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A B S T R A C T

The next generation cellular networks witness the inevitable trend towards
network heterogeneity and universal frequency reuse. Given this back-
ground, the thesis focuses on the Femtocell and Macrocell coexisting 2-tier
cellular systems.

The thesis investigates and proposes innovative Femto subband access
algorithms for both uplink and downlink to better manage the interference
and improve the coexistence with primary users. By theoretic analysis and
computer simulations, the proposed algorithms are proven to be optimal in
terms of maximizing the system transmission capacity. By devising a unified
framework for both downlink and uplink spectrum access, the proposed
algorithms are shown to be practical and implementable for the upcoming
mainstream Femtocell designs.

Besides, the thesis also considers practical Femtocell issues and studies
the influence of imperfect OFDM sidelobe leakage. The study reveals that,
although OFDM sidelobe is in many cases negligible, it can cause substantial
system performance loss when channel condition is poor and Femtocell
deployment is dense. When revisiting the directional antenna approaches
for indoor wireless communication, the thesis finds out that some simple
pattern switching schemes, under the regulatory restrictions of EIRP, can
achieve much better coexistence compared to omni-directional antennas,
with only a slight sacrifice in coverage.

After summarizing the contributions in subband access and deployment
issues, the thesis concludes that, even though with stringent budget and
limited coordination with Macrocell, the Femtocells with careful study are
able to manage its own interference and deemed to play an important roll
in the future wireless communication systems.
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Z U S A M M E N FA S S U N G

Die nächste Generation zellulärer Netzwerke bezeugt die unvermeidliche
Tendenz zur Netzwerkheterogenität und den universellen Einsatz von
Frequenzen. Vor diesem Hintergrund konzentriert sich die Arbeit auf die
Koexistenzsfähigkeit von 2-Ebenen Mobilfunknetzwerken.

Die vorliegende Dissertation untersucht dabei Algorithmen zur Vermin-
derung der Interferenz und zur Verbesserung der Koexistenz in diesen
Szenarien und schlägt innovative Femtozellenzugangsmechanismen für
beide Übertragungsrichtungen, Uplink und Downlink, vor. Durch theo-
retische Analyse und Computersimulationen werden die vorgeschlagenen
Algorithmen auf die Maximierung der Systemsübertragungskapazität hin
überprüft. Mit Hilfe eines einheitlichen Rahmenwerks für den Downlink
und den Uplink wird gezeigt, dass die vorgeschlagenen Algorithmen prak-
tisch einsetzbar und somit für ein massentaugliches Femtozellendesign
umsetzbar sind.

Des Weiteren untersucht diese Arbeit auch praktische Probleme beim
Einsatz von Femtozellen, wobei der Einfluss der Außerbandstrahlung beim
allgemein verwendeten Modulationsverfahren OFDM im Fokus steht. Die
Studie zeigt dass, obwohl die Außerbandstrahlung von OFDM-basierten
Systemen in vielen Fällen vernachlässigbar ist, sie im Falle eines schlechten
Kanals und großer Femtozellendichte einen erheblichen negativen Ein-
fluss auf die Systemperformanz haben können. Zudem werden Ansätze,
basierend auf dem Einsatz von Richtantennen überprüft, wobei die Systeme
mit umschaltbaren gerichteten Antennen die Koexistenzfähigkeit im Vergle-
ich zu omnidirektionalen Antenne unter Berücksichtigung der regulativen
Grenzwerte für die abgestrahlte Leistung wesentlich verbessern und die
Abdeckung nur wenig verschlechtern.

Diese Arbeit schließt mit der Aussage, dass die Femtozelle, trotz strikter
Limitierung und nur mit begrenzter Koordination mit dem Makrozellen-
netzwerk, eine wichtige Rolle in zukünftigen Mobilfunknetzwerken spielen
wird.

Schlagwöter
2-Ebene Mobilfunknetz, Koexistenzsfähigkeit, Zugang zum Spektrum

iv



C O N T E N T S

1 introduction 1

1.1 What is Femto . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Technical Challenges . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Goal and Scopes . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Thesis Statement . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 system models and interference types 11

2.1 OFDMA System . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 Resource Allocation in OFDMA . . . . . . . . . . . . . 11

2.1.2 Link SINR . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Types of Interference . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.1 Link Types . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.2 How Strong is Each Type of Interference? . . . . . . . . 13

2.3 Performance Metrics . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.1 SINR and Shannon Capacity . . . . . . . . . . . . . . . 16

2.3.2 Power- and Interference-limited System . . . . . . . . . 16

2.3.3 Outage and Transmission Capacity . . . . . . . . . . . 17

3 femto spectrum access i : macro ffr in uplink 19

3.1 Motivations and Related Works . . . . . . . . . . . . . . . . . . 19

3.2 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.3 System Models . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.4 Analysis and Proposed Algorithms . . . . . . . . . . . . . . . . 26

3.4.1 1st-Tier Performance . . . . . . . . . . . . . . . . . . . . 26

3.4.2 Proposed Algorithms . . . . . . . . . . . . . . . . . . . 28

3.4.3 2nd-Tier Performance . . . . . . . . . . . . . . . . . . . 32

3.5 Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.6 Extensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.6.1 None 2nd-tier limited Case . . . . . . . . . . . . . . . . 37

3.6.2 General Fading Case . . . . . . . . . . . . . . . . . . . . 39

3.6.3 Sectorized Macrocell Case . . . . . . . . . . . . . . . . . 42

3.7 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . 45

4 femto spectrum access ii : macro ffr in downlink 47

4.1 Motivations and Discussions . . . . . . . . . . . . . . . . . . . 47

4.1.1 Summary from Uplink Case . . . . . . . . . . . . . . . 47

4.1.2 Asymmetric for Downlink Case . . . . . . . . . . . . . 48

4.2 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.3 System Models . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.4 Proposed Algorithms . . . . . . . . . . . . . . . . . . . . . . . . 51

4.4.1 Analysis of Outage Probability . . . . . . . . . . . . . . 51

4.4.2 Transmission Capacity and Access Probability . . . . . 53

4.4.3 Local MUE Estimations and Proposed Access Algo-
rithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.5 Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.6 Unified Femto Uplink-Downlink Access . . . . . . . . . . . . . 57

v



vi contents

4.7 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . 58

5 femto deployment issue i : ofdm sidelobe leakage 61

5.1 Motivations and Related Works . . . . . . . . . . . . . . . . . . 61

5.2 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.3 Performance Analysis . . . . . . . . . . . . . . . . . . . . . . . 63

5.3.1 System Models . . . . . . . . . . . . . . . . . . . . . . . 63

5.3.2 Interference Equivalents . . . . . . . . . . . . . . . . . . 64

5.3.3 Performance of Transmission Capacity . . . . . . . . . 65

5.3.4 Performance of Area Spectral Efficiency . . . . . . . . . 67

5.3.5 Short Summary . . . . . . . . . . . . . . . . . . . . . . . 70

5.4 Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.5 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . 74

6 femto deployment issue ii : antenna switching 75

6.1 Motivations and Related Works . . . . . . . . . . . . . . . . . . 75

6.1.1 Directional Antenna for Indoor Coverage . . . . . . . . 76

6.1.2 Femto Out-of-Building Emission Leakage . . . . . . . . 76

6.2 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6.3 Outdoor Leakage and Antenna Switching . . . . . . . . . . . . 77

6.3.1 Frequency Selection and TVWS Femto . . . . . . . . . 77

6.3.2 Typical Scenarios . . . . . . . . . . . . . . . . . . . . . . 78

6.3.3 Performance Evaluation . . . . . . . . . . . . . . . . . . 80

6.3.4 Proposed Antenna Schemes . . . . . . . . . . . . . . . . 81

6.4 Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.4.1 Indoor coverage performances . . . . . . . . . . . . . . 84

6.4.2 Outdoor leakage and co-existence . . . . . . . . . . . . 85

6.5 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . 91

7 system simulation methodologies 93

7.1 General Description . . . . . . . . . . . . . . . . . . . . . . . . . 93

7.2 Channel Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

7.3 Link-to-System Mapping . . . . . . . . . . . . . . . . . . . . . . 96

7.4 Network Simulation . . . . . . . . . . . . . . . . . . . . . . . . 97

7.5 Simulation Summary . . . . . . . . . . . . . . . . . . . . . . . . 97

8 conclusions and future works 101

8.1 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . 101

8.2 Future Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

a appendix : poisson point process 105

a.1 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

a.2 Operations Preserving PPP . . . . . . . . . . . . . . . . . . . . 105

a.3 Palm Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

a.4 Sum of Poisson Point Process . . . . . . . . . . . . . . . . . . . 106

a.5 Shot-Noise Interference . . . . . . . . . . . . . . . . . . . . . . 107

bibliography 109



L I S T O F F I G U R E S

Figure 1 Future Heterogeneous Cellular Networks . . . . . . . . 1

Figure 2 Area Spectral Efficiency Gain by Technologies . . . . . 2

Figure 3 Femto Revenue Predicted by Infonetics Research . . . 4

Figure 4 Subfloat - Figure . . . . . . . . . . . . . . . . . . . . . . 4

Figure 5 Subfloat - Figure . . . . . . . . . . . . . . . . . . . . . . 6

Figure 6 Femto communication and interference channel . . . . 7

Figure 7 Femto ad-hoc deployment . . . . . . . . . . . . . . . . . 7

Figure 8 Resource Allocation in OFDMA System . . . . . . . . . 11

Figure 9 Simple Example of Co-Channel Interference . . . . . . 12

Figure 10 Types of Interference in Two-Tiered Cellular . . . . . . 14

Figure 11 Subfloat - Figure . . . . . . . . . . . . . . . . . . . . . . 20

Figure 12 F-ALOHA for Femtocell . . . . . . . . . . . . . . . . . . 22

Figure 13 Subfloat - Figure . . . . . . . . . . . . . . . . . . . . . . 23

Figure 14 System Model for Study . . . . . . . . . . . . . . . . . . 24

Figure 15 Biased F-ALOHA for Femtos in FFR Macrocell . . . . 26

Figure 16 Flowchart of Proposed Optimal Access . . . . . . . . . 30

Figure 17 Transmission Capacity vs. MUE Power Control . . . . 35

Figure 18 Transmission Capacity vs. MUE FFR Topology . . . . . 35

Figure 19 Transmission Capacity vs. MUE Target SIR and Femto
Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Figure 20 Second Tier Outage vs. Maximal SIR Target . . . . . . 36

Figure 21 TC vs. MUE FFR Topology in Non-Interference-Limited
Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Figure 22 TC vs. MUE FFR Topology in Different Fading . . . . 40

Figure 23 Sectorized Case for Macro . . . . . . . . . . . . . . . . . 43

Figure 24 TC vs. MUE FFR Topology in sector case . . . . . . . . 46

Figure 25 Subfloat - Figure . . . . . . . . . . . . . . . . . . . . . . 47

Figure 26 FUE report the neighboring MBS lists to connected FBS 49

Figure 27 PPP distributed st-and 2nd-tier base stations . . . . . . 50

Figure 28 The Downlink System Map . . . . . . . . . . . . . . . . 51

Figure 29 Flowchart of the proposed access algorithm . . . . . . 55

Figure 30 Performance of Proposed Algorithm . . . . . . . . . . . 57

Figure 31 Subfloat - Figure . . . . . . . . . . . . . . . . . . . . . . 58

Figure 32 Sidelobe Leakage for the three Schemes . . . . . . . . . 63

Figure 33 Topology of the System . . . . . . . . . . . . . . . . . . 64

Figure 34 System TC for Accommodating Femtos . . . . . . . . . 71

Figure 35 Macrocell ASE vs. Subband Access . . . . . . . . . . . 71

Figure 36 Femto ASE in LA channel vs. Subband Access . . . . . 73

Figure 37 Femto ASE in HA channel vs. Subband Access . . . . 73

Figure 38 Subfloat - Figure . . . . . . . . . . . . . . . . . . . . . . 75

Figure 39 Primary DVB-T and cognitive LTE-Femtos . . . . . . . 79

Figure 40 Subfloat - Figure . . . . . . . . . . . . . . . . . . . . . . 79

vii



viii List of Figures

Figure 41 Subfloat - Figure . . . . . . . . . . . . . . . . . . . . . . 80

Figure 42 Azimuth Pattern of Designed Antenna, Omni(left),
Patch(mid), and Array(right) . . . . . . . . . . . . . . . 82

Figure 43 Adaptive switching of 1 or 2 patch antenna elements . 83

Figure 44 The Training Process of Antenna Switching . . . . . . . 83

Figure 45 Throughput of Building A with Omni-Antenna when
FBS1 is switched on at Freq A, mean data rate is 12.7
Mbit/s, indoor coverage probability is 100% . . . . . . 85

Figure 46 Throughput of Building A with Omni-Antenna when
FBS1 is switched on at Freq B, mean data rate is 10.7
Mbit/s, indoor coverage probability is 98.9% . . . . . . 86

Figure 47 Throughput of Building A with Omni-Antenna when
FBS1 is switched on at Freq C, mean data rate is 8.6
Mbit/s, indoor coverage probability is 95.4% . . . . . . 86

Figure 48 Throughput of Building A with Antenna Scheme II
when FBS1 is switched on at Freq C, mean data rate
is 8.1 Mbit/s, indoor coverage probability is 92.2% . . 87

Figure 49 Throughput of Building A with Antenna Scheme III
when FBS1 is switched on at Freq C, mean data rate
is 8.4 Mbit/s, indoor coverage probability is 93.3% . . 87

Figure 50 Peripheral emission leakage from Building B when
equipped with Omni Antenna . . . . . . . . . . . . . . 88

Figure 51 Peripheral emission leakage from Building B when
equipped with Antenna Scheme I . . . . . . . . . . . . 88

Figure 52 Peripheral emission leakage from Building B when
equipped with Antenna Scheme II . . . . . . . . . . . . 89

Figure 53 CDF of leakage power . . . . . . . . . . . . . . . . . . . 89

Figure 54 Outage rate vs. LTE-Femto density . . . . . . . . . . . . 91

Figure 55 General Simulation Process . . . . . . . . . . . . . . . . 93

Figure 56 Indoor Channel and Raytracing Method . . . . . . . . 94

Figure 57 Outdoor Leakage and Empirical Channel . . . . . . . . 95

Figure 58 Subfloat - Figure . . . . . . . . . . . . . . . . . . . . . . 98

Figure 59 Generate PPP Positions . . . . . . . . . . . . . . . . . . 99

Figure 60 The Overall Simulation Process . . . . . . . . . . . . . . 99



L I S T O F TA B L E S

Table 1 Interference Types . . . . . . . . . . . . . . . . . . . . . 15

Table 2 Applications of PPP Modeling in Wireless Communi-
cation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Table 3 Proposed ALOHA algorithm . . . . . . . . . . . . . . . 23

Table 4 Default Simulation Parameters for 3.5 . . . . . . . . . . 34

Table 5 Default Simulation Parameters for 4.5 . . . . . . . . . . 56

Table 6 Default Simulation Parameters for 5.4 . . . . . . . . . . 72

Table 7 Comparison of the three Schemes . . . . . . . . . . . . 74

Table 8 Indoor Coverage Probability vs. Antenna Schemes . . 90

Table 9 AMC and Data Rate . . . . . . . . . . . . . . . . . . . . 96

ix





G L O S S A RY

PPP Poisson Point Process

SOHO Small Office /Home Office

MCS Modulation and Coding Scheme

CIR Channel Impulse Response

FBS Femtocell Base Station

MBS Macrocell Base Station

UE User Equipment

FUE Femtocell User Equipment

MUE Macrocell User Equipment

OFDMA Orthogonal Frequency-Division Multiple Access

LTE Long Term Evolution

4G 4th-Generaltion Mobile Telecommunication

DAS Distributed Antenna System

FFR Fractional Frequency Reuse

EIRP Equivalent Isotropically Radiated Power

FBMC Filter Bank Multicarrier

OQAM-OFDM Offset-QAM OFDM

SIR Signal-to-Interference Ratio

SINR Signal-to-Interference and Noise Ratio

AMC Adaptive Modulation and Coding

WIFI Wireless Fidelity

TC Transmission Capacity

ASE Area Spectral Efficiency

CCI Co-channel Interference

OCI Other-cell Interference

ICI Inter-channel Interference

OOB Out-of-band

xi



xii glossary

FAP Femto Access Point

BS Base Station

EPC Evolved Packet Core

FCC Federal Communication Commission

TVWS TV White Spaces

ISM Industrial, Scientific, and Medical

CR Cognitive Radio

ppb parts-per billion

IRC Interference Rejection Combining

SIC Soft/Successive Interference Cancellation

RB Resource Block

MANET Mobile Ad-hoc Networks

GPS Global Positioning System

EESM Effective Exponential SINR Mapping

IOT Interference over Thermal

OPEX Operating Expenditure

CAPEX Capital Expenditure



M AT H E M AT I C A L A B B R E V I AT I O N S A N D N O TAT I O N S

R set of real number

Rd Euclidean space of dimension d

Z set of integer

N set of non-negative integer

|·| Lebesque measure

‖·‖ Euclidean norm

(a)+ max(0, a)

Pr(·), Pr0(·) probability, Palm probability

E(·), E0(·) expectation, expectation w.r.t. the Palm probability

Fa(·), Fc
a(·) c.d.f., c.c.d.f. of r.v. a

fa(·) p.d.f. of r.v. a

La(·) Laplacian transform of r.v. a

N (µ, δ2) Gaussian law of mean µ and variance δ2 on R

LN (µ, δ2) lognormal law of mean eµ+δ2/2 and variance (eδ2 − 1)e2µ+δ2

S, I, N power of signal, interference, noise

γ, Γ SIR/SINR, SINR threshold

E outage event

λ, Λ the intensity of a hPPP deployment, the maximal λ that meets outage bounds

(1), (2) first, second tier (in superscript)

(a), (s), (c) mainlobe, sidelobe, combined interference (in superscript)

V, A victim, aggressing link

w.r.t. with regard to

p.d.f. probability density function

r.v. random variable

c.d.f. cumulative density function

c.c.d.f. complimentary cumulative density function

i.i.d. independently and identically distributed

R.H.S. right hand side

L.H.S. left hand side

xiii





1
I N T R O D U C T I O N

Femto Cellular System, or shortly "Femto", is basically a Home Base Station
that is apart from the conventional cellular infrastructure for the signal
improvement in residential use. With a brief summary of the state-of-the-art
Femto market and research, we consequently address the main technical
challenges that might jeopardize the Femtocells successful deployment,
and cause substantial hazards to already existed Macro Cellular System,
or shortly "Macro". Among these challenges, we focus on the Femto-Macro
interference problems with sheer cost and implementation restrictions. The
main research goals and perspectives of this thesis are thus formalized
into several specific topics. We will briefly introduce these topics in this
chapter and tackle with them one by one in detail in the following chapters.
Additionally, we describe the sketch of this thesis at the end of this chapter.

1.1 what is femto

Macrocell

Femtocell

MBS

MUE

Picocell

Layer2 Relay

DAS MUE

FBS

FBS

Mobile
Core 

Network

Internet

Backhaul
FUE

FUE

Backhaul

DAS
Gateway

Figure 1: Future Heterogeneous Cellular Networks

Due to the essential nature of uneven distribution of traffic and radio
propagation over the terrestrial plain, hotspots (where dense user traffic
emerges) and deadzones (where radio signal is deeply blocked) are the
two long standing and formidable obstacles for mobile communication

1



2 1 introduction

system to achieve ubiquitous coverage. Even since the very beginning of
cellular age, radio Repeaters are invented and deployed in specific places
to improve the signal coverage for indoor and underground deadzones. In
1990s, Picocell or simply "Pico" and Distributed Antenna System (DAS) are
also brought into reality but they were never with a high market portion
and massive deployment. With the upcoming era of 4th-Generaltion Mobile
Telecommunication (4G), radio technologies have been greatly advanced and
we witness the roll-out of many powerful coverage solutions such as Layer
2 Relays (or simply "Relays") and Femtos. Relays, Femtos, together with
Repeaters, Picos, DASs, and etc. formalize the future cellular system with
multi-elements in variety and we are affirmed that this trend towards net-
work heterogeneity is inevitable and will become more and more significant
in the next decades, see Fig. 1.

There are many forces in the background compelling the cellular hetero-
geneity. Among them, the greatest force comes from the exploding data
traffic from multi-media applications, thanks to the recent advances in
laptops, smart-phones and tablet products.

Other forces are the growing expenditure for operating a Macrocell and
the accumulating concerns on Area Spectral Efficiency (ASE). It has been
shown by many reports that since 1957, the wireless capacity has an ap-
proximately million-fold increase, 25× improvement from wider spectrum,
5× improvement from dividing spectrum into smaller slices, 5× improve-
ment by designing better modulation schemes, and a whopping 1600×
gain through reduced cell sizes and transmit distance [7], see Fig. 2. There-
fore, turning into smaller size and providing various support of traffic
demands is indeed the great intuition towards cellular heterogeneity by
service providers.
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Figure 2: Area Spectral Efficiency Gain by Technologies

As one of the above mentioned cellular elements, Femtos are aimed
to improve the residential and Small Office /Home Office (SOHO) indoor
coverage. Distinguished from Picos, Femtos are apart from the cellular
infrastructure, usually back-hauled to Internet and the Core Network via



1.2 Technical Challenges 3

some gateways. It is supposed to be deployed by end-users and transmit
at a much lower power so its coverage range is usually only within 10-15

meters[3]. Other than DAS which is only a radio signal multiplexer, Femto
Access Point (FAP) is much complicated. It is literately a Base Station (BS),
i.e. Femtocell Base Station (FBS) and possesses the same air interface as
Macrocell Base Station (MBS) so that ordinary User Equipment (UE) can
connect to it without extra requirements. For simplicity reasons, throughout
the thesis, we name the UEs that connected to MBS as Macrocell User
Equipment (MUE) and to FBS as Femtocell User Equipment (FUE).

In recent years, Femtos are becoming a very hot topic that attracts many
research efforts from both academia and industry. We can summarize the
main reasons of this phenomenon as the following:

• According to the market research by Infonetics Research in year 2007

[38], 69% of the cellular data traffic and 58% of the phone calls are
predicted to be made from residential indoors in year 2013. Since MBS

tower are usually located outdoors, the radio signal penetrated into
the buildings are relatively weak, insufficient to support the most of
high speed traffic demand. Thereby, indoor hotspot technology is very
promising for dense deployment.

• The second reason is coming from the service providers. Wireless
Fidelity (WIFI) as another hotspot technology has been a success and
dominates the residential market for a long time. The Repeaters,
Picos are mainly for enterprise customer, and the providers are
facing the huge problem of reduced residential customer’s royalty
and hoping that Femtos can salvage this situation. Concerning the
cost, the providers are also very keen to deploy the Femtocell be-
cause great amount Capital Expenditure (CAPEX) and Operating
Expenditure (OPEX) can be saved, see [21] for the Femto financial
analysis. The report of [28] also addresses the possibility that Femtos
might have great potentials in improving the 4G business models. See
Fig.3 for the global Femto revenue forecasts conducted by Infonetics
Research [39] amid the economic recession in past three years.

