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Abstract

According to Cisco forecast, by 2019, the monthly global mobile data traffic will exceed
24.3 Exabyte because of the increasing number of mobile broadband data subscribers. The
next-generation communication systems such as LTE and LTE-Advanced performance is al-
ready close to the well-known Shannon bound in terms of spectrum efficiency! Thismotivates
mobile operators to increase the capacity of their cellular networks by moving towards data
traffic offloading from licensed to unlicensed spectrum which stands out as a promising solu-
tion. LTE in unlicensed spectrum has been proposed to extend the usual operation of LTE in
licensed spectrum to cover also unlicensed spectrum,mainly at the 5GHz band due to its wide
spectrum availability. However, this extension poses significant challenges especially regard-
ing the coexistence between LTE and Wi-Fi. The new entrant LTE should fairly coexist with
the incumbent Wi-Fi so that LTE can be considered as Wi-Fi-friendly.

Knowing that LTE and Wi-Fi were originally designed for different networking purposes,
the heterogeneity between their both MAC and PHY layer are quite high, and thus, ensuring
the fair coexistence is really a great challenge. Indeed, LTE has to adopt a newMediumAccess
Control (MAC) layer protocol that allows a fair channel sharing withWi-Fi Distributed Coor-
dinated Function (DCF) MAC layer protocol. In addition, the new LTE MAC layer protocol
has to be suitable for LTE operation so that LTE maintains an acceptable performance in un-
licensed spectrum. The key challenge is to simultaneously meet the above requirements which
makes the design of a new LTE MAC layer protocol quite intricate. Moreover, whatever the
MAC layer protocol adopted byLTE to share the channel accesswithWi-Fi, the PHY layer het-
erogeneity between them can also degrade the fair coexistence due to mainly the well-known
hidden terminal problem in wireless communications.

In this thesis, we are looking for studying deeply both LTE andWi-Fi performance in differ-
ent coexistence scenarios where LTE adopts one of the new four-MACLayer protocols which
were proposed for LTE in unlicensed spectrumby 3GPP.Wemainly focused onTimeDivision
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Multiplexing (TDM) based, Frame Based Equipment (FBE) and Category 4 (Cat4) MAC
layer protocols for LTE to compete with the Wi-Fi DCF protocol. Our research approach is
based on providing several analytical models that describe LTE/Wi-Fi interaction in detail
with respect to the channel access. These analytical models rely onMarkov chains and random
walk theory in order to provide a general framework to study different LTE/Wi-Fi coexistence
scenarios. Based on these analytical models we are able to answer the main question: which
technology among LTE and Wi-Fi does not coexist fairly with the other? Moreover, in case LTE
does not coexist fairly withWi-Fi, we quantify the negative impact of LTEMAC layer protocol
on Wi-Fi DCF protocol so that we are able to propose different solutions based on adjusting
carefully the configuration parameters of the LTE MAC layer protocol to fairly coexist with
the Wi-Fi DCF protocol. In contrast, in case Wi-Fi does not coexist fairly with LTE, we iden-
tify the causes thatmakes LTE struggles tomaintain an acceptable performance in coexistence
with Wi-Fi. In fact, we will ask LTE to be cautious about the adoption of certain MAC layer
protocols to coexist with Wi-Fi since it is still possible that LTE reaches a certain acceptable
level of performance only under some conditions onWi-Fi networks. In addition, we propose
somemodifications on the new LTEMAC layer protocols and even suggest a new hybridMac
layer protocol that would ensure LTE/Wi-Fi fair coexistence. To further enhance LTE/Wi-Fi
coexistence, LTE has also to tackle the problem that comes from its PHY layer heterogeneity
withWi-Fi PHY layer. In this thesis, we have presented a simple solution to tackle the previous
problem based on adaptive adjustment of the energy detection threshold for both LTE and
Wi-Fi.

2



Contents

1 Introduction 2
1.1 Context and Motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 LTE in Unlicensed Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Network deployment scenarios . . . . . . . . . . . . . . . . . . . 5
1.3 Research Challenges and Problem Statements . . . . . . . . . . . . . . . . 6
1.4 Thesis Contributions and Research Approaches . . . . . . . . . . . . . . . 9
1.5 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Inter-Radio Access Technology Coexistence: State of the art 12
2.1 LTE/Wi-Fi Coexistence in Unlicensed Spectrum . . . . . . . . . . . . . . 14

2.1.1 TDM-based MAC layer Protocol . . . . . . . . . . . . . . . . . . 17
2.1.2 Frame Based Equipment MAC Layer Protocol . . . . . . . . . . . 21
2.1.3 Load Based Equipment MAC Layer Protocol . . . . . . . . . . . . 24
2.1.4 Category 4MAC Layer Protocol . . . . . . . . . . . . . . . . . . 27
2.1.5 Enhancing LTE/Wi-Fi Coexistence . . . . . . . . . . . . . . . . . 29

2.2 WiMAX/Wi-Fi Coexistence . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.3 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3 TDM-based Protocol: Studying the Impact of LTE on Wi-Fi Downlink
Performance 37
3.1 LTE/Wi-Fi Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2 Wi-Fi Analytical Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.1 Transition Probabilities and Probability of Collision . . . . . . . . 42
3.2.2 Downlink Wi-Fi Throughput . . . . . . . . . . . . . . . . . . . . 46

3.3 Model Validation and Simulation Results . . . . . . . . . . . . . . . . . . 47

1



3.3.1 Comparison With Simulation Results . . . . . . . . . . . . . . . . 48
3.3.2 Analyzing LTE Impact on Wi-Fi . . . . . . . . . . . . . . . . . . . 49

3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4 TDM-basedProtocol: ModelingandPerformanceAnalysisofLTE/Wi-
Fi Coexistence 54
4.1 Revisiting Wi-Fi Analytical Models . . . . . . . . . . . . . . . . . . . . . . 56
4.2 New Wi-Fi Analytical Models . . . . . . . . . . . . . . . . . . . . . . . . 58

4.2.1 Slot-by-Slot Random Walk Model . . . . . . . . . . . . . . . . . . 59
4.2.2 Exponential Model for LTE . . . . . . . . . . . . . . . . . . . . . 62
4.2.3 Frame-by-Frame Random Walk Model . . . . . . . . . . . . . . . 63
4.2.4 Linking the two analytical models . . . . . . . . . . . . . . . . . . 65
4.2.5 Wi-Fi Model with Capture Effect . . . . . . . . . . . . . . . . . . 66

4.3 LTE Analytical Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.4 Models Validation and Simulation Results . . . . . . . . . . . . . . . . . . 68

4.4.1 Validation Through Simulation and Observations . . . . . . . . . 69
4.4.2 Wi-Fi/LTE Coexistence Model Analysis and Application . . . . . 72
4.4.3 Comparison Between Different LTE Configurations . . . . . . . . 73
4.4.4 Controlling Wi-Fi/LTE Coexistence Using the Model . . . . . . . 73
4.4.5 LTE Analytical Model Validation . . . . . . . . . . . . . . . . . . 76

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5 FBE Protocol: Modeling and Performance Analysis of LTE/Wi-Fi Co-
existence 80
5.1 LTE/Wi-Fi Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.2 LTE/Wi-Fi Analytical Models . . . . . . . . . . . . . . . . . . . . . . . . 84

5.2.1 LTE Markov Chain Model . . . . . . . . . . . . . . . . . . . . . 84
5.2.2 Transition Probabilities and LTE Throughput . . . . . . . . . . . 86
5.2.3 LTE Renewal Process . . . . . . . . . . . . . . . . . . . . . . . . 89
5.2.4 Wi-Fi Throughput . . . . . . . . . . . . . . . . . . . . . . . . . . 90

5.3 Models Validation and Simulation Results . . . . . . . . . . . . . . . . . . 91
5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6 Category 4 Protocol: Adaptive Energy Threshold for Improved Coex-
istence Between Licensed Assisted Access and Wi-Fi 98

2



6.1 Coexistence Below Energy Detection Threshold . . . . . . . . . . . . . . . 99
6.2 Adaptive Energy Detection Threshold Scheme . . . . . . . . . . . . . . . . 100

6.2.1 Scheme at the Wi-Fi side . . . . . . . . . . . . . . . . . . . . . . 101
6.2.2 Scheme at the LAA side . . . . . . . . . . . . . . . . . . . . . . . 102

6.3 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.4 Performance Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . 104

6.4.1 Single UE per technology located both at the cell-edge . . . . . . . 104
6.4.2 Single UE per technology located both at the cell-centre . . . . . . 105
6.4.3 Multiple UE per technology uniformly distributed . . . . . . . . . 107

6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

7 Conclusions and Future work 111
7.1 TDM-based MAC layer protocol . . . . . . . . . . . . . . . . . . . . . . . 112
7.2 Frame Based Equipment MAC layer protocol . . . . . . . . . . . . . . . . 113
7.3 Insights towards a New Hybrid MAC layer protocol . . . . . . . . . . . . . 113
7.4 Enhancing LTE/Wi-Fi Coexistence . . . . . . . . . . . . . . . . . . . . . 116

References 17

3



List of Figures

1.1 LTE in Unlicensed Spectrum: Deployment Scenario . . . . . . . . . . . . 5

2.1 TDM-based MAC layer protocol . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 FBE MAC layer protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3 LBE MAC layer protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4 Cat4MAC layer protocol flowchart [7] . . . . . . . . . . . . . . . . . . . 27

3.1 LTE eNodeB interacting with Wi-Fi Access Point . . . . . . . . . . . . . . 39
3.2 Periodic Discrete TimeMarkovChainmodeling the three states at the end of

an eNodeB-OFF period (Ti). Left: The global transition diagram showing
the periodicity. Right: Detailed state transitions over time . . . . . . . . . . 41

3.3 (Left To Right) The probability of collision and throughput versus different
packet size for 5x0 ON/OFF pattern . . . . . . . . . . . . . . . . . . . . . 49

3.4 (Left To Right):The probability of collision and throughput versus different
packet size for 3x2 ON/OFF pattern . . . . . . . . . . . . . . . . . . . . . 50

3.5 (Left To Right) The probability of collision and throughput versus different
packet size for 4x1 ON/OFF pattern . . . . . . . . . . . . . . . . . . . . . 50

3.6 Comparison of the three ON/OFF patterns with different rates . . . . . . . 51

4.1 Markov chain model for Wi-Fi stations [129]. . . . . . . . . . . . . . . . . 57
4.2 TDM-based protocol (Duty Cycled LTE) . . . . . . . . . . . . . . . . . . 58
4.3 Slot-by-Slot random walk model for Wi-Fi. . . . . . . . . . . . . . . . . . 60
4.4 Frame-by-Frame random walk model for Wi-Fi . . . . . . . . . . . . . . . 63
4.5 Collisionprobability versusnetwork size: pksize=1500bytes andCBR=6Mbps. 69
4.6 Wi-Fi throughput versus network size: pksize=1500 bytes and CBR=6Mbps. 69

4



4.7 Frame-by-Framemodel. Collision probability versus packet size: n=10, CBR
=12Mbps and LTE 5x0 configuration . . . . . . . . . . . . . . . . . . . . 70

4.8 Frame-by-Frame model. Wi-Fi throughput versus packet size: n=10, CBR =
12Mbps and LTE 5x0 configuration . . . . . . . . . . . . . . . . . . . . . 70

4.9 Frame-by-Frame model. Collision probability versus network size: pksize=
512bytes, CBR=12Mbps and LTE 5x0 configuration . . . . . . . . . . . . 70

4.10 Frame-by-Frame model. Wi-Fi throughput versus network size: pksize=512
bytes, CBR=12Mbps and LTE 5x0 configuration . . . . . . . . . . . . . . 70

4.11 Slot-by-Slotmodel. Collision probability versus packet size: n=10, CBR= 12
Mbps and LTE 5x0 configuration . . . . . . . . . . . . . . . . . . . . . . 71

4.12 Slot-by-Slot model. Wi-Fi throughput versus packet size: n=10, CBR=12
Mbps and LTE 5x0 configuration . . . . . . . . . . . . . . . . . . . . . . 71

4.13 Exponentialmodel. Collisionpro-bability versuspacket size: n=10, CBR=12
Mbps andℜ = 400s−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.14 Exponentialmodel. Wi-Fi throughput versuspacket size: n=10, CBR=12Mbps
andℜ = 400s−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.15 LTE arrival possibilities during off-period . . . . . . . . . . . . . . . . . . 72
4.16 Comparisonof the threeLTEconfigurations. Wi-Fi throughput versuspacket

size: n=10 and CBR=12Mbps. . . . . . . . . . . . . . . . . . . . . . . . 73
4.17 LTE duty cycle percentage fairness operation points. Wi-Fi throughput ver-

sus LTE duty cycle percentage: n=10, pksize=512bytes, CBR=12Mbps and
K=1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.18 Wi-Fi throughput versusLTEduty cycleperiod: n=10, pksize=512bytes,CBR
=12Mbps, LTE 5x0 configuration. . . . . . . . . . . . . . . . . . . . . . . 74

4.19 Capture probability versus SIR: n=10, pksize=512bytes, CBR=12Mbps and
LTE 5x0 configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.20 LTE throughput versusWi-Fi packet size: n=10, CBR=12Mbps andLTE5x0
configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.21 LTEthroughput versusWi-Fi packet size: n=10, CBR=12Mbpswith {3,3,2,2}
pattern. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.22 LTEthroughput versusWi-Fi packet size: n=10, CBR=12Mbpswith {3,2,2,3}
pattern. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.23 Wi-Fi Residual Life time versus Wi-Fi packet size: n=10, CBR=12Mbps and
LTE 5x0 configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5



4.24 LTE throughput versusWi-Fi packet size: n=10, CBR=12Mbps andLTE5x0
configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.1 LTE interacting with Wi-Fi . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.2 Discrete Time Markov chain model for LTE using FBE protocol over the time 85
5.3 LTE Renewal Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.4 LTE channel access probability versusWiFi packet size: LTE (Toc = 1ms,Tid

= 1ms), WiFi (CBR = 6Mbps) . . . . . . . . . . . . . . . . . . . . . . . . 91
5.5 LTE throughput versus WiFi packet size: LTE (Toc = 1ms, Tid = 1ms), WiFi

(CBR = 6Mbps) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.6 Wi-Fi throughput versusWiFi packet size: LTE (Toc = 1ms,Tid = 1ms),WiFi

(CBR = 6Mbps) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.7 LTE throughput versusWiFi packet size: LTE (Toc = 10ms,Tid = 1ms),WiFi

(CBR = 6Mbps) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.8 LTE channel access probability versus WiFi packet size: LTE (Toc = 10ms,

Tid = 1ms), WiFi (CBR = 6Mbps) . . . . . . . . . . . . . . . . . . . . . . 93
5.9 LTE channel access probability versus WiFi packet size: LTE (Toc = 10ms,

Tid = 10ms), WiFi (CBR = 6Mbps) . . . . . . . . . . . . . . . . . . . . . 93
5.10 LTE throughput versus WiFi packet size: LTE (Toc = 1ms, Tid = 1ms), WiFi

(CBR = 12Mbps) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.11 LTE channel access probability versusWiFi packet size: LTE (Toc = 1ms,Tid

= 1ms), WiFi (CBR = 12Mbps) . . . . . . . . . . . . . . . . . . . . . . . 94
5.12 WiFi throughput versusWiFi packet size: LTE (Toc = 1ms, Tid = 1ms), WiFi

(CBR = 12Mbps) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.13 LTE channel access probability versusWiFi packet size: LTE (Toc = 1ms,Tid

= 1ms), WiFi (CBR = 24Mbps) . . . . . . . . . . . . . . . . . . . . . . . 95
5.14 LTE throughput versusToc period: LTE (Tid = 1ms),WiFi (CBR= 24Mbps,

packet size = 398 bytes) . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.15 WiFi throughput versusToc period: LTE (Tid =1ms),WiFi (CBR=24Mbps,

packet size = 398 bytes) . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.16 LTE channel access probability versusWiFi packet size: LTE (Toc = 1ms,Tid

= 200µs), WiFi (CBR = 12Mbps) . . . . . . . . . . . . . . . . . . . . . . 96
5.17 WiFi throughput versus WiFi packet size: LTE (Toc = 1ms, Tid = 200µs),

WiFi (CBR = 12Mbps) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6



5.18 LTE throughput versusWiFi packet size: LTE(Toc =5ms,Tid =250µs),WiFi
(CBR = 6Mbps) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.19 LTE inter-arrival probability distribution function versus time: LTE (Toc =
5ms, Tid = 250µs), WiFi (CBR = 6Mbps) . . . . . . . . . . . . . . . . . . 96

6.1 Scenario with one UE per technology at the cell-edge. . . . . . . . . . . . . 104
6.2 CDF of UE file throughput for scenario with one UE per technology located

both at the cell-edge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.3 Scenario with one UE per technology at the cell-centre. . . . . . . . . . . . 106
6.4 CDF of UE file throughput for scenario with one UE per technology located

both at the cell-centre. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.5 CDFof received to created file ratio for scenariowith fourUEper technology

and file size of 2Mbyte. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
6.6 CDF of UE file throughput for scenario with four UE per technology and file

size of 2Mbyte. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
6.7 CDFof received to created file ratio for scenariowith fourUEper technology

and file size of 4Mbyte. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
6.8 CDF of UE file throughput for scenario with four UE per technology and file

size of 4Mbyte. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

7.1 Hybrid MAC layer protocol for LTE in unlicensed spectrum . . . . . . . . 113

1



Si j’avais une heure pour résoudre un problème, je passerais 55
minutes à réfléchir au problème et 5 minutes à penser à des
solutions

Albert Einstein

1
Introduction

1.1 Context and Motivations

No doubt that the first goal of having a mobile phone in our pockets was tomake simply a call.
With the advent of smart phones that offer a large number of mobile data applications, making
a call is not enoughanymore tomeet theneedsof people. Having abroadband Internet access is
becomingmore andmore necessary. According toCisco forecast, by 2019, themonthly global
mobile data traffic will exceed 24.3 Exabyte [35] because of the increasing number of mobile
broadband data subscribers. This motivates mobile operators to increase the capacity of their
cellular networks to respond to this revolution in the use of mobile phones. In fact, along sev-
eral years, mobile operators had evolved their mobile networks from the first generation (1G)
to the fourth generation (4G)mobile networks. However, unfortunately, their effort were not
in phase with the exponential increase of the number of mobile subscribers and services.

Today, the need of a the fifth generation (5G)mobile network is inevitable to copewith this
challenge. According to International TelecommunicationUnion (ITU), 5Gmobile networks
should emergebetween2020 and2030with a topfive fundamental requirements related tofive
key performance indicators: (i) 1000 times higher mobile data volume per geographical area
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and 10 times to 100 times more in typical user data rate (ii) 10 times to 100 times more con-
nected devices (iii) 10 times lower energy consumption (iv) End-to-End latency of less than
onemillisecond (v) Ubiquitous 5G access including in low density areas. The key challenge of
designing 5G networks is to simultaneously meet all of the above performance requirements,
which makes the invention of 5G networks a huge challenge.

Even that5Gnetworks target is to continue improving themobile networkperformance just
like the past mobile network generations, 5Ghas a different strategy to achieve this target. The
development of 5Gnetworks requires several breakthroughs at each layer of theOpen Systems
Interconnection (OSI)model of mobile networks [43]. For example, a different physical layer
basedon anewmodulation technique using a filterbankmulticarrier (FBMC)promises amore
efficient spectrum utilization [96]. Another solution based on using of multiple antennas at
both the transmitter and the receiver to achieve the so-called spatial multiplexing or Multi-
userMIMO can also improve the network performance [73]. However, most of the proposed
solutions based on improving the physical layer are facing the challenge of increasing hardware
cost without achieving a significant gain in network performance. In fact, the next-generation
communication systems such as LTE and LTE-Advanced performance is already close to the
well-known Shannon bound in terms of spectrum efficiency!

In contrast, using network densification [21] with the help of the small cell technology and
heterogeneous networks [60] can provide potential increase in cellular network capacity. To-
day, cellular networks move towards data traffic offloading from licensed to unlicensed spec-
trumwhich stands out as a promising solution. One technique to perform offloading is to mix
wireless technologies by using Wi-Fi networks as an alternative or as a complementary net-
work for cellular networks. In heterogeneous networks, the user equipment accesses licensed
and/or unlicensed spectrum to improve data throughput with the price of adding complexity
to the network. Another technique is to extend the operation of LTE to unlicensed spectrum,
called LTE in Unlicensed band (LTE-U), so that mobile operators have an easy and transpar-
ent usage of unlicensed spectrum in a unified network environment which typically promises
higher spectral efficiency than Wi-Fi. In this thesis, LTE in unlicensed spectrum is our main
research direction towards 5G mobile networks.

