrum
allocation scheme, only the femtocell-to-femtocell interference effect on outage prob-
ability. The outage probability increases when the sub-channel usage ratio increases
and interfere to other femtocells with higher probability. In this figure, the subchan-
nel with higher the link gain can ensure the outage probability. If the subchannel
with the link gain is higher than the 15-th higher subchannel, those subchannels can

38



ensure the link reliability requirement is larger than 90% while other femtocell using
all the subchannels.

Fugure 6.2 shows the outage probability against the data sub-channel usage
ratio p with the exclusive spectrum allocation, where dy; = 20 meters. The gain-
oriented and random selection schemes are considered. When the sub-channel usage
ratio increases, the outage probability increases due to the increasing interference
from other femtocells. In this figure, the gain-oriented selection method has better
performance than random selection method. Lower outage probability can be con-
summated by the gain-oriented selection method. However, the both method make
no difference when the channel usage ratio is 1 because both of them use all the

subchannels for communication.

6.5.2 Outage Probability in Shared Spectrum Allocation

Fugure 6.3 shows the outage probability of different channels with different
highest link gains against the femtocell.sub-channel usage ratio p with the shared
spectrum allocation, where dy; = 20 meters<We consider the two-tier interference.
Comparing Fig. 6.1, it is shown that the interference form macrocell significantly
impacts the link reliability, and the outage probability increases. For example, in
Fig. 6.1, when we request the link reliability requirement has to larger than 90%, the
90% subchannels can be used. However, only 70% channel usage ratio can be used
when we allocate the macrocell and femtocells in the same spectrum.

Fugure 6.4 shows the outage probability against the data sub-channel usage
ratio p with the shared spectrum allocation, where d;; = 20 meters. We consider
the two channel selection schemes: gain-oriented and random selection schemes. This
figure shows the two-tier interference significantly impacts on the outage probability.

Compared to the Fig. 6.2, it is shown that the two-tier interference in the shared spec-

89



0.2 T T T T T T T T

018k ==@==random selection |
= Wl = 1-st channel gain
= A = 5-th channel gain
0.16 = W = 15-th channel gain 4
= o = 25-th channel gain

= P= 35-th channel gain

o
N
IS
T
L

o

o

N
T

Outage Probability
\ Y

0.06

0.04

0.02

| | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Data Channel Usage Ratio

Figure 6.1: Outage probability with exclusive spectrum allocation scheme in different

highest channel gain.

90



0.2 T T T T T T T T

Analysis value with random selection scheme
= = = Apalysis value with MAX channel gain selection scheme

0.18 . - . . B
@ Simulation with random selection scheme
B Simulation with MAX channel gain selection scheme
0.16 - B
014 B

o
o
N
T
1

Outage Probability

0.06

0.04

0.02

| | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Data Channel Usage Ratio

Figure 6.2: Outage probability with exclusive spectrum allocation scheme in random

and gain-oriented selection schemes.

91



trum allocation scheme significantly effect on the link reliability probability. Random
selection scheme can use 90% channel usage ratio for communication and guarantee
the link reliability in the exclusive spectrum allocation scheme, but only 70% can use
in the shared spectrum allocation scheme. That means femtocell use 22.2% lower sub-
channels because the extra interference from the macrocell. In addition, this figure
illustrates the gain-oriented selection scheme has better performance than random
selection scheme. If we request the outage probability requirement Rely;, = 90%, the
random selection scheme can use only channel usage ratio p = 0.8 for transmission
and the gain-oriented selection scheme can transmission with channel usage ratio
p = 0.9. That means we can use 25% more subchannels for communication if we use

the gain-oriented selection scheme.

6.5.3 Impact of Macrocell Radius and Femtocell Channel Us-
age Ratio

In this subsections we are interested in the.relationship between the macrocell
and the femtocell. In the future, when femtocells become popular, the femtocell users
suffer from the complicated two-tier interference. Therefore, the femtocells pose a
many challenges on managing the interference to increase the capacity and maintain
the link reliability. In this subsection, we examine in the relationship between the
macrocell radius and the femtocell channel usage ratio. From the analysis and the
simulation results, the larger the radius of macrocell, the higher the channel usage
ratio can be used by femtocells.