1.2 technical challenges

We will first discuss the Femto technical challenges in aspects of Networking,
Regulation, and Implementation. Then we will focus ourselves on the
coexistence and interference issue for Femtocells.

Networking is difficult for Femtos mainly due to fact that Femtos are
back-hauled to Internet, which means a limited signaling bandwidth and
latency issues for synchronization and inter-cell coordination. For example,
X2 interface in 3GPP Long Term Evolution (LTE) releases has not yet been
successfully realized and providers are also worrying about that a large
number of Femtos using X2 to connect with local Macros may lead to the
great congestion problems for Evolved Packet Core (EPC) network.
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Figure 3: Femto Revenue Predicted by Infonetics Research

Another problem with Networking is how to proceed with the handover
and Access Control protocol when the subscribers are frequently entering
and leaving the coverage region of Femtocells. There are mainly three access
modes for Femtocells under discussion, i.e. Closed Access, Open Access, and
Hybrid Access.

FBS

Femtocell

UE of Femto 
Owner

Roaming UE 

Access 
Permitted

Access Denied

Interference

(a) Closed Access for Femtos

FBS

Femtocell

UE of Femto 
Owner

Roaming UE 

Access 
Permitted

Access 
Permitted

(b) Open Access for Femtos

Figure 4: Access Control for Femtocells

• Closed Access, see Fig. 4a, means that Femtocells are only open for
subscribers who possesses it and closed to public roaming ones.

• Open Access, see Fig. 4b, on the contrary, allows all the subscribers
to access as long as they are in a good coverage of the Femtocell. Ap-
parently, Closed Access suffers from some possible strong co-channel
interference problems when the roaming UEs are very close to the
FBS. However, customers are not willing to share their own property
of Femtocell for public traffic, especially when the safety and security
issues are concerned.

• Thereby the Hybrid Access mode is proposed that only allows a very
limited bandwidth for public access (only some telephone calls in
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strong interference occasions for example) to achieve a "Win-Win"
status between the operators and Femto owners.

Regulation for Femtocell is mostly concerned in the following aspects.
First concern is the licensing for Femtos. Because Femtos are possessed
by end-user, it is possible that a FBS equipment registered in Country A
appears in Country B. Operators shall have strict license control to prevent
these situations to happen. Additionally, they are also required to own the
legal right of terminating the Femtos from service in the cases of technical
upgrade, spectrum license expiration etc. Last but not least, as Federal
Communication Commission (FCC) has recently ruled, Femtos are also
deemed as a part of the provider’s communication network so that they are
also responsible for accepting emergency calls and some tasks as criminal
tracing of locations. Therefore, the locating precision for Femtocells shall be
no less than 50m.

Implementation of Femtocell meets a very strict limit in cost because the
peer competitor WIFI is extremely cheap in terms of market prices. The
current goal of Femto Forum is to make the cost of each FBS as low as 50

US dollars, which also means a practical design against algorithms and
mechanisms with too much in complexity [14]. For example, the frequency
synchronization for LTE Femtocells [30], as mandated by 3GPP in Rel. 10

[1], the carrier frequency error of LTE Femtocells shall be no more than 250

parts-per billion (ppb), i.e. no less than 50Hz frequency offset at 2.1GHz,
which is definitely a challenge at this moment for low-cost realizations.

Finally, we come to the discussion of Frequency Reuse and Interference
Management for Femtocells. At the current stage, the frequency for the
Femtocells to access is mostly the same licensed spectrum owned by the
service provider because this can rather increase the spectrum efficiency
and greatly chop down the cost per bit. We name it here as the licensed
spectrum access for Femtos, which is favored by the providers as long as the
interference coming from the reusing Femtos is at a benign level [44].

There are also some considerations of unlicensed spectrum access for Femtos,
like its counterpart WIFI in Industrial, Scientific, and Medical (ISM) or even
TV White Spaces (TVWS). However, Femtos accessing unlicensed spectrum
also mean that the UE radio front-end shall support this unlicensed band
as well. This is definitely one critical shortcoming since that the current
standardized UEs can only support licensed 3G or 4G bands. However, we
do not here exclude the possibility that in a long term future, Femtos might
indeed access the unlicensed spectrum like a Cognitive Radio (CR) device. In
fact, we discuss some performances for unlicensed spectrum access Femtos
in this thesis, see Chapter 5 and 6 of Femto deployment issues.

Let us go back to the licensed spectrum access for Femtocells. There
are basically two approaches for allocating the junction of provider-owned
licensed frequency bands to the Femtocells, Orthogonal Access and Nonorthog-
onal Access[48].

• Orthogonal Access, see Fig. 5a, is to simply assign a small fraction of
the bands exclusively to the Femtocells, so that no matter how dense
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the Femto deployment is, there can be no great influence on the Macro
users who are working on the cross-orthogonal bands.

• In Nonorthogonal Access, see Fig. 5b, there is no such exclusive
assignment, so Femtos need to share the whole band with Macros
in a subordinate manner, meaning that spectrum usage of Femtos is
strictly inferior to the Macros.

Although some research works reveal that Orthogonal Access in many cases
outperforms the Nonorthogonal Access [35] [17], the providers seem to
favor the Nonorthogonal Access, because a trunk of dedicated spectrum
band is way too expensive and the exclusive assignment does not scale well
with the evolving market of Femtos.

Access by Macros

f1 f2
f

overlay

Access by Femtos

(a) Orthogonal Spectrum Access for Femtos

Access by Femtos

Access by Macros

f1 f2
f

1st-tier

2nd-tier
underlay

(b) Nonorthogonal Spectrum Access for Femtos

Figure 5: Licensed Spectrum Access for Femtocells

For the Nonorthogonal Access, the Femtos and Macros are sharing the
same frequency band with different level of priority. We name such network
as two-tiered cellular networks, with Macros as the 1st-tier and Femtos
as the 2nd-tier. The interference management in two-tiered cellular is a
very popular topic in research, attracting many contributions from Baccelli,
Andrews, Haenggi, Weber, etc. in [12] [9] [11] and [69]. Some works were
even extended into a multi-tier domain, capturing the generic heterogeneous
network structure of Macros, Picos, and Femtos.

The focus of this thesis is kept also on the case of Nonorthogonal Access.
In most of the analysis conducted by this thesis, we will look into both the
1st-tier and the 2nd-tier performances. We introduce the related works in
more detail in Chapter 3, 4, and 5.

1.3 goal and scopes

The research goal of this thesis is to analyze and devise the interference man-
agement algorithms for Femto-Macro coexisting heterogeneous networks
within the following scopes:
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Figure 6: Femto communication and interference channel
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• Scope 1: In this thesis, we will only consider the nonorthogonal spec-
trum access since it is the mainstream deployment for Femtos. We
treat the underlying Femtos as the low cost devices that interference
management mechanism is favored to be developed in a distributed
manner with controllable parameters and able to adapt to the dynam-
ics of Macrocells. We will try to avoid covering the implementation-
oriented schemes by the current efforts from industry. Instead, we
deliver a more general and innovative design of Femtos with random
access and optimal controlling, which can be the guidelines of the
performance bounds for Femto future deployment. We do admit that
by the current Femto deployment, inter-tier interference is relatively
benign, but for a longer term and more aggressive assumptions, the
Femto interference is demonstrated by this work as the true bottleneck
of overall system performance. Moreover, we also include the fairly
long term TVWS-Femto assumptions in the deployment issue, and
discuss the maximal performance bounds for antenna-switching or
beam-forming for Femtos using innovative analysis techniques.

• Scope 2: In this thesis, we suppose close-access for Femto users. We
will consider the interference management issues only for Orthogonal
Frequency-Division Multiple Access (OFDMA) based Macro and Fem-
tocells. In OFDMA based communication systems, the intra-cell in-
terference is trivial because resources are orthogonal in frequency
or time domain and well scheduled by MAC mechanism to assign
to different users. The main performance-influencing interference
source is the Other-cell Interference (OCI). Meanwhile, we will mainly
concentrate on co-OFDM subcarrier interference (i.e. Co-channel
Interference (CCI)) since the inter-subcarrier interference (i.e. Inter-
channel Interference (ICI)) due to time offsetting is relative minor
in OFDM-like systems. However, in Chapter 5 deployment issues,
we do look into some special cases and prove that the imperfect
Out-of-band (OOB) of OFDM system can also lead to a substantial
performance loss.

To better understand the interference management issue for OFDMA Fem-
tos within the thesis scopes, we summarize the distinctive attributes of
Femtocells into the following five remarks.

Remark 1.1 Femtocells possess a unique indoor wireless channel, e.g. the house
shielding effect and the multi-scattering, which is different from the Macro-and
Picocells, so it shall be treated in a particular way, see Fig. 6;

Remark 1.2 Femtocells are user deployed with ad-hoc manner, while Macro and
Picocells are usually provider deployed with a certain plan, see Fig. 7;

Remark 1.3 Femtocells have lower traffic demand than Macrocells, the Femto
UEs are also lower in number and more symmetry distributed;

Remark 1.4 Femtocells are subordinated spectrum user, meaning that their exis-
tence shall never exceed the Macro tolerable limit regardless its own performance;
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Remark 1.5 Femtocells are stringently cost limited. Algorithms with extensive
coordination and additional hardware interface requirement are not preferred.

As we can see from the above, the interference management issue for
OFDMA femtos in the scopes of this thesis is very much distinguished from
the previous study of inter-cell interference. This indeed justifies the main
motivations for this thesis work, and these five remarks essentially play the
central roles for the development of algorithms throughout this thesis.

1.4 thesis statement

The main contribution of this thesis work can be summarized as follows:

1. In Chapter 3, we analysis the system performance when Femtos are
lying under Macros performing Fractional Frequency Reuse (FFR)
and propose a partially-biased F-ALOHA spectrum access algorithm
which requires the knowledge of macro FFR configuration broadcasted
to local Femtos. The proposed scheme is proved to be optimal in the
sense of achieving the maximal transmission capacity and it can well
adapt to Macro dynamics.

2. In Chapter 4, we analysis the system outage for downlink cases and
proposed a totally-biased F-ALOHA algorithm to let the Femtocells
achieve the maximal transmission capacity. To enable this algorithm,
each FBS shall estimate the local FFR condition and we thus design
the mechanism to support these message passing and online inquiry,
which is a unified framework for both uplink and downlink.

3. In Chapter 5, we discuss the possibilities of Femtos accessing TVWS
and the substitutes of physical layer interfaces. We analyze the effect
of OFDM’s OOB leakage and derive the analytical performance to
make comparisons between several physical layer candidates.

4. In Chapter 6, we discuss the antenna aspects of Femtocells and their
influence on the Femto-to-Macro interference. We devise two im-
plementable antenna switching algorithms and designed specified
antenna pattern for study. Our findings are that the best-effort perfor-
mances of antenna switching under EIRP constraints are comparable
to Beam-forming and greatly reduce the Femto-to-outdoor interfer-
ence.

5. In Chapter 7, we propose a joint link- and system-level simulation
methodology, which well captures the Femto ad-hoc manner and
avoids the inefficiency of empirical propagation model in predicting
cross-indoor and outdoor pathloss. We demonstrate this methodol-
ogy in the simulation for the study cases of Chapter 6, showing a
reasonable computation load and the prediction is close to practice.

The thesis is organized as following, in Chapter 1, basic introduction
of Femtocell is made together with the motivation of the research and
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the basic scopes of the research. In Chapter 2, we address the generic
modeling for Femto-Macro (two-tier) coexistence scenarios and classify the
interference links into different types. By introducing the industry results,
we also explain why inter-tier interference is the main concern of this thesis.
In Chapter 3, the F-ALOHA based Femto spectrum access in uplink is
investigated with its extension to Macro FFR scenario. In Chapter 4, the
work of Chapter 3 is extended to the case of downlink and the unified
framework for both links is proposed. In Chapter 5, we discuss the practical
deployment issue of sideband leakage in Femtocells. In Chapter 6, adaptive
antenna pattern switching is revisited for Femtocell and proved to have
excellent performance in the sense of reducing interference. In Chapter 7,
we propose an innovative link-and system level simulation methodology
and present the simulation results thereafter. Finally in Chapter 8, we draw
the conclusion of the thesis work and discuss the future work.

Besides the main contents, the thesis is also provided with an appendix.
The appendix is to introduce the fundamentals of stochastic geometry and
Poisson Point Process, which supports the analytic work in Chapters 3, 4, 5,
and 6.



2
S Y S T E M M O D E L S A N D I N T E R F E R E N C E T Y P E S

In this chapter, we formalize the interference management problems of two-
tiered cellular system by scenario modeling and interference classification.
We define each type of co-channel interference and present the preliminary
results done by other parties, mainly from Femto Forum. It is necessary here
to shortly introduce the Femto Forum, which is an industrial partnership
composed of leading companies in the Femtocell area such as Airvana,
Alcatel-lucent, Qualcomm, Samsung, ip.access, etc. It is aiming to promote
the concepts and standardize the 2G/3G/4G Femtocell products. Before
the roll-out of Femtocell, the newly brought interference is estimated to
be serious by the providers. Therefore the Femto Forum has conducted a
series of interference studies during year 2008-2010 and published the main
results in its white papers, see [29] and [27]. We will first follow the trace of
their prototyping method of Femtocell interference and then give a brief
discussion to point out the limitation and drawbacks of the industrial efforts.
Finally we establish our own modeling method and clarify the performance
metrics for the development of the algorithms in this thesis.

2.1 ofdma system

2.1.1 Resource Allocation in OFDMA

Firstly, let us take a look at a typical OFDMA system, see Fig.8 for example.

1 timeslot
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1 resource unitt
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allocated to UE 1
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Figure 8: Resource Allocation in OFDMA System
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In such system, the resource is slotted in both frequency and time domain.
Each of such resource unit is called Resource Block (RB) in this thesis, which
can be assigned by the scheduler to one UE within the cell exclusively at
the same time. This mechanism precludes the intra-cell interference since
each user’s resource are orthogonal either in frequency or time domain. As
already introduced in the scope of this thesis, both the Macro and Femto are
assumed to use the same OFDMA interface with same resource divisions.
Although there can be timing offset of the arriving OFDM symbols between
Macros and Femtos due to the fact that many of the current FDD Femtos are
working at un-synchronized manner, we neglect this effect and look only on
one "typical" RB for the observation of a number of sub-frames, where traffic
and scheduling decision are assumed to be consistent. This assumption is
validated for the case of constant and high data rate traffic with low user
mobility which is applicable to the Femto scenario. Moreover, the quasi-
constant channel gain assumption on this typical RB is also reasonable since
Doppler effect is generally not serious for Femtos, where most users are
nomadic or fixed ones.

And throughout the thesis, we name the communication link that is suf-
fered by other-cell interference as the Interference Victim, or simply the victim,
and all the source of interference link as the Interference Aggressor, or simply
the aggressor. We will mostly look only into the traffic channel, although
some results might also apply to the control channel of the communication
system.

2.1.2 Link SINR

We will take a single link on one specific RB as example:

Transmitter of V

Transmitter of A

Receiver of V

Receiver of A

Interference Link

Communication Link

PA

PV

PI

PS

White Noise
PN

Figure 9: Simple Example of Co-Channel Interference

If we assume the transmit power of victim V and aggressor A transmitter
as PV and PA respectively and use the empirical radio propagation model
as the received signal S seen by the victim receiver is given by:

S = PVKVWVX−αV (2.1)
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where KV, WV, αV are the penetration loss, large/small-scale fading, pathloss
exponent, respectively. X is the distance between communication link pair.
Similarly the received interference power, denoted as I, from aggressor A
and seen by V equals to:

I = PAKAWAY−αA (2.2)

where KA, WA, αA have the similar definition but on interference link A and
Y is the interference distance.

In the case of one victim and one aggressor in the system, the Signal-to-
Interference and Noise Ratio (SINR) of victim link, denoted as γ is easily
given by:

γ =
S

I + N
(2.3)

where N is the power of noise, which is modeled as white Gaussian and
treated as a constant value throughout the thesis.

Of course, A and V are mutually interfering with each other on the co-
channel and usually the interference arrived at one victim can be aggregated
from a set of A interference aggressors. In such case, γ is derived by:

γ =
S

∑A∈A IA + N
(2.4)

2.2 types of interference

2.2.1 Link Types

The intuition of dividing interference into different types are quite straight-
forward. According to Femto Forum, we classify the interference according
to the link properties of UL/DL and Femto/Macro, see Fig. 10. The benefit
of doing so is that, when we know which type of interference is serious, we
can simply devise interference avoidance or mitigation algorithms dedicated
to this link and leaving those trivial interference untouched. Therefore the
only remaining question is how strong and how significant is each of these
interference types. The answer is given in sub-section 2.2.2.

2.2.2 How Strong is Each Type of Interference?

In the following, we will briefly describe if each of the interference types is
serious to system performance or not. The results are very similar to the
OFDMA interference report by Femto Forum:

1. Femto-to-Femto in UL (intra-2nd-tier):
Aggressor Transmitter: FUE
Victim Receiver: FBS
This type of interference is corresponding to Scenario F1 in Femto
Forum white paper [29]. Many simulation-based studies reveal that
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Figure 10: Types of Interference in Two-Tiered Cellular

this type of interference is relative benign because two reasons: 1) FUE
transmit power is usually low 2) FUE is in most cases in good coverage
of the connecting FBS so uplink power control can further alleviate
the interference. On the other hand, great interference can indeed
happen when victim FUE or aggressor FUE is placed at the corner of
the house. However, this extreme case is very rare. Therefore we treat
this type of interference as minor at low deployment of Femto.

2. Femto-to-Femto in DL (intra-2nd-tier):
Aggressor Transmitter: FBS
Victim Receiver: FUE
This type of interference is corresponding to Scenario E in Femto
Forum white paper [29]. This type of interference is more serious than
Type 1 especially when the traffic is of full buffer. Substantial outage
is observed by simulation and fairness can also be decreased when a
"loud" FBS is always transmitting. However, due to the traffic load of
Femto is relative small, Femtos in the vicinity can reuse the frequency
at a higher factor. Moreover, Femtos are in lower priority than Macros,
thereby, in sum, we treat this type of interference as medium, need
further investigation in the thesis.

3. Macro-to-Femto in DL (cross-tier):
Aggressor Transmitter: MBS
Victim Receiver: FUE
This type of interference is corresponding to Scenario A1 in Femto
Forum white paper [29]. This type of interference is not serious thanks
to the high outdoor-to-indoor penetration by walls and ceilings. More-
over, it is not scalable with the increase of Femto deployment. There-
fore, we treat this type of interference as minor, generally negligible.

4. Femto-to-Macro in UL (cross-tier):
Aggressor Transmitter: FUE
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Table 1: Interference Types

Interference Type Description Evaluated by Femto Forum

#1 Femto-to-Femto in UL benign

#2 Femto-to-Femto in DL medium

#3 Macro-to-Femto in DL minor

#4 Femto-to-Macro in UL medium-high

#5 Macro-to-Femto in UL minor

#6 Femto-to-Macro in DL medium-high

Victim Receiver: MBS
This type of interference is corresponding to Scenario D2 in Femto Fo-
rum white paper [29]. This type of interference is extreme dangerous
because the victim is MBS. Conducted simulations suggest that the
transmit power of FUE must be capitalized at a low level, otherwise
significant harms to the Macro can be done. Another option to mit-
igate the interference is to secure the usage of Femto from the near
region of Macro towers because UE in that region is generally in good
coverage of Macro and not necessary to bridged to Femto.We treat
this type of interference as medium-high, need further investigation
in the thesis.

5. Macro-to-Femto in UL (cross-tier):
Aggressor Transmitter: MUE
Victim Receiver: FBS
This type of interference is corresponding to Scenario B1 in Femto
Forum white paper [29]. This happens when FBS is located at Macro
edges, in the near of MUE with high transmit power. However, in the
condition of low Femto deployment, this interference is shown to be
minor by simulation study. Therefore, we treat this type of interference
as minor, not of great impact to system performance.

6. Femto-to-Macro in DL (cross-tier):
Aggressor Transmitter: FBS
Victim Receiver: MUE
This type of interference is corresponding to Scenario C1 in Femto
Forum white paper [29]. This is the interference attracting most of
the research interest because it can cause the MUE-call to drop and is
generally difficult to predict although outage does happen at certain
possibility. There are some proposed solutions, such as capitalizing the
FBS transmit power, enabling the FBS to sniffer the uplink pilot signal
by MUE, and also position dependent FBS power control (low transmit
power if FBS is at Macro cell edge). However, none of the above
solutions can work perfectly alone. We treat this type of interference
as medium-high and are going to further investigate in the thesis.

To conclude in Tab. 1, interference type 2, 4, and 6, i.e. Femto-to-Femto
and Femto-to-Macro interference, are of the major interest because they
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can be very harmful to system performance. Therefore, these three types
of interference will be the major management object in the thesis. How-
ever, it is noted that the above results are generally obtained by computer
simulation merely with rather conservative assumptions of Femto deploy-
ment. Henceforth, it is still possible that the results do not hold when high
market penetration of Femtos are realized in the long term of future. In
our study, we will investigate the scenarios and make the performance
predictions from a more pessimistic perspective and find out the effective
interference management algorithms that can be scalable with different
Femto deployment and scenario setups.

2.3 performance metrics

In the following, we will define the performance metrics in this thesis in a
more generic manner. We will begin with the SINR.

2.3.1 SINR and Shannon Capacity

SINR is an important metric for the link performance, since the well known
Shannon capacity C of link V in SISO case is given by:

C = Blog2(1 + γ) (2.5)

where B is the transmission bandwidth.
In practical systems, the link achievable data rate c can be depicted as:

c = wBlog2(1 + ξγ) (2.6)

where w ∈ (0, 1) and ξ ∈ (0, 1) denote the optimality gap between the
Shannon capacity and the performance of practical radio transceivers.

Thanks to the efforts in realizing advanced modulation and coding
schemes and link rate adaptation Adaptive Modulation and Coding (AMC),
w and ξ for current best-practice transceivers are close 1 meaning that the
SISO is nowadays on the verge of the Shannon capacity[51]. Therefore,
without too much loss of generality, we simply let the achievable data rate
equivalent to the Shannon capacity.

Moreover, the asymptotic behavior of capacity can be shown as limγ→0 C ≈
γ and limγ→∞ C ≈ log γ. We name γ→ 0 as "low SINR region" and γ→ ∞
as "high SINR region".

2.3.2 Power- and Interference-limited System

Then we take a look on the system wise performance. If interference is
minor and power control of PV is resilient with PA, the capacity can be
substantially improved if PV is increased, we call this as a power limited
system.

In other cases when interference is very strong (I � N) so that noise
is neglectable, we can simply write as Γ = S

I , i.e. the SINR degrades to
Signal-to-Interference Ratio (SIR). This is named as interference limited system.
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It is noted that interference signal is actually not white (i.e. correlated in
either time, frequency, or spatial domain) and advanced signal processing
and interference cancellation algorithms in modern communication systems,
such as Interference Rejection Combining (IRC), Soft/Successive Interfer-
ence Cancellation (SIC) can be used to mitigate the negative influence of
interference[10]. In some cases, the influence of interference can be even
totally annihilated, see DPC for example. This means a modification on our
system model and we will discuss in detail when necessary in the following
chapters.