1.2 LTE in Unlicensed Spectrum

Radio spectrum is one of themost fundamental resources for telecommunication systems. The
large the spectrum resources, the more telecommunication systems can send and receive data
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to improve their system capacity and performance. International and regional telecommuni-
cation regulatory agencies managed and carved up the spectrum into chunks called licensed
and unlicensed spectrum:

• Unlicensed spectrum: It is also knownas licensed-exempt spectrumwhere any telecom-
munication systems can be used without license.

• Licensed spectrum: It is part of the spectrum that must be auctioned sometimes by
mobile operators to be used exclusively for their communications systems.

Whatever the spectrum is licensed or unlicensed, telecommunication regulatory agencies
pose certain regulations on how the communication systems should use the spectrum. How-
ever, it is well-known that regulations for unlicensed spectrum aremore strict than for licensed
spectrum. Indeed, regulatory agencies have to ensure the fair coexistence between all com-
munication systems that use the unlicensed spectrum. To this regard, regulatory agencies de-
fine several contention-based Medium Access Control (MAC) layer protocols with the main
goal to share fairly the spectrum. Moreover, to mitigate the interference in unlicensed spec-
trum, the authorized radio transmission power level is relatively low compared to that used in
licensed spectrum. This implies that the coverage area of communication systems operating
in unlicensed spectrum is relatively smaller than other communication systems operating in
a licensed spectrum. Today, we have mainly two unlicensed spectrum chunks: (i) Industrial,
Scientific and Medical (ISM) band in 2.4 GHz (ii) Unlicensed National Information Infras-
tructure (U-NII) band in 5 GHz. Both are currently hosting several communication systems
such as IEEE802.11 (Wi-Fi), IEEE802.15.1 (Bluetooth), IEEE802.15.4 (ZigBee) andmany
others like for instance radar systems.

Licensed spectrum is completely different than unlicensed spectrum in the sense that mo-
bile operators are responsible to manage the spectrum and the interference among their com-
munication systems. Thanks to the exclusivity usage of the licensed spectrum, it offers mobile
operators more flexibility to use it in order to maximize spectral efficiency and optimize user
experience. Historically, in licensed spectrum, LTE system was originally designed in order to
be able to offer LTE users certain services such as high data rates, high reliability, robust mo-
bility which are difficult to obtain over unlicensed spectrum. Today, the idea behind LTE in
unlicensed spectrum (LTE-U) is to extend the usual operation of LTE in licensed spectrum
to cover also unlicensed spectrum, mainly at 5GHz band due to its wide spectrum availability,
with themain goal to boost LTE systemcapacity for improving bothLTEquality of service and
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user experience. On the one hand, this extension poses significant challenges especially regard-
ing the coexistence between LTE and legacy systems which use already the unlicensed spec-
trum. On the other hand, mobile operators do not have to invest their financial resources for
the usage of unlicensed spectrum. Besides, today’s LTE-Advanced (LTE-A) system has many
technical advanced features that can “easily” exploit the unlicensed spectrum thanks to the car-
rier aggregation (CA) technique and the Supplemental DownLink (SDL) protocol[141]. For
these reasons, LTE in unlicensed spectrum is a good economic approach for mobile operators
to improve their LTE ecosystem. Thus, it is also considered as an essential stone to build future
5G networks.

1.2.1 Network deployment scenarios

Macro Cell

Licensed spectrum

Unlicensed spectrum

Small Cell

Small Cell

Figure 1.1:LTEinUnlicensedSpectrum:DeploymentScenario

The 3rd Generation Partnership Project (3GPP) has specified how LTE can benefit from
the usage of unlicensed spectrum. It was evident for 3GPP that LTE can never guarantee the
same performance and quality of service on unlicensed spectrum as on licensed spectrum. The
reasons are first, in unlicensed spectrum, LTE has to share the spectrumwith other communi-
cation systems such as Wi-Fi, as a result, LTE loses the exclusive licensing of spectrum which
reduces its performance. Second, LTE has to follow the highly restricted regulations of un-
licensed spectrum such as the reduction of its radio transmission power which reduces LTE
coverage area. Accordingly, 3GPP insisted on the usage of both its original anchor carrier over
licensed spectrum along with another secondary carrier over unlicensed spectrum which is
considered as an assistant carrier. 3GPP called the new LTE in unlicensed spectrum in Re-
lease 13 by LTE licensed assisted access (LTE-LAA) or simply LAA [70]. Moreover, the us-
age of secondary carrier over unlicensed spectrum will be restricted in small cell deployment
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due to the low transmission power allowed by the regulatory rules. In Figure 1.1, LTE user
equipments are connected with LTE base stations over unlicensed spectrum in the small cell
and licensed spectrum in the macro cell as usual as before. In such deployment scenario, LTE
user equipments continue to enjoy the robust reliability of data exchange, seamless mobility,
high quality of service and good coverage over licensed carrier besides enhancing broadband
experience with higher data rates over both licensed and unlicensed carriers.

In most cases, LTE user equipments downlink data traffic volume exceeds that of the up-
link data traffic. Accordingly, as a first step, 3GPP considered only LTE downlink traffic over
unlicensed carrier for LAA. However, in LTE Release 14, enhancement LAA (eLAA) starts
to consider both downlink and uplink traffic over unlicensed carrier, but always along with li-
censed carrier [64]. Today, MuLTEfire alliance [4] is formed by different telecommunication
companies where they are looking for a standalone LTE operation in unlicensed spectrum.
MuLTEfire system will operate entirely in unlicensed spectrum without the usage of licensed
carriers. In such situation, MuLTEfire will be considered as a Wi-Fi-Like in unlicensed spec-
trumwhichwill soon increase the competition between LTE andWi-Fi in the telecommunica-
tion market. Here, it is the good place to mention that along this thesis, we will deal only with
LTEdownlink traffic over unlicensed spectrum. However, it is worthy to keep inmind that our
work is not really limited to this scenario as it still provides several insights on how LTE can
use the unlicensed spectrum for both downlink and uplink data traffic.

1.3 Research Challenges and Problem Statements

Extending LTE operation in unlicensed spectrum imposes that LTE have to fulfill telecom-
munication regulatory agencies requirements to occupy this spectrum. Among different re-
quirements, a key one is that LTE has to fairly coexist with Wi-Fi. Fair coexistence primarily
means that the spectrum has to be equally shared between both technologies. More specifi-
cally, LTE should not impact Wi-Fi performance and services more than any additional Wi-Fi
network that operates over the same spectrum [7] so that LTE can be considered as Wi-Fi-
friendly. Therefore, LTE/Wi-Fi fair coexistence is considered as one of the main prerequisite
conditions for deploying LTE in unlicensed spectrum. However, LTEwas designed to operate
in an environment where the spectrum is exclusively reserved for its operation. This is pre-
cisely where the challenges come through. Indeed, LTE has to adopt a newMACprotocol that
allows a fair channel sharing with Wi-Fi. In addition, the new LTE MAC layer protocol has
to be suitable for LTE operation so that it maintains an acceptable performance in unlicensed
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spectrum. The key challenge is to simultaneously meet the above requirements which makes
the design of a new LTE MAC layer protocol quite intricate.

Fromtheother side,Wi-Fi adopts thewell-knownDistributedCoordinatedFunction(DCF)
MAC layer protocol. The DCF protocol is classified under the so-called Listen Before Talk
(LBT) type of protocols. As its name indicates, Wi-Fi has to “Listen” to the channel to per-
form a Clear Channel Assessment (CCA) “Before” accessing and “Talking” over the channel
which means transmitting a frame over the channel. Therefore, LBT protocols are character-
ized by their politeness with regards to the channel access. Generally speaking, whenever LTE
adopts a new MAC layer protocol different from Wi-Fi DCF protocol, the channel access will
not be anymore shared equally between LTE and Wi-Fi. This raises several questions: First,
does the new LTEMAC layer protocol coexists fairly withWi-Fi DCF protocol? Second, what
is the mutual impact between the new LTEMAC layer protocol and theWi-Fi DCF protocol?
Third, what are LTE and Wi-Fi performances in coexistence scenarios? Fourth, under what
coexistence conditions LTE can coexist fairly with Wi-Fi? Fifth, in case the new LTE MAC
protocol does not coexist fairly with Wi-Fi, is it still possible to adapt it to achieve the fairness
objective? To answer all of the above questions, we have to fully understand how the channel
access is shared between the new LTEMAC layer protocol and theWi-Fi DCF protocol under
different coexistence scenarios. Among different MAC layer protocols that could be consid-
ered as new candidate for LTE in unlicensed spectrum, 3GPP has classified them into four
categories [7]:

• Category 1: Time Division Multiplexing Based (TDM-based) protocol

• Category 2: Frame Based Equipment (FBE) protocol

• Category 3: Load Based Equipment (LBE) protocol

• Category 4: Cat4 protocol

Category 1 protocol is considered as a non-LBT protocol since LTE does not performCCA
before accessing the channel. In contrast, category 2 through 4 protocols, are LBT-like pro-
tocols. Accordingly, category 1 is the most dissimilar to DCF protocol and we expect that
category 1 protocol will have the highest negative impact on Wi-Fi performance compared to
the other LBT protocols. On the other hand, category 1 protocol is the most suitable and easy
MAC layer protocol for LTE operation in unlicensed spectrum. Category 1 protocol does not
impose any changes on the latest LTE standard and today’s LTE systems can easily adopt it.
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Thismeans that a trade-off exists here: On the one hand, category 1 protocol can offer a higher
LTE performance compared to LBT protocols, while on the other hand, category 1 protocol
can lead to harmful degradation of Wi-Fi performance which leads to losing the fair coexis-
tence. To deal with this trade-off, LTEmustmeasure its negative impact onWi-Fi performance
and must therefore compensate for this negative impact by adequately adjusting its category 1
protocol as we will see in chapters 3 and 4.

In contrast, in case the LTE adopts category 2 protocol, LTE performance will be degraded
while Wi-Fi performance will be slightly affected. Therefore, the situation is completely re-
versed compared to the one with category 1 protocol, this means that Wi-Fi does not coexist
fairly with LTE. In fact, DCF protocol dominates the channel access and thus category 2 pro-
tocol will have a lower probability to access the channel as we will see in chapter 5. In such a
situation, LTE should be cautious about the adoption of category 2 protocol. Indeed, it is still
possible that LTE can reach a certain level of acceptable performance in coexisting with Wi-Fi
but under some conditions on the coexistence scenarios such as a low Wi-Fi traffic load and a
high Wi-Fi data rate.

The fact that LTE adopts an LBTprotocols does not necessarily implies that LTE/Wi-Fi fair
coexistence is ensured [25]. For example, category 3 protocol is still quite different fromDCF
protocol, so that LTE continues to be not fairly coexist withWi-Fi as was the situationwith cat-
egory 1 protocol. However, the negative impact of category 3 protocol on Wi-Fi performance
is less than category 1 protocol. On the one hand, LTE can improve the fair coexistence with
Wi-Fi by adopting category 3 protocol, while on the other hand, the reduction of the negative
impact of LTE on Wi-Fi performance comes with the price of LTE performance degradation
because category 3 protocol does not fit well LTE operation as we will see in chapter 2. Fi-
nally, category 4 protocol is the most similar to DCF protocol [122]. Thus, we expect that
LTE would have slight negative impact on Wi-Fi performance compared to all other proto-
cols. However, again, enhancing LTE coexistence fairness with Wi-Fi comes with the price of
LTE performance degradation. Indeed, whenever LTE improves the fair coexistence withWi-
Fi by adopting a MAC layer protocol similar to Wi-Fi DCF protocol, LTE performance will
be degraded. Now, clearly, the ultimate challenge is the design of a new LTE MAC layer
protocol that coexists fairlywithWi-Fi andat the same time thatmaintains ahighperfor-
mance of LTE in the unlicensed spectrum. To do so, we need to identify the pros and cons
of each new LTEMAC layer protocols regarding to LTE performance and the fair coexistence
with Wi-Fi.

In general, ensuring fair coexistence between communication systems which have differ-
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ent protocol stacks is a huge challenge. As discussed previously, LTE/Wi-Fi fair coexistence
faces the main problem which comes from the heterogeneity of their MAC layer protocols.
Indeed, the fair coexistence problems are not limited to the heterogeneity of MAC layer since
the heterogeneity of Physical (PHY) layer imposes other problems. The new problem due to
PHY layer heterogeneity becomes clear whenever we identify the cross-layer relationship be-
tween MAC and PHY layers of a communication system. In fact, the CCA mechanism which
needed to the proper operation for any LBT MAC layer protocol is performed by PHY layer.
Accordingly, any poor assessment of the channel state, i.e busy or idle, by PHY layer will have
an important impact on the MAC layer protocol operation [98]. In LTE/Wi-Fi coexistence
scenarios, Wi-Fi faces the problem of poor assessment of LTE transmission activities over the
channel and themain reason is that LTE has a different PHY layer thanWi-Fi. Inmany coexis-
tence scenarios, Wi-Fi considers LTE transmission signal as a background noise and therefore
theWi-Fi DCF protocol will not refrain from the channel access while the channel is occupied
by LTE transmissions. As a result, Wi-Fi faces several transmission collisions with LTE which
degrades both LTE and Wi-Fi performance. Indeed, LTE is considered as a hidden node for
Wi-FiwheneverLTEsignal is receivedbyWi-Fi below its energydetection (ED) threshold, this
problem is usually called by LTE/Wi-Fi coexistence below energy detection threshold. Hid-
den node problem [90] in wireless communications is not a new issue, however, in the context
of LTE/Wi-Fi coexistence, it is more destructive problem which leads to not ensuring the fair
coexistence. Accordingly, in the extreme case, where LTE adopts exactly the Wi-Fi DCF pro-
tocol, the fair coexistence is still not ensured. Therefore, the heterogeneity of both MAC
and PHY layer between LTE and Wi-Fi will impact their fair coexistence in unlicensed
spectrum.

1.4 Thesis Contributions and Research Approaches

In this thesis, we are looking for studying deeply both LTE andWi-Fi performance in different
coexistence scenarios where LTE adopts one of the new MAC Layer protocols to compete
with the Wi-Fi DCF protocol. Among the different goals of this thesis, the main one is to fully
understand how the channel access is shared between LTE and Wi-Fi. Therefore, LTE and
Wi-Fi interaction regarding the channel access needs to be analyzed so that we will be able to
answer clearly this question: Which technology among LTE and Wi-Fi does not coexist fairly
with the other? We are also looking for quantifying themutual impact betweenLTEandWi-Fi.
In other words, how much LTE does impact negatively Wi-Fi performance and vise versa.
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In case LTE does not coexist fairly with Wi-Fi, by quantifying the negative impact of LTE
MAC layer protocol on Wi-Fi DCF protocol, we are able to propose different solutions based
on adjusting carefully the configuration parameters of the LTE MAC layer protocol to fairly
coexist with the DCF protocol. We will see throughout this thesis that each LTE MAC layer
protocol has different configuration parameters that define the protocol operation over the
channel and provide a degree of freedom to ensure the fair coexistence with Wi-Fi. Therefore,
identifying and understanding these configuration parameters will play an important role to in
the design of LTE/Wi-Fi fair coexistence solutions.

In contrast, in case Wi-Fi does not coexist fairly with LTE, we need to identify the coexis-
tence conditions that make Wi-Fi impacts LTE performance. The coexistence conditions are
related to traffic load, the number of nodes, the data rates, etc. Accordingly, LTE can still ob-
tain acceptable performance if the previous conditions are avoided. Since we aim at providing
a comparative analysis of new LTE MAC protocols, their configuration parameters and co-
existence conditions must be optimize individually in terms of LTE/Wi-Fi performance and
fairness.

Our researchapproach is basedonproviding several analyticalmodels thatdescribeLTE/Wi-
Fi interaction in detail with respect to the channel access. In this thesis, our analytical models
rely on Markov chains and random walk theory in order to provide a general framework to
study different LTE/Wi-Fi coexistence scenarios. Besides, we pose as less approximations as
possible in ourmodels while trying to not affect the LTE/Wi-Fi interaction properties. Finally,
we validate our analytical analysis through an extensive simulation study usingNetwork Simu-
lator 3 (NS3). We develop new modules in NS3 to simulate different LTE/Wi-Fi coexistence
scenarios.

In this thesis, we mainly focus first on the adoption of category 1 and 2 MAC layer proto-
cols byLTE inunlicensed spectrum. Our choice of these protocols in particular ismainly based
on two reasons. The first reason, they are the most favorable new LTE MAC layer protocols
that could be easily adopted by today’s LTE systems. The second reason, they are the most
dissimilar to the Wi-Fi DCF protocol and that is why they impose more challenging problems
to ensure fair LTE/Wi-Fi coexistence. Afterwards, we continue to study the adoption of cate-
gory 4 protocol for LTE where the PHY layer heterogeneity between LTE and Wi-Fi has been
taken into consideration. Indeed, with category 4 protocol, themain coexistence problems are
resident in the PHY layer more than in the MAC layer as we will see in the next chapter.
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1.5 Thesis Outline

The remainder of this thesis is organized in four parts. The first part, through chapter 2, we
analyze and synthesize the state of the art concerningLTE/Wi-Fi fair coexistence in unlicensed
spectrumandwe recall the scientific challenges that the research community tried to solve. The
second part, through chapters 3 and 4, we consider the adoption of category 1 protocol for
LTE to coexist with Wi-Fi. In chapter 3, we present our first analytical model for LTE/Wi-Fi
coexistence. There, our main framework is presented which will continue with us in chapter 4
for establishing other analytical models for LTE/Wi-Fi coexistence. The third part is drawn in
chapter 5wherewe consider the adoption of category 2 protocol for LTE to coexist withWi-Fi.
There, we will also provide another analytical models for LTE/Wi-Fi coexistence. The fourth
part is dedicated to solve the problem that comes from PHY layer heterogeneity where LTE
adopts category 4 protocol to coexist with Wi-Fi. Finally, we conclude this thesis in chapter 7
and draw our future work directions.
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Étudie le Passé si tu veux connaître l’Avenir.

Confucius

2
Inter-Radio Access Technology Coexistence:

State of the art

Telecommunication agencies are facing the problem of spectrum scarcity with respect to the
dramatic increase of demand of new spectrum to support 5G network services such as Ultra-
High Definition (UHD) video streaming, Internet of Things (IoT), cloud gaming and remote
control of industrial systems. The inefficient usage of the limited spectrum necessitates the
coexistence of different radio access technologies in the same spectrum. Fair sharing of the
spectrum is a prerequisite for telecommunication agencies before allowing new radio access
technology to coexist with incumbent technology already using the spectrum. Primarily, the
spectrum has to be equally shared between different radio access technologies where any tech-
nology should have the same opportunity to access the channel for achieving roughly the same
throughput performance. In addition to the throughput, other factors such as packet delays
have also a significant influence on the performance. Accordingly, even if the channel access is
same for all radio access technologies, but the new technology has globally a negative impact
on the performance of the incumbent technology, we still say that the fair coexistence has not
yet been achieved. As a result, fair coexistencemay require that the impact of the new technol-
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ogy on incumbent technology is less than or equal to the impact of the incumbent technology
on itself. Indeed, a fair coexistence may be achieved when the spectrum is equally shared and
at the same time the utilization of the spectrum offers the same performance, especially to the
incumbent technology.

If we take into consideration the heterogeneity of radio access technologies due to the fact
that they were originally designed for different purposes, it becomes clear that ensuring a fair
coexistence among them is a huge challenge. When radio access technologies adopt different
MAC layer protocols, the channel access will be probably not equally shared. Although, as
we will see later, MAC layer protocol heterogeneity is the most challenging obstacle to ensure
fair coexistence, Physical (PHY) layer heterogeneity can impose different problems regarding
fair coexistence. Indeed, in the extreme case, when the new and incumbent technology adopt
the sameMAC layer protocol, fair coexistence could be degraded and evenmay be lost among
the two technologies due to PHY layer heterogeneity. Accordingly, we have to deal with both
MAC and PHY layer heterogeneity of radio access technology.