We analyze the downlink outage of the OFDMA-based femtocells. We con-
sider the shared spectrum allocation schemes for the femtocells and macrocell. The
gain-oriented distributed channel selection scheme and random selection scheme are

considered. We assume that the femtocell layout as shown in Fig. 3.1. There are

92



0.2

T T T T T T

T T
=—@=random selection
0.1sH = @ =1-st channel gain i
= A = 5-th channel gain
=V = 15-th channel gain
=« = 25-th channel gain
= p=35-th channel gain g

0.16 H

o
N
IS

o

o

N
T

Outage Probability

0.06

0.04

0.0

0 | | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Data Channel Usage Ratio

Figure 6.3: Outage probability with shared spectrum allocation scheme in different

highest channel gain.

93



0.2 T

T T T T T
- Analysis value with random selection scheme
0.18H = = =Analysis value with MAX channel gain selection scheme i
@ Simulation with random selection scheme
B Simulation with MAX channel gain selection scheme

0.16 H

o
N
IS
T
L

o
o
N

Outage Probability

0.06

0.04

0.0

0 | | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Data Channel Usage Ratio

Figure 6.4: Outage probability with shared spectrum allocation scheme in random

and gain-oriented selection schemes.

94



24 femtocells around the considered femtocell, and the group of 25 femtocells is uni-
formly distributed in a macrocell with the coverage D);. The separation distances
between femtocells are ds; = 20 meters. The link reliability requirement is larger
than 90%. The nominal system parameters are listed in Table 4.1.

Fugure 6.5 shows the outage probability of different channel usage ratio p
against the macrocell radius with the shared spectrum allocation, where d,; = 20 me-
ters. We consider the interference from macrocell and femtocells. The gain-oriented
and random selection schemes are considered. It is shown that the two-tier inter-
ference significantly impacts the link reliability probability. As the macrocell radius
D), increases, the outage probability decreases because the interference from the
macrocell decrease. In this figure, the lower channel usage ratio p can achieve lower
outage probability and experience the interference from the others femtocells with
lower probability. When we compare the gain<oriented selection scheme with ran-
dom selection scheme, the ‘gain-oriented selection.scheme can achieve lower outage
probability than random-selection scheme when we use the same channel usage ratio.

Table 6.1 shows that the relationship bétween macrocell radius D); and chan-
nel usage ratio p of femtocell.<Thetableshows that the gain-oriented selection scheme
can used more channel usage ratio p than randomly selected under the same macro-
cell radius Dy,. If the macrocell radius D), is shorter than 150 m, the both selection
scheme makes the femtocells is outage even femtocells use only the channel usage ratio
p = 0.1. In the same condition of macrocell radius D,; = 200 meters, femtocells can
transmit with channel usage ratio p = 0.3 if femtocells use the gain-oriented selection
scheme, and only p = 0.1 by random selection method. In other word, we can use
triple subchannels by the gain-oriented selection scheme. In addition, the channel
usage ratio will be limited by the interference from the others femtocells. Even we
ignore the macrocell interference and consider the D), = oo, the fmetocell still cannot

use all the bandwidth for transmission and limited by 90%.
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Table 6.1: Macrocell radius versus channel usage ratio with different selec-

tion method.

Macrocell Channel Usage Ratio Channel Usage Ratio with

Radius with Random Maximal Channel Gain

(D) Selecion (Ratio p) Selecion (Ratio p)
100 X X

150 R X

200 0.1 0.3

250 0.4 0.5

300 0.5 0.6

400 0.7 0.7

500 0.7 0.8

750 0.8 0.8

1000 0.8 0.9

00 0.9 0.9
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Table 6.2 shows the relationship between channel usage ratio p and macrocell
radius Dj;. The table shows that the gain-oriented selection scheme is more suitable
for femtocell in the same macrocell radius than randomly selected under the same
channel usage ratio p that femtocell is used. If we request the channel usage ratio
p = 0.8 the macrocell radius Dj; has to be longer than 543.26 meters if the femtocell
use the random selection scheme, and if the femtocell use the gain-oriented selection

scheme, the macrocell radius D), has to only be longer than 429.08 meters.
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Table 6.2: Channel usage ratio versus macrocell radius with different selec-

tion method.