2.3.3 Outage and Transmission Capacity

• Outage Probability: Due to the random factor of channel fading and
mobility, the SINR observed during certain time interval is actually
a random variable. We thereby define the link outage, denoted as E ,
as a random event that happens when link SINR is falling under a
pre-defined threshold Γ. In such cases, the probability of outage for
communication link V, denoted as Pr(E), can be given as:

Pr(E) = 1− Pr(γ ≥ Γ) = 1− Fc
γ(Γ) = Fγ(Γ) (2.7)

• Transmission Capacity (TC): It is obvious that the Macrocell Pr(E)
is a strict monotonically increasing function with the Femto deploy-
ment density λ, which is the average number of Femtos within each
Macrocell. Therefore, to guarantee that the 1st-tier outage probability
by the introduction of 2nd-tier is always greater than a pre-defined
threshold ε, the deployment density of Femtocell, i.e. λ shall not be
greater than a certain value. This is indeed a very important system
metric that follows the definition of Remark 1.4, i.e. Femtocells are
the strict subordinate users of the sharing spectrum. We name this
maximal allowed Femtocell intensity as the Transmission Capacity and
denote it as Λ:

Λ , supλ(2) : Pr(E (1)) ≤ ε(1) (2.8)

Note that, in the thesis, (1), (2) in superscript denote the 1st-tier and
2nd-tier metrics. respectively.

We remind that the definition of transmission capacity may be not
the same as in the other works [69], [70]. However, we point out the
similarity between each other and emphasize on the importance of
TC being the Femto-Macro coexisting system performance. The detail
discussion on the transmission capacity will be given in Chapter 3.

• Area Spectral Efficiency (ASE): We assume that there is an approx-
imate link-to-data-rate function of G(γ), which denote the achiev-
able rate of link given a specific SINR level γ. For example, G(γ) =

wBlog2(1+ ξγ) as defined previously. We also define the sum through-
put D of the system, either on 1st-tier or 2nd-tier, as the cumulative
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data rate for all the communication links (as the set of V) within a
long term of observation, so that each link data rate reaches ergodicity,
i.e.

D = ∑
i∈V

E[Gi(γ ≥ Γ)] (2.9)

Finally, the ASE of the system, denoted as T, can be derived as:

T =
D
|C| (2.10)

where |C| is the area size of the system map C ⊂ R2.

It is true that ASE is another very important system metric since the
providers are keen to learn how much payoff can be achieved when Femto-
cells are deployed in the area. Those metrics like the 1st-tier ASE T(1), the
second-tier ASE T(2), and the overall ASE T(1) + T(2) are helpful to estimate
the economic meters such as cost per bit, revenue per Hertz, and so on.
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From information theory point of view, random access to radio resource is
an efficient way to mitigate the interference, especially when the aggressor
is at a relative "blind" status, i.e. it has no clear idea which resource is most
vulnerable to the potential interference. This concept is thus implemented
into many mechanisms such as frequency hopping, time hopping, random
beamforming etc. see [68]. In this chapter, we will briefly introduce the
F-ALOHA spectrum access concept to facilitate the later development.

Another long standing problem for wireless communication theory is that,
it is extremely tedious to analyze the cellular network performance, even for
the most regular BS position like hexagonal or square grid. Thereby many
performance predictions can only be made based on computer simulation,
which is in many cases not of generality.

Thanks to the successful application of stochastic geometry by Baccelli,
Andrews, Weber, and etc., we finally achieve the analytical tractability of
Femto modeling. Based on this framework, in this chapter, we derive the
optimal Femto subband F-ALOHA access algorithm when the underlying
Macros are performing Fractional Frequency Reuse (FFR).

This chapter is organized as follows: related works and a brief history
about PPP modeling of Femtos are introduced in Section 3.1, a short de-
scription of the contribution by the chapter work is introduced in Section
3.2. Section 3.3 describes how we break down the system model and achieve
the optimal access algorithms by analytical proofs in Section 3.4. We then
extend the algorithm in more general cases in Section 3.6 and conclude in
Section 3.7

3.1 motivations and related works

• Classic Cellular Modeling:

The early cellular system study can be dated back to year 1994, when
Wyner in his famous paper [75] successfully models the Other-cell
Interference by a deterministic 1-d model and achieves the cellular
system capacity in analytic form. Although the mathematical results
from Wyner is very beautiful, it is too simple in the sense that the
interference from neighboring cell is assumed to be of a constant
degradation factor (a), which is only valid for CDMA system because
the interference of CDMA system is usually spread and whitened.
The later improvement on Wyner’s work includes [60], [61], and [63].

However, when these improvements consider a more complex sce-
nario, the initial mathematical tractability is also getting lost. For this
reason, the research again has to rely on the computer-based simu-
lation, where the position of cells is often based on some regular or

19
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(c) PPP distributed Base Stations

Figure 11: BS Models and Real Cases

real-case pattern. But the problem for computer simulation is that the
true performance of system design is difficult to be explicitly revealed
and the computation load is enormous when the system is of a large
scale.

In short, the classic modeling of cellular system is based on some
regular shapes of circles, hexagonal, or square grids. One shall try to
improve this modeling approach, because

1. these regular deterministic models are never of good mathe-
matical tractability, in fact, only in rare cases that closed form
performance can be found;

2. the deployments of cellular systems in nowadays, even for Macro-
cells, are never of regular geometry.

For instance , see the middle subfigure of Fig. 11b, which is the real
Macrocell deployments taken from a mid-size city of the US (source:
[23]). We find that the regular modeling of cell position in Subfigure
11a is far away from the real case, whereas a snapshot of random
Poisson Point Process assumption in the right subfigure is much more
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Table 2: Applications of PPP Modeling in Wireless Communication

Generic PPP

independently marked ALOHA-based access

Matérn process CSMA-based access

germ-grain model multi-hop coverage

Voronoi tessellation cell coverage

accurate. This interesting observation has intrigued the cell modeling
by stochastic geometry methods in research [9]. We will introduce it
in the following.

• Stochastic Geometry for Cellular Modeling:

Stochastic geometry [65] is a mathematical tool for evaluating random
spatial distributed locations, which is initially well applied in physics,
image processing, astronomy etc. The pioneering successful introduc-
tion of stochastic geometry in wireless networks is for study the MAC
and routing algorithms of Mobile Ad-hoc Networks (MANET), due
to the fact that the nodes in MANETs are close to the assumptions
of Poisson Point Process (PPP) distributed [12][43]. Later the work is
extended to the random graphs for cell coverage and the Vonoroi
Tessellation. A good review for this topic can be found in [34], where
we summarize that the state-of-art application of stochastic geometry
in Tab. 2.

To the best knowledge of the author, poisson arrival of interference
modeled as Power-law shot noise can be dated to as early as 1990s
in [49] [37]. Nevertheless, the first modeling for Femto location by
stochastic geometry is attributed to Chandrasekhar and Andrews in
year 2009 [17] [19]. They successfully captured the ad-hoc manner of
Femtocell application.

From then on, many results in MANET are reused in the context of
Femtocell. For example, [42] proposed the optimal bandwidth parti-
tioning to maximize the number of simultaneous links. [35] pointed
out that spectrum overlay is more efficient than spectrum underlay
in the sense of increasing the feasible capacity region. [17] proposed
a spectrum allocation policy which is optimal according to maximiz-
ing area spectral efficiency. [5],[6] consider the network capacity of
inhomogeneous MANET deployment.

• Optimality of F-ALOHA: When developing distributed spectrum
access for ad-hoc networks, one observes that the optimal access
scheme for each node in a blind status is to randomly distribute and
access the resources. Rigorous mathematical proofs are given in Weber
et al.’s paper [71], showing that FH-CDMA is more optimal than DS-
CDMA in the sense of maximizing transmission capacity. Theoretic
reason behind this finding is that FH-CDMA is the most efficient
way of thinning the interference intensity by the spreading factor of
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M. Thus the transmission capacity can be scaled by M
2
α , where α is

the pathloss exponent. This finding also verifies that F-ALOHA, i.e.
each node randomly access a small portion of the spectrum at each
time, is indeed the optimal way to preserving the maximal system
transmission capacity. Although most of the current cellular systems
only realize frequency hopping in the UL to mitigate the near-far
effect, we look into the F-ALOHA case in both DL and UL because it
predicts the transmission capacity upper-bounds for blind case. Some
computer simulation results also show the similar results [77].

1st-tier

2nd-tier

Access by Macro overlying

Access by Femto 1

Access by Femto 2
underlying

Access by Femto 3

Access by Femto 4

ff2f1

Figure 12: F-ALOHA for Femtocell

• FFR for Cellular: FFR is an effort of manipulating the frequency re-
source allocation upon terminal’s location to achieve the universal
frequency reuse for Macrocell. It is a very simple but effective algo-
rithm that is based on differentiation between cell central and edge
MUEs. For the cell central MUEs, since they are close to the connect-
ing MBS, they are mostly robust against OCI in DL thereby the reuse
factor is as low as 1. For the cell edge MUEs, since they are near to the
neighboring MBS, they are vulnerable to OCI in DL and dangerous in
causing OCI to neighboring cell in UL. Therefore, the reuse factor is
higher, for example in Fig. 13 the reuse factor for cell edge MUE is 3.

The question is which subband (i.e. S1, S2, S3 in the example) for
Femto to access when lying under such FFR Macros? One answer is
the heuristic approach proposed by Oh et al. [54], that the Femtos in
cell edge reuse the subbands that are irrelevant to the subband that
the local MUEs are accessing, so that to avoid from causing CCI. This
algorithm is later improved in the work of [58] by implementing Load-
Spillage power control algorithm to further alleviate the interference.

One shortcoming is that precise Femto location information must
be acquired to perform this heuristic approach (imagine one FFC
located in overlapping area of several Macrocell), which is not always
available because Femto is sometimes well isolated in the house that
Global Positioning System (GPS) does not work well. As the location
precision of Femto mandated by FFC is around 50m, it is too coarse
to let the approach to perform well. Additionally, to let one small
region of Femtos always access one certain subband also implies a
high potential of intra-2nd tier interference.
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Figure 13: An Example of FFR Macro and Underlying Femtos

Table 3: Proposed ALOHA algorithm

Application Pre-knowledge Sub-optimal Optimal

No specific Macro No DS-CDMA etc. ALOHA with maximal DOF

Macro performing FFR FFR configuration Heuristic, blind access Proposed ALOHA (biased)

Therefore, in this chapter, we study different optimal approaches
based on ALOHA access in uplink and deal with downlink in Chapter
4.

3.2 contributions

The main contribution 1 of this chapter’s work is that we propose an
ALOHA-based algorithm in uplink to optimally access the FFR subband
in the sense of maximizing the transmission capacity. The relation between
the proposed algorithm and other existing algorithms is shown in Tab. 3.

Besides, the other contributions of this chapter are summarized as follows:

1. The outage probability and transmission capacity on both 1st- and
2nd-tier are derived in analytic forms;

2. The optimal Femto spectrum access rate is analyzed under the condi-
tion of different topology and power control schemes;

3. The 1st-tier alleviation mechanism to accommodate bursty rise of
Femto traffic is analyzed;

4. The maximized second-tier Signal to Interference Ratio (SIR γ) criteria
under constraints is presented;

1 A part of this chapter’s work is presented in [77] and [80].
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5. The developed algorithms are extended to many general cases.

3.3 system models

MBS M0

Inner Circle C1

Outer Ring C2

Subband S1

Subband S2

Rc

Rf

FBS H0

FUE f0

R1

Rc-R1
MUE u2,0

MUE u1,0

Figure 14: System Model for Study

In this section, we assume a circular shaped Macrocell in the UL, with
a simple FFR topology. This is indeed the most straightforward case that
analysis can be easily derived. Then we prove the optimality of the devised
subband access algorithm for F-Aloha based Femtos in interference-limited
cases.

We assume a system map of Euclidean space R2, where a MBS M0 is
located at its origin. The coverage region of this Macrocell is C ⊂ R2, which
is a circular disc with a constant radius of Rc, thereby |C| = πR2

c . As shown
in Fig. 14, we divide C into two sub-regions, i.e. Inner Circle C1 and Outer

Ring C2. We define κc ,
|C1|
|C| so that we have κc =

R2
1

R2
c
, κc ∈ (0, 1).

We assume that both first-tier and second-tier systems are using FDMA
with a set S of subchannels within the available bandwidth. We assume
that M0 is adopting FFR policy and that the subchannels in S are divided
into two disjoint subsets (or subbands), denoted as S1 and S2. Define ratio
κs ,

|S1|
|S| , as |S| denotes the number of subchannels.

Hereby we assume a typical FFR policy for the Macrocell together with
the following assumptions:

Assumption 3.1 (Macrocell FFR) Each MUE can only access the spectrum
subset S1 or S2 depending on whether it is located in C1 or C2 respectively.

Consequently, let the set of all the MUEs that are connected to M0 be
U . U is submerged into two disjoint subsets, i.e. U1 (for users located in
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C1) and U2 (for users located in C2). We select one typical MUE from each
group and denote them as u1,0 and u2,0 respectively.

Assumption 3.2 (Position of Femto) We assume that all the FBSs Hi are ran-
domly distributed over R2, represented by a homogeneous Poisson Point Process
(hPPP) Ω(2) with intensity λ(2) (mean FBSs per km2), simply we denote as Ω and
λ in this section since only the 2nd-tier PPP assumption is considered. We assume

that all FUEs are i.i.d. randomly located at a radius of Rf (κf ,
R2

f
R2

c
� 1) relative

to its host FBS, and we pick up one typical Femtocell in region C (denoted as H0)
and one typical FUE of it (denoted as f0).

In this chapter, complicated power control and scheduling algorithms are
not considered.

Assumption 3.3 (Power control) We simply assume that all the UEs within
each group have the same transmit power, denoting as P1 for the users in U1 and P2

for the users in U2 respectively. Additionally, all the FUEs have identical transmit
power of Pf.

Assumption 3.4 (Scheduling) At each time, Macrocell and Femtocell can sched-
ule one subchannel unit to only one UE, and the scheduling is in a channel blind
Round Robin (RR) fashion.

Finally, we assume that the channel power gain can be represented as
a combination of penetration loss, path loss (PL), and Rayleigh fading.
We denote Ko, Kf, and Kx for outdoor, indoor, and cross-outdoor-indoor
penetration loss respectively. Denote by α (> 2) the indoor and outdoor
path loss exponent. We denote the power of Rayleigh gain as W, which is
assumed be exponentially distributed with mean of unit one.

We assume that each Femtocell has a fixed portion (denote as ρ) of the
spectrum requirement compared to |S|. At any time, we assume ρ ≤ κs and
ρ ≤ (1− κs). Each Femtocell decides to use this portion of the spectrum
either in subband S1 or S2. After deciding which subband to access, each
Femtocell access the subchannel in an F-ALOHA fashion where no inter-cell
coordination is conducted.

We study the following algorithm for the Femtocells’ decision upon the
access to subband S1 or S2:

Algorithm 3.1 (Location unaware) Unknown to its geological position, each
Femtocell decides which subband between S1 and S2 to access by tossing a coin,
with a biased probability of η to subband S1 and (1− η) to S2.
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Figure 15: Biased F-ALOHA for Femtos in FFR Macrocell

3.4 analysis and proposed algorithms

3.4.1 1st-Tier Performance

If we denote s1,0 as one reference subchannel unit in S1, we can derive the
received interference power at M0 as:

I(1)s1,0 = ∑
Xi∈Ω′1

PfKxWi‖Xi‖−α

︸ ︷︷ ︸
interference for U1 MUEs from 2nd-tier

(3.1)

where Ω′1 is an independently marked PPP of Ω due to the fact that, in the
F-ALOHA case, each FBS access the subband irrelevantly with its positions
and the neighboring conditions. Therefore, due to the thinning property of
Poisson process, Ω′1 is again a hPPP, with a modified intensity of ηρλ

κs
.

For simplicity, let us first assume the interference limited case and neglect
the noise effect. Thereby we can define the SIR γ

(1)
s1,0 and the corresponding

outage event E (1)1 for MUE u1,0 seen by M0, which occurs when:

E (1)1 : γ
(1)
s1,0 =

P1KoW0‖u1,0‖−α

I(1)s1,0

< Γ(1) (3.2)

where Γ(1) is the first-tier SIR threshold to meet the required QoS of the
transmission.

The received interference power at H0 can be written as:

I(2)s1,0 = P1KxWu‖u1,0 − H0‖−α︸ ︷︷ ︸
interference from 1st-tier

+ ∑
Xi∈Ω′1,H0

\{ f ′0}
PmKxWi‖Xi‖−α

︸ ︷︷ ︸
interference from 2nd-tier peers

(3.3)

where f ′0, Ω′1,H0
are f0 and Ω1,H0 seen at H0. By Slivnyak’s theorem, Ω′1,H0

is

identical to a marked PPP Ωh with intensity of ηρλ
κs

[34].
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Similar to E (1)1 , the outage event E (2)1 at H0 occurs when:

E (2)1 : γ
(2)
s1,0 =

Pf K f W0Rf
−α

I(2)s1,0

< Γ(2) (3.4)

where Γ(2) is the second-tier SIR threshold.
The interference I(1)s2,0 , I(2)s1,0 , and events E (1)2 , E(2)

2 on one reference subband
unit in S2 (denote as s2,0), seen by MUE u2,0 can be induced in a similar
way, i.e.

I(1)s2,0 = ∑
Xi∈Ω′2

PfKxWi‖Xi‖−α

︸ ︷︷ ︸
interference for U2 MUEs from 2nd-tier

(3.5)

I(2)s1,0 = P2KxWu‖u2,0 − H0‖−α︸ ︷︷ ︸
1st-to-2nd tier interference

+ ∑
Xi∈Ω′2,H0

\{ f ′0}
PmKxWi‖Xi‖−α

︸ ︷︷ ︸
interference from 2nd-tier peers

(3.6)

and

E (1)2 : γ
(1)
s2,0 =

P2KoW0‖u1,0‖−α

I(1)s2,0

< Γ(1) (3.7)

E (2)2 : γ
(2)
s2,0 =

Pf K f W0Rf
−α

I(2)s2,0

< Γ(2). (3.8)

From (3.2), it is obvious that γ
(1)
s1,0 is lower-bounded by γ

(1)
s1,0 |‖u1,0‖=R1

. In
the following, we will consider this worst case for the Macrocell outage.

Therefore, we have

Pr(E (1)1 ) ≤ 1− Pr(
P1KoW0R−α

1

I(1)s1,0

≥ Γ(1))

= 1− Pr(W0 >
Γ(1) I(1)s1,0

P1R−α
1 Ko

)

(a)
= 1−L

I(1)s1,0
(

Γ(1)

P1R−α
1 Ko

)

(3.9)

where step (a) applies for the assumption of Rayleigh fading, i.e. W0 is
exponential distributed and L

I(1)s1,0
(·), by definition, is the Laplace-transform

of the distribution of interference I(1)s1,0 on Ω′1 [36].
Applying Campbell’s Theorem [43], or see appendix, to (3.1) and (3.9),

we obtain the following:

L
I(1)s1,0

(s) = E
I(1)s1,0

[
exp(−sI(1)s1,0 )

]
=
∫ ∞

0
exp

−s ∑
Xi∈Ω′1

PfKxWi‖Xi‖−α

 ds

= exp
(∫
C
−sPfKxWi‖Xi‖−αΩ′1(dXi)

)
= exp

(∫ Rc

0
−sPfKxWi‖Xi‖−α ηρλ

κs
(d‖Xi‖)

)
(3.10)
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therefore,

L
I(1)s1,0

(
Γ(1)

P1R−α
1 Ko

) = exp

{
−κc

κs
ηρλζ(

PfKxΓ(1)

P1Ko
)

2
α

}
(3.11)

whereζ = 2
α Γ( 2

α )Γ(1−
2
α )

Γ(·) is the Gamma function.

Similarly on s2,0, we have

Pr(E (1)2 ) ≤ 1−L
I(1)s2,0

(
Γ(1)

P2Rc
−αKo

) (3.12)

where I(1)s2,0 is resulted from the similar PPP Ω′1 with intensity of 1−η
1−κs

ρλ, so
that its Laplacian form can be derived as:

L
I(1)s2,0

(
Γ(1)

P2R−α
c Ko

) = exp

{
− 1− η

1− κs
ρλζ(

PfKxΓ(1)

P2Ko
)

2
α

}
(3.13)

3.4.2 Proposed Algorithms

Theorem 3.1 (Optimal Access in interference-limited case) Under this setup,
the optimal Femto subband access rate η∗ is given by:

η∗ =
κs

κs + (1− κs)κca
, with a = (

P2

P1
)

2
α (3.14)

Proof Suppose that the tolerable outage probability for first-tier users is
ε(1), i.e., it is required that Pr(E (1)1 ) ≤ ε(1). To guarantee a reliable commu-
nication on subband S1 and S2, a sufficient condition is the following:

κcη

κs
ρλ(

Pf

P1
)

2
α Γ(1)

2
α ≤ −K

2
α
o ln(1− ε(1))

ζK
2
α
x

(3.15)

1− η

1− κs
ρλ(

Pf

P2
)

2
α Γ(1)

2
α ≤ −K

2
α
o ln(1− ε(1))

ζK
2
α
x

(3.16)

As introduced in Chapter 2, transmission capacity Λ is defined as the
maximal allowable density of FBS deployment in C without sabotaging the
first tier transmission. It can be formulated as the following optimization
problem:

maximize λ

subject to (3.15), (3.13)

variables λ, η

(3.17)
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From the geometry of the constraints it is easy to find that this optimiza-
tion problem has a unique maximum Λ, which is achieved when both the
constraints (3.15), (3.13) turn to saturate. In this case, we have

η∗ =
κs

κs + (1− κs)κca
, with a = (

P2

P1
)

2
α

and

Λ = [
κs

κc
P

2
α

1 + (1− κs)P
2
α

2 ]
−K

2
α
o ln(1− ε(1))

ρζ(KxPfΓ(1))
2
α

(3.18)

(3.14) is indeed a very critical condition for system to maximize its trans-
mission capacity. Observing from that, we realize the optimal subband
access rate of Femtocell is only decided by the Macrocell FFR policy param-
eters such as κs, κc, a. It is irrelevant to many other system parameters such
as the Macrocell threshold Γ(1), Femto-specific parameters such as transmit
power Pf and so on.

Therefore, we propose the following amendment to Algorithm 3.1.

Algorithm 3.2 (Optimal Access) As supplementary to Algorithm 3.1, first-tier
MBSs periodically broadcast their basic FFR configuration to the local FBSs. The
basic FFR configuration includes:

• 1. Region Factor κc

• 2. Bandwidth Partition Factor κs

• 3. Power ratio a

Meanwhile the second-tier users accommodate to maximize the transmission
capacity by tuning their biased spectrum access rate η∗ according to (3.14), see
illustration in Fig. 16.