In this chapter, we present the state of the art concerning LTE/Wi-Fi coexistence in an un-
licensed spectrumwhere LTE is the new technology that telecommunication agencies have to
assess its fair coexistence with the incumbent Wi-Fi. We present the different new MAC layer
protocols which have been proposed for LTE to coexist with Wi-Fi. For each LTE MAC layer
protocol, we clarify its operation over the channel and its heterogeneity with respect to the
Wi-FiMAC layer protocol andmore precisely the Distributed Coordination Function (DCF)
protocol. We highlight the main problems that face each LTE MAC layer protocol to coexist
fairly with Wi-Fi. Besides, we show what are the proposed modifications and/or solutions for
each LTE MAC layer protocol to coexist fairly with Wi-Fi in case it does not do so. We also
show under which coexistence scenarios and/or conditions that LTE could coexist fairly or re-
duce the impact onWi-Fi performance. Moreover, wewill take into consideration the problem
ofPHY layer heterogeneity betweenLTEandWi-Fi. This enable us topresent the existing solu-
tions to tackle and overcome this problem in order to enhance LTE/Wi-Fi coexistence. Before
concluding the chapter, we present other interesting related work concerning WiMAX/Wi-Fi
coexistence. There, we find that the new MAC layer protocols that are proposed for LTE to
coexist withWi-Fi are similar to those proposed earlier forWiMAX to coexist withWi-Fi. Fur-
thermore, the challenges ofWiMAX/Wi-Fi fair coexistence and the related proposed solutions
are also close to those of LTE/Wi-Fi coexistence.
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2.1 LTE/Wi-Fi Coexistence in Unlicensed Spectrum

As a first step, to discover the challenges facing LTE/Wi-Fi coexistence in an unlicensed spec-
trum, research communities have gone in the direction of evaluating the performance of LTE
and Wi-Fi without any coexistence technique that allows sharing the channel access among
both technologies. Without any coexistence technique this means that LTE keeps its usual
schedule-based channel access scheme to coexist with Wi-Fi. The performance evaluation of
both LTE and Wi-Fi has been presented and shown in [29] for different coexistence scenar-
ios using simulations. The results show that LTE performance is slightly affected whereas Wi-
Fi performance is significantly degraded. Indeed, since LTE does not adopt any coexistence
technique to share the channel with Wi-Fi, LTE completely dominates the channel access, es-
pecially when LTE traffic load is high as shown in [102], and Wi-Fi is blocked the most of
time from accessing the channel. The main reason is completely obvious, since LTE adopts a
schedule-based channel access scheme that allows access to the channel regardless of the chan-
nel state, i.e. it is idle or occupied byWi-Fi transmission. In contrast,Wi-Fi adopts DCF proto-
col, i.e. LBT-based protocol, where Wi-Fi is only allowed to access the channel only whenever
the channel is idle fromLTE transmission. As a result, we can say that the channel access is fully
controlled by LTE and Wi-Fi is able to access the channel whenever LTE decides to evacuate
the channel, i.e. Wi-Fi is considered as an LTE slave.

The same conclusion has been drawn again using an experimental testbed in [42]where real
LTE and Wi-Fi systems have been deployed in a typical indoor office scenario, and using a
simulation study in [54] for outdoor scenarios. In addition, in LTE/Wi-Fi sparse deployment
scenarios, the results show that Wi-Fi performance has been improved. In fact, increasing the
distance between LTE andWi-Fi systems helpsWi-Fi to find the channel idle from LTE trans-
mission, as a result,Wi-Fi can grab the channel accessmore timeswith respect to dense deploy-
ment scenarios. However, increasing the channel access probability of Wi-Fi by increasing the
distance between LTE andWi-Fi systems is not necessarily improvingWi-Fi performance as in
[56]. Indeed, over a certain rangeof distancebetweenLTEandWi-Fi systems,Wi-Fi couldfind
frequently the channel idle from LTE transmission but it does not necessarily guarantee that
Wi-Fi transmission will not face a transmission collision with LTE transmission. This problem
is knownas theLTE/Wi-Fi coexistencebelowenergydetection threshold aswewill illustrate in
Section 2.1.5. Accordingly, we emphasize that Wi-Fi performance is not directly proportional
to the distance between LTE and Wi-Fi systems as shown in both [56] and [72].

The authors in [56] measure the negative impact of LTE on Wi-Fi for different LTE system
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configuration parameters such as LTE bandwidth, central frequency and transmission power
using an experimental platform. Another testbed in [84] measures also the mutual impact of
LTE and Wi-Fi in different coexistence scenarios where LTE coexists with Wi-Fi over its pri-
mary and/or secondary channel with fully or partially overlapping. All the results show that
the performance of both technologies is completely related to the coexistence conditions and
thatWi-Fi is the technology that suffers the most in coexisting with LTE. Another experimen-
tal analysis presented in [45], confirms that LTE degrades Wi-Fi performance while the in-
terference of LTE downlink traffic is more harmful than that of LTE uplink traffic on Wi-Fi
performance. As a result, for different LTE time division duplex (LTE-TDD) configuration,
whenever the number of uplink subframes increases within LTE frame, Wi-Fi performance is
improved [102]. To further enhancing Wi-Fi performance, the authors in [32] and [31] pro-
pose an interference-aware coexistence scheme based on controlling LTE uplink power trans-
mission. LTE uplink performance has been also examined in [100] for different Wi-Fi traffic
loads in different coexistence scenarios. In addition, LTE can leverage its beamforming capa-
bility as shown in [78] to avoid causing a noticeable interference to Wi-Fi.

An analytical framework characterizing LTE/Wi-Fi mutual interference has been presented
in [106] for dense deployment scenarioswhere theWi-Fi throughput performance is degraded
by up to 97% due to LTE interference. The authors in [51] developed a new interference anal-
ysis technique to quantitatively analyze the mutual interference, where LTE has to increase its
cell radius to reduce the interference with Wi-Fi. The authors in [107] propose a statistical
model for LTE indoor planning based on an interference model in a way that LTE avoids as
much as possible to interfere with Wi-Fi.

The latter research results confirm thatLTEhas to adopt a coexistence technique to share
the channel accesswithWi-FiotherwiseWi-Fiperformancewill be severelydegraded. In
fact, the above proposed solutions only aim tomitigate the interference between LTE andWi-
Fi without ensuring any fair channel sharing. In other words, these solutions are considered as
complementary solutions to enhance LTE/Wi-Fi coexistence. Thus, LTE still needs to adopt
a new MAC layer protocol that allows better sharing of the channel access with Wi-Fi. Con-
sequently, a full understanding of each new LTE MAC layer protocols operation is needed.
In Table 2.1, we classified the new main MAC layer protocols which were proposed for LTE
in unlicensed spectrum by 3GPP. Our classification is mainly based on the answer of several
questions related to the MAC layer protocol operation and more precisely the behaviour with
regard to the channel access. We list below themost important questions that could help some-
one to do such classification:
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Table 2.1:ClassificationofLTEMAClayerprotocolsinunlicensedspectrum

Protocol type Contention type Configuration parameters

non-LBT
(without CCA)

TDM-based

•Duty cycle period
•ON & OFF periods
•Number of ON & OFF periods per duty cycle
•The order of ON & OFF periods

LBT-based
(with CCA)

FBE
(without Back-off)

•ON & OFF periods
• Fixed frame period
• Sensing period

LBE
(fixed CW)

•COT
•CW size
• Back-off slot duration

Cat4
(Binary exponential CW)

•COT
•Minimum value of CW size
•Maximum value of CW size
•Retransmission limit

• Is the MAC layer protocol a non LBT or LBT-based?

• What is the allowed temporal granularity of the MAC layer protocol to contend the
channel access?

• Does the MAC layer protocol apply a back-off period before accessing the channel?

• What are the rules that theMAC layer protocol follows to configure its back-off period?

• What are the constraints imposed on the MAC layer configuration parameters?

LBT-based protocols are a family of protocols such as FBE, LBE and Cat4 protocols. As its
name indicates, the communication system has to “Listen” to the channel to perform a clear
channel assessment (CCA) “Before” accessing and “Talking” over the channel which means
before transmitting a frameover the channel. After performingCCA, if the channel is idle from
any transmission, the communication system may transmit its frame, otherwise the channel
is busy then it refrains from accessing the channel. In contrast, non LBT-based MAC layer
protocols such as TDM-based protocol do not perform any CCA prior to the channel access
so that the communication system accesses the channel whether the channel is idle or busy.
For this reason, LBT-basedprotocol arewell-knownby their “politeness” regards to the channel
accesswith respect to nonLBT-basedprotocolswhich are considered as “aggressive” protocols.
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Indeed, non-LBTorLBT-basedMAClayer protocolswillmainlydetermine thebehavior of the
communication systemwithother systems andwhether it is considered as a polite or aggressive
communication systems. Therefore, we can expect that a non-LBT MAC layer protocol will
have a negative impact on an LBT-based MAC layer protocol in coexistence scenarios.

Regarding the allowed temporal granularity of the MAC layer protocol to contend and/or
access the channel, both TDM-based and FBE protocols are allowed to access and/or con-
tend the channel access periodically after a certain fixed time. In contrast, for otherMAC layer
protocols such as LBE and Cat4 protocols, are able to contend the channel access at any time
instants. Indeed, the temporal granularity of the MAC layer protocol will mainly determine
the channel access probability of communication systems and therefore determine its perfor-
mance. Some LBT-based MAC layer protocols such as LBE and Cat4 protocols adopt a Back-
off period prior to the channel access. The main idea behind the back-off period is mitigating
the contention on the channel access. In contrast, other LBT-based protocols such as FBE
protocol do not adopt a Back-off period. Thus, there is a different impact on the protocol per-
formance in terms of the channel access probability. The Back-off period is randomly selected
from a slotted contention window (CW). Therefore, other important information related to
the CW size have to be taken into consideration: (1) Is it modifiable to further mitigating the
contention on the channel access or not? For example, in the Cat4 protocol, the CW size fol-
lows an exponential increase when the contention on the channel access is high causing more
collisions. In contrast, in the LBE protocol, the CW size remains fixed. (2) How to select the
initial and the maximum value of CW size since they also play an important role?

Up to here, we can identify different configuration parameters for eachMAC layer protocol
such as the time duration of CCA mechanism, the temporal granularity, initial CW size, etc.
Moreover, after the communication systemgrabs the channel access, it is allowed to occupy the
channel only for certain period of time known as Channel Occupancy Time (COT) or Trans-
mission Opportunity (TXOP). All of these configuration parameters define the MAC layer
protocol behaviour over the channel and determine the communication system performance.

2.1.1 TDM-based MAC layer Protocol

The TDM-based MAC layer protocol is the first proposal for LTE to coexist with Wi-Fi in un-
licensed spectrum [8],[38]. 3GPP also has proposed the same protocol with a different name
called Category 1 protocol [7]. Several telecommunication companies formed an industry al-
liance called LTE-U forum [3], [9] where they show keen interest in considering TDM-based
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protocol as a new MAC layer protocol for LTE. The main reason is the simplicity of adopt-
ing this protocol by today’s LTE systems since the TDM-based protocol exploits one of the
key existing LTE features called Small Cell activation/deactivation [108]. Accordingly, LTE
in unlicensed spectrum could be deployed fastly based on latest LTE Release 12 [12] without
the need of waiting for a new LTE standard, so that mobile operators could enhance their LTE
ecosystems quickly. The main idea behind the TDM-based protocol is a sharing between LTE
and Wi-Fi in a time division multiplexing fashion where LTE transmission is activated for cer-
tain periods called LTE-ONperiods, i.e. several LTE frames or subframes, interposed between
LTE-OFF periods allocated forWi-Fi channel access, see Figure 2.1. Accordingly, LTE adopts
anON/OFF pattern to form a duty cycle period that is repeated over the time. That is why this
modified LTE is so-called Duty Cycled LTE.

TheTDM-based protocol offers a synchronous operation of the channel where LTE frames
transmission can only start at subframes boundaries, i.e. at the beginning of subframes. The
synchronization of LTE operation is a must to LTE user equipment’s to be able to receive and
decode LTE signal. In case of LTE adopts a MAC layer protocol such as LBE and Cat4 proto-
cols, LTE will not be able to ensure a synchronization operation of the channel since LTE can
grab the channel access at any time. To solve this problem, an LTE reservation signal [20] is
used to preventWi-Fi from grabbing the channel access until the next LTE subframe boundary
where LTE starts its frame transmission. As a result, LTE throughput suffers from reservation
signal overhead which is almost equal to one subframe. However, the price of this benefit of
the TDM-based protocol is its well known negative impact on Wi-Fi performance in terms of
collision as we will see through chapters 3 and 4. With TDM-based protocol, LTE accesses ag-
gressively the channel sinceLTEdoes not performCCAbefore transmittingLTE frames unlike
Wi-Fi. As a result, a collision between LTE and Wi-Fi frames is occurred leading to Wi-Fi per-
formance degradation. For this reason, the TDM-based protocol has been dismissed for being
used in different regions such as Europe, Japan and India, where accessing unlicensed spec-
trum requires that LTE adopts an LBT-based protocol. The usage of TDM-based protocol is
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currently limited for regions such asUSA andKorea that allownon-LBTprotocols. TheTDM-
based protocol is still a good candidate for other inter-radio access technology coexistence as
in [134] and [138].

The authors provide simulation studies in [89] where LTE coexists with Wi-Fi in indoor
deployment scenarios. There, both LTE and Wi-Fi use the channel only for downlink data
traffic and the main result is that under a relatively low traffic load for both technologies, both
are able to sustain an acceptable performance. However, increasing the traffic load degrades
severely Wi-Fi performance with respect to LTE performance. In fact, increasing the traffic
loadmeans that both LTE andWi-Fi are in a full competition on the channel access, as a result,
several collision will be encountered with respect to low traffic load. Besides, LTE can still
recover its frames even in the case of collisions thanks to its robust PHY layer compared to
Wi-Fi PHY layer. The authors provide a new technique in [11] where LTE applies a short duty
cycle period using its almost blank subframe allocation technique. Almost blank subframes
was introduced in LTE Release 10 where LTE mutes certain LTE subframes within an LTE
frame to allowWi-Fi access to the channel during themuted subframes. Although, the previous
procedure does not avoid performance degradation of Wi-Fi, the authors propose to improve
Wi-Fi performance by increasing the number of muted subframes allocated for Wi-Fi. The
results show that theWi-Fi performance is not only sensitive to thenumberofmuted subframes
but also to the way the muted subframes are distributed along the LTE frame.

The samemessage has been conveyed by the authors in [27] saying that LTE-OFF periods,
i.e. muted LTE subframes, duration has to be well configured as it plays an important role on
both LTE and Wi-Fi performance. Indeed, Wi-Fi performance is enhanced whenever Wi-Fi
transmissionfitswell LTE-OFFperiods so that the collision probability is reduced. In contrast,
the authors in [27]proposed thatLTEcan reduce thenegative impactonWi-Fi performanceby
adopting an enough long duty cycle as LTE interruptions of Wi-Fi transmission are reduced,
i.e. less collision probability. The same observation was made by the authors in [53] where
LTE/Wi-Fi coexist in an outdoor deployment. A long continuous LTE-ON periods appears
to be better than alternating LTE-ON periods to enhance Wi-Fi throughput. However, this
solution comes at the cost of increasingWi-Fi delay, whichmakes it inappropriate for real-time
services and heavily impact the fair coexistence. As amatter of fact, there is a trade-off between
Wi-Fi delay and throughput when LTE adopts a long and short duty cycle period.

An open-source platform has been used in [44] to establish several LTE/Wi-Fi coexistence
scenarios. There, it was shown that Wi-Fi performance is inversely proportional to LTE-ON
periods within a fixed duty cycle period. In addition, the LTE impact onWi-Fi has been exam-
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inedwhen LTEuses different transmission power, bandwidth and central frequency. Similarly,
an empirical study presented in [28] has examined the impact of LTE on Wi-Fi where Wi-Fi
uses different offered loads, transmit power levels, modulation and coding schemes, and packet
sizes. We can conclude that LTE andWi-Fi performance depends heavily on all the various set-
tings.

Qualcommalso has proposed theTDM-based protocol with a different name calledCarrier
SensingAdaptiveTransmission (CSAT) protocol [5]. Themain idea behindCSAT is that LTE
controls and adapts its transmission periods, i.e. LTE ON/OFF periods, based on Wi-Fi traf-
fic load. Thus, when Wi-Fi traffic load is high, LTE should increase its OFF periods duration
in order to less impact Wi-Fi performance. The simulation results show that LTE is a better
neighbor to Wi-Fi than Wi-Fi to itself with the condition that the TDM-based protocol is well
configured. An experimental testbed in [104] confirms again that Wi-Fi performance is bet-
ter by 10-40% in a coexistence with LTE CSAT than in a coexistence with another Wi-Fi. On
the same line, the authors proposed Duet as an adaptive algorithm for LTE ON/OFF periods
in [57] to improve the overall network throughput, i.e. LTE and Wi-Fi, by up to 74%. There,
LTE estimates Wi-Fi traffic load based on measuring Wi-Fi channel utilization time which is
reported by LTE user equipments. A Multi-Armed Bandit learning machine has been used in
[113] to adjust LTE duty cycle period along with a power control technique to facilitate the
coexistence between Wi-Fi and LTE.

To further enhance Wi-Fi performance, the authors proposed to update the Wi-Fi access
point software to WiPLUS [93] where Wi-Fi will be able to detect and have a timing informa-
tion about LTE-ON and OFF periods and to compute LTE duty cycles based on Wi-Fi MAC
layer monitoring. As a result, Wi-Fi becomes able to synchronize its operation with LTE to
reduce the mutual interference. However, even that previous works confirm that TDM-based
protocols can fairly coexist with Wi-Fi if its configuration parameters are well adjusted, they
were not able to answer the question: How exactly LTE can adopt efficiently the TDM-
based protocol in order to coexist fairly withWi-Fi ? With this regard, an analytical model
that links both LTE and Wi-Fi performance based on measuring the mutual negative impact
between both technologies is definitely needed. The mutual negative impact is considered as
the probability of collision between LTE and Wi-Fi transmission over the channel. Here, it is
important to mention that the Wi-Fi DCF protocol behavior that consists of a sensing period
followed by a back-off period and a transmission period will not change due to the coexistence
with the TDM-based protocol. Nevertheless, the DCF protocol performance will evidently
change. As a result, any previous work dealing with the modeling of DCF such as the well-
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known Bianchi’s model [23] can be adapted and extended by considering the negative impact
of LTE on Wi-Fi.

Theauthors in [58] follow the strategyofmodelingLTE/Wi-Fi coexistenceby extending the
original DCF model [23] while taking into account the probability of collision between both
technologies. However, the analysis does several assumptions to obtain the probability of col-
lision between LTE and Wi-Fi which totally affects their model accuracy. As a result, some
important phenomena were not observed such as “throughput fluctuations” observed in our
work and in [27]. Moreover, their analyticalmodel is not valid for all coexistence scenarios and
the model provides only an upper bound on LTE performance. Another analytical model was
presented in [25] where the authors assume that LTE-OFF periods are random and follow an
exponential distribution. The reasonof adopting such assumption is that the probability of col-
lision between LTE and Wi-Fi becomes easy to compute thanks to the memoryless property,
i.e. PASTA property [14]. As a result, in their model, the main advantage of the TDM-based
protocol which is the use of deterministic LTE-OFF periods is lost and consequently LTE will
need to use a reservation signals which degrades LTE performance. In [47], TDM-based pro-
tocol has been examined to coexistwithWi-FiDCFprotocol through simulations. The authors
claimed that “LTE can be configured to be fair with Wi-Fi” without providing any further in-
formation about how to achieve it. Furthermore, they did not consider the possible collisions
between the two systems. The probability of channel access for Wi-Fi stations is computed in
[13] in presence of Duty Cycled LTE where it is based on the fact that during the LTE trans-
mission period, Wi-Fi stations have to wait before accessing the channel. Neither the collision
probability nor the Wi-Fi throughput can be derived using the computations in [13].

2.1.2 Frame Based Equipment MAC Layer Protocol
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In order to fulfill certain telecommunication regulatory agencies in unlicensed spectrum,
severalLBT-basedMAClayerprotocolswereproposed forLTE.FrameBasedEquipment (FBE)
protocol is considered as one of LBT-based protocol that is originally standardized by the Eu-
ropean Telecommunications Standards Institute (ETSI) in [2] and is considered by 3GPP as
Category 2 MAC layer protocol for LTE in [7]. To cope with the main deficiency of TDM-
based protocol which is the fact that at the beginning of each LTE-ONperiod a collision could
be occur with Wi-Fi transmissions. FBE protocol was proposed to reduce the collision proba-
bility between LTE and Wi-Fi by integrating a CCA at the beginning of each LTE-ON period.
WhenLTE adopts an LBT-basedMAC layer protocol such as FBE protocol, LTE is called LTE
Licensed Assisted Access (LTE-LAA). Although, the FBE protocol has some constraints im-
posed by ETSI on its configuration parameters such as LTE-ON period and LTE-OFF pe-
riod [139], we can consider that the FBE protocol is a TDM-based protocol with the flavor
of an LBT-based protocol which is the CCA mechanism. Accordingly, the aforementioned
TDM-based protocol benefits apply also to the FBE protocol, but in addition, the FBE proto-
col should provide a less negative impact on Wi-Fi performance compared to the TDM-based
protocol.

At the first glance, the FBE protocol has a major constraint that could impact LTE channel
access opportunity. Indeed, LTE is allowed to contend for the channel access only at a specific
time instants, see Figure 2.2. In the case when the channel is occupied byWi-Fi transmissions,
LTEwill have to wait for the entire fixed frame period which includes LTE-ON and LTE-OFF
periods, until it can contend again for the channel access. Moreover, if two different LTE sys-
tems belonging to the same or to different operators are synchronized and have the same fixed
frameperiod then both systems can suffer from inevitably collisions [66]. In the case bothLTE
systems are not synchronized then one of them will completely dominate the channel access
[115]. To solve this problem, ETSI is working on a new protocol that allows FBE protocol to
change and adapt different fixed frame periods along the time.