Channel Random Selecion Maximal Channel Gain

Usage Ratio on Macrocell Selecion on Macrocell
(p) Radius (Du) Radius (D)
0.1 192789 171.30
0.2 208.23 183.78
0.3 224.81 198.23
0.4 248.46 216.31
0.5 281.36 242.11
0.6 332.88 274.67
0.7 391.73 332.96
0.8 543.26 429.08
0.9 X 817.86

1 X X
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CHAPTER 7

Joint Sub-carrier Allocation and Power
Control for Maximizing Energy Efficiency
in OFDMA Based Femtocells

7.1 Introduction

Needless to say that the femtocells will be widely employed since the femtocells
improve indoor capacityand coverage with low power and less cost in the next gener-
ation wireless networks . “However, when the femtocells become popular, the femtocell
users will suffer from the complicated two-tier interference, including the macrocell-
to-femtocell and femtocell-to-femtocell interference. Therefore, the femtocells pose a
many challenges on managing the interference in a autonomous and distributed man-
ner. In this chapter, we investigate how to distributedly select the transmit power
level and channel usage ratio for maximizing energy efficiency in OFDMA femtocells
systems to reduce interference and to improve indoor capacity under a link reliability
requirement. We develop the joint transmit power management and sub-carrier allo-
cation principle. Simulation results show that the impact of channel usage ratio on
the femtocell link reliability and capacity more significantly than increasing the power
level. By using the joint transmit power management and sub-carrier allocation prin-

ciple, femtocell can use the power in the most efficient way with the properly channel



usage ratio and the power level under the capacity and link reliability requirement.

7.2 Problem Formulation

Channel usage ratio p and transmit power level p; are both essential factors
in the joint transmit power management and sub-carrier allocation principle for the
OFDMA-based femtocell systems. In the view point of channel usage ratio p, fem-
tocell can achieve higher capacity by using higher channel usage ratio p. However,
higher channel usage ratio also increase the probability that femtocells interfere with
each other. From the viewpoint of transmit power level p;, increasing the power
level to a femtocell can increase the signal power to compete with the interference
from macrocell. Nevertheless, inereasing-the power level to a femtocell is useless to
overcome the interference-from-other femtocell. Ancreasing the power level to a fem-
tocell also yields higher“interference to other femtocells. Then the other femtocells
have to increase the power level to-compete with the increasing interference from the
first femtocell. To achieve the higher energy efficiency, we formulate an optimization
problem to determine the optimal the channel usage ratio and the properly power
level of a femtocell. We aim to maximize the femtocell energy efficiency, and subject
to the femtocell capacity and link reliability requirement of indoor and outdoor users.

The femtocell capacity C' is defined as the aggregated throughput of a femto-
cell, which depends on the channel selection scheme, the number of used sub-channels,
and the adopted MCS of each sub-channel. Let €; be the utility function. If the sub-
channel j is selected to transmit data, €; = 1; otherwise, €; = 0. Consider that
there are J data sub-channels. The sub-channel usage ratio is p, which is defined as
the ratio of the number of used sub-channels to the total number of sub-channels.
Thus, each femtocell can use pJ sub-channels. The total femtocell power is equal

to ijl g;p;j. Furthermore, according to the equivalent SINR 7. ; from the EESM
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calculation and Table 3.1, we can determine the used MCS and then the spectrum

efficiency SEggswm ;. Assume that B; is the bandwidth of a sub-channel. Then, the

femtocell capacity is equal to C' = Z}]:1 €;B;SEggsm,j. The decision variable in
the optimization problem is the channel usage ratio p and the transmit power level
pj. Based on these considerations, the energy efficiency maximization issue can be

formulated as a nonlinear programming problem as expressed in the following as

J
> €iBiSErrsu,;
i=1

max (7.1)
0<p<1,Pmin <Pj <Pmax J
> EiDj
j=1

subject to:

J
E €ijO'j > Tth

j=1
Prel > Relth

e; €40,1} Vj
J
1
P=7 Zgj
j=1
pj 2 0 vj?