Besides the amended subband access algorithm, we can draw the follow-
ing corollaries and remarks.

Corollary 3.1 (PF case) In most cases, Macrocells allocate proportional fair (PF)
of bandwidth resources to one certain area to serve the same proportion of users (if
user population is assumed to be uniformly distributed in map), i.e.

κs ≡ κc,

then we have

η∗ =
1

1 + (1− κc)a
(3.19)

Based on the above PF assumption, the following remarks on the Macro-
cell power control (PC) are due.
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Figure 16: Flowchart of Proposed Optimal Access

Remark 3.1 (Constant PC) If MUEs in U1 and U2 are transmitting on a uni-
form transmit power scheme, i.e., P1 = P2, we have

η∗ =
1

2− κc
>

1
2

The FBSs are more optimal to access S1 than S2. However, uniform power allocation
is not commonly adopted due to the near-far effect on Macrocell uplink.

Remark 3.2 (PL based PC) To overcome the near-far effect, the far MUEs trans-
mit more power to counter the larger path loss. This is a common technique in
FDMA systems with open loop PC. In LTE, it is called Fractional PC and the
transmit power P0 of user 0 is given by

P0,dB ≈ Pinit,dB + βPL0,dB, 0 ≤ β ≤ 1

In this case, by definition we have a = (κc)−β. Therefore,

η∗ =
1

−κc
1−β + κc

−β + 1
∈ [κc,

1
2− κc

] (3.20)

At the extreme case that PL is fully compensated (β = 1), we have

η∗ = κc

which means that, if the received MUE signal power is whitened at MBS, the
interference power from FBSs shall also be whitened across subbands.
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In common cases, the fractional PL factor β as a cell-specific parameter is
between 0 and 1. Therefore, the optimal η is not always equals to κs. This
phenomenon is discovered by many scenario simulations with different FFR
topology and configurations [77]. And here we provide the above analytic
proofs.

Let us then consider the maximal transmit capacity for the two-tier system
adopting Macrocell FFR. If in real practice that the deployed Femtocells
happen to exceed this capacity limit of Λ, directly learning from (3.18), we
can obtain the following remarks to solve the urgent capacity starvation
problems.

Corollary 3.2 (Bandwidth portion) When outage constraint on either subband
is saturated, decrease of Femto bandwidth portion ρ will accommodate an increased
Femto density proportionally, i.e.

Λ ∼ O(ρ−1).

Corollary 3.3 (Scaling Law of Femto Transmit Power) The transmission ca-
pacity is scaled with the Femtocell transmit power in the law of

Λ ∼ (Pf)
− 2

α ,

which is related with the channel pathloss exponent α.
In the case that the channel attenuation is higher, the decrease of Femto transmit

power is less effective in increasing the capacity.

When ε(1) is sufficiently small (ε(1) → 0), which is the case for outage-
sensible application e.g. ε(1) = 1%, we have the following linear inequalities
for maximal allowable system-specific parameters:

κcη

κs
ζρλ(

Kx

P1Ko
)

2
α ≤ ε(1)(Γ(1)Pf)

− 2
α +O(ε(1)2

) (3.21)

1− η

1− κs
ζρλ(

Kx

P2Ko
)

2
α ≤ ε(1)(Γ(1)Pf)

− 2
α +O(ε(1)2

) (3.22)

Corollary 3.4 (Decrease 1st-tier QoS Criteria) From (3.21) and (3.22), the
Femtocell capacity Λ grows proportionally with the first-tier outage constraint ε(1),
and inverse proportionally with (Γ(1))

2
α .

The above corollary implies that if the system is over-burdened with too
many emerging FBSs, slacking the 1st-tier QoS criteria (i.e. ε(1) and Γ(1))
can accommodate more FBSs in the system. However, this is with a cost of
lower 1st-tier reliability (more often to drop calls) and data rates.
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3.4.3 2nd-Tier Performance

From (3.4), we derive the outage probability for Femtocell at subchannel
unit s1,0 as:

Pr(E (2)1 ) = 1− Pr(
Pf KfW0Rf

−α

I(2)s1,0

≥ Γ(2))

= 1−L
I(2)s1,0

(
Γ(2)

PfRf
−αKf

)

(3.23)

Observing the RHS of (3.3) and assuming that the distribution of u1,0 and
Ω′1,H0

are independent of each other, we obtain the following equation for
L

I(2)s1,0
(s):

L
I(1)s1,0

(s) = L
I(1)s1,0

(s)LD1(s) (3.24)

where D1 = P1KxWuy−α
1 , and y1 = ‖u1,0 − H0‖ is the Euclidean distance of

two uniformly distributed nodes in regions C and C1 respectively.
The p.d.f. of random variable y1 is given by:

fy1(y1) =
4

πR2
1Rc

2

∫ Rc

0

∫ R1

0
y1y3y4

1√
[(y3 + y4)2 − y2

1]

1√
[y2

1 − (y3 − y4)2]
dy3dy4, y1 ∈ [0, R1 + Rc]

(3.25)

Therefore,

LD1(s) =
∫ +∞

−∞
e−P1Kxsv

∫ +∞

(R1+Rc)−α
fz1(z1)

e−
v

z1

z1
dz1dv

=
∫ +∞

(R1+Rc)−α

fz1(z1)

z1

∫ +∞

−∞
e−P1Kxsv− v

z1 dvdz1

=
∫ +∞

(R1+Rc)−α

fz1(z1)

z1

1
P1Kxsz1 + 1

dz1

(3.26)

where z1 = y−α
1 .

Similarly, on subband unit s2,0, we have

L
I(2)s2,0

(s) = L
I(1)s2,0

(s)LD2(s) (3.27)

where D2 = P2KxWuy−α
2 , and y2 = ‖u2,0 − H0‖ is for two nodes in regions

C and C2 respectively.

fy2(y2) =
4

π(Rc − R1)2Rc
2

∫ Rc

0

∫ Rc

R1

y2y3y4√
[(y3 + y4)2 − y2

2]

1√
[y2

2 − (y3 − y4)2]
dy3dy4, y2 ∈ [0, 2Rc]

(3.28)
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and

LD2(s) =
∫ +∞

(2Rc)−α

fz2(z2)

z2

1
P2Kxsz2 + 1

dz2 (3.29)

where z2 = y−α
2 .

We use the numerical methods to obtain the value of function LD1(s) and
LD2(s) at s = Γ(2)

PfRf
−αKf

.
By using the same method in Equation (3.11), we also derive that

L
I(1)s1,0

(
Γ(2)

PfRf
−αKf

) = exp

{
− η

κs
κfρλζ(

KxΓ(2)

Kf
)

2
α

}
(3.30)

and

L
I(1)s2,0

(
Γ(2)

PfRf
−αKf

) = exp

{
− 1− η

1− κs
κfρλζ(

KxΓ(2)

Kf
)

2
α

}
(3.31)

Finally, the second-tier outage probability constraints can be obtained as:

η

κs
κfρλζ(

KxΓ(2)

Kf
)

2
α ≤ ln[LD1(

Γ(2)

PfRf
−αKf

)]− ln(1− ε(2)) (3.32)

1− η

1− κs
κfρλζ(

KxΓ(2)

Kf
)

2
α ≤ ln[LD2(

Γ(2)

PfRf
−αKf

)]− ln(1− ε(2)) (3.33)

Assume that all the FBSs are accessing the subbands at the optimal rate
of η = η∗. If the current FBS density is lower than the system transmission
capacity (λ ≤ Λ), we can see that the maximal second-tier SIR target Γ(2) is
constrained by the second-tier outage probability in inequalities (3.32) and
(3.33).

Nevertheless, in many cases, the 2nd-tier is not so outage sensible as the
1st-tier. In such cases, the 2nd-tier constraints of (3.32) and (3.33) are more
slacker than the 1st-tier constraints of (3.15) and (3.13), becauseκf � 1

ε(2) � ε(1)

meaning that the system is mainly constrained by its 1st-tier performance
criteria.

3.5 numerical results

In this section, we will present the numerical results for the proposed Femto
subband access algorithms and the related corollaries.

Firstly, we define the two conventional approaches to make the perfor-
mance comparisons. They are:
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Table 4: Default Simulation Parameters for 3.5

Parameter Description Value

Rc Map Size 1000m

β MUE Power Control Factor 1/2

κc Macro FFR Region Parameter 1/2

κs Macro FFR Subband Parameter 1/2

P̄ Average Transmit Power of MUE 20dBm

Pf Transmit Power for FUE 5dBm

α Pathloss Exponential Factor 4

Ko Outdoor penetration Loss -15dB

Kf Indoor Penetration Loss -25dB

Kx In/Outdoor Penetration Loss -40dB

Γm First Tier SIR Target 5dB

Γf Second Tier SIR Target 15dB

εm First Tier Outage Target 1%

εf Second Tier Outage Target 5%

• Blind Access: or unbiased access, as the access scheme of

η ≡ 1
2

;

• Heuristic Access: as the access scheme of

η ≡ κc.

To make clear comparisons with previous conventional approaches, we
present the numerical results based on both the analysis and computer sim-
ulation. The default setup parameters are listed in Table 4, unless explicitly
specified otherwise.

The simulation is based on the Monto-Carlo method of 5× 104 realiza-
tions of FBS locations, with a model of homogeneous PPP over the map are
generated. The referred link SIR and its outage rate are calculated accord-
ingly. Only the proportional fair case (i.e. κs = κc) is considered. Along with
the simulation results, corresponding analytical curves given by Equation
(3.15) (3.13) (3.32) (3.33) are also depicted in the figures.

• From all the figures Fig. 3.7-10, we see a good match between analytic
and simulation results. Both results from Fig. 17 and 18 can proof that
Equation (3.20) has precisely predicted the optimal spectrum access
rate of η = η∗.

We can find that the blind access scheme in many cases leads to a poor
transmission capacity and heuristic access is only close to optimal
when β approaches to 1. However the proposed access algorithm
can always achieve the optimal transmission capacity, which means
a more than 20% and 40% gain of capacity in the cases of (κc = 1

2 ,
β = 1

2 ) and (κc =
1
2 , β = 0) respectively.
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• Fig. 19 illustrates that the tuning of first-tier SIR Γ(1), the outage target
ε(1), and the second-tier transmit power Pf have a great impact on the
system accommodative number of FBSs. Therefore when the first-tier
outage probability is overflown by too many FBSs in situ, one effective
way to ease the tension is to temporarily reduce the parameters Γ(1),
Pf or increase ε(1), as predicted in Corollary 3.2, 3.3, and 3.4.

• Fig. 20 shows that the second-tier outage probability along with the
FBS density are influential to the second-tier SIR target. Therefore,
to maximize the second-tier throughput under the constraints for a
given FBS density, the system needs to increase the outage target.

However, the increase of throughput is diminishing in high outage rate
region and moreover, it is bounded by the first-tier outage constraints,
which is of higher priority in most system design.

To summarize, the good match between the analytical and simulation
results confirms that the stochastic geometry is a powerful tool in the
study of Femtocell application. Both kinds of results have shown that the
optimal spectrum access rate of FBS is closely related to the Macrocell’s
FFR configuration.

Our proposed algorithm, which optimally adapts Femtocell’s spectrum
access rate to the FFR configuration of the MBSs in the vicinity, achieves a
substantial gain in transmission capacity over blind or heuristic access.

Moreover, the second-tier SIR target is proved to be constrained by the
outage probability. Therefore, given a target outage probability, better ac-
cessing algorithms can be designed so that the second-tier throughput is
also maximized.

3.6 extensions

In the previous study of this chapter, the F-ALOHA based spectrum ac-
cess algorithm for FFR underlying FBS is proposed and its optimality has
been proved by simulation. However, the development is based on some
critical assumptions that it might not meet in the practical system. Those
assumptions include

1. the system is limited by 2nd-tier interference only,

2. the Rayleigh fading for the channel gain,

3. and the simplest case of Macro circular FFR topology.

In this section, we will extend the study and show how does the proposed
algorithm work under more general conditions.

3.6.1 None 2nd-tier limited Case

In the previous, we only assume that the system uplink performances (both
1st- and 2nd-tier) are limited by the 2nd-tier Femtocell interference only. In
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such case, we overlook the thermal noise at each receiver and the 1st-tier
interference that comes from nearby other-cell MUEs, so that the system
QoS criteria are represented by SIR γ(1) and γ(2) defined in (3.2) and (3.4).

However, this assumption only holds when the Femtocell deployment
is very dense so that Macro users and the noise figure is much lower. In a
more general case, we also take these factors into account and assume the
system is also corrupted by additive white Gaussian noise of σ1 and σ2 on
S1 and S2, which are irrelevant to the Femtocell deployment.

Here we somehow abuse the notations and denote the link Signal-to-
Interference and Noise Ratio (SINR) also as γ. Correspondingly, (3.2) and
the outage event on S1 can be written as:

E (1)1 : γ
(1)
s1,0 =

P1KoW0‖u1,0‖−α

(1)
Is1,0︸︷︷︸

interference from 2nd-tier

+ σ2
1︸︷︷︸

thermal + interference from 1st-tier

< Γ(1) (3.34)

Therefore,

Pr(E (1)1 ) ≤ 1− Pr(
P1KoW0R−α

1

I(1)s1,0 + σ2
1

≥ Γ(1))

= 1−L
I(1)s1,0+σ2

1
(

Γ(1)

P1R−α
1 Ko

)

(3.35)

Because σ2
1 is a constant,

L
I(1)s1,0+σ2

1
(

Γ(1)

P1R−α
1 Ko

) = exp

{
−κc

κs
ηρλζ(

PfKxΓ(1)

P1Ko
)

2
α

}
· exp

{
− Qσ2

1

P1R−α
1

}
(3.36)

where Q = Γ(1)

Ko
.

Consequently, the Femto access constraints of (3.15) and (3.13) now yield
to:

κcη

κs
ζρλ(

PfKx

P1Ko
)

2
α Γ(1)

2
α +

Qσ2
1

P1R−α
1
≤ − ln(1− ε(1)) (3.37)

1− η

1− κs
ζρλ(

PfKx

P2Ko
)

2
α Γ(1)

2
α +

Qσ2
2

P2R−α
c
≤ − ln(1− ε(1)) (3.38)

and the optimal access rate for maximizing the transmission capacity is
given by:

η∗ =
κs

κs + (1− κs)κcab
(3.39)

with

b =
b1

b2

b1 , − ln(1− ε(1))− Qσ2
1

P1R−α
1

b2 , − ln(1− ε(1))− Qσ2
2

P2R−α
c
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The physical meaning of b1 and b2 is that the Femto-free outage gap
between the pre-set criteria and the system thermal and 1st-tier interference.

They are the system parameters characterized by the outage criteria,
the Noise-to-Signal Ratio (NSR) of the Macro transceivers, the Macrocell
deployment, and so on, which can be estimated by a long term observation
from the operator side.

It is easy to derive that, if b1 < 0 or b2 < 0, then the Femto access problem
is infeasible because the system is already unable to meet the outage criteria
before any deployment of Femtocell.

In conclusion, we see the previous defined Optimal Access Algorithm 3.2
is no longer optimal because the additional term b in the denominator of
η∗.

Thereby, we amend the Femto optimal access algorithms as follows:

Algorithm 3.3 (Optimal Access in non-interference-limited case) As sup-
plementary to Algorithm 3.2, the operator also provide the following information to
the local FBSs via the subband access agent. The additional information is:

• 4. the ratio of the Femto-free outage gaps on S1 and S2, i.e. b

Meanwhile the second-tier users accommodate to maximize the transmission capac-
ity by tuning their biased spectrum access rate η∗ according to (3.39), i.e.

η∗ =
κs

κs + (1− κs)κcab

Remark 3.3 Obviously, if the NSR on subband S1 and S2 are close in value,
b ≈ 1, the Algorithm 3.3 converges to Algorithm 3.2, the FBSs can access the
subband with the same manner as in the interference-limited case.

To demonstrate the effect of noise , we conduct the simulation and
compare with the previous simulation results on FFR topology κc in Fig.
18 of Section 3.5. The comparison results are shown in Fig. 21, where we
assume that S1 is corrupted by a noise of −95dBm and S2 is corrupted by a
noise of −90dBm.

From the simulation results, we do not see any apparent changes on the
optimal access rate, due to the fact that in the simulation, we assume the
subband resources are slotted so that every FBS can only access an integer
number of units. However, we do see a small reduction of TC due to the
consideration of noise effect, although the influence is quite marginal.

3.6.2 General Fading Case

In section 3.3, it is assumed that all the channel gains of Femto-to-Femto
/Femto-to-Macro interference links and the Femto/Macro victim links
are i.i.d Rayleigh distributed. To ease such stringent assumption, in the
following, we assume that:

• Femto/Macro victim links are i.i.d faded with an arbitrary distribution

HV, i.e. W0 ∼ HV, with E[H
2
α
V ] < ∞;
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Figure 21: TC vs. MUE FFR Topology in Non-Interference-Limited Case
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• Femto-to-Femto and Femto-to-Macro interference links are i.i.d. faded
with an arbitrary distribution HA, i.e. Wi ∼ HA, with E[H−

2
α

A ] < ∞;

• the pathloss exponent of all the links are identical of α

Theorem 3.2 The previous proposed frequency access algorithm with access prob-
ability given by (3.14), i.e.

η∗ =
κs

κs + (1− κs)κca
, with a = (

P2

P1
)

2
α

is also valid for the above defined general fading case in high target SIR region.

Proof To derive the optimal Femto access algorithm under the above
renewed assumptions, we refer to Theorem 2 of [69], which gives that the
c.c.d.f. ISR (1/γ(1)) is lower and upper bounded by Fc,l

γ(1)(y) and Fc,u
γ(1)(y)

respectively:

Fc,l
γ(1)(y) = 1− E

[
exp

{
−Kµy−

2
α

}]
Fc,u

γ(1)(y) = 1− E


1−

2
α

2− 2
α

Kµy−
2
α

(1−
2
α

1− 2
α

Kµy−
2
α )2


+

exp
{
−Kµy−

2
α

} (3.40)

where

K = πE[H
2
α
V ]H

− 2
α

A R2λ

µ =
ηρλ

κs

and the lower bound Fc,l
γ(1)(y) is asymptotically tight as y → ∞, while the

upper bound is derived by Chernoff Bound, which is not tight.
With the assumption of no too low of SIR target Γ and channel fading gain

HA and HV are independent, we apply the Jensen’s inequality to the lower
bound (because exp(·) is convex) and we obtain the following modified
approximation on the 1st-tier outage probability of subband S1 and S2

respectively, i.e.

Pr(E (1)1 ) ≈ 1− exp

−κc

κs
ηρλE[H

2
α
V ]E[H

− 2
α

A ]

(
PfKxΓ(1)

P1Ko

) 2
α


Pr(E (1)2 ) ≈ 1− exp

− 1− η

1− κs
ρλE[H

2
α
V ]E[H

− 2
α

A ]

(
PfKxΓ(1)

P1Ko

) 2
α


(3.41)

Therefore, the S1 and S2 outage constraints of access optimization prob-
lem (3.15),(3.13) in the previous section can be rewritten as:

κcη

κs
ρλ(

Pf

P1
)

2
α Γ(1)

2
α ≤ − K

2
α
o ln(1− ε(1))

E[H
2
α
V ]E[H

− 2
α

A ]K
2
α
x

(3.42)

1− η

1− κs
ρλ(

Pf

P2
)

2
α Γ(1)

2
α ≤ − K

2
α
o ln(1− ε(1))

E[H
2
α
V ]E[H

− 2
α

A ]K
2
α
x

(3.43)
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In the similar way, it is easy to derive that the renewed optimization problem
is also maximized by

η∗ =
κs

κs + (1− κs)κca
.

Apparently, the derivative corollaries and remarks also hold due for the
general fading case and the victim links gain HV and interference links HA

do not need to be identically distributed.
However, one should note that, different from the algorithm derived in

the Rayleigh fading case in section 3.3 which applies for the whole SIR
region, the results we derive in general fading case are only valid for high
SIR or not too low SIR cases.

For FDMA systems, where the SIR threshold is higher than CDMA
systems because of no spreading gain, we demonstrate that our proposed
algorithm can also approximately capture the optimal access probability.

For the same simulation configs as listed in Tab. 4, we assume that the
victim and aggressor link channels are now under a Rayleigh + Lognormal
fading, with the standard deviation of the lognormal fading of 8dB.

As seen from Fig. 22, the simulation results reveal that the new fading
model leads to a substantial loss in the transmission capacity. The reason
is that because the new fading model involves more randomness for the
channel gain, so that the system is more likely to drop. In such condition,
the selectivity of TC over the access rate seems to become flat, but we
still observe the maximal TC achieved when the Femtos are accessing the
subbands with the proposed biased probability, which is identical in value
with the Rayleigh fading and Rayleigh+lognormal fading cases.

3.6.3 Sectorized Macrocell Case

While Macrocell sectoring and directional antenna is the common features
for the next generation FDMA cells, we in this subsection look into the case
that the referred system is sectorized in topology with the angle of ∆. For
e.g. in the three-sector case, we simply have ∆ = 120◦.

We align the reference Macrocell in Fig. 23 to the angular coordinate and
set the left axis as 0 degree. For a typical MUE of u1,0, we assume that the its
angle as θu1,0 . Facing to the front region of ∆, the MBS directional antenna
gain is assumed to be a function of f (θ) and perfectly forward-backward
isolated. Hereby we assume a common antenna pattern [26] which yields
to:

f (θ) =

d
(
|θ− ∆

2 |
∆

)p
if θ ∈ [0, ∆]

0 otherwise
(3.44)

where d > 0 and p ≤ 0 are antenna dependent parameters to characterize
how directional the antenna is.

Thereby, the whole region C ′ can be divided into:
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MBS M0

Inner Region C1'

Outer Region C2'

Subband S1

Subband S2

Rc

Rf

FBS H0
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Δ f(θ)

Figure 23: Sectorized Case for Macro

• inner region C ′1 with |C ′1| = ∆
2π πR2

1,

• the outer region C ′2 is of |C ′1| = ∆
2π π(R2

c − R2
1).

The region factor κc remains the same as in Section 3.4.
If we keep other assumptions same as in section 3.4, and define the Femto

intensity λ as the average number of FBSs per region area of πR2
c .

For the reference MBS, the 2nd-tier interference seen from M0 on subband
S1 is thus given by

I(1)s1,0 = ∑
X′i∈Ω′1∩C ′

f (θX′i
)PfKxWi‖X′i‖−α (3.45)

where according the Restriction Theorem in [43], X′i is the marked PPP
process of Ω′1 restricted on C ′, with the same homogeneous measure.