In a white paper published by Qualcomm [5], simulations have been conducted to study
some outdoor coexistence scenarios. The results show that LTE is a better neighbor to Wi-Fi
than Wi-Fi to itself. The previous works [126],[125] have presented an optimal transmission
strategy for FBE protocol which is not only based on the channel availability but also on the
channel quality to take into account transmission costs. Two optimization problems for both
FBE throughput and FBE nominal throughput were formulated, however, without consider-
ing the coexistence with Wi-Fi. An analytical model for the FBE protocol based on a Markov
chain is presented in [120] without considering again the coexistence with Wi-Fi. Another
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theoretical analysis for the FBE protocol was presented in [123] for LTE/Wi-Fi coexistence.
The authors tried to determine the channel access probability of FBE protocol under the as-
sumption that the receivedWi-Fi signal byLTE follows aGaussian distribution. Although such
analysis does not provide a full answer on how the channel will be shared between LTE and
Wi-Fi. The authors propose a method to estimate the channel access probability of the FBE
protocol based onmeasurements of LTE channel activities. It is also worth noting that the au-
thor did not follow the ETSI standard related to FBE protocol since they considered that CCA
of LTE is not included into LTE-OFF period.

At the time of writing, we did not find in the literature any analytical model for FBE pro-
tocol that can describe perfectly how the channel access is shared between LTE and Wi-Fi. In
[7],many simulation studies performed by different companies during a 3GPPworkshop have
evaluated FBE protocol while coexisting withWi-Fi in different coexistence scenarios. The re-
sults confirm that Wi-Fi performance metrics are improved whenever Wi-Fi competes with
LTE-FBE rather than anotherWi-Fi. One contribution of this thesis, is an analytical model for
LTE-FBE protocol coexisting with Wi-Fi DCF protocol. We show how the channel is shared
between LTE and Wi-Fi. Moreover, we will answer clearly the question: Does FBE protocol
coexist fairly with Wi-Fi?

In [55], LTE adopts a MAC layer protocol that is slightly different from the FBE protocol
where LTE-OFF periods are completely deleted. A Matlab-based simulator evaluates the per-
formance of LTE and Wi-Fi, and the results show that the proposed MAC layer protocol can
provide a reasonable trade-off between LTE andWi-Fi performance under certain coexistence
conditions. Indeed, LTE-OFF periods are considered as an essential component of the flex-
ibility of FBE protocol to ensure a fair channel access between LTE and Wi-Fi. The authors
in [127] propose two variants of FBE protocol called “Enchanced FBE” (E-FBE) and “Back-
off and Idle Time Reduction FBE” (BITR-FBE) protocols. For both MAC layer protocols, a
backoff procedure has been introduced before any channel access in order to reduce the greed-
iness of FBE channel access. The authors’ claim [127] about greediness of FBE is not really
justified. In contrast, we will use both analytical modeling and NS3 simulations in chapter 5
to conclude a different result where the FBE protocol can be considered as a fair MAC layer
protocol to coexist with Wi-Fi.

Many other variants of the FBE protocol were proposedwith the common feature of using a
CCA prior to LTE-ON periods. In TVwhite space, [17] suggests an LTEMAC layer protocol
that is similar to FBE protocol to coexist with Wi-Fi. However, the proposed protocol does
not follow the relationship between FBE configuration parameters defined by ETSI, i.e. fixed
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frame period is the sum of LTE-ON period and LTE-OFF period. The simulation results still
confirm that LTE has a little negative impact onWi-Fi performance. Almost the same protocol
as the previous one was also proposed in [140] for LTE to coexist with Wi-Fi. In addition, an
analytic model for both LTE and Wi-Fi performance is developed. It shows that by adjusting
the proposed protocol configuration parameters, LTE can ensure certain level of protection
for Wi-Fi performance. Indeed, the MAC layer protocols proposed in [17] and [140] could
be considered as possible good alternatives to the FBE protocol since LTE will have a major
problem to grab the channel access fromWi-Fi in the classic FBE aswewill see inChapter 5. In
fact, whenever there is a full competition on the channel access between LTE-FBE and Wi-Fi,
LTE-FBE is the technology that will suffer the most while the Wi-Fi will be slightly impacted.

2.1.3 Load Based Equipment MAC Layer Protocol
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Another LBT-based protocol is the Load Based Equipment (LBE) protocol, standardized
by ETSI in [2] and considered by 3GPP as Category 3 protocol for LTE in [7]. To cope with
the expected LTE performance degradation with FBE protocol, LBE protocol attracted many
companies during the same forenamed 3GPPworkshop [7]. This is because LTE is allowed to
contend for the channel access withWi-Fi at any time instant. However, to ensure a reasonable
fair coexistence with the DCF protocol that adopts a back-off period prior to the channel ac-
cess, LBE protocol implements also a Back-off period before any frame transmission over the
channel. LBE protocol Back-off period is randomly selected from a fixed CW in the range of
{1,…,q}where the value of q is selected by themanufacturer in the range {4,…,32}, see Figure
2.3. The main difference between LBE and DCF is that when a collision is occurred over the
channel, Wi-Fi CW size follows a binary exponential increase to reduce the contention over
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the channel access, whereas LTECW is kept fixed despite of the number of collisions. For this
reason, the standard imposes a limitation on the channel occupancy time by the LBE protocol
whichmust be less than 13

32
x qms. In such a way, if themanufacturer decides to use a small CW

size to increase the channel access probability, the channel occupancy time over the channel is
reduced as a compensation to ensure fair coexistence with other communication systems; still,
the fixedCW size of LBE protocol poses the problem of heterogeneity with theDCF protocol.
In fact, there are two more main differences between LBE and DCF protocols:

• The LBE slot duration that forms LBE Back-off period may be fixed to 20µs or even
larger, while the DCF slot duration is 9 µs for most of Wi-Fi (IEEE 802.11) standards.
As a result, LTE performance will be degraded as the evolution of its back-off period
will be longer than the Wi-Fi back-off period as noticed in [68]. In [83], the author
propose a new analytical framework that takes into consideration such heterogeneous
sensing and back-off slot duration between both technologies. Based on a novelMarkov
chain approach, the authors were able to identify and tomeasure the impact of this het-
erogeneity. In the context of Wi-Fi/Wi-Fi coexistence, the problem of heterogeneity of
back-off slot duration has also been discovered in [22] between different Wi-Fi com-
mercial network cards showing clearly a negative impact on the performance.

• After the channel becomes idle, LBE starts immediately to decrement its frozen back-
off counter that forms the back-off period while Wi-Fi waits an additional time before
the decrementation known as initial CCA time or simply the DIFS period. As a result,
we expect that LTE would have more chance to grab the channel access than Wi-Fi. It
is worth to mention here that there are some works such as [37] and [63] do not con-
sider such lack of an equivalent DIFS period for LBE protocol, likely for simplification
reasons. Nevertheless, the ETSI standard [2] mentions clearly that LBE Option-B pro-
tocol does not include any initial CCA.

To sum up, with LBE protocol, LTE may have a higher probability to grab the channel ac-
cess thanWi-Fi due to the fixedCWsize and the lack of an equivalent additional sensing period
DIFS before the back-off period as Wi-Fi. On the contrary, LTE may have a lower probability
to grab the channel access than Wi-Fi due to its longer slot duration. Finally, with LBE pro-
tocol, LTE will not be able any more to ensure a synchronization operation of the channel as
it was the case for both TDM-based and FBE protocols since LTE can grab the channel ac-
cess at any time instant. In Figure 2.3, an LTE reservation signal is used to prevent Wi-Fi from
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grabbing the channel access until the first coming LTE subframe boundary where LTE starts
its frame transmission. As a result, LTE throughput suffers from a reservation signal overhead
which is almost equal to one subframe. For example, in case of LTETransmissionOpportunity
(TXOP) is equal to 3 subframes, LTE can only use for data transmission 2 subframes out of 3
subframes, which will incur almost 33% of reduction of LTE throughput.

In [50], LBEwas testedwith itsmaximumCWsize, i.e. q=32, to coexistwithWi-Fi in indoor
andoutdoor small cell deployments. Thesimulation results show thatWi-Fi performance is not
impact by LTE whatever the traffic load, low, medium or high. We cannot come to a trustable
conclusion through this work because LTE adopts the maximum CW size. A different LBE
CW size can lead to another conclusion, specially that DCF protocol minimum contention
size for Wi-Fi is equal to 15 which is almost equal to the half of LBE CW size adopted in this
work. In fact, the minimum value of the CW size for any LBT-based protocol is considered as
one of the most important parameters that determines the protocol performance. In [88], the
authors confirm the above remark since Wi-Fi performance degrades when LTE adopts a CW
less than 32.

A theoretical analysis for both downlink performance of LTE and Wi-Fi in a coexistence
scenario was presented in [41] and [33] based on Markov chains. Even through their analyt-
ical models have not been validated by simulations, their numerical results show interestingly
that the transmission probability of LTE over the channel is higher than Wi-Fi. As mentioned
previously, the main reason is due to the fixed CW size of LBE protocol. As a result, when
the traffic load of LTE is very high, LTE performance outperformsWi-Fi but it comes with the
price of degradation ofWi-Fi performance. For this reason, an adaptation of LBECW size was
presented in [116] to enhance Wi-Fi performance by achieving a fair channel access. In this
work, LTE adapts LBE CW size based on the collected quality of service metrics from Wi-Fi
neighbors. The simulation results confirm the need of an LBECW size adaptation for enhanc-
ing both LTE and Wi-Fi performance in terms of throughput and delay.

Another work in [66] confirms again that LTE coexists better withWi-Fi when LTE adjusts
and resizes its LBE CW size. Moreover, in [66], to cope with the lack of the equivalent DIFS
period for LBE protocol, the authors propose a modified version of LBE protocol by integrat-
ing an additional sensing period before LBE back-off period to enhance the fairness of channel
access. Moreover, during a 3GPPmeeting, a similar ideawas suggested [97]. On the same line,
the authors in [111] adopt an equivalent DIFS period and the same slot duration of Wi-Fi for
LBEprotocol. In that case, LBE protocol can be considered asDCFprotocol adopted byWi-Fi
except for the CW size which remains fixed despite the occurrence of collisions. As a result,
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an analytic model for both Wi-Fi and LTE based on Bianchi’s model [23] is presented and the
numerical results show that the optimal LBE CW size that guarantees a graceful coexistence
is 15. The authors conclusion is undeniable intuitive for two reasons: The first is that with an
LBECWsize equals to 15 andDCFminimumCWsize equal to 16, both LBE andDCFproto-
cols are quite similar. Second, in the paper the authors adopts only 3 back-off stages for Wi-Fi
which it is out of the IEEE standard that requires 7 back-off stages for Wi-Fi. Thus, the prob-
lem caused by the fixedCWof LBE is relaxed. The same authors in [126],[125]who presented
an optimal transmission strategy for FBE protocol extend their work in [124] to consider the
optimal transmission strategy for LBE protocol. Their analysis shows that LBE throughput
optimal strategy is a pure threshold policy which means that LBE should stop listening and
transmit once the channel quality exceeds an optimized threshold.

2.1.4 Category 4MAC Layer Protocol

Figure 2.4:Cat4MAClayerprotocolflowchart[7]

To obtain a DCF-like protocol for LTE, 3GPP proposedCategory 4 (Cat4) protocol in [7].
Figure 2.4 illustrates the flowchart ofCat4protocol proposed by3GPP.Cat4protocol is similar
toDCFprotocol in the sense that bothhave a sensingperiodprior to eachback-offperiod called
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DIFS period forWi-Fi and Initial CCA period for LTE, see figure 2.4. Moreover, for both Cat4
and DCF protocol, the back-off period is drawn uniformly among a CW size that follows a
binary exponential increase when a collision occurs over the channel and the slot duration is
also the same and equals to 9µs. However, 3GPP has introduced four different traffic priority
classes forCat4protocol [142]whereboth the allowedCWsize andCOTdependon the traffic
priority. In contrast, the Wi-Fi DCF protocol has its own traffic priority classes called access
categories [112] which are different from the traffic priority classes of Cat4 protocol.

As mentioned in section 2.1, any protocol heterogeneity with respect to configuration pa-
rameters will lead to one of the protocol performance being superior than the other. Accord-
ingly, the authors in [137] have discovered that a higher COT for Cat4 protocol compared to
DCF protocol will not guarantee a fair airtime between LTE and Wi-Fi. As a result, the au-
thors proposed a COT Adaptation (COTA) algorithm to ensure a fair coexistence. In [70],
the authors provide an overview of LTE Release 13 that adopts Cat4 protocol for LTE. There,
a simulation result for LTE/Wi-Fi coexistence provided by wide spectrum of companies con-
firm that LTE is a better neighbor to Wi-Fi than Wi-Fi to itself for any traffic load and traffic
type, i.e. real-time and non-real time traffic.

Since the Cat4 protocol is a DCF-like protocol, the authors in [142] adapt the well-know
Bianchi’s model for modeling Cat4 protocol. The adaptation of Bianchi’s model does not con-
sider any changes on theMarkov chainmodel as the Cat4 protocol has the sameMarkov chain
as the DCF protocol. However, the adaptation is mainly about considering Cat4 protocol
throughput calculation since the overhead of LTE frame transmission, i.e. reservation signals
and Physical Downlink Control Channel, is completely different from Wi-Fi. The coexistence
performance analysis for LTE and Wi-Fi indicates that LTE can fairly coexist with Wi-Fi. An-
other analytical model for Cat4 protocol based again on Bianchi’s model could be found in
[122]. However, the authors claim that Cat4 protocol has a different Markov chain model
than DCF protocol. Indeed, the authors’ claim based on whenever the CW size ofWi-Fi reach
its maximum value, Wi-Fi CW size remains and do not rest to its initial value until a success-
ful retransmission is occurred which is not the case for LTE. In contrast, as per IEEE 802.11

standard [1] and several previous work such as [129],Wi-Fi will rest its CW size whenever the
maximum retransmission reached,Wi-Fi usedRetry Limitmechanism for this purpose. Other
analytical models for Cat4 protocol based on Markov chains is also presented in [41], [133]
and [103] for non-saturated traffic load and in [135], [115] for saturated traffic load.

In fact, 3GPP does not impose only one range of Cat4CW size, see Figure 2.4 where X and
Y are configurable parameters. In [15], the authors propose a dynamic CW size range adjust-
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ment algorithm based on observing the traffic load over the channel to enhance the overall
channel utilization. Another adaptation algorithm for Cat4 protocol CW size has been pro-
posed in [46] based on the observation of slot utilization over a certain period. On the same
line, the authors in [133]propose anothermechanism toadjustCat4protocolCWsize through
introducing the so-called Maximum CW Timer Mechanism (DCWTM) that emulates Wi-Fi
Retry Limit mechanism. Using machine learning, the authors in [10] proposed a neural net-
work (NN) based scheme that adapts the CW size for Cat4 protocol based on the predicted
number of negative acknowledgments of LTE. All the previous works show that Cat4CW size
adaptation outperforms using a fixedCWsize for several LTE/Wi-Fi coexistence scenarios. Fi-
nally, to completely eliminate anyMAC layer protocol heterogeneity between LTE andWi-Fi,
the authors in [136] proposed to employ DCF protocol instead of Cat4 protocol for LTE, in
addition to adapting of DCF CW size to improve the fair coexistence with Wi-Fi.

2.1.5 Enhancing LTE/Wi-Fi Coexistence

Ensuring fair coexistence between LTE and Wi-Fi is not only a question of both adopting the
same MAC layer protocol. Indeed, in the extreme case, when LTE adopts the Cat4 protocol
which is similar to the DCF protocol adopted by Wi-Fi, fair coexistence is still not ensured
but rather close to be reached. Especially that we know the fact that Wi-Fi is not really coexist
fairly with itself even though Wi-Fi networks use the same protocol stack [117], [95], [85].
Regarding to LTE/Wi-Fi coexistence,Wi-Fi will have an important interference fromLTEdue
to the poor Wi-Fi channel assessment of LTE activities over the channel. Indeed, in many
coexistence scenarios,Wi-Fiwill considerLTE signal as a backgroundnoise andwill not refrain
from the channel access while LTE transmits over the channel. As a result, Wi-Fi transmission
have several collisions with LTE transmission which degrades Wi-Fi performance. The origin
of this problem is that Wi-Fi has two different CCA mechanisms:

• Carrier SenseCCA(CS-CCA):That defines the ability ofWi-Fi to detect anotherWi-Fi
frame transmission by decoding its frame preamble. The carrier sense CCA called also
the Preamble Detection CCA (PD-CCA).

• EnergyDetectionCCA(ED-CCA):That defines the ability ofWi-Fi to detect any other
communication system transmission such as LTE.

For both CCA mechanisms, Wi-Fi PHY layer measures the total received signal power and
compares it with a certain detection threshold. Whenever the signal power is above this de-
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tection threshold, Wi-Fi PHY declares that the channel is considered as busy, otherwise it is
idle. In fact, Wi-Fi detection thresholds for carrier sense and energy detectionmechanisms are
different with about 20 dB: The CS threshold is -82 dBm and ED threshold is -62 dBm. The
difference comes from the fact thatWi-Fi receiver network card is able to detect easily another
Wi-Fi signal thanks to the a priori knowledge of Wi-Fi frame preamble symbols [98]. Accord-
ingly, in Wi-Fi/Wi-Fi coexistence scenarios, Wi-Fi will be able to detect easily the presence of
another Wi-Fi and declares the channel as busy and the DCF protocol will refrain from the
channel access. In contrast, in LTE/Wi-Fi coexistence scenarios, Wi-Fi can consider LTE sig-
nal as a background noise and consider the medium as idle during LTE activity leading to a
collisions. Accordingly, below Wi-Fi ED-CCA threshold, LTE is considered as a hidden node
for Wi-Fi and the problem is usually called by LTE/Wi-Fi coexistence below energy detection
threshold. The hidden node problem [90] in wireless communications is not a new issue, but
in the context of LTE/Wi-Fi coexistence, it is more destructive.

Being aware of this problem, 3GPPhas decided that LTEmust lower its ED threshold down
to -72 dBm [7] whereasWi-Fi ED threshold remains at -62 dBm so that LTE can offer toWi-Fi
some level of protection by decreasing LTE channel access probability in favor ofWi-Fi. In par-
allel, Wi-Fi alliance had also asked that LTE to lower down more its ED threshold to -82 dBm
to further improveWi-Fi performance. Indeed, lowering LTEED threshold and keepingWi-Fi
ED threshold will cause another problem called asymmetric hidden nodes problem between
LTE and Wi-Fi [74]. Moreover, lowering ED threshold for a communication system is not
always an optimal solution for ensuring fair coexistence, especially, if we are also looking for
enhancing the spectrum utilization. In fact, lowering the ED threshold will cause sometimes
the communication system to suffer fromunnecessary backoffswhere the communication sys-
tem is “conservative” with respect to the channel access. This problem is known as the exposed
node problem [30]. On the other side, increasing the ED threshold will cause the communi-
cation system to access “aggressively” the channel and will possibly lead to several collisions
with other communication systems that are considered as hidden nodes [91]. Henceforth,
we have to find the balancing point between the hidden and the exposed node problem as in
[121] for LTE/Wi-Fi coexistence. At this balancing point, we can ensure a good trade-off be-
tween increasing spatial reuse to improve the overall network performance [146]-[145], and
maintaining a moderate level of interference between the two systems [66]. Most of research
directions seek to reach this balancing point by adaptively adjusting the ED threshold. Other
research directions seek to reach this balancing point by adaptively adjusting the transmission
power [87] and/or jointly adjusting both ED threshold and transmission power [143]. In real-
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ity, reaching this balancing point needs a huge effort since there aremany parameters that have
to be taken into account such as the geographical distribution of the communication nodes
[77] as well as their traffic load (see chapter 6).

Regarding the issue of LTE/Wi-Fi coexistence blow energy detection threshold, [59] ad-
dressed this problem where LTE adopts a TDM-based protocol to coexist with Wi-Fi. Due to
the poor Wi-Fi CCA mechanism, Wi-Fi was not able to identify LTE activities over the chan-
nel, i.e. LTE-ON periods. As a result, Wi-Fi was not only attempting to access the channel
during LTE-OFF periods allocated by LTE for Wi-Fi channel access, but also it was attempt-
ing to access the channel during LTE-ON periods. Thus, Wi-Fi transmissions faced several
collisions with LTE during LTE-ON periods, resulting in a poor Wi-Fi performance. Besides,
taking into consideration that today’sWi-Fi hardware implementations adopt several data rate
adaptation algorithms that mainly depends on the channel quality and the frame retransmis-
sion rate, Wi-Fi will tend to lower its data rate during LTE-OFF periods which leads to further
degrade its performance since it does not profit maximally from LTE-OFF periods. Actually,
the same conclusion regarding the expected degradation ofWi-Fi performance could be drawn
regardless of the adopted LTE MAC layer protocol.