(7.2)

where ¢; € {0, 1}, and Rely, and 7y, are the link reliability and the femtocell capacity

requirement for all the users.
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7.3 Joint Sub-carrier Allocation and Power Con-

trol Principles

7.3.1 Impacts of transmission power on energy efficiency

Assume there are m power levels for a femtocell pq,po, s, ..., pm, and p; <
P2 < p3 < ... < Ppp. The minimal power level is p; and the maximal power level
is pp,. For the same channel usage ratio is used in the femtocell, if there are five
power levels (e.g. Dim—a, Pm—3, Pm—2, Pm—1,Pm) can ensure the capacity and the link
reliability requirement. Then, p,, 4 can achieve the highest energy efficiency than the
other transmission power levels beacuse we can use lower power for transmission and
ensure the capacity and the link reliability requirement. Moreover, lower transmit

power is also the lower interferencetorthe other femtocells.

7.3.2 Impacts of channel usage ratio on energy efficiency

Assume that there are'n channel usage ratio for a femtocell p1, ps2, p3, ..., Pn,
and p1 < p2 < p3 < ... < PpeThe-minimal channel usage ratio is p; and the
maximal channel usage ratio is p,. For the same transmission power level is used
in the femtocell, if there are 5 channel usage ratio (e.g. ps, pa, ps, Ps, P7) Can ensure
the capacity and the link reliability requirement. Beacuse lower used channel usage
ratio means the lower used transmit power, the p3 can achieve the highest energy
efficiency than the other channel usage ratio. We can ensure the capacity and the
link reliability requirement with lower power. Moreover, lower channel usage ratio is

also the lower probability to interfere the other femtocells.
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7.3.3 Joint Sub-carrier Allocation and Power Control princi-

ple

We consider the joint transmit power management and sub-carrier allocation

principle with two steps.

Step 1 : Find the channel usage ratio and power level can ensure the the capacity and the

link reliability requirement.

Step 2 : Find maximal energy efficiency for femtocell with the channel usage ratio and

power level under the the capacity and the link reliability requirement.

Table 7.1 shows the algorithm of the joint transmit power management and
sub-carrier allocation principle.~First, we have to know that if the transmit power
p; and the channel usage ratio—p; meet the femtocell capacity and link reliability
requirement [13,15,28].-There are 4 different eases in the condition of the femtocell
achieve capacity or link.reliability requirement. Tn.each case, we adjust the transmit
power p; and the channel"usage ratio-p; refer from the algorithm in this table.

Figure 7.1 and 7.2 also'show-theflow ¢hart of joint transmit power management
and sub-carrier allocation principle. The maximal energy efficiency can be achieve in

this algorithm.
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Table 7.1: Algorithm of the Joint Transmit Power Management and Sub-
carrier Allocation Principle.
Step 1 :
Initial value pi € {pl,pg 77777 pm} pPi € {pl, P2,.., pm}

J _
While ( 5ijSEEESM,j < Tth) or (Prel < Relth)
=1

1=

J
If Z 5ijSEEESM,j < Tth
j=1
If P> Rely,

Pi = Pi+1

else P, < Rely,
Pi = Pitl
Pi= Piti
end

J
else ZlngjSEEESM’j 2 T'th
J:

If 0 Py < Reély,
Pi = Pi+1
end
end
end
Step 2 :
test p;_1, p; in (Step 1)
pass : p; = p;—1 and Go to (Step 2)
test p;, pi—1 in (Step 1)
pass : p; = p;—1 and Go to (Step 2)
105
test p;_1, pir1 in (Step 1)
pass @ p; = pi—1 ,pi = pit1, and Go to (Step 2)

End of the Algorithm
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7.4 Simulation Results

We investigate the downlink capacity and link reliability of the OFDMA-based
femtocell. We consider the shared spectrum allocation and the exclusive spectrum
allocation schemes for the femtocells and macrocell. We compare the different trans-
mit power p; and channel usage ratio p;. We assume that the femtocell layout as
shown in Fig. 3.1. There are 24 femtocells around the considered femtocell, and the
group of 25 femtocells is uniformly distributed in a macrocell with the coverage of
500 meters. The separation distances between femtocells are dsy = 20 m. The link

reliability requirement is Rely, = 90%. The nominal system parameters are listed in

Table 4.1.