Therefore, similar to (3.2), the SIR γ
(1)
s1,0 and outage event E (1)1 of one typical

MUE u1,0 can be derived as:

E (1)1 : γ
(1)
s1,0 =

f (θu1,0)P1KoW0‖u1,0‖−α

I(1)s1,0

< Γ(1) (3.46)

As all the MUEs and FUEs are assumed to be uniformly distributed in
the area of C ′, the angular coordinates θu1,0 , θX′i

are thus i.i.d. uniformly
distributed with distribution:

f(θ) =

 1
∆ θ ∈ [0, ∆],

0 otherwise
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Pr(E (1)1 ) ≤ 1− Pr

(
f (θu1,0)P1KoW0R−α

1

I(1)s1,0

≥ Γ(1)

)

= 1− Eθu1,0

[
Pr

(
W0 >

Γ(1) I(1)s1,0

f (θu1,0)P1R−α
1 Ko

|θu1,0

)]

= 1− Eθu1,0

[
L

I(1)s1,0 |θu1,0

(
Γ(1)

f (θu1,0)P1R−α
1 Ko

)] (3.47)

The conditioned interference distribution in Laplacian form L
I(1)s1,0 |θu1,0

can

be thus given by:

L
I(1)s1,0 |θu1,0

(s) = E
I(1)s1,0 ,θX′i

[
exp(−sI(1)s1,0 )

]
= EθX′i

∫ ∞

0

exp

−s ∑
Xi∈Ω′1

f (θX′i
)PfKxWi‖Xi‖−α

 ds


= EθX′i

[
exp

(∫
C ′
−s f (θX′i

)PfKxWi‖Xi‖−α ηρλ

κs
Ω′1(d‖Xi‖)

)]
(3.48)

Applying (3.48) to (3.47) and take Jensen’s inequality to the upper bound
as approximation, we finally get that

Pr(E (1)1 ) ≈ 1− Eθu1,0 ,θX′i

exp

−κc∆
κsπ

ηρζ

(
PfKxΓ(1)

P1Ko

) 2
α
(

f (θX′i
)

f (θu1,0)

) 2
α


≈ 1− exp

−B
∆

2π

∫ ∆

0

∫ ∆

0

(
|θX′i
− ∆

2 |
|θu1,0 − ∆

2 |

) 2p
α

dθX′i
dθu1,0


=


1− exp

(
−B ∆

2π(1+ 2p
α )(1− 2p

α )

)
if − α

2 < p ≤ 0

1 if p ≤ − α
2

(3.49)

where

B =
κc

κs
ηρζ

(
PfKxΓ(1)

P1Ko

) 2
α

(3.49) tells us that if p ≤ − α
2 , the shot-noise interference will be unbound

so that outage will be pervasive. To prevent this, p shall be within the range
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of ∈ (− α
2 , 0). If we assume that p obeys this criteria, therefore the outage

constraints on subband S1 and S2 in (3.15) (3.13) can be rewritten as:

κcη

κs
ρλ(

Pf

P1
)

2
α Γ(1)

2
α ≤ −K

2
α
o ln(1− ε(1))

LζK
2
α
x

(3.50)

1− η

1− κs
ρλ(

Pf

P2
)

2
α Γ(1)

2
α ≤ −K

2
α
o ln(1− ε(1))

LζK
2
α
x

(3.51)

with

L =
∆

2π(1 + 2p
α )(1− 2p

α )
, L ≥ ∆

2π

Consequently, solving the optimal access problems yields to

η∗ =
κs

κs + (1− κs)κca

and

Λ = [
κs

κc
P

2
α

1 + (1− κs)P
2
α

2 ]
−K

2
α
o ln(1− ε(1))

Lρζ(KxPfΓ(1))
2
α

(3.52)

This means that cell sectorizing will not take influence on the selection of
optimal access rate so that Algorithm 3.2 can remain unchanged.

However, cell sectorizing do take effect of increasing the transmission
capacity by the fold of 1

L , which is monotonically decreasing with p, reaches
its maximal, i.e. 2π

∆ when p = 0. In that case, the antenna pattern is omni-
directional within its facing range and completed nullified outside of it,
which is too ideal for implementation.

Take a practical case of antenna pattern p = − 3
2 and ∆ = 2π

3 for channel
(α = 4) as example, the gain of transmission capacity compared to un-
sectorized case is

1
L
≈ 131% (3.53)

To validate the above analysis, we run the computer simulation with the
same configuration as in Section 3.5 but in a sectorized map of ∆ = 2π

3 . We
also assume that the MBS antenna pattern is of p = − 3

2 .
As shown in Fig. 24, the optimal subband access rate for Femtocells are

indeed invariant with the cell topology and antenna patterns. However,
compared to the circular case, the sectorized case with specified pattern can
increase the system transmission capacity by around 30% in overall, which
is close to the analytical prediction in (3.53).

3.7 chapter summary

To conclude, in this chapter, we successfully model the arrival of 2nd-
tier interference as PPP and propose the F-ALOHA based optimal fre-
quency access algorithm for Femtocell uplink when underlaid with the
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Figure 24: TC vs. MUE FFR Topology in sector case

FFR-performing Macros. The algorithm shows that it is possible for the
Femtos to exploit the pre-knowledge of the Macrocell’s FFR configuration
and access the subbands with partially bias (as the access rate is usually not
0 nor 1).

The algorithm is proved by both analysis and simulation that it can
always achieve the maximized system transmission capacity.

The later extended investigation also shows that our proposed algorithm
works well

• not only for interference-limited case but for non-interference-limited
case with some modifications;

• not only for Rayleigh fading, but also for general fading case in high
SIR region;

• not only for the circular topology, but also in sectorized topology.

Moreover, the proposed algorithm has been shown to be practically
implementable in the current design of Femtocell deployment, with only a
low requirement of message broadcasting and coordination.
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F E M T O S P E C T R U M A C C E S S I I : M A C R O F F R I N
D O W N L I N K

In Chapter 3, a simple and practical Femto subband access algorithm is
devised, which can maximize the transmission capacity of the two-tier
coexisting system in uplink. In this chapter, we will investigate whether this
designed algorithm can also work efficiently for the downlink scenarios. To
proceed, we make comparisons between the uplink and downlink cases for
two-tier cellular system in Section 4.1. In Section 4.3, we study a most ideal
case and demonstrate that the modified algorithms can also work for such
cases. In Section 4.4, we summarize the proposed algorithms and establish a
general framework for Femtocells to access the Marco resources. Numerical
results are given in Section 4.5 and conclusions are drawn in Section 4.6.

4.1 motivations and discussions
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FUE f0

MUE

Rf

FBS H0
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MUE
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FBS H0

FUE f0

MUE

MUE

MBS M2

MBS M1

(a) Uplink Interference Cases
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FBS H0
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FBS H0
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(b) Downlink Interference Cases

Figure 25: Comparison between UL and DL interference cases

4.1.1 Summary from Uplink Case

Recall from the proposed algorithm in Chapter 3, we can summarize that the
general prerequisite for Algorithm 3.2 and 3.3 has the following essentials:

• MBS is able to inform its local parameters to the subband access agent
in Internet,

• FBS knows in which Macrocell it is located and listens on the corre-
sponding MBS neighbor’s information.

47
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which actually implies that the co-located FBSs are the main interference
sources of the 2nd-tier interference.

The above prerequisites are actually compatible with the evolution of
Femtocell standardizations. Femto Forum is nowadays actively discussing
with 3GPP on the issues that, each LTE FUE can report its neighboring
cell-ID (in the descending order of Pathloss or RSSI) to its host FBSs if
requested. So that the FBSs are able to learn how many Macrocells are in
the near, and estimate the distance between each other.

After knowing this information, the FBS is able to inquire about the
necessary information such as subband-access and power control configs
from an online access agent. See Fig. 26 for the detail procedure. It is
noted that this procedure is also useful and insightful for our later study of
downlink cases in this chapter.

4.1.2 Asymmetric for Downlink Case

On the other hand, the interference cases for cellular uplink and downlink
are asymmetric.

• Seen from Subfig. 25a, the 2nd-tier uplink interference victim receiver
is the MBS and the interference aggressors are the FUEs that are
surrounding the MBS, together with the MUEs that are from the
neighboring Macrocells (for 1st-tier universal frequency reuse case).
Therefore, the most malicious aggressor are the cell center FUEs and
the most vulnerable victims are cell edge MUEs, so that the Algorithm
3.2 and 3.3 of tuning the co-located Femtocells can hold for the uplink
scenarios.

• For the downlink cases, the 1st-tier interference victim receiver is the
MUEs. If the MUEs are located at the cell edge, it will be corrupted
with the co-tier interference from the neighboring MBSs (for 1st-tier
universal frequency reuse case), together with the FBSs around it.
Those FBSs can be not only from the same Macrocell (as the FBSs in
shadow in Subfig. 25b), but also from the neighboring Macrocells (as
the FBSs in white circle in Subfig. 25b).

Therefore, the access rate tuned by the Chapter 3 frameworks cannot
influence all the involved aggressors and those MUEs are indeed the
most vulnerable victims if located at cell edge.

Therefore, for the downlink cases, we will simplify the problem with
reasonable assumptions and propose a modified algorithm. One important
assumption made is that we model both the 2nd-tier and the 1st-tier with
homogeneous Poisson Point Process models. Based on this simplification,
we successfully derive the optimal access rate in closed forms.

4.2 contributions

The contribution of this chapter’s work can be summarized as follows:
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Figure 26: FUE report the neighboring MBS lists to connected FBS

• by proper modeling, we deliver the downlink performance between
subband access rate, Femto intensity, and outage criteria in closed
forms;

• we thereby propose the optimal downlink Femto subband access
algorithms to achieve the maximal transmission capacity;

• we summarize the design essentials of downlink and uplink access
algorithms and propose a unified framework at the end of this chapter.

4.3 system models

In this chapter, we also assume a circular system map of C (with radius of
Rc ), which is Euclidean C ⊂ R2. The definition of Subband S also follows
Chapter 3, which is divided into two disjoint subbands S1 and S2, with
ratio κs ,

|S1|
|S| .

To enable the subsequent analysis in the chapter, we make some important
assumptions for the system models.

Assumption 4.1 (PPP for both tiers) As shown in Fig. 27, we assume that
the distribution of the MBSs and FBSs in S are in the law of two independent
PPPs, denoted as Ωm and Ωf, respectively. Both Ωm and Ωf are assumed to be
homogeneous over the map, with the intensity value of λm and λf, respectively.
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Figure 27: PPP distributed st-and 2nd-tier base stations

Note that different from Chapter 3, we here also assume that 1st-tier
MBS is PPP distributed. The reason is that, it can tremendously reduce the
analysis tractability. Moreover, in real practice it has also been proved that
the PPP assumption is valid for Macrocells in the pioneering paper of [23],
which is also introduced in Subfigure 11 of Section 3.1.

Assumption 4.2 (Independent Macro FFR) We assume that each Macrocell
can independently perform the Fractional Frequency Reuse (FFR) policies for assign-
ing frequency channel units to the downlink MUEs. Each MBS randomly chooses
either subband S1 or S2 as its cell-edge subband or cell-center subband with no
bias.

Each MUE u is assumed to be connected to one MBS simultaneously. We
define the indicator function S(·, ·), so that S(u,S1) = 1 if u is assigned by
MBS with a channel unit from subband S1 and 0 if not. Thereby, we can
differentiate the MUEs with their accessing subbands.

Assumption 4.3 (Transmit Power for MBS and FBS) We assume that each
Macrocell MBS has a constant downlink transmit power of Pm regardless on which
subbands and for all the MBSs, we assume that they are transmitting at a constant
power of Pf regardless its positions and neighbors.

Combining with Assumption 4.2 and 4.3, we know that the MBSs are
independently selecting the FFR and transmitting power for a specific region
of MUE receivers, so that the arrival sum of the interference is again an
independent thinning process of PPP which can be modeled as shot-noise
process.
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Assumption 4.4 (A Typical Study Case) As shown in Fig. 28, without loss of
generality, we select a typical cell-edge MUE u0 within a typical MBS M0, the
distance between u0 and M0 are assumed to be Ru. We assume that the FFR policy
of Macrocell M0 (set as the origin of the map) is that: cell-edge MUEs are accessing
the subband S1 and the cell-center MUEs are accessing the subband S2.

Besides the 1st-tier interference from all other neighboring Macrocells
except M0, we assume that the u0 is also exposed to the 2nd-tier interference
in the region Cs of range Rs. The value of Rs is much smaller than the average
size of a Macrocell due to the fact that Femto transmit power is much lower
and the house shielding effect.

Assumption 4.5 (Uniform FBS decisions within Cs) We assume the all FBSs
in the small region of Cs (circular with radius Rs) are experiencing the same level
of downlink RSSIs reported from its attached FUEs so that they learn exactly the
same information of the neighboring MBSs, and how strong the pathloss is between
Cs to each of the neighboring Macrocell.

Therefore, they are able to inquire at the online subband access agent about
the FFR configs of the neighboring MBSs and together make a uniform deci-
sion on the subband access probability of η to access the S1 and probability
(1− η) to access S2.

MUE u0

MBS M0

FBS

FBS

FBS

FBS

MBS M1

MBS M2

MBS M4

Accessing S1

Accessing S2

with power of Pe

with power of Pc

Rs

Ru

Figure 28: The Downlink System Map

4.4 proposed algorithms

4.4.1 Analysis of Outage Probability

In this section, we study the optimal access algorithms that can maximize
the transmission capacity of the FBSs within the region of Cs. From the
above assumptions, we know that the interference seen from u0 is consisted
of two components: the 1st-tier interference from neighboring MBSs (MBS1,
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MBS2, MBS3, ... in Fig. 28) and the 2nd-tier interference from the FBSs in
region Cs.

As the FBSs have no idea the MUEs in the region Cs is assigned with
subband S1 or S2, it is a random event for them. Conditioned that the u0 is
accessing S1, we have the interference seen by it as:

Iu0|S(u,S1)=1 = ∑
Xi∈Ω′f

PfKxWi‖Xi‖−α

︸ ︷︷ ︸
2nd-tier interference X′

+ ∑
Yj∈Ω′m

PmKoWi‖Yj‖−α

︸ ︷︷ ︸
1st-tier interference Y′

(4.1)

with

X′ , ∑
Xi∈Ω′f

PfKxWi‖Xi‖−α

Y′ , ∑
Yj∈Ω′m

PmKoWi‖Yj‖−α
(4.2)

where Ω′f and Ω′m stand for the F-ALOHA thinned 2nd-tier and 1st-tier
PPP distribution on S1 with intensity ηρλf and ψλm, respectively. η, and ρ

are defined as the same in Chapter 3. ψ is the access probability of MBSs to
subband S1, which is ψ ≡ 1

2 for unbiased macrocell FFR.
Similarly, on subband S2, we have

Iu0|S(u,S2)=1 = ∑
Xi∈Ω∗f

PfKxWi‖Xi‖−α

︸ ︷︷ ︸
2nd-tier interference X∗

+ ∑
Yj∈Ω∗m

PmKoWi‖Yj‖−α

︸ ︷︷ ︸
1st-tier interference Y∗

(4.3)

where Ω∗f and Ω∗m are with intensity (1− η)ρλf and (1− ψ)λm, respectively.
Then conditioned on S(u,S1) = 1, the 1st-tier SIR γ1 and outage event E1

is defined by:

γ1 =
PmKoW0‖u0‖−α

X′ + Y′
< Γ (4.4)

whereΓ is the 1st-tier SIR criteria and consequently, we have:

Pr(E1) ≤ 1− Pr(
PmKoW0R−α

u
X′ + Y′

≥ Γ)

= 1−LX′+Y′(
Γ

PmR−α
u Ko

)
(4.5)

We assume that the FBS and MBS distribution are mutually independent,
by the property of Laplacian transform of the sum of two independent r.v.s,
(4.5) yields to

LX′+Y′(
Γ

PmR−α
u Ko

) = LX′(
Γ

PmR−α
u Ko

)LY′(
Γ

PmR−α
u Ko

)

= exp
{
−R2

s
R2

u
ηρλfζ(

PfKxΓ
PmKo

)
2
α

}
︸ ︷︷ ︸

similar to (3.11)

· exp
{
−λmψζ

R2
c

R2
u

Γ
2
α

}
︸ ︷︷ ︸

irrelevant with η

(4.6)
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For the condition of S(u,S2) = 1, the 1st-tier SIR γ2 and outage event E2

is defined by:

γ2 =
PmKoW0‖u0‖−α

X∗ + Y∗
< Γ (4.7)

and

Pr(E2) ≤ 1−LX∗+Y∗(
Γ

PmR−α
u Ko

) (4.8)

LX∗+Y∗(
Γ

PmR−α
u Ko

) = exp
{
−R2

s
R2

u
(1− η)ρλfζ(

PfKxΓ
PmKo

)
2
α

}
︸ ︷︷ ︸

similar to (3.12)

·

exp
{
−λm(1− ψ)ζ

R2
c

R2
u

Γ
2
α

}
︸ ︷︷ ︸

irrelevant with η

(4.9)

From (4.6) and (4.9), we see that the renewed conditional outage proba-
bility is only with an additional multiplying component which is same for
subband S1 and S2 (because unbiased 1st-tier FFR ψ ≡ 1

2 ), and irrelevant
with the Femto access probability η. Thereby, we simply denote

A = exp
{
−λm(1− ψ)ζ

R2
c

R2
u

Γ
2
α

}
B =

R2
s

R2
u

ρζ(
PfKxΓ
PmKo

)
2
α

Therefore, the unconditional outage probability E for the MUEs located
in the region of Cs can be derived as:

Pr (E) = Pr(E1)Pr (S(u,S1) = 1) + Pr(E2)Pr (S(u,S2) = 1) (4.10)

where Pr (S(u,S1) = 1), Pr (S(u,S2) = 1) is the probability that the MUEs
within region Cs are assigned with subband S1 and S2, respectively. Simply
we denote Pr (S(u,S1) = 1) as p and Pr (S(u,S2) = 1) as 1− p.

4.4.2 Transmission Capacity and Access Probability

Theorem 4.1 (Optimal Subband Access) In the Femto-Macro coexisting down-
link, the optimal subband access strategy for the FBSs are to estimate the probability
of the nearby MUEs accessing S1 and S2, and opportunistically access the least
possible subband to avoid causing interference, i.e.

η∗ =

0 if 1 ≥ p ≥ 1
2

1 if 1
2 > p ≥ 0

(4.11)
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Proof As the transmission capacity of Femtocell Λ is defined as the maxi-
mal intensity of λ f that satisfies the 1st-tier outage probability criteria, i.e.

Λ : max λ f

constrained by

Pr (E) ≤ ε

(4.12)

for the constraint, we have(
1− e−Bλfη

)
p +

(
1− e−Bλf(1−η)

)
(1− p) ≤ ε

A
For the the outage-sensible applications that ε→ 0, similar to Corollary

3.3, we have 1− e−Bλfη ≈ Bλfη. Therefore,

Bλfηp + Bλf(1− η)(1− p) ≤ ε

A
and

λf ≤
ε

AB [ηp + (1− η)(1− p)]
(4.13)

which has the unique maximum when

η∗ =

0 if 1 ≥ p ≥ 1
2

1 if 1
2 > p ≥ 0

and the transmission capacity is thus achieved at

Λ =
ε

AB min(η, 1− η)
(4.14)

From this theorem, we see that the optimal Femto subband access strategy
is no longer a partially biased access as in the uplink cases of Algorithms
3.2 and 3.3, but a totally biased access which is fully dependent on each
Femtocell’s estimation of the local FUE subband access conditions, i.e.
probability p.

This is a surprising finding, since the optimal scheme in uplink case is
revealed to be a partially-biased F-ALOHA access, where as the optimal
scheme for downlink is a totally-biased access (η be either 0 or 1).

However, this totally-biased access matches the senses of heuristic ap-
proaches, as many reports [54] [77] have already introduced similar algo-
rithms to access the downlink subbands. The analysis in this chapter is
only to provide the theoretic supports, showing that such approaches are
actually optimal if considering a very low outage probability and a small
region of co-behaving FBS neighborhood.

Corollary 4.1 (Multi-subbands) If the Macro FFR system is consisted of a
number of q subbands, i.e. S1, S2, ..., Sq, and the probability of MUEs in small
region of Cs is a vector of (p1, p2, ..., p3), then optimal subband access strategy for
the local FBSs are simple to access the subband of index s, so as

s = arg min
i

pi
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This is a direct derivation from Algorithm 4.1, and for this reason, we
will discuss how to estimate this probability p in the next subsection and
then propose the full access algorithm for the Femtocells downlink.

4.4.3 Local MUE Estimations and Proposed Access Algorithms
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Figure 29: Flowchart of the proposed access algorithm

From the above the analysis, we learn that it is extremely critical for the
Femtocells to know the subband access conditions of the MUEs in the near.

However, even though that the Macrocell is adopting a static FFR policy
with a clear definition of cell-edge and center, it is not easy in practice for
the FBSs to know their closeby because FBSs usually do not possess an
accurate position information.

As mentioned before, the FCC requirement is 50m, which is not enough
for urban scenarios where Macrocells are small. Let alone the Macrocell
FFR policy many change adaptively to adjust the cell breathing or traffic
dynamics.

Therefore, we propose the FBS to perform Local MUE Estimations based
on the pathloss information to the neighboring MBSs, which is reported by
its attached FUEs.

This simple heuristic estimation algorithm can be described as follows:

• Step 1: Request Neighboring MBS Pathloss Report from attached
FUEs;

• Step 2: Inquiry from online subband access agent about Macro FFR,
Cell-ID, and Transmit Power;

• Step 3: Determine which MBS has strongest local RSSI, denote as MBS
A;
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Table 5: Default Simulation Parameters for 4.5

Parameter Description Value

Rc Macrocell Size 1000m

Rs Local Region Size 50m

Pm Average Transmit Power of MBS 40dBm

Pf Transmit Power for FBS 20dBm

α Pathloss Exponential Factor 4

Ko Outdoor penetration Loss -15dB

Kf Indoor Penetration Loss -25dB

Kx In/Outdoor Penetration Loss -40dB

Γm First Tier SIR Target 5dB

εm First Tier Outage Target 1%

• Step 4: Determine the second strongest local RSSI, denote as MBS B;

• Step 5: Determine whether in the cell-edge or cell-center by consider-
ing the RSSI of A and B;

• Step 6: Inquiry from online subband access agent about the subband
for determined cell-edge or center;

Finally, according to the conclusions from Theorem 4.1, each FBS shall

• Step 7: Determine which one of the subbands to access, according to
(4.11), avoiding the subband known from Step 6.

Algorithm 4.1 (Femto downlink subband access) With the support from The-
orem 4.1 and detail described in Step 1-7., the proposed Femto downlink subband
access algorithm in sense of maximizing the local transmission capacity is to
perform the procedure according to flow chart in Fig. 29,

4.5 numerical results

To verify the proposed algorithms, we conduct the Mont-Carlo simulations
on a two-subbands FFR system and present the results in Fig. 30. The default
parameters of the simulation can be found in Table 5 unless explicitly
specified otherwise. The baseline algorithm in the Figure is the "blind
access" algorithm, which let each FBS access each of the subband with equal
probability of 1

2 .
In the simulation, we fixed the subband proportion of κs and changes the

FFR regional proportion κc (i.e. the ratio area of the inner circle). We find
out that

• the blind algorithm’s performance does not vary with the FFR regional
proportion;
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Figure 30: Performance of Proposed Algorithm

• the proposed optimal access algorithm always outperforms the con-
ventional blind access scheme, from around 2 folds of gain in uneven
FFR cases to almost 3 folds of gain in even cases;

• interestingly, the κc to achieve the highest transmission capacity is
not at 1

2 but at ≈ 0.7, this is because that the outer circle is more
vulnerable to the downlink interference so that making the inner
circle area slightly larger will prevent an over-flood in outer circle.