In [48], a real-time LTE/Wi-Fi coexistence testbed established by theNational Instruments
company show that, in case of LTE adopts Cat4 protocol, LTE could enhance the fair coexis-
tence with Wi-Fi by lowering its ED threshold to -72 dBm. However, it should be noted that
this conclusion could be radically altered if the conditions of the LTE/Wi-Fi coexistence sce-
nario change. For example, in low-interference LTE/Wi-Fi coexistence scenarios, decreasing
theLTEED thresholdwill primarily degrades LTEperformance due to unnecessary LTEback-
offs whereas Wi-Fi performance remains almost the same as shown in [54]. In contrast, in
highly interference-limited LTE/Wi-Fi coexistence scenarios, decreasing the LTE ED thresh-
old helps both LTE andWi-Fi to improve their performance as shown in [80]. Tomitigate the
problem of LTE performance degradation due to the decrease of its ED threshold, the authors
in [66] proposed that LTE ED threshold can keep a lower ED threshold only when LTE coex-
ists with anotherWi-Fi. However, LTE can dynamically increase its ED threshold in the case of
LTE coexists with another LTE of another operator based onmeasuring the inter-operator in-
terference. Nevertheless, the proposedCCA threshold algorithm aims to enhance the network
performance in case of LTE/LTE coexistence scenarios without providing a practical solution
for LTE/Wi-Fi coexistence scenarios. The work is still showing the gain of LTE performance
when it adaptively adjusts its ED threshold.

Anotherproposed solution is theonepresented in [76]whereLTEcoulddynamically adjust
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its ED threshold based on its traffic load by observing the queue length of the LTEbase station.
If LTE has a high traffic load then LTE increases its ED threshold to have a more channel ac-
cess opportunity at the expense of an acceptable sacrifice for Wi-Fi performance. In contrast,
if LTE has a low traffic load, LTE decreases its ED threshold. However, this work did not ex-
plore ensuring fair coexistence between LTE and Wi-Fi. The authors provide a mathematical
framework based on queuing theory to tie up betweenLTE traffic load and its ED threshold. In
[49], the authors realized that lowering LTEED thresholdmitigateswithout solving totally the
problem of the poorWi-Fi channel assessment which consider the LTE signal as a background
noise. The authors proposed that Wi-Fi has to implement an LTE synchronization signal de-
tectionmodule so thatWi-Fi is able to lower its energy detection to -82 dBm and treats LTE as
any otherWi-Fi. Simulation results show that both LTE andWi-Fi performance are improved.
However, the proposed solution imposes that Wi-Fi changes its design.

Another distributed algorithm for LTE is proposed in [79] to adjust adaptively LTE ED
threshold in order to enhance the fair coexistence with Wi-Fi. The main idea behind the algo-
rithm is that LTE decreases it ED threshold when it encounters frequent collisions withWi-Fi;
otherwise, LTE should maintain a high ED threshold to increase the channel access opportu-
nity. In fact, one of the most deficiencies of the algorithm is that there is still a high possibility
that LTE does not discover any collision over the channel while Wi-Fi is suffering from the
collision with LTE. For example, in case of LTE user equipments are located in the cell-centre
whereas Wi-Fi stations are located in the cell-edge, LTE will not be able to discover a colli-
sion over the channel unlike Wi-Fi as we will see in Chapter 6. An analytical model for both
LTE andWi-Fi based on extending Bianchi’s model by taking into consideration the impact of
changing the ED threshold has been presented in [86]. The extending model is mainly based
on modifying the probability of collision between both systems in function of changing ED
threshold. Typically, the results show that when one of both technologies decreases its ED
threshold while the other technology holds it, the latter will see a higher performance due to
the several back-offs of that will be experienced by the one that decreases the ED threshold.
Finally, reaching the balancing point between increasing the spatial reuse and maintaining a
moderate interference is still needed to improve the fair coexistence. All of the above research
works showonly the benefits and the gain of the adaptive adjustment of theED thresholdwith-
out providing any practical solution to achieve the aforementioned trade-off.
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2.2 WiMAX/Wi-Fi Coexistence

LTE is not the first radio access technology that aims to improve its capacity through coex-
isting with Wi-Fi in unlicensed spectrum. Earlier, WiMAX (IEEE 802.16) also has tried to
share the spectrumwithWi-Fi [39]. WhenWiMAX coexists withWi-Fi without adopting any
coexistence technique, we found that Wi-Fi is the technology that suffers most in coexistence
scenarios whereas WiMAX performance is slightly affected [118]. Remember that, the same
conclusion was drawn for LTE/Wi-Fi coexistence in [29] and [56]. Moreover, the main rea-
son of degrading theWi-Fi performancewhen coexisting withWiMAX is still the same as with
LTE. It is becauseWi-Fi adopts anLBT-based protocolwhich does not help to grab the channel
access from WiMAX or LTE since both adopt a deterministic schedule-based channel access
scheme. For these reasons, a coexistence technique is also needed for WiMAX to share the
channel access with Wi-Fi.

A new MAC layer protocol has been proposed for WiMAX to coexist with Wi-Fi in [110].
Theprotocol is calledRegularChannel Access (RCA) protocol whereWiMAXadopts aTime-
Division Multiplexing (TDM) scheme to share the channel access with Wi-Fi. Clearly, RCA
protocol is similar to TDM-based protocol proposed by 3GPP for LTE to coexist with Wi-Fi
where WiMAX transmission is activated for certain period time, i.e. WiMAX-ON period, fol-
lowed by a non-activated periods, i.e. WiMAX-OFF period, where Wi-Fi can access the chan-
nel. Consequently, RCA protocol, like TDM-based protocol, has its negative impact on Wi-Fi
performance since bothWiMAX andWi-Fi may simultaneously attempt to access the channel
at the same time causing collisions over the channel. To copewith themutual interference, the
author proposed amethod to improve the coordination betweenWiMAX andWi-Fi bymodi-
fyingWi-Fi to be able to supervise the channel activities ofWiMAX so thatWi-Fi will attempt
to access the channel onlyduringWiMAX-OFFperiods. Remember that similarmethodswere
proposed for LTE/Wi-Fi coexistence in [114] and [93] to reduce such interference. However,
during a WiMAX-OFF period, if Wi-Fi transmits a frame longer than the WiMAX-OFF pe-
riod, a collision is still possible. In [34], the authors proposed an interframe spacing adapta-
tion method that helps Wi-Fi to prioritize the frames which fit well WiMAX-OFF periods to
further mitigate the mutual interference and improve the channel utilization of Wi-Fi.

Time Division Operation (TDO) protocol is another name that was given to TDM-based
protocol in [65] forWiMAX to coexist withWi-Fi. However, the authors proposed a different
method to confine Wi-Fi transmissions into WiMAX-OFF periods to reduce the interference.
Theproposedmethod is basedon theWi-FiAccessPoint (AP) that controls transmissionof the
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otherWi-Fi stations through the usage of vestigial powermanagement (PwrMgt) bitwithin the
Wi-Fi frame structure. Indeed, during WiMAX-ON periods, Wi-Fi AP can tell Wi-Fi stations
to move into a power-saving mode by setting up the PwrMgt bit to 1. In power-saving mode
the Wi-Fi stations cannot send or receive data frames, so that interference is avoided between
WiMAX and Wi-Fi. In contrast, during the WiMAX-OFF period, Wi-Fi AP allows the Wi-Fi
stations to send and to receive data frames by setting the PwrMgt bit to 0. It easy to notice that
all the previous methods proposed to mitigate the interference between WiMAX and Wi-Fi
could be proposed and/or adapted for LTE/Wi-Fi coexistence.

InWiMAX/Wi-Fi coexistence scenarios,Wi-Fi also candegrade harmfully theWiMAXper-
formance as shwon in [18]. Indeed, WiMAX, like LTE, needs uninterrupted channel access
for its proper operation. If there is an idle period before a WiMAX frame transmission starts
or during the WiMAX frame transmission, Wi-Fi grabs the channel access and degrades the
WiMAX performance. To solve this problem, the authors proposed the usage of a reservation
signal to preventWi-Fi fromgrabbing the channel accesswhen the channel is idle before or dur-
ingWiMAX frame transmissions. The same problemwas discovered in the case of LTE/Wi-Fi
coexistence and the proposed solution is mainly based on the same idea of the reservation sig-
nal [26].

Another approach has been proposed in [19] to allow the coexistence betweenWiMAXand
Wi-Fi based on a central coordinator device that coordinates the channel access between the
two technologies. The coordinator device adopts Point Coordination Function (PCF) proto-
col to pool the traffic of both technologies during a contention free period. We shouldmention
here that the concept of allowing inter-working between LTE andWi-Fi through a third entity
that controls the channel access among them has also been investigated in [105], [24] and
[131]. However, in this thesis, our research direction focus on the coexistence between the
two technologies without external coordination.

2.3 Synthesis

Ensuring fair coexistence between LTE and Wi-Fi in unlicensed spectrum is a huge challenge.
The heterogeneity of their MAC and PHY layers is the main source of the problems and the
conflicts between them. In this regard, the new entrant LTE has to fairly share the spectrum
with the incumbent Wi-Fi by adopting a new MAC layer protocol that could be supported
further by some mechanisms at the PHY layer. Indeed, as more as the new LTE MAC layer
protocol is similar to that adopted by Wi-Fi, the conflicts are mitigated and fair coexistence is
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closely approached. In contrast, as more as the new LTE MAC layer protocol is dissimilar to
that adopted by Wi-Fi, we expect that the conflicts are increased and fair coexistence is far to
being reached. In this case, it does notmean necessarily that LTE is the one which is not fair to
Wi-Fi since Wi-Fi may also be not fair to LTE. It all will depend on which technology has the
more powerfulMAC layer protocol to grab the channel accessmore than the other technology.
This calls the necessity of understanding how the new LTE MAC layer protocol does operate
over the channel.

In the case when the LTE MAC layer protocol is more powerful than Wi-Fi DCF protocol,
LTE have to relieve its power for not degrading Wi-Fi performance. Accordingly, LTE needs
to make an extra effort to ensure the fair coexistence by adopting some mechanisms that ade-
quately adjust its MAC Layer protocol configuration parameters. However, such mechanisms
increase the complexity of LTE MAC layer design and sometimes incur some overheads on
LTE performance. It is worthy to note that not all MAC layer protocols do have the same flex-
ibility to ensure the fair coexistence as it depends on their available configuration parameters
and how do they operate over the channel. In addition to ensuring fair coexistence, the chal-
lenge of designing a new LTE MAC layer protocol will increase if we seek to optimize LTE
performance in the unlicensed spectrum. In the case when LTE MAC layer protocol is less
powerful than Wi-Fi DCF protocol, LTE has also to modify its MAC layer protocol or adopt
another one, otherwise, LTE will suffer from coexisting with Wi-Fi. In all cases, LTE will have
to pay the price of its new MAC layer protocol heterogeneity with DCF protocol.

The TDM-based protocol is the most dissimilar and the most powerful to grab the channel
access against the DCF protocol, so that LTE is almost completely aggressive and not fair with
Wi-Fi. To enhance the coexistence fairness of the TDM-based protocol, LTE has to adjust
the protocol configuration parameters to satisfy Wi-Fi needs in terms of channel access. In
contrast, the FBE protocol is the most powerless to grab the channel access against the DCF
protocol. LTE will suffer the most while Wi-Fi will be slightly impacted. To enhance LTE
performance, various MAC layer protocols have been proposed to replace FBE protocol. All
these MAC layer protocols have a common feature like the FBE protocol which is the use of a
CCA prior to frame transmissions. It is clear that main benefit behind both TDM-based and
FBE protocol is the synchronous operation of the channel access which is absolutely needed
for LTE user equipment to be able to receive LTE signal. Thus, LTE can avoid transmitting a
reservation signal prior to LTE frame transmissions which degrades LTE performance.

Regarding to the LBE protocol, using it allows LTE enhancing its performance compered
to FBE protocol. It should normally improve the coexistence fairness with Wi-Fi compared
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to TDM-based protocol. However, the LBE protocol benefits come with the price of slowing
the LTE performance due to the necessity of using of a reservation signal. Besides, the LBE
protocol is only able to guarantee amarginal fair coexistencewithWi-Fi due to its fixedCWsize
which prioritizes the channel access to LTE over Wi-Fi. To solve this problem, the proposed
solutions are mainly based on the adaptation of the LBE CW size to fair coexist with the DCF
protocol. Also, differentmodificationhasbeenproposed forLBEprotocol such as the adopting
of the same back-off slot duration and an equivalent DIFS sensing period as inWi-Fi. Lastly, to
remove any heterogeneity between LTE MAC layer protocol and Wi-Fi DCF protocol, Cat4
protocol has been chosen by 3GPP for LTE in Release 13. Most research efforts about Cat4
protocol aim to improve the spectrum utilization since the fair coexistence is considered to
be not an issue any more. To further improve the spectrum utilization and the coexistence
fairness, LTE has also to tackle the problem that comes from its PHY layer heterogeneity with
Wi-Fi. In this regard, different mechanisms have been proposed based on adaptively adjusting
the LTE energy detection threshold. However, a practical solution that solves completely the
problem does not exist yet and remains an open future work.
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Soit A un succès dans la vie. Alors A = x + y + z, où x = tra-
vailler, y = s’amuser, z = se taire..

Albert Einstein

3
TDM-based Protocol: Studying the Impact of

LTE onWi-Fi Downlink Performance

An intuitive and simple way to share the spectrum between LTE and Wi-Fi is to prevent them
fromaccessing the channel at the same timeusingTime-DivisionMultiplexing (TDM)schemes.
In this chapter, we study the case where LTE adopts a TDM-basedMAC protocol to share the
spectrum with Wi-Fi while the latter keeps its usual MAC protocol. The main concept is in-
deed simple : LTE transmission is activated for certain periods calledLTE-ONperiods and it is
deactivated during LTE-OFF periods released for Wi-Fi channel access. Using a TDM-based
protocol, LTE adopts the so-called ON/OFF pattern which forms a duty cycle period that is
repeated over the time. On one hand, TDM-based protocol allows better control on how and
when the spectrum is accessed by LTE and thusWi-Fi, and thereforemaster better the sharing.
On the other hand, the lack of an LTECCAmechanism leads to several transmission collisions
over the channel between LTE and Wi-Fi. Whenever LTE starts a transmission period at the
beginning of an LTE-ON period that follows an LTE-OFF periods, the collisions may occur.
As a result, we expect that LTE will have a negative impact on Wi-Fi performance.

The TDM-based protocol has different configuration parameters such as the duty cycle pe-
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riod and the ON/OFF periods duration. In addition, the number of ON/OFF periods and
even the order of ON/OFF periods within a duty cycle lead to different ON/OFF patterns.
Indeed, LTE andWi-Fi performance will entirely depend on the TDM-based protocol config-
uration parameters, in other words, the ON/OFF pattern adopted by LTE. For example, mul-
tiple TDM-based protocol configurations have been examined using a proprietary semi-static
system-level simulator in [11] for LTE/Wi-Fi coexistence. Firstly, the results show that the
more the number of blank LTE subframes, i.e. LTE-OFF periods, over LTE frame, the higher
the offered Wi-Fi throughput. Secondly, for the same number of blank subframes but with
different distribution along the LTE frame, Wi-Fi can experience different throughput. These
results were partially justified by the system-level simulator since the exact impact of LTE on
Wi-Fi performance was not analyzed. Thus, it is hard to compare between the different TDM-
based protocol configurations to find the best configuration parameters that maximize both
LTE and Wi-Fi throughput and reduce the collision probability. In addition, in [61], the au-
thors found that for a fixed duty cycle percentage, i.e. the fraction of LTE-ONperiod over duty
cycle, the throughput of Wi-Fi can be negatively impacted in the case of the duty cycle period
is too short. However, if the duty cycle period is too long, it is more the packet latency that will
be degraded.

In this chapter, we provide a formal justification of the possible performance degradation
experienced by LTE andWi-Fi. We show how theWi-Fi performance is related to the duration
of LTE-OFF periods during the duty cycle period and also to their distribution along the duty
cycle. We quantify the impact of LTE TDM-based protocol on Wi-Fi downlink performance
by computing analytically the probability of collision. Wemodel the interaction between LTE
and Wi-Fi using both delayed and ordinary renewal processes associated with a stopping time
directly related to LTE-OFF periods. We also use a discrete time Markov chain to model the
progress of the interaction over time. Even though, this firstmodel applies for oneWi-Fi access
point or one station sending to other stations, it allows us tomodelWi-Fi access protocol in de-
tail without much approximations, and hence it is a necessary and useful intermediary step to
the model of multiple sending Wi-Fi stations. It can be easily combined with other models to
study a network performance that includesWi-Fi transmissions as we will do in the next chap-
ter. Moreover, in parallel, we implemented the TDM-based protocol in the open-source NS3
(Network Simulator version 3) simulator [92] and we used its complete implementation of
Wi-Fi (IEEE 802.11) standard to validate ourmodel and assess its robustness when themodel
assumptions are not quite valid. This chapter is outlined as follows. In section 3.1, we explore
the interaction between LTE andWi-Fi. In section 3.2, we provide an analytical model forWi-
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Fi coexistingwithLTE toquantify the impact of LTEon an infrastructure-basedWi-Fi network
in terms of probability of collision and saturation throughput. Section 3.3 validates the accu-
racy of our model by comparing its results with those obtained by means of NS3 simulations.
We investigate the performance of Wi-Fi in various TDM schemes and Wi-Fi configurations.
Finally, we summarize the chapter and discuss our next step to consider general network sce-
narios including possibly Wi-Fi downlink and uplink traffic in section 3.4.

3.1 LTE/Wi-Fi Interaction
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Figure 3.1:LTEeNodeBinteractingwithWi-FiAccessPoint

In this section, we explore the impact of LTE eNodeB transmissions on Wi-Fi downlink
transmissions by an Access Point (AP) in infrastructure mode. The use of differentMAC layer
protocols by LTE andWi-Fi creates amajor sharing problem. WithTDM-based protocol, LTE
does not sense the channel before transmitting to know whether it is idle or not unlike Wi-Fi
which follows an LBT scheme. As a result, an unexpected interruption of Wi-Fi transmission
by LTE can be produced at several times leading to the collision between the two systems.

In Figure 3.1, LTE adopt TDM-based protocol where LTE eNodeB is activated/deactivated
during ON/OFF periods. This ON/OFF pattern is controlled by three different parameters.
First, the duty cycle period that determines how long it takes to the pattern to be repeated
again. Second, the duty cycle percentage which is the portion of time where the eNodeB is
activated over the duty cycle period. Third, the transmission periods during the duty cycle pe-
riod which controls how the eNodeB ON/OFF periods are distributed during the duty cycle.
This transmission periods can be continuous or separated by several silence periods.
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Now, we turn our attention to the periods where AP can access the channel corresponding
to eNodeB-OFF periods. We look first at the end of these periods (See Figure 3.1). In each pe-
riod, after a successful transmission of some frames, when the next eNodeB-ON period starts,
it can start when Wi-Fi is sensing the channel during a DIFS which is the Distributed Inter-
Frame Space (Case 1 in Figure 3.1). The eNodeB period can also start during the decrement-
ing of the backoff counter of the AP (Case 2). Effectively, after the DIFS sensing period, the
AP transmits its frame after a random number of slots called backoff time. Finally, the eNodeB
period can start during the Wi-Fi frame transmission (Case 3).

To get into more details, in the first case, eNodeB interruption comes after the end of a
frame transmission that is why the last frame is successfully transmitted. Then, AP defers the
next transmission until the eNodeB transmission period is finished. Then, at the next Wi-Fi
transmission period (eNodeB-OFF), a new frame will be transmitted after sensing the chan-
nel for a time equal to the DIFS and the slotted random backoff time period corresponding to
a random backoff counter uniformly chosen in the range of [0,CW ], whereCW is the initial
backoff contention window size. The backoff time is fully determined by this counter since the
slot time is fixed. We denote the slot time by δ.

In the second case, the eNodeB interruption comes during the slotted random backoff time
period while AP is decrementing its backoff counter at the end of each slot time δ. When AP
senses the channel busy, it freezes the backoff counter and the frame transmission procedure is
frozen until the next eNodeB-OFF period that is whywe call the last frame is a frozen frame. At
the next eNodeB-OFF period, the frozen frame is transmitted after sensing the channel again
for a time equals to DIFS and after decrementing the rest of the frozen backoff counter from
the previous period.

As for the third case, the eNodeB interruption comes during Wi-Fi frame transmission so
a collision is occurred and the frame is lost for that reason we call the last frame is a collided
frame. At the next eNodeB-OFF period, AP retransmits that collided frame again after a DIFS
period and a uniform random backoff time with a doubled backoff contention window size
equals to 2 ∗ (CW + 1) − 1. A more complete and detailed review of IEEE 802.11 DCF
protocol functionality can be found in [119].