7.4.1 Capacity inShared Spectrum Allocation

Figure 7.4.3 shows the femtocell ¢apacity for the various transmit power and
channel usage ratio in the shared-spectrum allocation scheme, where ds; = 20 m.
It is shown that femtocell can provide higher eapacity by increasing the transmit
power p and the channel usage ratio.p.. Thehigher transmit power can provide higher
signal power to compete with the interference. The higher channel usage ratio can
transmit data by more bandwidth, but it also increase the probability to interfere the
other femtocells. From this figure, we know that increasing the channel usage ratio
can achieve higher femtocell capacity more than increasing the transmit power. We
can consider that the channel usage ratio allocate and limit the resource from whole
wireless resource, and the power control allocates and adjusts the resource under the

limited wireless resource.
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7.4.2 Energy Efficiency in Shared Spectrum Allocation

Figure 7.4.3 shows the energy efficiency for the various transmit power and
channel usage ratio in the shared spectrum allocation scheme, where ds; = 20 m.
It is shown that femtocell can achieve the highest energy efficiency by using the
minimal transmit power p and the minimal channel usage ratio p. However, although
the lower transmit power and lower channel usage ratio can achieve the highest energy
efficiency, but it also serve the femtocell user with very low capacity. Therefore, to
achieve the tradeoff between the maximal energy efficiency and capacity requirement,
we develop the joint transmit power management and sub-carrier allocation principle

to this problem.

7.4.3 Maximal Energy Efficiency in Shared Spectrum Allo-

cation

Figure 7.4.3 shows the energy efficiency for the various transmit power and
channel usage ratio in the shared spectrum allocation scheme, where ds; = 20 m.
In this figure, if the transmit power.level’and channel usage ratio cannot ensure the
femtocell capacity or the link reliability requirement, then we put 0 in this figure.
This figure also shows that the lower transmit power level and lower channel usage
ratio may not ensure the femtocell capacity and the link reliability, and the higher
transmit power and higher channel usage ratio will make the energy efficiency with
a very low value. The joint transmit power management and sub-carrier allocation
principle can be used in this problem. For example, if we request the link reliability
have to greater than 90% and the femtocell capacity have to higher than 5 Mbps.
In principle, we can find the best level of transmit power is 17 dB and the channel
usage ratio is 0.4 by using the algorithm of joint transmit power management and

sub-carrier allocation principle.

109



Femtocell Capacity
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Transmit Power

Figure 7.3: Femtocell capacity for various transmit power and channel usage ratio in

the shared spectrum allocation scheme.
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7.4.4 Impact of Adjusting Channel Usage Ratio First and

Transmit Power First on Adjusting Times

Assume that there are 13 power levels for a femtocell from 14 dBm to 26 dBm,
and 10 channel usage ratios for a femtocell 0.1 to 1. Four different case are simulated:
femtocell with two-tier interference, macrocell interference only, femtocell interference
only, and single femtocell environment. The two-tier interference environment is that
there are 24 femtocells around the considered femtocell, and the group of 25 femto-
cells is uniformly distributed in a macrocell with the coverage of 500 meters. The
separation distances between femtocells are ds; = 20 m in the shared spectrum allo-
cation scheme. The macrocell interference only environment can be considered the
femtocell with sparse deploymeiit (e.g: dsz'=.1000) in the shared spectrum allocation
scheme. The femtocell interference only envirenment can be considered the exclu-
sive spectrum allocation scheme-and we do'not consider the macrocell interference.
The single femtocell environment meéans that' there very low interference fro other
femtocells or macrocell.

The purposed joint’ fransmit power management and sub-carrier allocation
principle is the channel usage ratio oriented method. We adjust the channel usage
ratio first when the femtocell capacity and the link reliability is not achieved. We
compare the joint transmit power management and sub-carrier allocation principle
with the channel usage ratio oriented method and transmit power oriented method.

Table 7.4.4 shows that the number of adjusting times of these two different
oriented methods. The higher value means the femtocell has to change the channel
usage ratio and transmit power a lot to find the maximal energy efficiency point and
ensure the femtocell capacity and link reliability requirement. In this table, adjusting
times of the joint transmit power management and sub-carrier allocation principle

with the channel usage ratio oriented method has lower value than transmit power
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Table 7.2: Adjusting Times of the Channel Usage Ratio Oriented and
Transmission Power Oriented Joint Transmit Power Management and Sub-

carrier Allocation Principle.