4.6 unified femto uplink-downlink access

After achieving the optimal subband access algorithm in downlink as well,
we are able to summarize what we have learned in developing the access
algorithms for the Femtocells in uplink and downlink cases.

We realize that there is a clear ascending of optimality with the accu-
mulating of available information, and the subband access agent is a very
important unit serving as the interface between backhauled FBSs and the
MBSs and providing the essential information that is required by the FBSs
to improve its coexistence performance in the two-tier system.

We see that for the uplink cases, the most essential information for the
FBSs is the devision of subbands, and the MUE power control parameters.
Upon on different level of information cognition, the optimal algorithms
for FBSs are:

• no information at all: totally blind F-ALOHA;

• the division of subbands κs only: F-ALOHA biased with κs;

• κc, and power control a: F-ALOHA biased with Algorithm 3.2;
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• κc, a, and outage gap b: F-ALOHA biased with Algorithm 3.3.

Meanwhile in the downlink, the breakdown of optimal algorithms for
FBSs can be:

• no information at all: blind F-ALOHA;

• knowledge of local FFR: totally biased F-ALOHA to avoid with Al-
gorithm 4.1.

The developed algorithms for downlink and uplink, respectively, can also
be interpreted as shown in the subfigures of Fig.31. It is noted that the
essence of the optimal uplink access algorithms for Femtocell is to learn the
volume of interference level in each subband and water-fill the access rate
adaptively, whereas the downlink access algorithm is, by learning the FFR
strategies of local Macrocells, to detect the least-interference opportunity
among the subbands.

fSubband 1 Subband 2

Average SIR 
in long-term

ISR1

ISR2

ISRth

Threshold for sustain 
1% Macrocell Outage

For local Macrocell

Access 
Probability

For underlying 
Femtocells

η1

η2

Water-filling

η1+η2=1

(a) Uplink Optimal Algorithm

fSubband 1 Subband 2

Access 
Probability

P1

P2

For Neighboring MUE

Access 
Probability

For underlying 
Femtocells

1

0

Detect Opportunity

Threshold for sustain 
1% Macrocell Outage

(b) Downlink Optimal Algorithm

Figure 31: Comparison between UL and DL Optimal Algorithms

Despite the difference from downlink and uplink algorithm, the knowl-
edge of local Macrocell FFR strategies are utilized by both and thus, a
framework of MBS periodically uploading this essential information (κc, κs,
a, b, RSSI, Pt) to the subband access agent, the involved FBSs periodically
inquiring from the agent to learn these cognition and behaving adaptively
as listed above, is a very efficient framework to serve different FFR configu-
rations and maximizing the power of F-ALOHA and achieve the capacity.
Moreover, it is a realistic framework with a very limited message passing,
definitely realizable within the current Femtocell designs.

4.7 chapter summary

In this chapter, we investigate the Femto subband access problems in the
downlink case when the overlaid 1st-tier is performing FFR. By proper sys-
tem modeling and outage probability analysis, we find out that, unlike the
uplink case, the optimal access strategy for Femtocell downlink is to access
the subbands totally biased. Then we develop the heuristic mechanisms
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for the FBSs to determine their local FFR subband usage based on the FUE
report and propose the complete access algorithm.

In the numerical results part, the computer simulation has shown that
the totally-biased subband access are indeed the optimal way to maximize
the transmission capacity. This finding provides the backward-engineering
to support the previous designs.

After studying both the uplink and downlink cases, we realize that it is
possible for the Femtos to optimally perform F-ALOHA access to better
co-exist with the Macrocells. Provided only some critical information of
Macro FFR configs and some realistic report and inquiry, the proposed
algorithms can achieve a substantial gain. Henceforth, we establish the
unified framework to support the access decision of Femtocells in both
downlink and uplink, which is efficient in performance and implementation
with only limited message passing.





5
F E M T O D E P L O Y M E N T I S S U E I : O F D M S I D E L O B E
L E A K A G E

It is well known that OFDM signal can have a sidelobe leakage to adjacent
channels. This sidelobe leakage is usually not a critical issue for Macrocell
because, firstly, a guard band is inserted when defining the Macrocell
frequency bands and, secondly, Macro tower is tall mounted that it would
be an extreme rare case if it interferes the adjacent channel users. Therefore,
as long as a well regulated spectrum mask is respected, the OFDM sidelobe
leakage is deemed trivial for Macrocell.

However, this is not always true for Femtocell application. In the case
that Femtos are using F-ALOHA to access subbands of the channel, the
guard band is usually not considered. And due to the ad-hoc manner of
Femto deployment, especially for the closed-access Femtos, the imperfect
sidelobe leakage may cause considerably performance loss. For these rea-
sons, this chapter is dedicated to study the sidelobe effect for OFDM Femto
using F-ALOHA. We will analyze not only the performance of Femtocell
(2nd-tier) but also the inverse effect on Macrocell (1st-tier) in a two-tiered
cellular network. Additionally, we try to explain the FCC ruling decision of
TVWS device’s sidelobe leakage from a different perspective and provide
guidelines for selecting the appropriate physical layer interface.

5.1 motivations and related works

To the author’s best knowledge, there is no explicit study on the issue of
OFDM sidelobe leakage of Macrocell communications so far. The reason
has been already mentioned above, i.e. because of the existence of guard
band and the low interference chance in practical Macrocell deployment.

Treated similar to the case of Macrocell, the sidelobe effect of Femtocell
is not emphasized in [74], [18], [48], [29], [20], [42]. Nevertheless, there are
some studies that have covered this issue in the context of OFDM symbol
asynchronous and consequent subcarrier interference, see [47], [50], [33].
However, these studies are based on computer simulation only, where the
relations between system performances and the sidelobe leakage strength
are not thoroughly revealed.

Besides, FCC regulates on the out-of-band emission for portable cognitive
devices that access the TVWS as secondly users. The most recent ruling
decision [25] is that:

• TV bands device emissions in channels adjacent to the occupied channel be
attenuated at least 72.8 dB below the highest average power in the occupied
channel. Emission measurements in the occupied channel are the average
emission of the whole 6 MHz bandwidth and emission measurements in the

61
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adjacent channels are to be made with a minimum resolution bandwidth of
100 KHz and an average detector.

However, the current OFDM air interfaces of LTE and WIFI, i.e. conven-
tional CP-OFDM with rectangular pulse shapes (Scheme I), are not possible
to fulfill this emission requirement. On the other hand, the hotspot applica-
tions like WIFI and LTE Femto are keen to access TVWS because this band
is currently far under utilization in many countries, see COGEU project
report [22]. Therefore, it is necessary to consider some alternative PHY
interfaces. We show later in this chapter that the concerned PHY schemes
of II and III in this chapter are able to fulfill this emission requirements of
FCC.

Motivated by this observation, we consider a Femto-Macro coexisting two-
tier cellular network in this chapter, where the second-tier users, i.e. Femtos
can be densely deployed. Therefore, the interference from the second tier,
which is also modeled as a shot-noise process, is a dominant factor on both
tiers’ performance.

5.2 contributions

The contributions of this work can be summarized as follows 1:

1. by scenario modeling and using the superposition theorem of PPP,
we successfully formalize the sidelobe interference problem by the
shot-noise process framework;

2. we derive the system 1st- and 2nd-tier performance on Transmission
Capacity and Area Spectral Efficiency under the OFDM sidelobe
leakage effect in analytical form;

3. we demonstrate by computer simulation and explain the cases that
substantial system loss can be caused due to OFDM sidelobe leakage;

4. we make comparisons between several OFDM/Filter Bank Multicarrier
(FBMC) transmission schemes and discuss the appropriate PHY candi-
dates for Femto and TVWS devices.

More specifically, we investigate the following three OFDM-based trans-
mission schemes with identical subcarrier numbering and spacing:

• Scheme I: conventional CP-OFDM with rectangular pulse shape, cur-
rent PHY interface for LTE, WIFI, etc.

• Scheme II: windowed CP-OFDM similar to [73], with roll-off factor
β = 0.5, and

• Scheme III: Offset-QAM OFDM (OQAM-OFDM) [62] with the pulse
shape presented in [64] based on PHYDYAS project,

where OQAM-OFDM (Offset Quadrature Amplitude Modulation) is of the
most interest, achieving best link level spectral efficiency due to its pulse
shaping abilities, as discussed in [62] and [13].

1 A part of this chapter’s work is published in [79].
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Figure 32: Sidelobe Leakage for the three Schemes

5.3 performance analysis

5.3.1 System Models

We assume a system with M ∈ Z subband units in the whole concerned
band. Each subband unit is comprised of a constant number of adjacent
OFDM subcarriers. The channel fading gain is assumed to be constant
within the subband and uncorrelated across the subbands. As seen in
Fig. 33, we further assume that each FBS randomly accesses a consecutive
block of m ∈ Z subband units at a constant rate of m

M (∈ [0, 1]). Moreover,
we assume that the emission of sidelobe can extend to the neighboring
n (n + m ≤ M) subband units, and maintain a power ratio of ζ (� 1)
compared to the mainlobe.

The concerned 2-D coverage area of a typical Macrocell cite, with the
reference MBS located at the origin, is a circular region C ∈ R2 of radius
Rc. The FBS intensity is defined as λ (FBSs per unit area). Therefore, each
subband unit is

• mainlobe-interferenced by an average intensity of ρm = m
M λ FBSs,

• and sidelobe-interferenced by an average intensity of ρn = n
M λ FBSs.

Seen from the sidelobe leakage plot in Fig. 32, the three transmission
schemes we choose in this chapter are typical in the sense that:

• Scheme I: is unable to achieve the 72.8 dB FCC OOB requirement, it
introduces a substantial sidelobe interference of n = 2 (if 6 subcarriers
are contained in each subband) and ζ = −12 dB;
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Figure 33: Topology of the System

• Scheme II: is almost able to achieve the 72.8 dB FCC OOB requirement,
and each link has an efficiency loss of as high as 0.625 due to pooling;

• Scheme III: is able to achieve the 72.8 dB FCC OOB requirements,
and its link transmission is of the most efficiency among the three
schemes due to no cost for cyclic prefix (CP).

Therefore, by comparing Scheme I with Scheme II and III, we are able to
interpret the FCC’s decisions and clearly see what it can influence on the
real system performances.

5.3.2 Interference Equivalents

If we consider one typical subband unit l0, the second-tier interference
received on this subband unit, denoted as I0, is modeled as shot-noise
interference in this chapter, which is contributed by a combination of
mainlobe and sidelobe interference, i.e.

I(c)0 = ∑
i∈Ωm

PfΨiKf‖Xi‖−αf

︸ ︷︷ ︸
I(a)0 mainlobe interference

+ ∑
i∈Ωn

PfζΨiKf‖Xi‖−αf

︸ ︷︷ ︸
I(s)0 sidelobe interference

(a)
= ∑

i∈Ω
PfΘiΨiKf‖Xi‖−αf ,

(5.1)

where superscripts (c), (a), and (s) denote the combined, mainlobe, and
sidelobe interference, Pf is the FBS transmit power, Ψi is the i.i.d. random
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channel fading gain, Kf is the penetration loss, and αf is the path loss
exponent. Ωm and Ωn are the set of FBS, represented by the homogeneous
poisson point processes (PPP) with intensity of ρm and ρn, respectively. Step
(a) follows from the fact that the superposition Ω = Ωm ∪ Ωn is also a
homogeneous PPP over R2 [43, Superposition Theorem], with intensity
of ρ = ρm + ρn = m+n

M λ. Additional mask Θi is the manipulated random
variable with distribution: Pr(Θi = 1) = η, Pr(Θi = ζ) = 1 − η, with
η = ρm

ρm+ρn
∈ (0, 1]. As we can see from Eq. (5.1), the sidelobe interference

has brought two changes to the original shot-noise interferences:

1. increase the interferers’ intensity by a factor of m+n
m

2. introduce an additional mark of Θi.

However, another interpretation of the superposition for the combined
interference is that the Laplacian transform of the interference distribution
can be written as:

L
I(a)0

(λ, y) = exp
{
−π m

M λE[Ψδf
i ]P

δf
f y−δf

}
L

I(s)0
(λ, y) = exp

{
−π n

M λζδf E[Ψδf
i ]P

δf
f y−δf

} (5.2)

with δf =
2
αf

. I(a)0 , I(s)0 are independent, yielding to

L
I(c)0

(λ, y) = L
I(a)0 +I(s)0

(λ, y) = L
I(a)0

(λ, y) · L
I(s)0

(λ, y) (5.3)

then,

L
I(c)0

(λ, y) = exp
{
−π

(
m + nζδf

M

)
λE[Ψδf

i ]P
δf
f y−δf

}
(5.4)

Therefore, the original combined interference case is equivalent to a
modified mainlobe-only homogeneous PPP Ω = Ωm ∪Ωn over R2, with
intensity:

ρ =
m + nζδf

M
λ. (5.5)

Is this perturbation trivial to system performance? We will look into the
system performance metric of transmission capacity (TC) and area spectral
efficiency (ASE) to answer this question.

5.3.3 Performance of Transmission Capacity

Theorem 5.1 The loss of Transmission Capacity due to existence of OFDM side-
lobe interference (σTC), is a function of parameters m, n, ζ, and δf, i.e.

σTC = 1− m
m + nζδf
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Proof For the reference victim link on subband l0 (either first or second
tier), denote by P0, Ψ0, and K0 the transmit power, channel fading, and
penetration loss, respectively. Let γ0 be the Signal to Interference Ratio (SIR)
seen by the reference receiver. The conditional c.d.f. of γ0 in the combined
interference case, if victim link transceivers are in X0 distance away, is given
by:

Fγ0|Ψ0,X0
(z) = Pr(

P0Ψ0K0X−α
0

Ic
0

≤ z|Ψ0, X0)

= 1− FIc
0
(λc,

P0Ψ0K0X−α
0

z
)

(5.6)

so the unconditioned distribution of γ0 can be derived as:

Fγ0(z) = 1− EΨ0,X0 [FIc
0
(λc,

P0Ψ0K0X−α
0

z
)] (5.7)

For a given SIR threshold Γth, the link outage probability ε is thus derived
by:

ε = Pr(γ0 < Γth) = Fγ0(Γth)

= 1− EΨ0,X0 [FIc
0
(λc,

P0Ψ0K0X−α
0

Γth
)]

= Hc(λc)

(5.8)

where we name Hc(·) as the outage probability function which is a monotonically-
increasing injective function between combined interferer intensity λc and
outage probability ε.

The transmission capacity TC in the combined interference case (denote
as Λc) is defined as the maximal allowed Femtocell intensity, so that the
first-tier outage probability εm is no greater than a given outage probability
target εmax, i.e.:

Λc = H−1
c,m(εmax) (5.9)

with Hc,m(·) as the first-tier version of Hc(·) (with P0, Ψ0, and K0 being re-
placed by the macrocell transmit power Pm, fading gain Ψm, and penetration
loss Km) and H−1

c,m(·) is the inverse function of Hc,m(·).
Therefore, the loss ratio of TC due to the introduction of sidelobe inter-

ference gives,

σTC =
Λa −Λc

Λa
= 1− m

m + nζδf
(5.10)

where Λa is the corresponding TC in mainlobe-only case.

Remark 5.1 Note that the parameters n and ζ are constant, depending only on
which transmission scheme (Scheme I, II, III) to adopt. Hence the TC loss σTC:

1. monotonically decreases with the Femtocell subband allocation m;
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2. monotonically increases with the channel pathloss exponent αf

Remark 5.2 Specifically, in the case that the channel fadings Ψm and Ψi are all
Rayleigh distributed, the TC considering sidelobe interference ΛRayleigh

c can be
given in closed form as:

ΛRayleigh
c =

M
m + nζδf

−ln(1− εmax)

δfΓ(δf)Γ(1 + δf)

(
KmPm

KfPfΓth

)δf
(

Rf

X0

)2

(5.11)

5.3.4 Performance of Area Spectral Efficiency

We denote D(2)
0 and D(1)

0 as the average data rate on subband l0 for Femtocell
and Macrocell, respectively. We further assume that both link SIRs are in
a low or mid region (> Γth), so that for each transmission scheme, the
link spectral efficiency can be approximated by a linear function G(γ0) in
(bps/Hz), i.e.

G(γ0) ≈

0, γ0 < Γth

gγ0, γ0 ≥ Γth

(5.12)

If both the first and second tiers are adopting channel-blind Round Robin
scheduling and all the allocated subbands are fully utilized, then the long
term ASE for the first-tier and second-tier in region C, denoted as T(1) and
T(2), respectively, is given by:

T(1) =
∑i D̄(1)

i
|C| ≈

MD(1)
0
|C|

T(2) =
λ|C|∑i D̄(2)

i
|C| ≈ λmD(2)

0

(5.13)

where D(1)
i / D(2)

i are the average 1st/2nd-tier data rate on li.

5.3.4.1 First Tier ASE

In the domain of λ, we have

T(1) =
M
|C|E[G(γ

(1)
0 )|γ(1)

0 ≥ Γth]Pr(γ(1)
0 ≥ Γth)

≈ M
|C| gE[γ(1)

0 ](1− P(γ(1)
0 < Γth))

=
M
|C| g[1− Hc,m(

M
m + nζδf

λ)]
∫

zdF
γ
(1)
0
(z)

(5.14)

since the both multiplying components of 1− Hc,m(·) and
∫

zdF
γ
(1)
0
(z) are

monotonically decreasing with λ, thereby,

∂T(1)

∂λ
< 0, (5.15)
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meaning that the first-tier ASE decreases with the increase of Femto users
or the Femto subband access rate.

In most of the system designs, as the primary user of the spectrum, the
Macrocells occupy higher priority to the Femto ones. We hence define the
system constant parameter q, so that

T(1)
∣∣∣
λ=0
− T(1)

T(1)
∣∣
λ=0

≤ q, (5.16)

meaning that the Macrocell is only willing to sacrifice at most q of its ASE
to accommodate the presence of Femtocells in its vicinity. Assume q = 20%,
we see from simulation results in Fig. 35 that, for the case of FBC intensity
of 1000, in LA Rayleigh+Lognormal fading channel condition (see Section
IV for the simulation setups), the subband access rate can be no more
than 1

M . For HA Rayleigh+Lognormal fading channel, the maximal allowed
subband access rate is 3

M . Therefore, when the Femto intensity is high, the
system has to decrease the Femto subband access rate to a very low level to
prevent a huge loss in the first-tier performance. However, due to the fact
that resources are slotted, such adjustment can also lead to a remarkable
performance loss.

5.3.4.2 Second Tier ASE

Theorem 5.2 The loss of 2nd-tier Area Spectral Efficiency due to existence of
OFDM sidelobe interference (σ(2)

ASE), is approximately a function of parameters m,
n, ζ, and δf, i.e.

σ
(2)
ASE ≈ 1−

(
m

m + nζδf

)δf

Proof
To simplify the analysis, we assume that Femtocells are densely deployed

and make an approximation to Eq. (5.7) for the combined interference case.
The approximation is according to the analysis in [69, Appendix], where
Fγ0(z) is asymptotically upper bound by

Fγ0(z) ≤ 1− exp{−λd̂E[Ψδf
i ]E[Ψ

−δf
0 ]E[Xδfαm

0 ]zδf}
= 1− exp{−λdzδf}

d̂ = πPδf
f P−δf

0

d = d̂E[Ψδf
i ]E[Ψ

−δf
0 ]E[Xδfαm

0 ].

(5.17)

The average data rate for Femtocell D(2)
0 in the combined interference

case can be derived by:

D(2)
0 ≈ g[1− Hc,f(

M
m + nζδf

λ)]
∫ ∞

Γth

zdFγf
0
(z)

= g · exp(−λdΓδf
th)(λ)

−δf J
(5.18)
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and,

J = d−δf Γ(1 +
1
δf

, λdΓδf
th) (5.19)

where Γ(a, ·) is the upper incomplete gamma function.
Therefore, the second-tier ASE considering sidelobe interference can be

written as:

T(2) = λJMg(λ)−δfexp(−λdΓδf
th) (5.20)

The loss by sidelobe interference σ
(2)
ASE can thus be interpreted as:

σ
(2)
ASE =

T(2)
∣∣∣
n=0
− T(2)

T(2)
∣∣
n=0

≈ 1−
(

m + nζδf

m

)δf

(5.21)

Remark 5.3 Specifically in the case when Ψ0 and Ψi are Rayleigh, d in Eq. (20)
is given by:

dRayleigh = πΓ(1 + δf)Γ(δf) (5.22)

Therefore, the second tier ASE in Rayleigh channel fading case is:

T(2)
Rayleigh = λJMgλ−δf exp(−λdRayleighΓδf

th) (5.23)

Corollary 5.1 (Optimal Femto Density) Given a fixed spectrum access rate of
m
M , the optimal Femto intensity λ that maximizes the 2-tier ASE is:

∂T(2)

∂λ
=

∂Jmg(λ)1−δfexp(−λdΓδf
th)

∂λ
= 0 (5.24)

approximately, we get

λ(a)∗ =
M
m
(1− δf)d−1Γ−δf

th

λ(c)∗ =
M

m + nζδf
(1− δf)d−1Γ−δf

th

(5.25)

Conclusively, optimal density reduced by m
m+nζδf

, i.e. σTC

Corollary 5.2 (Optimal Access Rate) Given a fixed Femto deployment inten-
sity of λc, the optimal spectrum access rate of m

M is given by:

∂T(2)

∂m
= 0

i.e.

(1− δf)m + nζδf

m + nζδf
=

m
M

λdΓδf
th (5.26)
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Specifically, in the mainlobe-only case, we have the optimal spectrum access rate
as

m(a) = min
(
b(1− δf)λ

−1d−1Γ−δf
th Mc, M

)
(5.27)

and in the combined interference case

m(c) = min
(
b(1− δf)λ

−1d−1Γ−δf
th M− nζδfc, M

)
(5.28)

In a general case, assume that sidelobe interference is small, we have

m(a) −m(c) ≈ −nζδf (5.29)

meaning that the sidelobe interference decreases the optimal subband access rate by
nζδf .

5.3.5 Short Summary

In summary, by the above analysis, we prove that due to the OFDM sidelobe
leakage,

1. the loss of sidelobe on TC is σTC, which is non-negligible when m is
small

2. the loss of sidelobe of ASE is σASE,

a) which is generally minor, but can cause

b) Access Rate Jump due to the 1st-tier constraint q

3. on the 2nd-tier ASE only

a) reduce the Optimal Femto Density, same as σTC

b) may cause reduction of optimal Access Rate, but not always

5.4 numerical results

In the simulation, we assume a whole spectrum band of 180 subcarriers.
Each subband unit is comprised of 6 consecutive subcarriers (so M = 30).
We define a channel condition of High Attenuation (HA) as αf = 4 and
Low Attenuation (LA) as αf = 3. We generate a number of 3× 104 Mont-
Carlo realizations for each test and the default values of main simulation
parameters are listed in Table 6, unless explicitly specified otherwise.