3.2 Wi-Fi Analytical Model

The analysis is divided into two steps. First, we study the behavior over time of the Wi-Fi AP
coexistingwithLTEeNodeBusing aDiscreteTimeMarkovChain (DTMC). Second, we com-
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pute the transition probabilities by considering the Wi-Fi transmissions as a renewal process
stopped by LTE arrival. Finally, we obtain the probability of collision under the saturation
condition, and we express the Wi-Fi AP downlink throughput.

Over a duty cycle period, AP can access the channel during different eNodeB-OFF time
periods. Let us adopt the notation Ti for such periods where i ∈ (1, · · · ,M) and M is the
number of disjoint access channel opportunities offered to AP during a duty cycle period (see
Figure 3.1 for M=2). As mentioned in section 3.1, we enumerated three cases where the AP
transmissionduring anyTi period terminateswith a frozen, collidedor success frame, as shown
in Figure 3.1. Thus, the end of each Ti period can be adequately modeled by means of a three-
stateMarkov chain. Let usdenotebyS = {fi, ci, si}, the space state for periodTi, wherefi, ci
and si indicate that the AP transmission has been ended with a frozen, collided and success
frame during Ti period respectively. As a result, any given Ti period has a set of three states
which can be visited again only at multiples ofM leading to a periodic DTMCwith periodM .
This shown in Figure 3.2 forM = 3, i.e. periods T1, T2 and T3. We should note also that the
Markov chain can lose the periodicity when at least two periods of Ti periods have the same
time values over the duty cycle period.

f ₁   

c ₁   s ₁   

f₂ 

c₂ s₂ 

f₃

c₃s₃

T1

T2
T3

f ₁   

c ₁   

f₂ 

c₂ 

s ₁   s₂ 

f₃

c₃

s₃

time  0

Figure 3.2:PeriodicDiscreteTimeMarkovChainmodelingthethreestatesattheendofaneNodeB-OFFperiod
(Ti).Left:Theglobaltransitiondiagramshowingtheperiodicity.Right:Detailedstatetransitionsovertime

In order to keep the Markov property, we assume that after a collision at the end of a Ti pe-
riod, the retransmitted frame at the beginning of the nextTi period does not face a collision. To
relax this assumption, we should add the current number of accumulated successive collisions
in theMarkov chain states which complexifies toomuch the model without a significant accu-
racy gain as we shall see later. Indeed, these Ti periods are multiples of 1ms and thus they are
relatively large compared to theAP frame transmission time. It is intuitive that this assumption
is more valid as long as Ti period gets larger and AP frame size gets smaller. Besides, the high
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rates provided by recent Wi-Fi technologies allows several frame transmissions in 1 ms even
for large packet sizes.

3.2.1 Transition Probabilities and Probability of Collision

In this subsection, we show how we can calculate the transition probabilities between any two
states in our Markovian model using renewal processes. Then, we compute the global proba-
bility of collision faced by any AP frame transmission.

After the eNodeB transmission is finished, the AP starts immediately to transmit its frames
at the beginning of a Ti period. As described in section 3.1, the amount of time needed for
DCF protocol to successfully transmit the first frame depends on how ended the AP transmis-
sion during the previous period. The previous period is Ti−1 for i ∈ (2, · · · ,M), and TM for
i = 1. For simplicity of notation and without loss of generality, we denote by Ti−1 the previ-
ous period for all i. First, let us consider that Ti−1 period state was si−1 (success). Then, the
amount of time needed to successfully transmit the first frame at Ti period can be represented
by the following uniform random variable:

X = DIFS + δ ∗BFcounterunif(0,CW ) + Frametime (3.1)

WhereBFcounterunif(0,CW ) is the backoff counter which is a uniform random variable with
lower and upper limits of 0 andCW respectively. Frametime is the frame transmission time
which includes the frame airtime over the channel, followed by a period of time equals to
Short InterFrame Space (SIFS) and the acknowledgment transmission time (Acktime). That
is Frametime = frame airtime + SIFS + Acktime. We compute frame airtime and Acktime to
account for different OFDM physical layer as in [62].

Now, consider that Ti−1 period state was fi−1 (frozen), then the first frame at Ti period will
be transmitted after a DIFS time plus the remaining time of the frozen backoff period. The
probability mass function (pmf) of the remaining number of time slots of the frozen backoff
counter depends on when the last eNodeB-ON transmission period has been started during
the last slotted randombackoff atTi−1 period. Whereas the remaining backoff counter random
variable has a lower and upper limits of 0 andCW as the success case, its pmf can be different
from the one of a uniform random variable. However, we approximate it as a uniform random
variable. As a result, the amount of time needed for DCF protocol to successfully transmit the
first frame during Ti period given a si−1 or fi−1 state for Ti−1 are the same and equal to X .
This approximation would have a light impact on the throughput computation since the sum
between the first part of the backoff counter which occurs before the eNodeB-ON period and
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the second part of the backoff counter which occurs after the end of the eNodeB-ON period
is a normal complete backoff. Indeed, if the eNodeB-ON period starts at the beginning of the
backoff period or at the end, the nextWi-Fi frame will be transmitted exactly at the same time.
More precisely, the time between the last frame sent before the eNodeB-ON period and the
first frame sent after that period isDIFS + eNodeB-ON + δ ∗ BFcounterunif(0,CW ) +

DIFS.
Finally, in the last case when the Ti−1 period state is ci−1 (collision), the amount of time

needed to successfully transmit the first frame during Ti can be represented by the following
uniform random variable Y :

Y = DIFS + δ ∗BFcounterunif(0,2∗(CW+1)−1) + Frametime (3.2)

As for all the next frames that follow the first one, the amount of time needed to successfully
transmit any one of these frames can be easily represented by the same random variableX . In
order to compute the transition probabilities, we need to determine when the last AP trans-
mission is interrupted by the starting of the eNodeB-ON period. To do so, it is necessary to
know how much Wi-Fi frames are sent during Ti period. Let N be the random variable that
counts the number of frames which could be transmitted during any Ti period. For any given
N = n, the first n − 1 frames will be successfully transmitted and the nth frame could be a
collision, frozen or successful frame as shown in Figure 3.1. According to the above analysis
and equations (3.1) and (3.2), the total time needed to transmit successfully n frames during
any Ti period is the sum of n uniformly distributed random variables. This sum is equal to∑n

j=1 xj if the state of the previousTi−1 period is si−1 or fi−1, and it is equal to y+
∑n

j=2 xj

if the state of the previous Ti−1 period is ci−1. The first mentioned sum constitues an ordinary
renewal process (n ≥ 0), while the second sum is a delayed renewal process because the first
random variable in the sum has a different distribution. The pmf of N depends on the state
of Ti−1 period. However, in any case, it is clear that N is a stopping time with respect to the
sequence {x1, x2, x3, · · · } or {y, x2, x3, · · · }. Consequently, the conditional probability of
sending n frames during any Ti period given that the state of Ti−1 is si−1 can be written as
[101].

Pr{N = n | si−1} = Pr{
n−1∑
j=1

xj +DIFS + δ < Ti} − Pr{
n∑

j=1

xj +DIFS + δ < Ti}

(3.3)

Here, the stopping condition is
∑n

j=1 xj > Ti −DIFS − δ.
Explanation. This conditional probability corresponds to the number of sent frames regard-
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less of what happens to the last sent frame before the end of the Ti period. As a matter of fact,
in equation (3.3), the addition of theDIFS + δ period is necessary to cover the three cases,
collision, frozen and successful as shown in Figure 3.1. Particularly, if eNodeB-ON starts at
the end of the addedDIFS + δ period, then this case corresponds also to n sent frames with
the last one being successful. Remind that the backoff counter is decremented at the end of
the time slot δ. Hence, a fullDIFS + δ period must be added. This probability can be com-
puted exactly by using the pmf of the sum of n uniform random variables which is the n-fold
convolution of individual pmfs.

Next, we determine the transition probabilities to si, fi and ci states with n transmitted
frames during Ti given si−1 state in the previous Ti−1 as follows

Pr{si, n | si−1} = Pr{
n∑

j=1

xj < Ti ≤
n∑

j=1

xj +DIFS + δ} (3.4)

Pr{fi, n | si−1} = Pr{
n−1∑
j=1

xj +DIFS + δ < Ti <
n∑

j=1

xj − Frametime} (3.5)

Pr{ci, n | si−1} = Pr{
n∑

j=1

xj − Frametime ≤ Ti ≤
n∑

j=1

xj} (3.6)

For agivenTi period,N has anupperboundnmax, whichmeans thatPr{N > nmax} =

0, where nmax = ⌈Ti/xmin⌉ with xmin = DIFS + Frametime. Hence, the transition
probability to ci state given si−1 state is expressed as

Pr{ci | si−1} =

nmax∑
n=1

Pr{ci, n | si−1} (3.7)

Similarly, we can compute all other transition probabilities. In particular, the conditional
probability of sendingn frames and the conditional transitionprobabilities tosi,fi and ci states
with n sent frames during Ti given fi−1 state in the previous Ti−1 are the same as equations
(3.3), (3.4), (3.5), (3.6) and (3.7). As for the conditional probability of sending n frames and
the conditional transition probabilities to si, fi and ci states withn sent frames duringTi given
ci−1 state in the previous Ti−1, they are obtained similarly except that

∑n
j=1 xj is replaced by

y +
∑n

j=2 xj . Using the transition probabilities, we can deduce the probability of occurrence
of each state at multiples of M, ∀i ∈ (1, · · · ,M), as follows

π(si) = Pr{si | ci−1} ∗ π(ci−1) + Pr{si | fi−1} ∗ π(fi−1) + Pr{si | si−1} ∗ π(si−1)
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π(ci) = Pr{ci | ci−1} ∗ π(ci−1) + Pr{ci | fi−1} ∗ π(fi−1) + Pr{ci | si−1} ∗ π(si−1)

π(fi) = Pr{fi | ci−1} ∗ π(ci−1) + Pr{fi | fi−1} ∗ π(fi−1) + Pr{fi | si−1} ∗ π(si−1)

π(si) + π(ci) + π(fi) = 1 (3.8)

We remind here again that i− 1 refers toM if i = 1. Finally, we can compute the probabil-
ity of collision PC seen by any frame during a duty cycle period consisting of M different Ti

periods

PC =
E[collided frames during duty cycle period]

E[sent frames during duty cycle period]

=

(
M∑
i=1

E[C in Ti]

)
/

(
M∑
i=1

E[N in Ti]

) (3.9)

The numerator of (3.9) is equal to the expected value of collided frames C in Ti period. As
only the nth frame during Ti period would face a collision, we can easily compute it as follows

E[C in Ti] = π(ci) (3.10)

Next, we compute the expected value of N sent frames in Ti period

E[N in Ti] = E[N ]− E[F in Ti] (3.11)

WhereE[N ] is the expected values of N sent frames regardless of what happens to the last
sent frame before the end of the Ti period

E[N ] = E[N | ci−1] ∗ π(ci−1) + E[N | fi−1] ∗ π(fi−1) + E[N | si−1] ∗ π(si−1) (3.12)

Hence, the conditional expected values of N such that ci−1, fi−1 or si−1 are respectively

E[N | ci−1] =

nmax∑
n=1

n ∗ Pr{N = n | ci−1} (3.13)

E[N | fi−1] =

nmax∑
n=1

n ∗ Pr{N = n | fi−1} (3.14)
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E[N | si−1] =

nmax∑
n=1

n ∗ Pr{N = n | si−1} (3.15)

Finally,E[F in Ti] is the expected value of frozen framesF in Ti period which is necessary
to not count it inE[N in Ti] (See Figure 3.1 case 2). It is calculated as follows

E[F in Ti] = π(fi) (3.16)

Discussion. The probability of collision in (3.9) quantifies the impact of LTE TDM scheme
on theWi-Fi downlink transmissions while assuming one access point AP.The collisions occur
exactly at the end of each Ti period. Let us consider the downlink and uplink Wi-Fi transmis-
sion with a finite number of Wi-Fi stations. Bianchi [23] and Altman et al. [67] have modeled
the exponential behavior of the random backoff time to tie up between the probability of col-
lision and the probability that a station transmits in a randomly chosen time slot. They have
shown the intuitive result that when the number of Wi-Fi stations increases, the probability of
collision increases as well, which leads to decreasing the probability that a station transmits in
a randomly chosen time slot. Consequently, the probability of having the Wi-Fi stations not
transmitting at the end of each Ti period is increased compared to one station. Indeed, these
stations would be in a backoff period or colliding. As a result, our probability of collision on
Wi-Fi transmission provides an upper bound of the impact caused by LTE TDM scheme on
a Wi-Fi network with more than one station transmitting over the uplink. Note also that our
model is extendible to take into consideration possible capture effects when Wi-Fi is able to
receive correctly a frame even in case of collision [75]. It can be done by reducing adequately
the transition probabilities from the collision state. Moreover, themodel of Bianchi is not valid
for a small number of stations and thus it is not applicable to study the performance of Wi-Fi
downlink.

3.2.2 Downlink Wi-Fi Throughput

LetΓ be the downlink saturation throughput defined as the expected value ofWi-Fi successful
frames during a duty cycle period. We express Γ as

Γ =
E[successful frames during duty cycle period]

duty cycle period time

=

M∑
i=1

E[S in Ti]

duty cycle period time
frames/second

(3.17)
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For the expected value of successful frames S in any Ti period, we can use the fact that during
theTi period, thefirstn−1 frames are sent successfully. However, the last one is only successful
with probability π(si). Hence,

E[S in Ti] = E[N ]− 1 + π(si) (3.18)

Particularly, if the eNodeB-ONperiods are equal to eNodeB-OFF periods so that the band-
width is shared “equally” between LTE and Wi-Fi, the expression of the throughput becomes

Γ =

M∑
i=1

(E[N ]− 1 + π(si))

2×
M∑
i=1

Ti

frames/second (3.19)

Equation (3.19) provides themaximum throughput that is obtained on the downlink trans-
missions towards the users of the Wi-Fi access point. This throughput is of course lower than
the Wi-Fi bandwidth divided by 2 due to LTE impact as we shall see in the next section.

3.3 Model Validation and Simulation Results

To validate our analytical model, we have simulated the interaction between LTE and Wi-Fi
usingNS3 simulator. As this chapter aims to quantify the impact of LTETDM-based protocol
on theWi-Fi DCFMAC layer protocol and since 802.11a/n/ac have similar definitions of the
MAClayerprotocol, wechoose the implementationof IEEE802.11a standard in the simulator.
We simulate a Wi-Fi access point transmitting continuously to its users. We implement a new
model to simulate eNodeB-ON and OFF periods. During eNodeB-ON periods, a signal is
generated so that Wi-Fi AP detects a busy channel if it is in sensing periods, otherwise the
signal causes interferences with Wi-Fi transmissions leading to collisions and the frame is lost.

Wi-Fi parameters used to obtain the numerical results for both the analytical model and
the NS3 simulation are those specified by default in the IEEE 802.11a standard, as reported
in Table 3.1. We have used in the simulation runs a Wi-Fi channel with a bit rate equals to 6,
12or24Mbps corresponding to differentModulation andCoding Schemes (MCS), i.e. BPSK,
QPSK, 16QAM.Thepacket payload varies from 11 bytes to 1436 bytes. TheWi-Fi probability
of collision obtained by simulation is computed by dividing the number of collided frames
(i.e. retransmitted frames) over the total number of transmitted frames at the MAC layer. The
simulation throughput is obtainedby counting the total successfully received framesduring the
simulation time at the application layer. For a fixed set of parameters, we repeat the simulations
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Simulation time 200 s
Payload packet 11∼ 1436 bytes
ACK packet 14 bytes
UDP header 8 bytes

Network header 20 bytes
MAC header 36 bytes

Channel bit rate 6, 12 and 24 Mbps
Channel bandwidth 20 MHz

Slot time (δ) 9 µs
SIFS 16 µs
DIFS 34 µs

Table 3.1:Wi-FiconfigurationparametersusedinthecomparisonbetweenNS3simulationsandtheanalytical
model

3 times. Confidence intervals are too small to be drawn on the plots. We remark that each
simulation run can last for several hours especially for small packet sizes since the number of
events in this case is very high.

Without losing the generality of our analysis, the LTE transmission duty cycle period is fixed
to 10ms corresponding to LTE frame duration with duty cycle percentage of 50% so that LTE
leaves somewhat an “equal” share to Wi-Fi. We vary the distribution of the ON/OFF trans-
mission periods of LTE inside the duty cycle. First, LTE transmission is activated for 5ms then
deactivated for the rest of LTE frame duration. This configuration refers to 5x0ON/OFF pat-
tern. Second, LTE transmission is activated for 3ms at the beginning of the duty cycle, then
deactivated for same amount of time before it is reactivated again for 2ms. Consequently, the
Wi-Fi AP gets two disjoint transmission opportunities in the same LTE frame to access the
channel. This configuration refers to 3x2 ON/OFF pattern. Third, we consider another LTE
transmission pattern similar to the previous one except we replace 3ms by 4ms, andwe replace
2ms by 1ms to get a 4x1ON/OFF pattern.

3.3.1 Comparison With Simulation Results

Figure 3.3 shows that the analytical results for both the probability of collision and through-
put are highly accurate with the simulation results for 6, 12 and 24Mbps when the LTE trans-
mission pattern is 5x0ON/OFF. Especially, for 6Mbps, the model follows exactly any abrupt
fluctuation of the simulation results as shown in Figure 3.3b. As Wi-Fi access the channel for
the half of the time with 6Mbps, the optimal theoretical throughput experienced by Wi-Fi in
case of full synchronization with LTE (i.e. without collision with LTE) is also shown in Figure
3.3b. Evidently, collisions degrade the throughput by a non-marginal amount.

Figure 3.4 relative to the 3x2ON/OFF pattern, shows a slight difference between the ana-
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ON/OFFpattern

lytical model and the simulation results especially for the rate of 6Mbps. This is explained by
the assumption made in the model that after a collision at the end of a Ti period, the retrans-
mitted frame at the beginning of the next Ti period does not face a collision. This assumption
is rarely violated for some packet sizes during the 2ms period.

Figure 3.5 confirms that our analytical model is still robust even if the previous mentioned
assumption is not valid. Actually, the assumption is violated for a larger number of packet
sizes in case of 6 and 12Mbps rate and the small period of 1ms. As a result, such scenario can
not be modeled by ourMarkovian chain whereas it still can capture globally the probability of
collision and the throughput behavior. In contrast, using a rate of 24Mbps fulfill our assump-
tion and thus the analytical model results coincide again with the simulation results. Note that
6Mbps is the lowest rate defined in the IEEE 802.11 standard.

3.3.2 Analyzing LTE Impact on Wi-Fi

First of all, the impact of LTE on Wi-Fi performance in terms of probability of collision and
downlink throughput can be observed clearly when the total number of Wi-Fi packets that
can be sent during a duty cycle period is relatively small. As a matter of fact, equation (3.9)
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shows that for a large number of sent packets by Wi-Fi during a duty cycle, the numerator will
be small compared to the denominator, especially that only the last Wi-Fi packet in a Ti pe-
riod can be lost. The average number of sent packets depends on the eNodeB-OFF length, the
packet size and the Wi-Fi bit rate. For instance, the larger the bit rate, the lower the impact of
LTE on Wi-Fi. Also, if the bit rate is small, then the impact is reduced when the packet size is
small enough (Figure 3.3b). However, reducing the packet size does not necessarily increase
the performance because a small packet size incurs more overhead. The trade-off between a
small packet size that reduces the collision probability and a large packet size that reduces the
overhead becomes tricky. According to Figure 3.3b, if the rate of Wi-Fi is 6Mbps, then a judi-
cious choice of the packet size must be made to maximize the throughput. This packet size is
computed easily through our proposed model.

More precisely, with a small packet size, the probability of collision has a positive linear
relationship over the packet size but after a specific packet size, the probability of collision
shows some ripples which depends drastically on the value of each packet size. For 24Mbps,
we observe the same behavior of the probability of collision except that the ripples appear from
larger packet sizes. Accordingly, the throughput curves reflect the same behavior. For 6Mbps,
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throughput ripples are so much sharp that may cause loosing up to 26% of throughput com-
pared to themaximum. In contrast, for 24Mbps, throughput ripples are negligible. Ripples are
explained by the variability of the backoff periods which is not significant if the air frame time
is large. In other words, the random part in X becomes small compared to the constant part
(see equation (3.1)). In this case, some periodic behavior appears where the number of Wi-Fi
sent frames during the eNodeB-OFF period stays the same while increasing the frame size. As
a matter of fact, interrupting the last frame in the eNodeB-OFF period at the beginning of the
frame or at its end does not change the number of previous sent frames.
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Globally, the above observations about the 5x0 ON/OFF pattern apply for 3x2 and 4x1
ON/OFF pattern except that values are different (Figure 3.6). For instance, with 6Mbps the
packet sizes that approach the optimal theoretical throughput are different for the 3x2 and 4x1
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ON/OFF pattern and throughput ripples causes to loosing respectively up to 43% and 40% of
throughput compared to the maximum. In contrast, for both 12 and 24Mbps the throughput
for both pattern are nearly the same.