The Number of Adjusting Times

adjust channel adjust transmit

usage ratio first power level first

macrocell interference only 8.21 9.83
femtocell interference only 8.65 14.72
two-tier interference 6.71 13.78
single femtocell 9°73 10.83
Average 8.33 12.29

oriented method in each case. Simulations results show that the average adjusting
times of the channel usage ratio oriented method is 8.83, and the average adjusting
times of the transmit power oriented method is 12.29. That means the transmit
power oriented method have to adjusting 39% times more than the channel usage

ratio oriented method.

7.4.5 Improvement of Energy Efficiency

There are 13 power levels and 10 channel usage ratios are assumed as same as
the Sec. 7.4.4. In Sec. 7.4.4, the joint transmit power management and sub-carrier

allocation principle with the channel usage ratio and transmit power oriented methods

114



can adjust the power and channel usage ratio to a better level. However, we are
also interest in the improvement of the energy efficiency by using the joint transmit
power management and sub-carrier allocation principle. Under the same condition
of capacity and link reliability requirement, we compare the joint transmit power
management and sub-carrier allocation principle to the random selection method,
witch select the power lever and channel usage ratio randomly.

Table 7.4.5 shows that the energy efficiency of the proposed principle and ran-
dom selection. The higher value means the femtocell can serve to its user with higher
energy efficiency and ensure the capacity and link reliability requirement. In this
table, joint transmit power management and sub-carrier allocation principle achieve
higher value than random selection_in each case. Simulations results show that the
average energy efficiency ofijoint transmit. power management and sub-carrier allo-
cation principle is 0.99 bits/s/mW, and the average energy efficiency of the random
selection is 0.34 bits/s/mWi That means the joint. transmit power management and
sub-carrier allocation principle can achieve 191%:-higher energy efficiency than the

random selection method:
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Table 7.3: Adjusting Times of the Channel Usage Ratio Oriented and

Transmission Power Oriented Joint Transmit Power Management and Sub-

carrier Allocation Principle.

Spectrum efficiency (bits/s/mW)

Joint Transmit Power Management

and Sub-carrier Allocation Principle

Random Selection

macrocell interference only 107 0.38
femtocell interference only 0.83 0.24
two-tier interference 0.28 0.11
single femtocell 1.78 0.63
Average 0.99 0.34
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CHAPTER 8

Conclusions

In this thesis, we develop the distributed channel selection principle to ensure
the link reliability and improve capacity in the OFDMA-based femtocell systems. In
the femtocell system, both the femtocell-to-femtocell and the macrocell-to-femtocell
interference significantly degrade the link reliability. We develop gain-oriented and
interference-avoidance-oriented channel selection principles to improve capacity and
link reliability. Simulation results show- that.the-developed channel selection scheme
can achieve at most 121% higher capacity than the random selection scheme, under
the link reliability requitement. Rely, > 90%. It/is also shown that the interference-
avoidance-oriented selection scheme is suitablé for femtocell with lower channel usage
ratio. In addition, the gain-oriented selection scheme can be used to enhance capacity
for femtocell with with higher channel usage ratio.

We also investigate the analytical approach for distributed channel selection
principles for femtocell with two-tier interference. The outage probability of femtocell
with the random selection and the gain-oriented schemes can be calculated. By us-
ing the order statistics method, we can analyze the femtocell outage of gain-oriented
scheme. We also investigate the impacts of channel usage ratio p and the macro-
cell radius on the outage probability of femtocell users. Simulation results show the
relationship between the femtocell channel usage ratio and the macrocell radius dis-

tance. For example, in Chapter 5, when we consider the macrocell radius Dj; = 250



m, the random selection scheme can use only the channel usage ratio p = 0.1, the
gain-oriented selection scheme can use the channel usage ratio p = 0.5. In this case,
the five times bandwidth can be used in gain-oriented selection scheme than random
selection scheme.

We develop the joint transmit power management and sub-carrier allocation
principle. By using the joint transmit power management and sub-carrier allocation
principle, femtocell can use the power in the most efficiency way with the properly
channel usage ratio and the power level under the capacity and link reliability re-
quirement. The channel usage ratio oriented method and transmit power oriented
method of the principle are considered. Simulations results show that the average
adjusting times of the channel usage ratio oriented method is 8.83, and the average
adjusting times of the transmit power orfenitéd method is 12.29. It is means that the
transmit power oriented fethod-have to adjusting 39% times more than the channel

usage ratio oriented method.
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