• From all the simulation results in Fig. 5.3-6, we find out that the
both performance metrics of TC and ASE are very sensitive to the
channel condition. More channel fading randomness (Rayleigh+ Log-
normal, composite fading of both distributions) and low attenuation
can greatly deteriorate the performance. The reason is that, channel
randomness is harmful to low-outage system criteria (as also discussed
in Subsection 3.6.2) and low attenuation means a better propagation of
interference. Therefore, we name the channel conditions of Rayleigh+
Lognormal and Low Attenuation as the worstcase.



5.4 Numerical Results 71

0 0.2 0.4 0.6 0.8 1
0

100

200

300

400

500

600

700

800

Femto Subband Access Rate m/M

T
ra

ns
m

is
si

on
 C

ap
ac

ity
 (

nu
m

 o
f F

em
to

s 
pe

r 
ci

te
)

 

 

Scheme II& III, LA Rayleigh
Scheme II& III, LA Rayleigh+Logn
Scheme II& III, HA Rayleigh
Scheme II& III, HA Rayleigh+Logn
Scheme I, LA Rayleigh
Scheme I, LA Rayleigh+Logn
Scheme I, HA Rayleigh
Scheme I, HA Rayleigh+Logn

HA Ray 17% loss at 2/30

LA Ray 13% loss at 2/30

LA Ray 25% loss at 1/30

HA Ray 30% loss at 1/30
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Table 6: Default Simulation Parameters for 5.4

Parameter Description Value

Rc Map Size 1000m

Pf Transmit Power for FBS 15dBm

Pm Transmit Power for MBS 35dBm

K0 Victim Link Penetration Loss -35dB

Kf Interfering Link Penetration Loss -55dB

Γth Link SIR Target 10 dB

Γmax Link SIR Cap 20 dB

εmax Outage Probability Target 1%

σLN Log-normal Fading Deviation 8 dB

g Normalized Trans. Efficiency 0.3

• Additionally, in Fig. 34, the presence of sidelobe interference mainly
decreases the system transmission capacity in low subband access
region. Observe that in HA Rayleigh condition, the loss in capacity
can be as high as 40% at m = 1, and in LA Rayleigh condition, the
loss in capacity is around 24% at m = 1.

• Fig. 35 shows that the deployment of either transmission scheme in
Femtocell can only slightly affect the Macrocell ASE. However, in some
channel conditions such as LA Rayleigh +Lognormal, we notice a very
sharp decline of ASE in the low subband access region, meaning that
if the system can only accept 20% decline of Macrocell ASE to serve
the Femtocell, which is from 150 bps/cite to 120 bps/cite in the Figure,
the Femtocells can only take a subband access rate lower than 10%,
which turns out to be a very large loss of capacity (shown in Fig. 34),
and very large loss of second-tier ASE as well (shown in Fig. 36 and
37).

• In Fig. 36, we observe the optimal Femto spectrum access rate for
LA Rayleigh at the region around [0.8, 0.9], but ASE does not decline
evidently after the peak value. For other cases in Fig. 36 and 37, the
optimal access rate is not present probably because it is not within
[0, 1]. In addition, we see that Scheme III performs always best in all
the channel conditions. Surprisingly, scheme II performs even worse
than Scheme I due to its substantial loss in the link spectral efficiency
because of the windowing.

If we take the UHF TV band (510-700 MHz) for example, the pathloss
exponent in this frequency range is ≈ 3.47 according to the HATA’s model
in [27].

• In such a case, the FCC’s rule on OOB can be translated as ≈ 20− 25%
of more TC at 200 KHz bandwidth than un-regulated system, namely
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Figure 37: Femto ASE in HA channel vs. Subband Access

it can accommodate around 300 TVWS devices in an area of km2.
However, this gain diminishes rapidly as the bandwidth increases.

Through all the simulation results, we finally can summarize the compar-
isons of the three concerned PHY interfaces in Tab. 7. We see a clear trade-off
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Table 7: Comparison of the three Schemes

Loss of TC Loss of ASE
Complexity

worstcase other cases 1st-tier 2nd-tier worstcase 2nd-tier other cases

Scheme I high medium low medium low ×1

Scheme II low low low high high ≈ ×1

Scheme III low low low low low ≈ ×8

between complexity and performance. Although Scheme III OQAM-OFDM
performs best in many of the cases, it also requires a much higher imple-
mentation cost in terms of a fold of 8 for the modulation and demodulation
process, according to the results in paper [31].

5.5 chapter summary

In this chapter, by proper modeling, we successfully abstract the OFDM
sidelobe leakage in F-ALOHA Femtocell to an equivalent problem of modi-
fied interference intensity in PPP distributed aggressors. From the above
theoretic analysis and supporting numerical results, we see that the modi-
fied intensity in many cases only leads to minor system performance loss
but, in some rare cases, does indeed cause a significant loss, especially when
the number of Femtos is high and channel condition is poor.

In such cases, Scheme II is only an intermediate solution because it
sacrifices too much in link spectral efficiency. In the mean time, OQAM-
OFDM can not only mitigate the adverse sidelobe effect but also maintain a
very high system efficiency. Although OQAM-OFDM by state of art is not
widely adopted, it is reasonable to consider it as a promising candidate for
the future Femtocell application.



6
F E M T O D E P L O Y M E N T I S S U E I I : A N T E N N A
S W I T C H I N G

It is a conventional concept that cellular outdoor channel possesses good
property in directionality, meaning that directional antenna pattern is effec-
tive in improving coverage and providing better QoS to cell edge users. See
sector and beam-forming efforts in LTE[1].

However, the two-tier cellular network changes the design paradigm of
Femtocell. Despite of its own coverage issue, it is also critical for the Femtos
to consider the co-existence with the local outdoor Macrocells. As mentioned
in Chapter 1, the design goal of Femto is that, it is strictly inferior to the
Macro users in the context of causing interference and resource sharing.
Therefore, in this chapter, we try to utilize the antenna directionality in
Femtocell deployment and investigate those antenna-switching and beam-
forming schemes in terms of the co-existence performances with local
primary users.

6.1 motivations and related works

Outdoor Tower

User

Angular 
Spread

(a) Angular Spread for Outdoor Coverage

Indoor BS

User

Angular 
Spread

(b) Angular Spread for Outdoor Coverage

Figure 38: An Example of Outdoor and Indoor Directional Antenna
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6.1.1 Directional Antenna for Indoor Coverage

Directional antenna is a topic of long history, beginning ever since the era
of radio transmission. It is well understood that if the electro-magnetic
wave emitted from the transmitting antenna has a strong gain in certain
direction, the receiver along this direction will achieve an improved signal
strength compared to the isotropic case. It is thus a common technique
for the outdoor Macrocell (see in Subfig. 38a) to improve the coverage and
cell-edge performance exploiting the antenna directionality, such as cell
sectorizing, antenna array, antenna tiltness, and also the recently adaptive
beam-forming techniques [57] [56].

On the other hand, directional antenna is generally not a good option for
indoor wireless channel because of the following three reasons:

• firstly, indoor wireless channel is usually rich-scattering that channel
angular spread (in departure) is relative flat compared to outdoor
cases;

• secondly, indoor scenario is rich in coverage deadzones due to the com-
plexity in structure, thick-concrete, furnitures, and obstacles, thereby,
directional antenna is doing no better in improving the indoor cover-
age compared to other antenna techniques like DAS;

• thirdly, for the case that spectrum usage are Equivalent Isotropically
Radiated Power (EIRP) regulated instead of transmitting power limited,
the directional antenna can have further loss in coverage because of
the relatively lower emission power [45].

The indoor wireless channel is relatively flat in angular spread [59]
so that directional gain is rather marginal (see in Subfig. 38b). Although
adaptive weight-based indoor beam-forming can still perform well because
the successful exploit of spatial diversity at transmitter, it has difficulty
in implementation in terms of dynamic channel fluctuation and oscillator
drift between transceiver pairs, until recently achievement such as [46] but
however, the gain presented is achieved when transmitter is equipped with
eight antenna elements, which is rather difficult for our FBS to implement
for the stakes of size and cost limit.

Additionally, as aforementioned in previous chapter, Femtocell is also
one of the promising technologies to dynamically access the spectrum in the
future, such as TVWS. These devices are more likely regulated by limiting
the EIRP instead of the transmitting power, see FCC’s ruling decision on
TVWS and ISM [25]. It is obvious that the EIRP cap is a more stringent rule
and not beneficial to the directional antenna. [45] gives a detail investigation
and proposes a compensation method for the loss of coverage.

6.1.2 Femto Out-of-Building Emission Leakage

For the case of Femtocell, the design criteria is not only about the quality
of its own transmission link but how to avoid causing huge interference
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to the local primary users as well. As some pioneering works like [20][41]
revealed, adopting a simple antenna switching scheme can effectively shrink
the coverage of Femto pilot signal inside the building, minimize the leakage
to the outside of building so that decreasing the number of un-necessary
hand-overs and avoid strong Femto-Macro interference case.

Similar to this idea but referring to the outdoor leakage power profile
as our main performance criteria, we investigate the possible deployment
of two basic smart antenna techniques, namely antenna adaptive pattern-
switching and eign-based beam-forming (or beam-steering) in this chapter.

For these two techniques, we consider a rather more practical configura-
tion at FBS transmitter in DL, i.e. four antenna elements at the transmitter.
We argue that for the Femto application, the performance is rather scenario
dependent. To overcome this challenge, we use an innovative evaluation
method, that using Ray-tracing software to capture the channel propagation
and impulse response in time and spatial domain. Then we determine the in-
door coverage of certain data rate criteria by means of Effective Exponential
SINR Mapping (EESM), which is acknowledged as a precise link-to-system
mapping methodology for OFDM systems such as LTE, WIFI, and WIMAX.
As for the same level of coverage, we make fair comparisons between
conventional omni-directional antenna, antenna switching, and antenna
beam-steering.

6.2 contributions

The contributions 1 of this chapter’s work can be summarized as follows:

1. we devise an innovative evaluation methodology that can apply var-
ious PHY algorithm to predict the Femto-Macro coexisting system
performance, see also Chapter 7;

2. we investigate the different practical antenna schemes for FBS and find
out that they are extremely efficient in decreasing the Femto-to-Macro
interference;

3. we find out the best effort performance of antenna switching is very
close to beam-steering and totally implementable with no extra modi-
fications on the current LTE standards.

6.3 outdoor leakage and antenna switching

6.3.1 Frequency Selection and TVWS Femto

As the leakage performance is highly dependent on the frequency of the
system. We define the following reference frequencies for investigation in
this chapter:

• Freq A: 580MHz,

1 A part of this chapter’s work is published in [78] and some are included in industrial reports
of [67]
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• Freq B: 760MHz, and

• Freq C: 2100MHz,

where Freq A and B are within the TV bands possible for cognitive access
in Europe, approximately in the range of 550MHz-780HMz [22], Freq C is
the one of the major European LTE bands that we define for the benchmark
purposes.

We take the above TVWS Femtos into consideration because it is currently
also under considerations by the EU regulators to allow cognitive TVWS
devices. Due to the digital switch-over, many reports have revealed that
TVWSs are pervasively existent across America and Europe, especially in
the rural areas [22]. In the US, the regulation body FCC has given the
permissions to the TVWS devices for accessing the UHF TV channels 21-36

(512-680 MHZ) and channels 38-51 (614-698 MHZ) in year 2008[24] and
amended upon the rules in year 2010 [25]. In UK, similar rules were made
in year 2009 by the regulation body Ofcom [53].

However, the final decisions in Europe have not been made and we
can only assume that some low power short range systems, such as WiFi,
Femtocell, Wimax, might possibly be allowed to opportunistically utilize
the spectral holes with the sharing modes of "private commons" or "light
licensing" in Europe in the future [22].

For this reason, we borrow the US final decisions for reference [25]. In
short, the cognitive LTE-Femto concerned in this chapter can be catego-
rized as "Mode II personal/portable devices" by FCC’s definition, whose main
technical requirements are summarized as the following:

1. protected contour is 41 dBu with 6.0 km additional separation2;

2. power spectral density lower than -1.8 dBm in any 100 KHz band;

3. maximal EIRP of 16 dBm per 6 MHz band3;

4. maximal -72.8 dB adjacent band emission leakage4.

See Fig.39 as an example, a certain number of cognitive LTE-Femtos that
are at a distance of more than 46 km (kilometer) away from the primary
DVB-T towers are granted access to the same TV channel. Here we denote
FBS as the femto base stations and FUE as the femto user equipments.

6.3.2 Typical Scenarios

Considering the performance of Femtocell is highly relevant to its residential
and SOHO applications, we select the two following typical buildings, as:

• Building A: a rectangular complex building of size 20m×17m, jointly
work from [15]. Its structure is rather irregular and contains three

2 can be interpreted as 40 km contour if DVB-T tower is 100m high (HAAT)
3 for those cannot meet adjacent channel separation
4 see detail definition in [25]
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Figure 39: Primary DVB-T and cognitive LTE-Femtos
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(b) Building A Floor Plan in 2D

Figure 40: Model of Building A

apartments per floor and equipped with stairs, ceilings, and many
furniture setups.

• Building B: a quasi-square brick building of size 21m×21m, as part
of the joint work from [67]. Its structure is rather symmetric and
contains four identical apartments per floor and equipped with many
brick small compartments and the materials are close to European
standards (see Fig. 41a).

We assume that the FBS is randomly located at some specific positions of
the both buildings. In Building A, the FBS has three typical positions, i.e. in
bedroom, living-room, and corridor of the three apartment (the green, blue,
and orange FBSs in Fig.40b). In Building B, the FBS can be positioned either
close to window or deep in the building in one of the four apartments,
respectively, see in Fig.41b.

It is well known that due to the rich scattering of radio propagation, the
wireless channel between any transmitter-receiver pairs inside this building
model is corrupted with multi-path fading effect [40]. We thus calculate and
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(a) Building B Floor Plan in 3D
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(b) Building B Floor Plan in 2D

Figure 41: Model of Building B

obtain the channel impulse responses (CIR) by the method of Ray Tracing
computer simulation.

The accuracy of Ray Tracing method is proved by [32], where the channel
angular property captured by Ray-tracer is well agreed with the real mea-
surement, thereby confirm the validity of the later study which is highly
dependent on the computed channel.

6.3.3 Performance Evaluation

The detail simulation methodology will be introduced in Chapter 7. We
assume that a referred LTE-Femto system with 5 MHz (FFT size 512) band-
width (see spec. [2] for detail) is inserted into one frequency hole of the
TV channel (6 MHz) and fulfill the FCC requirement which we listed in
subsection II-A. We are able to evaluate the coverage performances of such
system under different FBS configurations and frequency assumptions. The
evaluation method used in this chapter can be described as follows.

• Firstly, the multi-path channel is obtained from Ray-tracer so that we
can derive the Signal to Interference and Noise Ratio (SINR) on each
of the OFDM subcarrier k, denoted as γk.

• Secondly, by using the Effective Exponential SIR Metric (EESM) method
[55] , the effective SINR for each resource block (RB) γef is calculated
by

γef = −β ln

(
1
N

N

∑
k

e−
γk
β

)
(6.1)

where β is a parameter dependent on different modulation and coding
schemes (MCS) and N is the number of OFDM subcarriers for one
resource block. The detail methodology of this step is given in Chapter
7.
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• Afterwards, we map the maximal supportable MCS on each resource
block to derive the long term data rate (i.e. throughput) for the ref-
erence LTE downlink with adaptive modulation and coding (AMC)
transmission schemes. In the next step, we consider the leakage power
from the typical Femto-equipped building, denote as Pleak. By conduct-
ing the computer simulation described above, we are able to obtain
the statistics of such leakage power.

• We further assume that this leakage is the major source of co-channel
interference that limits the capacity of all the TVWS devices in the
area sharing the same white-space channel. We are keen to learn that
how many LTE-Femtos this area can accommodate with a pre-defined
outage criteria, e.g. Interference over Thermal (IOT) less than 20 dB in
the simulation.

To capture the ad-hoc nature [69] of user-deployed Femtocell applica-
tion [17], we assume that the buildings installed with the cognitive
LTE-Femtos are obeying the Point Poisson Process (PPP) distributed
across the whole reference area [34], which is the Femto model we
use throughout the thesis.

• In the next step, we assemble all the interference emitted from the
Femto-equipped buildings as the shot-noise process. The strength of
received interference on reference map point 0, denoted as I0, is given
by

I0 = ∑
i∈Ω

PleakΨiK‖Xi‖−α
(6.2)

where Ω is the random set of the Femto equipped buildings, Xi is
one of the random locations in the map for each Ω realization, ‖·‖
denotes the Euclidean distance, K is the constant radio propagation
loss, α is the empirical pathloss exponent which is dependent on
which frequency band A, B, or C to select, and Ψi is the channel
fading.

• As the detail methodology is given in Chapter 7, the system statistics
of IOT can be derived for different deployment densities of Femtos,
allowing for the determination of the maximal Femto density meeting
specified IOT criteria and the corresponding system performances
such as throughput and ASE are due.

6.3.4 Proposed Antenna Schemes

After setting up the system model and introducing the methodology, we
investigate three different antenna schemes that the cognitive LTE-Femtos
are possibly deployed with, i.e.

• Omni-antenna: baseline for comparison,

• Scheme I: Adaptive Pattern Switching,
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• Scheme II: Adaptive Beamforming.

The latter two directional antenna schemes are conventionally not well
recognized for indoor short-range applications due to the fact that indoor
wireless channel is of rich-scattering that the angular spread is relatively
wide. Thus the antenna gain is restricted by gain reduction factor [52] and
the improvement of coverage brought by antenna directivity can be rather
diminishing.

However, the above discussion only holds for the link improvement of
a single Femto case, in the context of its coverage (or throughput). Some
recent literatures such as [20] has shown that indoor directional antenna
can substantially refrain the FBS from causing harmful interference out of
the building.

6.3.4.1 Scheme I: Adaptive Pattern Switching

Similar to what is proposed in [20], in this paper we design a patch antenna
for LTE-Femto transmitter with an approximate beamwidth of 80◦ and 6
dBi gain, see the middle figure in Fig.42 for the azimuth pattern of the
designed patch antenna.

We further assume that there are four such patch antenna elements
equipped at the FBS, with each element is facing to the direction of θ =

0◦, 90◦, 180◦, and 270◦, respectively. By switching only one of these four
elements on, the antenna pattern can be facing one of the four θ angles. In
addition, by switching two neighboring elements on simultaneously, the
synthesized antenna pattern can be also approximately facing the direction
of θ′ = 45◦, 135◦, 225◦, and 315◦, see Fig.43

It is noted that the training process to adapt to the best pattern is enabled
by the existing LTE standards. According to Fig. 44, the LTE systems need
only a request of regular uplink sounding reference signal (SRS [2]) and
measured the corresponding uplink RSSI at the FBS side. The FBS can
thus learn which pattern is of maximal gain and switch to the designated
pattern. The whole training process only takes one LTE radio frame (20

ms) to complete, which is basically fast enough to capture the indoor user
mobility and channel fluctuation.

 

 

 

Figure 42: Azimuth Pattern of Designed Antenna, Omni(left), Patch(mid), and
Array(right)
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6.3.4.2 Scheme II: Adaptive Beamforming

In the second scheme, we assume that the FBS is equipped with a four-
element linear uniform antenna array and is capable of performing eigen-
based beamforming [4]. We admit that this assumption may be of imple-
mentation problems for the TV bands due to the fact that Freq A and B
has a rather long wavelength ≈ 50cm, so that the aperture of array will be
too big for practical indoor applications. Henceforth, it is noted that the
beamforming performance here is only for reference purposes.

As seen from the right pattern in Fig. 42, the synthesized array beam
pattern is much narrower (≈ 35◦) compared to the pattern switching case
and the gain can be as high as 11 dBi. By a training process similar to that
introduced for Scheme I, upon the different user position, the FBS is able to
steer its beam to the direction which leads into the maximal antenna gain.

6.4 numerical results

The methodology of deriving the simulation performance will be explained
in Chapter 8 for detail. Due to a large amount of simulations we have done,
here we only present some selected pictures and the numerical results.

In the simulation, we assume that the EIRP for each FBS with all the
antenna schemes in Freq A and B is fixed at 16 dBm and the EIRP for Freq
C is 23 dBm(20 mW) 5. We further assume that the LTE system is FDD
(Frame-type I) and we only concern on the downlink performances.

We assume that the training process of adaptive antenna schemes I and
II are perfect, i.e. the FBS transmitter can always switch or steer to the
best directional pattern. It is noted that this is rather an ideal assumptions
and only predict the most optimistic performance. In practice, due to the
imperfectness of antenna training, the performance of Scheme I and II have
be substantially poorer.

We first conduct the comparisons of the indoor coverage for these FBSs
when they are accessing the different frequency channels while adopting
different types of antenna schemes. We then obtain the resulting outdoor
leakage for these different settings and illustrate their ability to co-exist
with many other similar buildings in the area.

6.4.1 Indoor coverage performances

In Fig.45, Fig.46 and Fig.47, for one specified position of FBS 1, we can see
that the lower frequency results in less radio attenuation and can indeed
improve the indoor coverage substantially. Even though both are in the UHF
TV band, Freq A has a sightly higher coverage probability and considerably
higher mean data rate than Freq B.

In Fig.47, Fig.48 and Fig.49, we can find that the proposed schemes have
a slightly loss of performance in terms of coverage probability and mean

5 this band is not subject to the FCC limits and we increase it to compensate for the higher
pathloss
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throughput. This result matches to other previous studies such like [45] that
EIRP constrained systems are not efficient in deploying directional antenna.
However, this observed loss from our simulation is not very significant.

If we summon all the results from both Building A and Building B and
all the possible FBS positions therein (i.e. FBS 1, 2, 3, ...), we get an overall
average view of the coverage performance, see from Tab. 8. From the table,
we can draw the following conclusions:

• The current regulated FCC rules are enough to support the Femtocell
applications within the whole TV bands, providing a satisfactory
coverage for a normal residential or SOHO building.

• The antenna gain is not present in EIRP constrained schemes and
instead, antenna schemes I and II have a slightly lower coverage
compared to the omni-directional cases. Nevertheless, the loss is only
marginal.