Figure 3.6 shows, using our analytical model, that 5x0 ON/OFF pattern has a better per-
formance than 3x2 and 4x1ON/OFF pattern for both probability of collision and throughput
and for all different data rates. That could be explained by the probability of collision of the 3x2
or 4x1ON/OFF pattern is approximately doubled compared to 5x0ON/OFF pattern for al-
most all packet sizes because LTE transmission interrupts Wi-Fi transmission twice over each
duty cycle period. Consequently, 5x0 ON/OFF pattern throughput is always better than the
3x2 and 4x1ON/OFF patterns. Nevertheless, it is intuitive that for 5x0ON/OFF pattern, the
Wi-Fi packets may have higher delays to access the channel in comparison with the 3x2 and
4x1 ON/OFF pattern. This raises the trade-off issue between the delay and the throughput
experienced by Wi-Fi.

3.4 Summary

This chapter quantifies the impact of LTEonWi-Fi downlink performancewhen aTDM-based
protocol is adopted byLTE.Using an efficient analyticalmodel that captures the exact periodic
behavior of LTE, the impact has been evaluated in terms of probability of collision between the
two systems. This probability of collision represents an upper bound of the negative impact
when Wi-Fi downlink and uplink transmissions are activated together. Accordingly, the max-
imum throughput that can be achieved by Wi-Fi has been evaluated. Comparing our model
results to those obtained by NS3 simulations validates both our analytical model and the new
implemented model of IEEE 802.11MAC in NS3 for the research community. Performance
analysis show that LTE must share the channel with Wi-Fi intelligently to reduce the negative
impact onWi-Fi due to collisions. In other words, it is not enough to share equally the channel
by deploying a 50%ON/OFFduty cycle. How the channel is shared inside the duty cycle is an
important factor as well. Different TDM-based protocol configurations adopted by LTE has
a different impact on Wi-Fi performance. Relying on our model, we can measure exactly the
performance degradation for any TDM-based protocol configurations on Wi-Fi performance.
Henceforth, it is possible to find the required compensation that makes the sharing equal, by
increasing the access time available to Wi-Fi during each TDM duty cycle. Thus, LTE can re-
cover adequately the disuse of the Wi-Fi CSMA/CA scheme. On the other hand, Wi-Fi can
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better protect itself from the negative impact of LTEby frame buffering and aggregation so that
a suitable air frame size is used, especially with low data rates.

Through this chapter, we entirely focused on the impact of LTE on Wi-Fi downlink perfor-
mance. Our first objective was to clarify the interaction between LTE and Wi-Fi in unlicensed
spectrum and the impact of different configuration parameters of the both networks on the
coexistence performance. Indeed, LTE performance was not clearly shown in this chapter.
However, LTE performance could be easily evaluated by means of the probability of collision
between the two systems which presents the key information that needed for evaluating both
LTE/Wi-Fi performance. Accordingly, we will deal with LTE performance in the next chapter
4 as well as considering bothWi-Fi downlink and uplink performance. In the next chapter, our
analysis approach will remain almost the same as presented in this chapter in the sense that we
have to recalculate the probability of collision to quantify the impact of TDM-based protocol.
To do so, we have to identify the distribution of the inter-arrival time between successive Wi-
Fi frames. Besides, the Markov chain presented in this chapter that models the progress of the
interaction over time will be replaced by the Bianchi’s Markov chain in [23]. The analysis and
results that we will show in the next chapter are found thanks to our framework presented in
this chapter which draw our strategy.
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Il ne faut pas compter sur ceux qui ont créé les problèmes pour
les résoudre

Albert Einstein

4
TDM-based Protocol: Modeling and
Performance Analysis of LTE/Wi-Fi

Coexistence

In this chapter,wecontinue toevaluateLTE/Wi-Fi performance in coexistence scenarioswhere
LTE adopts TDM-based protocol as in chapter 3. However, in this chapter, we will consider
Wi-Fi uplink and downlink traffic, in other words, we consider nWi-Fi stations coexisting and
contending the channel access with LTE.Our research approach remains almost the same as in
chapter 3 in the sense that we have to quantify the negative impact of LTE TDM-based proto-
col onWi-Fi DCF protocol through the probability of collision, to end by evaluating both LTE
and Wi-Fi performance. Moreover, as in chapter 3, we model Wi-Fi transmission activities as
a renewal process or more precisely as a random walk during LTE-off periods. In contrast, the
Markov chain presented in chapter 3 that models the progress of the LTE/Wi-Fi interaction
over time will be replaced by the well-known Bianchi’s Markov chain model for Wi-Fi. Based
onBianchi’smodel, we are able todefine anewWi-Fi randomwalk. That is completely different
than the one adopted in chapter 3. Accordingly, we obtain a first LTE/Wi-Fi analytical model
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that we call the slot-by-slot randomwalkmodel. In fact, the slot-by-slot randomwalkmodel is
not enough for evaluating LTE/Wi-Fi performance since it cannot provide all the information
that is needed for fully describing LTE/Wi-Fi interaction over the channel. For this reason, we
continue to adopt our previous approach presented in previous chapter 3 regarding to model-
ing Wi-Fi activities as a succession of frame transmissions to end up with a second model that
we call the frame-by-frame random walk model. Actually, the two models are complementary
and essential for fully understanding LTE/Wi-Fi coexistence.

In this chapter, we investigate deeply this fundamental question: How LTE can adopt effi-
ciently a TDM-based protocol in order to coexist fairly with Wi-Fi? We answer this question
through a sophisticated analysis that quantifies the negative impact of adopting TDM-based
MAC protocol on Wi-Fi performance. We compute analytically the probability of collision
between the two systems and we derive both LTE and Wi-Fi saturation throughput.
In this chapter, our contributions are summarized as follows:

• Wecombine several analyticalmodels and refinements for aWi-Fi network that operates
alone over the channel based on a state-of-the-art review.

• Webuild on our refinedmodel forWi-Fi network to study the coexistence betweenLTE
and Wi-Fi using two complementary analytical model approaches.

• We reintroduce and redescribe the notion of randomwalk in studying 802.11Mac per-
formance. We prove that our analytical analysis is general enough to be used in order to
analyze other coexistence scenarios.

• We include the capture effect in the model to enable the consideration of classic and
recent 802.11 PHY standards which introduce a number of novel features.

• We validate our analytical analysis through an extensive simulation study using NS3.

• We show thatLTEnegative impact onWi-Fi performance could be compensated relying
on our model. The impact of Wi-Fi packet size and TDM-based LTE parameters are
highlighted.

This chapter is outlined as follows. In section 4.1, before of all, we revisit Wi-Fi analyti-
cal models without considering the coexistence with LTE. The reason of this revisiting is two
folds: (i) Establish a more accurate Wi-Fi model before considering the coexistence with LTE
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(ii) Provide a good introduction that is needed for building our LTE/Wi-Fi analytical mod-
els. In section 4.2, we provide the two new analytical models for Wi-Fi that coexists with LTE
where we quantify the impact of LTE on Wi-Fi performance as well as considering the cap-
ture effect. In section 4.3, we provide the LTE analytical model that has been postponed from
previous chapter 3. Section 4.4 consolidates the accuracy of our models through NS3 simula-
tions. There, we investigate the performance ofWi-Fi in various LTETDMschemes andWi-Fi
configurations. Finally, Section 4.5 summarizes this chapter.

4.1 Revisiting Wi-Fi Analytical Models

Wi-Fi performance was studied through various analytical models that aim to capture the be-
havior and the procedures of the IEEE802.11 standardMAC layer protocol andmore precisely
theDCFprotocol. Someof thesemodels have successfully followed the standard inmany tech-
nical aspects while they have failed to consider few other aspects. In this section, based on a
state-of-the-art review, we present the most recent and accurate analytical model that was es-
tablished for a Wi-Fi network consisting of nWi-Fi stations. Indeed, we have harmonized be-
tween previous analytical models [129, 23, 119]. Then, we develop our novel analytical mod-
els for a Wi-Fi network that coexists with LTE based on two different approaches (subsection
4.2). First, as in [23], we use the same assumptions (i.e. saturation condition and ideal channel
condition) to model the behavior of a single Wi-Fi station using a bidirectional discrete time
Markov chain. Unfortunately, [23]’s Markov chain model and throughput analysis do not fit
perfectly with the IEEE 802.11 MAC protocol. In [129], the authors proposed a first refine-
ment by considering the finite retransmission limit of a Wi-Fi frame, which leads to a different
Markov chain as shown in Figure 4.1. Wi in the figure refers to the contention window (CW)
of the ith backoff stage, i∈ (0, · · · ,m) andm is the maximum backoff stage or the maximum
retransmission limit. The contention window CW is doubled whenever unsuccessful trans-
mission occurs: Wi = 2iW0, and i ≤ m

′ , where m′
= log2

CWmax

CWmin
with CWmin = W0.

CWmax denotes the minimum and maximum CW respectively. Whereas, for i > m
′ , CW is

hold onCWmax.
The key parameter in the Markov chain of Figure 4.1 is p which is the conditional collision

probability, indicating that this is the probability of collision faced by a frame being transmitted
on the channel. By considering that theWi-Fi communication is divided into time slots and by
solving the Markov chain form > m

′ , we determine the second key parameter τ which is the
probability that a station transmits in a randomly chosen time slot. This is done by summing
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0,20,10,0 0,W0-10,W0-2

1,21,11,0 1,W1-11,W1-2

m-1,2m-1,1m-1,0 m-1,Wm-1-1m-1,Wm-1-2

m,2m,1m,0 m,Wm-1m,Wm-2

1-P 1 1 1 1

1-P 1 1 1 1

1-P 1 1 1 1

1 1 1 1 1

1

1

1

1

P/W1   

P/Wm-1  

P/Wm  

1/W0   1/W0   1/W0   

P/W1   P/W1   P/W1   P/W1   

1/W0   1/W0   

Figure 4.1:MarkovchainmodelforWi-Fistations[129].

the probabilities of the states whenever the backoff counter equals zero, i.e. the states of the
first column. This yields

τ =
2(1− pm+1)

W0(1− (2p)m
′+1) (1−p)

(1−2p)
+ (1− pm

′+1) +W02m
′
pm

′+1(1− pm−m′
)

(4.1)

Besides, p can be expressed as

p =1− (1− τ)n−1 (4.2)

Equations (4.1) and (4.2) establish a fixed point formulation from which τ and p can be
determined. These two parameters describe the transmission activity in the Wi-Fi network
and are then used to compute the saturation throughput. In a randomly chosen slot, different
situations can happen that define the state and the duration of the slot. First, if no station is
transmitting during a slot, the state of slot is idle. Second, if exactly one station is transmitting,
the slot experiences a successful transmission. Third, if more than one station transmits, the slot
experiences a collision. Therefore, the slot is busy whenever at least one station transmits. In
other words, a busy slot is a successful slot or a slot with collision. Accordingly, let (Pid, Tid),
(Ps, Ts) and (Pc, Tc) denote the pair of probability and duration of a slot in the states idle,
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successful and collision respectively. As in [119], it easily follows that

Pid =(1− τ)n, Tid = δ

Ps =nτ(1− τ)n−1, Ts = (Tf +DIFS)(
W0

W0 − 1
) + δ

Pc =1− Pid − Ps, Tc = Tf +DIFS + δ

(4.3)

Where δ is the empty slot time, DIFS is the Distributed InterFrame Space time and Tf =

TMPDU + SIFS + TACk is the frame transmission time which includes the time to transmit
the MAC Protocol Data Unit MPDU (TMPDU) followed by the Short Interframe Space time
(SIFS) and the ACK transmission time (TACK). Actually, the reason why Ts is not equal to
Tc is due to the possibility of transmitting several successful frames by the same station in the
same slot without interruption by other stations. Indeed, a station can win the access several
times in a row. Such slot is called anomalous slot. This is another refinement of [23]’s model
which has been explored in [119]. Now, we can express the normalized throughputS as [119]

Γ =
PsTPL

E[slot]
=

PsTPL

PidTid + PsTs + PcTc
(4.4)

Where TPL = ( W0

W0−1
)tPL is the correction of tPL, the packet payload duration, due to the

anomalous slot. E[slot] denotes the mean slot duration.

4.2 New Wi-Fi Analytical Models

Figure 4.2:TDM-basedprotocol(DutyCycledLTE)

Nowwe consider the coexistence scenariowhere LTE shares the spectrumwithnWi-Fi sta-
tionsusing aTDM-basedprotocol. As shown inFigure4.2, LTEtransmission is activated/deactivated
according to an on/off pattern to form the so-called Duty Cycled LTE which is configured by
different parameters. Theduty cycle periodTdc that determines how long it takes to the pattern
to be repeated again. Thenumber of off-periodsK over the duty cycle periodwhich represents
the number of disjoint access channel opportunities offered to Wi-Fi during a duty cycle pe-
riod. Finally, the duty cycle percentage which is the portion of time where the LTE is activated
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over theduty cycle period. Practically speaking,Wi-Fi access the channel duringdifferent dura-
tions of LTEoff-periods over each duty cycle. Let us adopt the notationTk for such off-periods
where k∈ (1, · · · , K). The tying up betweenDutyCycled LTE configuration parameters (i.e.
K ,Tk andTdc) andWi-Fi performance is one of the important theoretical contributions of this
work. As a result, it becomes malleable to configure LTE parameters so that the spectrum is
shared adequately between the two systems.

Evidently, a first LTE negative impact on Wi-Fi performance can be captured by a positive
drift in the collision probability p shown in Figure 4.1 and computed in equation (4.2). It is
clear that this drift is considered only when an LTE on-period starts during an ongoing Wi-Fi
successful transmission, or by another meaning, an ongoing Wi-Fi transmission without colli-
sions with other Wi-Fi transmissions. As a matter of fact, when LTE on-period starts during
a collision among Wi-Fi stations, it does not cause an additional collision. Nevertheless, we
will see later that the starting time of the LTE on-period does impact the Wi-Fi performance
even during a Wi-Fi collision. We define the LTE probability, plte, to be the probability that
an on-period starts during an ongoing transmission whether it is a successful transmission or not.
Thus, the new collision probability of Wi-Fi coexisting with LTE can be rewritten as

p = 1− (1− τ)n−1 + (1− τ)n−1plte (4.5)

Our strategy is best understood by remarking that the “interaction” between the two networks
occurs exactly at the end of each Tk period, possibly in the form of a collision. Therefore, the
first step of our strategy is to find an appropriate expression for plte to take into account the im-
pact of LTE on Wi-Fi. Accordingly, equations (4.1) and (4.5) formulate our new fixed point
system which will enable us to determine Wi-Fi throughput. To do so, we provide two differ-
ent approaches based on how we model the transmissions in the Wi-Fi network during LTE
off-periods. In the second step of our strategy, we provide a new Wi-Fi throughput formulae
different than equation (4.4) depending on the adopted modeling approach. We call the two
approaches as slot-by-slot random walk and frame-by-frame random walk.

4.2.1 Slot-by-Slot Random Walk Model

In this approach, in order to build our new fixed point system and determine plte, we model
Wi-Fi transmissions during LTE off-periods as a random walk interrupted or stopped by LTE
arrival, i.e. starting of LTE on-period (Figure 4.3). The random variable that defines the ran-
dom walk corresponds to the slot duration. Remember a slot can be empty or busy as men-
tioned in the previous subsection. The slot-by-slot random walk describes the fact that Wi-Fi
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Figure 4.3:Slot-by-SlotrandomwalkmodelforWi-Fi.

transmissions are slotted and thus constitutes a succession of slots alternating randomly be-
tween idle and busy. Notice that at the beginning of each off-period, Wi-Fi stations have to
wait for a period ofDIFS + δ before starting any transmissions [36]. Thus, the randomwalk
starts atDIFS + δ and terminates at Tk. LetZ be the random variable representing the slot
duration. Its probability density function is the following

P (Z = T ) =

{
Pb for T = Tb

Pid for T = Tid

(4.6)

Where Pb = Ps + Pc denotes the probability that the slot is a busy slot and Tb = Tf +

DIFS + δ is its duration. Only at this stage of our analysis we forsake the second refinement
of [23]’s model (i.e. Ts ̸= Tc) in our random walk since the second refinement provides the
average of the anomalous slot while here we need full slots. Thus, two successive successful
transmissions are fully counted in the random walk. Now, letNk be the random variable that
counts the number of slots which could be occurred during anyTk period. A slot that has been
stopped by an on-periodwithout terminating is considered as it has been occurred (See Figure
4.3). Consequently, the probability that n slots occur during any Tk period can be written as
[101]

Pr{Nk = n} = Pr


n−1∑
j=1

zj < Tk −DIFS − δ

− Pr


n∑

j=1

zj < Tk −DIFS − δ


(4.7)

For a givenTk period,Nk has anupper boundnmax, whichmeans thatPr{Nk > nmax} =

0, where nmax = ⌈Tk/δ⌉. Hence, we compute the expected number of busy slots that occur
in Tk period,E[N b

k], as follows

E[N b
k] = PbE[Nk] = Pb

nmax∑
n=1

nPr{Nk = n} (4.8)

According to plte definitionmentioned above, the collision occurs only if the last slot is a busy
slot and the on-period starts exactly during the frame transmission portion of the busy slot
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which means Tf in equation (4.3). Unfortunately, the slot-by-slot model is limited because
it does not dissociate between the two portions of time inside a busy slot which are Tf and
DIFS + δ. This is due to the slot vision defined in [23] and that we are using in this first
approach. It leads to not knowing when exactly the on-period starts during a busy slot. We can
still approximate plte as follows

plte =
K∑K

k=1
E[N b

k]
(4.9)

The numerator of the above formula is an approximation of the average number of busy slots
that occur at the end of the off-period (randomwalk). In other words, it is the average number
of off-periods terminating with a busy slot. Typically, this number is lower or equal toK . The
approximation relies on the fact that the total duration of idle slots is very low compared to the
duration of frame transmissions, so that the probability of having an on-period starts at an idle
slot is low. Now, similarly to equation (4.4), we express theWi-Fi throughput over a duty cycle
period as follows

Γ1 =

(
Ps(1− plte)

K∑
k=1

E[Nk]

)
∗ TPL

Tdc

(4.10)

WherePs(1− plte) is the probability that a slot is successful and the transmitted frame in that
slot does not collide with LTE. We can show that Nk is a stopping time with respect to {zj}
because Pr{Nk = n} is totally determined through all zj , j ∈ 1 · · ·n. Hence, using Wald’s
equality [101], we have

E[Nk]E[Z] = Tk −DIFS − δ + E[Rk] (4.11)

Where E[Rk] represents the expected residual life time of
∑n

j=1 zj , n ≥ 1 with respect to
Tk−DIFS−δ. Actually,E[Rk] brings the second andmore important information required
to adjust the throughput in (4.4) to take into account the coexistence with LTE.This becomes
clear by remarking that E[Z] = E[slot] and by substituting equation (4.11) into equation
(4.10). We obtain themodified version of (4.4) which takes into account the coexistence with
LTE.

Γ1 = Γ ∗ (1− plte)

K∑
k=1

(Tk −DIFS − δ + E[Rk])

Tdc

(4.12)

To summarize, in order to compute the Wi-Fi throughput coexisting with LTE through
equation (4.12), we determine first p and τ using the new fixed point system which involves
equation (4.9) as well. Then, we compute plte using (4.9) and E[Rk] using equations (4.7),
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(4.8) and (4.11) (Wald’s equality). It is worthwhile noticing that the formula of throughput
in (4.12) is general enough so that any other method or approximation can be used to com-
pute plte and E[Rk]. Hence, naturally we show in the next paragraph how to compute the
coexistence throughput using the classic exponential approximation. Also, other LTE on/off
patterns can be studied using the model because they are captured by the two parameters plte
andE[Rk].

4.2.2 Exponential Model for LTE

Here, we assume that the LTEoff-period time is drawn from an exponential distributionwith a
mean equals to the real fixed duration of the off-period. Through the following analysis and nu-
merical results shown later, we will prove that Duty Cycled LTE cannot be well approximated
by the “exponential distribution” or even considered as a special case of an exponential LTE
as has been remarked in [16]. Accordingly, exponential numerical results display a smooth
Wi-Fi throughput while varying the frame size whereas the exact slot-by-slot model and sim-
ulations display a more complex behavior with periodicity and fluctuations (See Simulation
Section for more details). Finally, we notice that unlike [16], our exponential model covers
the case where on-periods are long, again thanks to the expected residual life time term men-
tioned above. Now, let’s first compute plte for an exponential off-period with mean Tk. It is
equal to the probability that the frame transmission time Tf is larger than the remaining time
of the off-period, formally written exactly as follows

Pr{off-period ≤ Tf} = 1− eTf/Tk (4.13)

This is because the distribution of the remaining time is also exponentially distributedwith the
same mean. Equivalently, we can see LTE arrivals as a Poisson process with mean ℜk = 1

Tk
.