• Compare between the two proposed schemes, Scheme II outperforms
Scheme I due to fact that directivity brought by pattern-switching
antenna is much coarser than the beamforming case. However, the
difference is not huge and considering the much higher implementa-
tion complexity of beamforming, Scheme I is actually an economically
efficient solution for indoor Femto coverage.
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Figure 45: Throughput of Building A with Omni-Antenna when FBS1 is switched
on at Freq A, mean data rate is 12.7 Mbit/s, indoor coverage probability
is 100%

6.4.2 Outdoor leakage and co-existence

As mentioned before, after running the indoor coverage simulations, we are
able to also acquire the statistics of average outdoor emission leakage for
different frequency and antenna settings. From Fig.53, we find out that:
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Figure 46: Throughput of Building A with Omni-Antenna when FBS1 is switched
on at Freq B, mean data rate is 10.7 Mbit/s, indoor coverage probability
is 98.9%
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Figure 47: Throughput of Building A with Omni-Antenna when FBS1 is switched
on at Freq C, mean data rate is 8.6 Mbit/s, indoor coverage probability
is 95.4%
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Figure 48: Throughput of Building A with Antenna Scheme II when FBS1 is
switched on at Freq C, mean data rate is 8.1 Mbit/s, indoor coverage
probability is 92.2%
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Figure 49: Throughput of Building A with Antenna Scheme III when FBS1 is
switched on at Freq C, mean data rate is 8.4 Mbit/s, indoor coverage
probability is 93.3%
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Figure 50: Peripheral emission leakage from Building B when equipped with Omni
Antenna
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Figure 51: Peripheral emission leakage from Building B when equipped with
Antenna Scheme I
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Figure 52: Peripheral emission leakage from Building B when equipped with
Antenna Scheme II
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Table 8: Indoor Coverage Probability vs. Antenna Schemes

Omni-Antenna Scheme I Scheme II

Freq A

Building A 99.2% 99.0% 98.4%

Building B 98.0% 95.8% 96.8%

Average 98.6% 97.4% 97.6%

Freq B

Building A 97.4% 95.2% 96.7%

Building B 95.6% 92.8% 94.7%

Average 96.5% 94.0% 95.7%

Freq C

Building A 90.6% 87.4% 88.3%

Building B 88.2% 84.6% 86.5

Average 88.9% 86.0% 87.4%

• lower frequency leads to a higher leakage for the same limits of EIRP.
This is of natural sense because lower frequency also means a better
propagation,

• in addition, antenna scheme I and II are found to be extremely efficient
in the sense of reducing the leakage power, observing that the median
leakage power (of cdf = 50%) is decreased by nearly 10 dB.

• we also note that in the high leakage power range, which is of more
menace to the system performance, both the two directional antenna
schemes can substantially reduce the probability.

We further define the parameter λ as the average number of deployed
cognitive LTE-Femtos per km2, i.e. the intensity of PPP distributed Femto-
equipped buildings. The thermal noise power in 6 MHz band is assumed
to be -106 dBm. Therefore, the co-channel IOT seen by a radio receiver of
random position in this area is a ratio between interference power derived
by Eq. (6.2) and the noise power. If we further assume that the maximal
tolerable IOT for one receiver is 20 dB, we acquire the curves between the
interference outage rate and the cognitive LTE-Femto deployment λ in Fig.
54.

• From Fig. 54, we see that the reduced leakage power by antenna
Scheme I and II has resulted in a better co-existence for the cognitive
LTE-Femtos, reducing the outage rate by almost 50%.

• For a fixed outage rate of 5%, nearly 2 folds of gain in terms of Femto
capacity are observed for the proposed schemes.
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Figure 54: Outage rate vs. LTE-Femto density

6.5 chapter summary

Combining the overall performance of indoor coverage and outdoor co-
existence in the discussion and presented numerical results, we can conclude
that for the indoor Femto scenarios, adaptive directional antenna is indeed
an satisfactory method of providing the required QoS and remarkably
alleviating the interference emitted to the outdoor, as this part of leakage
contribute as the major part of Femto-to-Macro cross-tier interference.

Meanwhile, we find out that antenna switching, although very low in
complexity and easy to implement with low cost, has a considerable gain
in performance, decreasing the average IOT by over 30% and tremendously
increase the Femto system capacity by 50%. This performance is even
comparable to the beam-forming case. This means that there exists a trade-
off for the indoor coverage solutions between coverage, coexistence, and
cost. Considering the much lower complexity, antenna switching is indeed
a promising candidate for Femto application that can well balance the
performance-cost trade-off.





7
S Y S T E M S I M U L AT I O N M E T H O D O L O G I E S

As the simulation results are spread into each of the chapters, this chapter
is dedicated to introduce the methodology that we use for evaluating
Femtocell in two-tier networks. As mentioned throughout the thesis, the
most important performance metrics for Femtocell, i.e. transmission capacity
etc., shall not be constrained by the 2nd-tier alone, but the co-existing 1st-tier
as well.

However, the transmission capacity of Femtocell is not easy to derive.
Only by the framework of stochastic geometry, that performance of ALOHA-
based Femtos is possible to be given in tractable approaches, sometimes
even in a closed form. However, it is extremely difficult if we consider the
overall system and henceforth, we will have to resort to computer-aided
simulations to simulate each scheme and evaluate the performance. In
this chapter, we introduce how we do for the simulation and how can we
capture the precise performance predictions why maintaining a relative low
load of computation.

Layer 1

Network Simulation and Performance Prediction

Layer 2

Layer 3 & higher

Empirical 
wireless 
channel, 

BER/PER 
PHY 

abstraction
(i.e. 

MATLAB)

Network 
topology 

and 
Simulator
(i.e. NS2)

Link to System 
mapping

1st tier

OFDM-MIMO 
interfaces

Link performance

MAC control

RRM

OFDM-MIMO 
interfaces

Link performance

MAC control

RRM

2nd tier

cross-tier 
interference

2nd tier 
transmission 

capacity

1st tier outage, 
throughput, 

ASE

Figure 55: General Simulation Process

7.1 general description

To deliver the system performance, the main process of simulation can be
depicted in Fig. 55. The whole simulation preserve the OSI layered structure
for the modern cellular simulation and contains the decision entity of radio
resource management, which coordinates the PHY and MAC layers.
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As a layered structure, the simulation tasks of different layers can be as-
signed to different simulation tools provided the interfaces are well defined.
To simulate the 2-tier coexisting behavior, both tiers shall be simulated simul-
taneously and therein the cross-tier interference are the main connections
between the tiers.

The key components of the system simulation are consisting of channel
models, link-to-system mapping, and the network simulator that we will
describe in the following sections.

7.2 channel model

The channel models we use in the thesis are empirical-based models and
scenario-based models, which are usually deterministic. In our simulation, we
differentiate between indoor and outdoor wireless channels.

HENB

UE

TX Antenna scheme

Rx Antenna Pattern

Channel Modeling by 
Raytracing

Ray reflection

Wall Penetration

Scattering
Corner Diffraction

Figure 56: Indoor Channel and Raytracing Method

1. For the indoor case, we use the ray-tracing software to emulate and
obtain the scenario-based channel. The reason is that, indoor wireless
channels are rich of scatters that they are often corrupted with multi-
path fadings. Therefore, building complex and setup can greatly affect
the Femto indoor coverage.

It is critical for us to consider a typical "residential" and "small office"
building that matches to the Femtocell application, instead of using the
empirical channels which are generally obtained from measurements
in general types of buildings.

The accuracy of indoor ray-tracing channel emulation is proven by
many literature efforts such as [32][8]. In addition, we also conduct ray-
tracing experiments on our own at the institute’s office buildings in
University of Hannover and compare it with later measurements. Both



7.2 Channel Model 95

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

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

HENB

UE

HENB

UE HENBU
E

HENBU
E

HENBU
E

HENBU
E

HENBU
E

HENBU
E

HENBU
E

Victim MUE

Cross-indoor-outdoor 
Empirical Model

Power of Outdoor 
Leakage

Outdoor Empirical 
Channel Model

More Accurate

Femto-equipped 
building generated by 

PPP

HENB

UE

HENB
UE

HENB
UE

HENB
UE

Figure 57: Outdoor Leakage and Empirical Channel

two different studies done in year 2007 with old building structures in
[76] and in year 2011 with reconstructions in [16] have shown that ray-
tracing is indeed precise and reliable for indoor coverage predictions
in UHF bands.

2. For the outdoor case, we mainly rely on the empirical channel models
that are consented by project partners of Femto Forum [26]. As the
MUEs are assumed to be located outdoors, we estimate the 2nd-tier
interference seen by the MUE as the source of the emission leakage
from Femto-equipped building and propagate through the outdoor-
to-outdoor channel, where we use the COST-HATA model for sub-
/urban scenarios, i.e.:

L = 46.3 + 33.9 log f − 13.82 log hB − a(hR)

+ [44.9− 6.55 log hB] log d + C + σ

a(hR) = (1.1 log f − 0.7)hR − (1.56 log f − 0.8)

C =

0dB for medium cities or suburban areas

3dB for metropolitan areas

(7.1)

where

f is the frequency

hB is the height of MBS tower

hR is the height of FBS leakage buildings

σ is the r.v. of shadowing effect

Compared with the 2nd-tier interference that are assumed to originate
from an indoor FBS and propagate through the empirical indoor-to-
outdoor channel, our proposed method is of higher accuracy because
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Table 9: AMC and Data Rate

MCS Index Modulation Code Rate Spectral Efficiency Peak Data Rate EESM β

#1 QPSK 1/3 0.45 bps/Hz 9.19 Mbps 1.79

#2 QPSK 1/2 0.67 bps/Hz 13.78 Mbps 1.78

#3 QPSK 3/4 1 bps/Hz 20.67 Mbps 1.46

#4 16QAM 1/2 1.33 bps/Hz 27.56 Mbps 5.26

#5 16QAM 3/4 2 bps/Hz 41.34 Mbps 4.58

#6 64QAM 3/4 3 bps/Hz 62.01 Mbps 8.41

the outdoor empirical channel is more precise and consented by many
in research.

7.3 link-to-system mapping

Link-to-System Mapping is for mapping the contemporary channel/inter-
ference condition to the corresponding link performance. Since the main
scope of this thesis is to study the OFDMA Femtocells, we explicitly assume
that both the 1st-tier and 2nd-tier are LTE-like systems.

Hereby we shortly introduce the LTE system physical layer which is
generally based on OFDM-MIMO physical interfaces with extra features
of AMC, turbo/convolution channel coding, scrambling and interleaving,
and Hybrid-ARQ mechanism. In the study, we assume that there are six
different Modulation and Coding Schemes (MCSs) and the LTE link can
adaptively transmit with highest possible MCS to maximize the spectral
efficiency. The six defined MCSs are given by Tab. 9

We also use two methods for the LTE link-to-system mapping. They are:

1. bit-based simulation is a matlab based signal-level simulation, see Fig.
58. The main process is to simulate for each source bit 0 or 1 from being
randomly generated, coded, then modulated into baseband signal and
transmitted from RF front-end (by transmitter simulation), then on-
the-fly propagated through the wire channel with Channel Impulse
Response (CIR) obtained by ray-tracing (by on-the-fly simulation),
to finally received and detected by the LTE receiver (by receiver
simulation).

2. EESM-based simulation is an empirical method that maps effective
SINR on each OFDM subcarriers directly to the link packet error
rate. Even though it is much easier than faster than the bit-based
simulation, the accuracy is also good because the parameter β of it is
acquired based on numerous experiments.

For the EESM simulation conducted in Chapter 6, the effective SINR
γef is given by:

γef = −β ln

(
1
N

N

∑
k

e−
γk
β

)
(7.2)
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where γk is the SINR experienced by each OFDM subcarrier and β is
referenced to the work from [55].

7.4 network simulation

In this thesis, we assume that each Femtocell is using ALOHA-based sched-
uler so that the network simulation is relatively easy. It is worthy to mention
that we assume the FBSs and the FBS-equipped buildings are distributed in
the law of homogeneous PPP.

To generate a homogeneous PPP process by computer simulation, we
need to exploit the property of homogeneous PPP that the number of
points appeared in each closed map is a random variable with Poisson
distribution and conditioned on the numbers, each point is uniformly
distributed. Therefore, the simulation PPP random process can be generated
as in Fig. 59.

7.5 simulation summary

To summarize, the system simulation conducted in this thesis can be de-
picted in the flowchart of Fig. 60.

The simulation tasks are evenly assigned to two PCs (each with due
core) in the laboratory. It is necessary to point out that, since the whole
simulation are Monte-Carlo based and the considered map is pretty large
in size, it normally takes a huge number of loops to see the convergence
of simulation results. As also mentioned when introducing the simulation
results in Chapter 3, the number of loops can be at the scale of 104 to 105

that took these two PCs over 40 hours to finish simulating for one scenario.
Nevertheless, the obtained simulation results are quite well agreed with

what has been predicted by the theoretic analysis, proving that stochastic
geometry and PPP framework are indeed very useful tools to deliberate the
performances of ad-hoc deployment networks.
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C O N C L U S I O N S A N D F U T U R E W O R K S

In this chapter, we will summarize the conclusions that we have achieved
from the thesis work, discuss and explain the yet open problems and extend
to the plans of the future.

8.1 concluding remarks

In this thesis, we study the interference management issue for the two-tier
Macro-Femto coexisting cellular systems. This issue has become a topic
of great importance to decide the successful deployment of LTE indoor
(esp. residential and SOHO) deployment. It is also technically challenging
because of the strict limits in aspects of practice, cost, implementation, and
regulation.

Our thesis work focuses on the F-ALOHA access schemes for Femtocells
to reuse a portion of the primary spectrum. Previous theoretic work has
shown that F-ALOHA is a rather simple but efficient scheme to maximize
the transmission capacity.

• In Chapter 3 and Chapter 4, our work is focused to answer the
extended spectrum access question: what if the 2-tier overlay infras-
tructure has a clear preference of which subband to access for the
underlying Femtos? Can we have a simple mechanics to notify the
Femtos about this terrestrial preference and can the Femtos thereupon
behave in a manner to cooperate for the best coexistence?

Our work has revealed that the answer to the above questions is yes.

In the FFR uplink, it is only necessary to broadcast the basic 1st-
tier FFR config information to the co-located Femtocells, so that the
Femtocells can respond adaptively with the proposed algorithms to
partially-biased access the subbands and always achieve the maximal
transmission capacity for the system.

In the FFR downlink, our study reveals that totally-biased access is
optimal for the Femtos as long as its transmitting power is kept low
and the system is very sensitive to the outage. Therefore, the heuristic
algorithms estimating which subband the local region is least possible
to access to, is a very critical to the Femtocell performances.

After devising some simple and useful estimation methods, we suc-
cessfully propose a unified uplink-downlink framework, so that the
Femtocells can exchange the Macro FFR information and utilizes the
measurables by its attached FUEs. This framework has been proved
by both analysis and simulation that it performs well under many
circumstances, being robust to noise, general fadings, and other cell
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layouts. It also keeps an excellent track of the current Femto design,
so that the framework itself is easily realizable in the sense of low cost,
low message burden, and completely standardization compatible.

• In Chapter 5 and Chapter 6, we consider some practical deployment
issues of Femtocell. Due to the special ad-hoc deployment of Femtocell,
we revisit the old questions about the sidelobe leakage and indoor-
to-outdoor building emission leakage and deliver the results in new
perspectives.

For the sidelobe leakage, we find out that although often neglected in
research, the bad channel condition and high Femto density may lead
to a substantial loss of coexistence performance. Although the regula-
tors have a grip on the leakage control, e.g. the FCC’s decision on the
TVWS devices, it is reasonable for the developers to consider some
air-interface alternatives to lower the leakage and better accommodate
to the network heterogeneity.

Similar results are also found in the building emission leakage study.
Although the regulators have carefully defined an EIRP limit for
many secondary spectrum users, it may discourage the Femtos from
using directional antennas because of the coverage loss compared to
transmit power limited case. However, our study based on LTE system
level simulation reveals that the coverage loss in the application of
residential and small office building cases are not very evident, and if
we consider the coexistence performance, the directional antenna is
clearly a favor due to its excellent ability of lowering the emission out
of the buildings.

• In Chapter 7, we briefly introduce the methodologies that are used in
facilitating the simulations and we also explain how to evaluate the
LTE systems for indoor coverage and throughput performances.

Summing up from all the works that have been done in this thesis, we
conclude that to improve the coexistence of two-tier cellular systems, a well
designed framework that can combines the theory and practice and evolves
with different level of radio resource management optimization upon dif-
ferent level of radio cognition is extremely important. Although the current
stage of Femto development may be restricted by many implementation
and regulation limits, it is reasonable to believe that the Femtocells can
tackle with the interference issues and become one of the most promising
enablers for the future wireless communication.

8.2 future outlook

Most of the study in this thesis is based on F-ALOHA and Poisson Point
Process assumptions. Often these assumptions lead to pessimistic perfor-
mance predictions. Therefore in the future work, we need to consider the
cases more close to reality, including:
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• the real-case deployment for Femtocell, which shall be in the midst
of PPP and regular patterns, so that in the process of evaluation,
it might be necessary to consider the complex building structures,
position-clustering, user behaviors, and so on.

• the real-case channel access for Femtocell, which shall be in between
the F-ALOHA assumptions and CSMA, meaning that the Femtocell
may possess some basic radio sensing and monitoring abilities to
opportunistically avoid the potential interference.

Moreover, it should not be overlooked that, by the advances in the commu-
nication and signal processing, the transmitter and receiver design [10][72]
nowadays have a strong feature of pre-avoiding, mitigating or fully cancel-
ing the interference. Such advances may challenge the conventional view
of interference and cell layout, such as the higher SINR interference is, the
easier it can be successfully decoded at the receiver, even totally annihilated
from the receiving signal.

Despite the above mentioned theoretical limitations of this thesis that
our future work is planning to solve, we realized through the study that,
the cognitive sensing abilities and the multi-FBS coordination features can
indeed provide much greater performance gain than the current quasi-blind
and stand-alone Femtocell designs.

These abilities and features are currently in the early stage of development
because of the low cost requirement. However, it is reasonable to believe
that, as the Femtocell penetrates further into the market and the ascending
computer power in Moore’s law, the sensing and coordination will be
eventually implemented at the Femtocell.

By that moment, the house-hold Femto Base Station will grow as a
powerful and intelligent access point, responsible of providing high speed
wireless coverage, provisioning the seamless hand-over between the outdoor
networks, and organizing the entire network inside the building. This
is indeed the great convergence of mobile, nomadic, and fixed wireless
communication technologies and the scope of Femtocells is thereupon
shifting from what this thesis currently stands to the paradigm of playing
an important role in the future wireless networks.
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A P P E N D I X : P O I S S O N P O I N T P R O C E S S

This appendix is to provide the mathematical background of Poisson Point
Process for supporting Chapter 3, 4, 5, and 6. The following contents are
mainly cited from [43] [66], [12], and IEEE tutorial of [34].

a.1 definitions

A point process Ω is defined as a measurable mapping from some probabil-
ity space P to the space of point measures E . A point process Ω is called
Poisson Point Process on E , if it is simple and

1. for all disjoint subsets A1,A2, ...,An on E , the random variables Ω(Ai)

are independent;

2. for all setsA on E , the random variables Ω(Ai) are Poisson distributed,
i.e.

P(Ω(A) = k) =
Λ(A)ke−Λ(A)

k!
(A.1)

with parameter Λ(A) , E[Ω(A)] called as intensity measure.

Intuitively, for any disjoint subsets A1,A2, ...,Ak, the joint distribution
can be given as:

P (Ω(A1) = n1, ..., Ω(Ak) = nk) = Πk
i=1

(
e−Λ(Ai)

Λ(Ai)
ni

ni!

)
(A.2)

If the case that for any sets A on Rd, we have

Λ(A) = λ|A|,

we call the process Ω (with intensity measure Λ) as the homogeneous Poisson
Point Process (hPPP), and name constant λ as the intensity of this hPPP.

a.2 operations preserving ppp

There are some operations that can preserve the Poisson PP law, they are:

• Superposition
The superposition of independent Poisson PP with intensities Ωk is a
Poisson PP with intensity measure ∑k Ωk if and only if the latter is a
locally finite measure.
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• Thinning
The thinning of Ω with retention function p is a PP given by

Ωp = ∑
k

δkεxk

where the random variables δk are independent given Ω. The thinning
of the Poisson PP of intensity measure Λ with retention probability
p yields a Poisson PP of intensity measure pΛ with (pΛ)(A) =∫

A p(x)Λ(dx)

• Transformation
When the point transformation is independent given Ω, with probabil-
ity P(yk ∈ B|Ω) = p(xk, B), the transformation of the PPP Omega of
intensity measure Λ by a probability kernel p is the PPP with intensity
measure Λ′(A) =

∫
Rd p(x, A)Λ(dx), with A ⊂ Rd

a.3 palm theory

We will skip the introduction of the Palm Measure but give the two most
important theorems regarding the property of PPP.

Theorem A.1 (Slivnyak-Mecke or Slivnyak’s Theorem) Let Ω be a PPP with
intensity measure Λ, For all most all x ∈ Rd,

Pr!
x(·) = Pr{Ω ∈ ·}

that is, the reduced palm distribution Pr!
x(·) of the PPP is equal to its original

distribution.

The Slivnyak’s theorem guarantees that we can select a typical PPP dis-
tributed BS or receiver, assuming at the origin o of the coordinates, the
conditional PPP seen from it is equivalent to the original PPP assumptions.

Henceforth, throughout the thesis, we use the technique of selecting the
typical reference point and omit the denotation of reduced palm measure.

Theorem A.2 (Mecke’s Theorem) Let Λ be a point process with a σ-finite mean
measure Λ (i.e. there exists a countable partition of Rd such that Λ is finite on
each element of this partition). Then Λ is the PPP with intensity measure Λ if and
only if

Pr!
x(·) = Pr{Ω ∈ ·}.

Provided by Mecke’s Theorem, we learn that PPP is indeed a very special
type of point process that it is uniquely tractable.

a.4 sum of poisson point process

Theorem A.3 (Campbell’s Theorem) Let Ω be a PPP on Rd with intensity
measure Λ, and let f : Rd → R be any function. Then the sum

Σ = ∑
X∈Ω

f (X)
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is absolutely convergent with probability if and only if∫
Rd

min(| f (x)|, 1)Λ(dx) < ∞. (A.3)

If this condition holds, then

E(eθΣ) = exp
{∫

Rd
(eθ f (x) − 1)Λ(dx)

}
for any complex θ for which the integral on the right converges.

The Campbell’s theorem is the direct enabler for the analysis of the
shot-noise interference process in the thesis.

a.5 shot-noise interference

Assuming the interference nodes are in a law of PPP Ω distributed with
intensity measure of Λ, and the radio propagation is following the power
decaying in loss, i.e. the pathloss model of

KW‖X‖−α,

where K is penetration constant, W is independent fading, ‖X‖ is the
euclidean distance and α is the pathloss exponent, we are then able to
obtain the interference seen from the origin, which is the sum of all the
signals from the interference nodes as:

I = ∑
X∈Ω

KW‖X‖−α.

The Laplacian transform of the r.v. I is thus derived as:

LI(s) , E[e−sI ]

= exp
{
−
∫

Rd
EW

[
1− e−sKW‖X‖−α

]
Λ(dX)

} (A.4)

For α ≤ d, we have I = ∞ as the consequence of the cumulated interfer-
ence from the many far transmitters whose signal powers do not decay fast
enough to keep the interference power finite.

Therefore, throughout the thesis, we assume the exponent α > 2 in 2-D
cases, which also matches with the radio propagation property in practice.
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