ForK off-periods, we can write approximately

plte = 1− eℜTf , ℜ = K/
( K∑

k=1

Tk

)
(4.14)

whereℜ is LTEarrival rate during all off-periods. Alternatively, we can compute theprobability
as a weighted sum by conditioning on the probability that a frame is being transmitted in the
kth off-period:

plte =

K∑
k=1

Tk(1− eℜkTf )/

K∑
k=1

Tk (4.15)
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Our simulation results show that both approximations are acceptable. Solving (4.14) (or
(4.15)), (4.5) and (4.1) yields τ . To calculate the throughput in (4.12), we determineE[Rk]

as
E[Rk] = Pb(Tb − E[TTb]) + Pid(δ − E[Tδ]) (4.16)

whereE[TTb] is the expected timebeforeon-period starts during aTb period. E[Tδ] is defined
equivalently. These are calculated using standard formulae for truncated exponential distribu-
tions:

E[TTb] =
1

ℜk
− Tbe

−ℜkTb

1− e−ℜkTb
, E[Tδ] =

1

ℜk
− δe−ℜkδ

1− e−ℜkδ
(4.17)

4.2.3 Frame-by-Frame Random Walk Model

Figure 4.4:Frame-by-FramerandomwalkmodelforWi-Fi

To avoid the approximation made in (4.9), we model the Wi-Fi transmission during off-
periods as a succession of transmission rounds stopped by LTE arrivals which is exactly what
was shown in the chapter 3. This formsour frame-by-frame randomwalkbecause in each round
there will be only one Tf period (Figure 4.4). Remember during a Tf period, we can have one
or several transmitted frames in parallel. A transmission round consists of a randombackoffpe-
riod, followed by the frame transmission(s) periodTf , terminated by a sensing periodDIFS.
LetX be the randomvariable denoting the amount of time needed to each transmission round

X = δ ∗BF + Tf +DIFS (4.18)
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Where BF is a random variable that depicts the backoff counter before the frame transmis-
sion(s) period. To fully determineX , we define the probability mass function ofBF as

P (BF = j) =

{
1

ηW0
for j = 0

1
η (1− Pb)

jPb for 1 ≤ j ≤ Wm−1

(4.19)

Where

η = (1/W0) + (1− Pb)(1− (1− Pb)
Wm−1)

is a normalization term to ensure that the probability of each backoff counter follows a valid
probability distribution. To clarify, theBF ’s distribution cannot follow a geometric distribu-
tion because of the existence of the anomalous slots mentioned in [119]. Now, letMk be the
random variable that counts the number of rounds occurred during any Tk period. According
to (4.18), the total time needed to havem rounds during any Tk period is equal to

∑m
j=1 xj .

Hence, the probability of havingm rounds during any Tk period can be written as

Pr{Mk = m} = Pr


m−1∑
j=1

xj < Tk −DIFS − δ

− Pr


m∑
j=1

xj < Tk −DIFS − δ


(4.20)

We also emphasize that the above probability is the probability that the firstm− 1 rounds
were fully terminated without interruption by the next on-period whereas the mth round is
interrupted by the starting of the next on-period. This interruption happens according to three
possible scenarios. (i) on-period starts during Tf , (ii) on-period starts during DIFS, and (iii)
on-period starts during backoff period. We call the corresponding rounds collided, successful
and f rozen respectively. We compute the probability of each scenario for a givenm as follows

Pr{ck,m} = Pr


m∑
j=1

xj − Tf ≤ Tk ≤
m∑
j=1

xj


Pr{sk,m} = Pr


m∑
j=1

xj < Tk ≤
m∑
j=1

xj +DIFS + δ


Pr{fk,m} = Pr


m−1∑
j=1

xj +DIFS + δ < Tk <
m∑
j=1

xj − Tf


(4.21)

For a given Tk period, Mk has an upper bound mmax, where mmax = ⌈Tk/xmin⌉ with
xmin = DIFS + Tf . Besides, we notice that the event {Mk = m} is included in the
event {ck,m}. Hence, the probability that the last round in an off-period is a collided one is
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expressed as

Pr{ck} =

mmax∑
m=1

Pr{ck,m} (4.22)

Pr{sk} and Pr{fk} are similarly written as (4.22) from (4.21). Now, plte is calculated over
a duty cycle period as

plte =

∑K
k=1

Pr{ck}∑K
k=1

(E[Mk]− Pr{fk})
(4.23)

WhereE[Mk] =
∑mmax

m=1
mPr{Mk = m} is the expected number of transmission rounds

during aTk period regardless of themth roundwas a collision, successful or frozen round. The
Pr{fk} term is necessary to not count the frozen round.

Up to this point of the analysis, equations (4.23), (4.5) and (4.1) represent our new fixed
point formulation. Now, we compute differently the throughput based on counting the num-
ber of successful Wi-Fi frames during off-periods unlike (4.12). In fact, during Tk period, the
expected number of successful rounds,E[Sk], can be calculated by using the fact that the first
m − 1 rounds are of type successful, which means no interruption by LTE, whereas the last
one is only successful with probability Pr{sk}. Hence,

E[Sk] = E[Mk]− 1 + Pr{sk} (4.24)

For the throughput, we consider only the ratio ofE[Sk]where only oneWi-Fi station trans-
mits alone on the channel. Simply, the ratio is the probability that a slot is a successful slot
given it is a busy slot denoted by Ps|b = Ps/Pb. Finally, the Wi-Fi throughput is expressed as

Γ2 =
Ps|b

∑K
k=1

E[Sk]

Tdc
frame/sec (4.25)

4.2.4 Linking the two analytical models

In fact, the two previous analytical approaches model the same Wi-Fi network behavior dur-
ing off-periods while providing different informations about the interaction between Wi-Fi
and LTE networks. The slot-by-slot random walk approach determines the expected residual
life time of Wi-Fi transmission after the arrival of LTE whereas it fails to determine exactly
the probability of collision between LTE starting and a single ongoing Wi-Fi frame transmis-
sion. In contrast, the frame-by-frame randomwalk is able to determine exactly the probability
of collision with the price of loosing the information on the residual life time of Wi-Fi trans-
mission. Besides, it requires precise computation of the backoff period distribution. The two
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approaches are complementary and can bemixed together to determine theWi-Fi throughput.
For example, we can establish our new fixed point system through equations (4.23), (4.5) and
(4.1) to yield τ , then use equation (4.12) to calculate the throughput. Moreover, by deeply
looking into the two models, one realize that it is possible to join between them through the
expected number of busy slots, i.e. the number of transmission rounds occurred inside off-
periods as follows

E[N b
k] = E[Mk]− Pr{fk} (4.26)

4.2.5 Wi-Fi Model with Capture Effect

So far, the analytical models have focused on capturing the behavior of theMac layer. It is pos-
sible though to consider the capture effect [109] betweenWi-Fi and LTE that is aWi-Fi frame
can survive the collision with LTE transmission and be successfully received. It leads also to
account for several PHY layer parameters such as transmission powers and antenna gains. The
capture probability between LTE andWi-Fi is equal to (1−BER)L whereL is the number of
noisy bits [40]. Equivalently, the capture probability is equal to (1 − BER)CBR× r where r
is the overlapping duration between the LTE and Wi-Fi transmission. Thus, the capture prob-
ability is computed as

pcap =
K∑
k=1

∫ Tb

0
pdfRk

(r)(1−BER)CBR× r dr

/
K (4.27)

Where pdfRk
() is the probability distribution function of the residual life time for the kth off-

period. CBR is the Wi-Fi Channel Bit Rate and BER is the bit error rate probability calculated
depending on the signal to noise and interference ratio (SINR) and themodulation and coding
scheme. In general, it is not tractable to express the distribution ofRk. We can use the Jensen’s
Inequality to approximate pcap as follows

pcap ≈
∑K

k=1(1−BER)CBR×E[Rk]

K
(4.28)

In reality, the above expression is a lower bound on the capture probability because (1 −
BER)CBR× r is a convex function. Accordingly, (4.5) must be modified to take into con-
sideration the capture effect as

p = 1− (1− τ)n−1 + (1− τ)n−1plte(1− pcap) (4.29)
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Now, (4.29) and (4.1) formulate our newfixed point system that yields τ . Next, we similarly
revise the throughput formula (4.12) to account for the capture effect as follows

Γ3 = Γ ∗
(1− plte(1− pcap))

K∑
k=1

(Tk −DIFS + E[Rk])

Tdc

(4.30)

4.3 LTE Analytical Model

Now, we turn our attention to evaluate LTE throughput performance. Indeed, evaluating LTE
performance is a straightforward analysis since the probability of collision between LTE and
Wi-Fi has been calculated. Remember that, at the beginning of LTE on-period, LTE has a
probability of a collision with Wi-Fi that is given by Equation (4.22). Here again, we realize
the necessity of the frame-by-frame random walk model for LTE throughput evaluation since
slot-by-slot randomwalk model is based on the assumption that LTE always collides with Wi-
Fi at the beginning of LTEon-period. Let us adopt the notationT on

k for LTEon-periodswhere
k∈ (0, · · · , K − 1). Accordingly, LTE performance could be expressed as follows

ΓLTE
1 =

∑K−1
k=0

(1− Pr{ck})T on
k

Tdc ∗ TLTE
frame/sec (4.31)

Where Pr{c0} = Pr{cK} since the LTE off-period that comes before the first LTE on-
period within a duty cycle is the last LTE off-period within the previous duty cycle. Moreover,
wenormalizedΓLTE

1 with respect to the traditional LTE framedurationTLTE = 10ms. Inter-
estingly, Equation (4.31) indicates that it is not only the LTE configuration parameters (i.e. K,
Tk and Tdc) mentioned previously that impact LTE performance, but also the order of on/off
periods within a duty cycle can change LTE performance. Indeed, the probability of success-
fully transmitting during an LTEon-periodT on

k depends onPr{ck}which determined by the
duration of LTE-off period Tk preceding that T on

k . In such case, a different LTE-off period Tk

preceding the sameT on
k leads to a different LTEperformance. However, we emphasize that the

order of on/off periods within a duty cycle does not matter for Wi-Fi performance as it could
be seen fromEquations (4.12)where the probability of successfully transmitting aWi-Fi frame
is out from the sum of the equation.

Equation (4.31) considers that whenever LTE collides with Wi-Fi, all the entire LTE on-
period T on

k is considered as a lost frame. However, in reality, the collision between LTE and
Wi-Fi is accrued only over a portion of time of LTE on-periods T on

k . As a result, LTE through-
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put could be improved by the other portion of time of LTE T on
k period that does not overlap

with the Wi-Fi transmission. Indeed, the portion of time of LTE on-periods T on
k that overlaps

withWi-Fi frame transmission is well determined through the slot-by-slot randomwalkmodel
thanks to the expected residual life time of Wi-Fi transmissionE[Rk]. Accordingly, we calcu-
late the expected duration of LTET on

k period that does not overlap withWi-Fi transmission as
follows

E[T on
k ] = Pr{ck}(T on

k +DIFS + δ − E[Rk]) + (1− Pr{ck})T on
k (4.32)

Remember that, slot-by-slotmodel assumes that the latestWi-Fi slot at the end of eachLTE-
offperiod is abusy slotwithTb = Tf+DIFS+δ. Equation (4.32) follows this approximation
so that we have to addDIFS + δ toE[Rk]. Now, we reformulate Equation (4.31) using the
expected duration of LTE T on

k period as follows

ΓLTE
2 ≃

∑K−1
k=0

E[T on
k ]

Tdc ∗ TLTE
frame/sec (4.33)

Finally, equations (4.33) and (4.32) show clearly how much our two analytical models are
complementary and essential to fully understand LTE/Wi-Fi coexistence.

4.4 Models Validation and Simulation Results

To validate our analytical model, we simulate different coexistence scenarios between Wi-Fi
and LTE using NS3 simulator. We set up a IEEE 802.11 network consisting of n stations with
configurationparameters as reported inTable 4.1. Without losing the generality of our analysis,
LTE transmissionduty cycle period is fixed to10mscorresponding toLTE framedurationwith
duty cycle percentage of 50%. We adopt different configurations of the duty cycle as follows.
5x0 configuration: LTE transmission is activated for 5ms then deactivated for the rest of LTE
frame duration. 3x2 configuration: LTE transmission is activated for 3ms then deactivated
for same amount of time before it is reactivated again for 2ms. Consequently, the Wi-Fi gets
two disjoint transmission opportunities in the same LTE frame to access the channel (K = 2).
Finally, 4x1 configuration: similar to the previous one except we replace 3ms by 4ms, and we
replace 2ms by 1ms.
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Simulation time 50s Mac header 36 bytes
Packet size (pksize) 11∼ 2200 bytes CBR 6, 12 and 24 Mbps
Channel bandwidth 20 MHz Slot time (δ) 9 µs
ACK packet 14 bytes SIFS 16 µs
UDP header 8 bytes DIFS 34 µs
IP header 20 bytes

Table 4.1:Wi-FiconfigurationparametersusedinthecomparisonbetweenNS3simulationsandtheanalytical
model

4.4.1 Validation Through Simulation and Observations

We first verify the accuracy and the utility of our refinedmodel ofWi-Fi when it operates alone
on the channel. Figures 4.5 and 4.6 show that our refined model is the closest to simulation
results for both collision probability (p) and throughput (Γ) in comparison with the other
analytical models, i.e. the models proposed in [23], [128], [119].

Figure 4.5:Collisionprobabilityversusnetworksize:
pksize=1500bytesandCBR=6Mbps.

Figure 4.6:Wi-Fithroughputversusnetworksize:
pksize=1500bytesandCBR=6Mbps.

Now, we turn our attention to the coexistence between Wi-Fi and LTE. We start by vali-
dating our final frame-by-frame random walk model against NS3 results as shown in Figures
4.7 and 4.8 for a 12Mbps channel. To clarify the impact of LTE on Wi-Fi, we plot also in the
sameFigures theWi-Fi collisionprobability and throughput performancewhenWi-Fi operates
alone on a 6Mbps channel. This is referred as Wi-Fi on the Figures. In coexistence scenario,
the model results follow exactly the behavior of simulations for both collision probability and
throughput (Γ2). The relative error observed from the model of Wi-Fi alone is kept the same
for the coexistence meaning that our frame-by-frame random walk model is able to find pre-
cisely the additional impact of LTE on Wi-Fi. We will analyze and explain the plots later on.
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Figure 4.7:Frame-by-Framemodel.Collisionprobability
versuspacketsize:n=10,CBR

=12MbpsandLTE5x0configuration

Figure 4.8:Frame-by-Framemodel.Wi-Fithroughput
versuspacketsize:n=10,CBR=

12MbpsandLTE5x0configuration

Figure 4.9:Frame-by-Framemodel.Collisionprobability
versusnetworksize:pksize=

512bytes,CBR=12MbpsandLTE5x0configuration

Figure 4.10:Frame-by-Framemodel.Wi-Fithroughput
versusnetworksize:pksize=512

bytes,CBR=12MbpsandLTE5x0configuration

Moreover, we continue to validate our model for different numbers ofWi-Fi stations as shown
in Figures 4.9 and 4.10.

Figures 4.11 and 4.12 present the analytical results obtained by the slot-by-slot randomwalk
model. We observe that globally the model is very accurate except for certain packet sizes, e.g.
986 and 1600 bytes where themodel overestimates the collision probability. This is attributed
to the approximation made in equation ((4.9)). Actually, the overestimation happens when
the probability that the on-period starts during aDIFS or backoff period is high. As a matter
of fact, for the mentioned packet sizes, the throughput is maximized because collisions with
LTE is low. Although the slot-by-slot model is not too accurate to calculate the collision prob-
ability for all packet sizes, it is sufficiently accurate to calculate the Wi-Fi throughput with a
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Figure 4.11:Slot-by-Slotmodel.Collisionprobability
versuspacketsize:n=10,CBR=12
MbpsandLTE5x0configuration

Figure 4.12:Slot-by-Slotmodel.Wi-Fithroughput
versuspacketsize:n=10,CBR=12Mbps

andLTE5x0configuration

Figure 4.13:Exponentialmodel.Collisionpro-
babilityversuspacketsize:n=10,CBR=12

Mbpsandℜ=400s−1.

Figure 4.14:Exponentialmodel.Wi-Fithroughput
versuspacketsize:n=10,CBR=12Mbps

andℜ=400s−1.

relative error equals to 4% at maximum for all packet sizes. This is because in the throughput
expression, the expected residual life time is a weighty factor and compensates well the rela-
tively small error induced by the collision probability.

Sincewe have shown the utility of the slot-by-slotmodel to accommodate another LTE traf-
fic model such as exponential LTE off-periods, we plot the corresponding results in Figures
4.13 and 4.14. Again, the collision probability and the throughput versus the packet size show
that the analytical results are highly accurate comparedwith the simulation results. These plots
emphasize on the fact that duty cycled LTE are not well approximated by an exponential LTE
because it is not able to capture the ripples seen in previous Figures 4.7, 4.8, 4.11 and 4.12.
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4.4.2 Wi-Fi/LTE Coexistence Model Analysis and Application

Figure 4.15:LTEarrivalpossibilitiesduringoff-period

Let us first analyze probably the most eye-catching observation regarding the throughput
ripples which becomes even sharper for large packet sizes in Figures 4.8 and 4.12. Particularly,
in Figure 4.12, we highlight four points and we analyze them through Figure 4.15. At point A,
the LTE transmission starts most often at the tail of Wi-Fi frames which means the end of Tf

period, leading to a maximum damage on Wi-Fi throughput. This is because the whole time
spent for Wi-Fi transmission(s) is wasted in extremis. In this case, the expected residual life
time E[Rk] is close to zero and thus the numerator in the throughput equation ((4.12)) is
minimized.

From A to B, as the packet size increases the time spent for Wi-Fi transmission(s) before
LTE interruption decreases. In this situation, LTE starts duringTf period, which increases the
residual life time of Wi-Fi transmission(s) which in turn increases linearly the throughput. In
addition, the throughput increases due to the reduction in the overhead induced by headers.
This explains the following result which is at first glance counter-intuitive: The performance
when LTE starts at the beginning of the frame transmission(s) is better than the performance
when LTE starts at the end.

FromB toC, the increase of the packet size switches the LTE arrival over the backoff period
or the DIFS period which corresponds evidently to a maximization of the Wi-Fi throughput
and a minimization of the collision probability. Finally, from C to D, we move sharply to an-
other minimum point mainly due to the fact that the number of frames that can be sent during
the off-period is reduced abruptly by one.

This rippling behavior is reflected on the collision probability as well, Figures 4.7 and 4.11.
Indeed, it starts by a positive linear relation over a small range of small packet sizes. Then, it
shows some stairs separated by fissures that increase in magnitude as the packet size increases.
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4.4.3 Comparison Between Different LTE Configurations

Figure 4.16:ComparisonofthethreeLTEconfigurations.
Wi-Fithroughputversuspacketsize:n=10

andCBR=12Mbps.

Using our analytical models, we compare between different duty cycled LTE coexistence
configurations with Wi-Fi. Figure 4.16 demonstrates that 5x0 configuration is the best con-
figuration to coexist with Wi-Fi where the throughput is globally the highest for the most of
packet sizes. This is justified by the fact that 3x2 and 4x1 configurations approximately double
the collision probability betweenLTEandWi-Fi relatively to the one obtainedwith5x0 config-
uration. On the other hand, 4x1 configuration shows lower throughput than 3x2 configuration
because 1ms is not long enough to allow Wi-Fi transmission without frequent collisions with
LTE.

4.4.4 Controlling Wi-Fi/LTE Coexistence Using the Model

Relying on our analytical model, an effective solution to compensate the negative impact of
LTE on Wi-Fi is to modify the duty cycle percentage so that we master better the sharing
between the two networks. Figure 4.17 represents a straightforward solution by modifying
the duty cycle percentage of LTE. Point F1 in Figure 4.17 corresponds to the LTE duty cy-
cle percentage that should be configured to allow Wi-Fi throughput to achieve the equivalent
throughput as if theWi-Fi network operates alone on the channel with a bit rate equals half the
coexistence channel (6Mbps = 12Mbps/2, is used in the Figure). We can consider indeed in
this situation as if the channel has been equally shared by Wi-Fi and LTE. To do so, the duty
cycle percentage is reduced here from 50% to 41%. The difference of 9% can be considered as
a necessary overhead for LTE to use the Wi-Fi channel.

73



Figure 4.17:LTEdutycyclepercentagefairnessoperationpoints.Wi-FithroughputversusLTEdutycycle
percentage:n=10,pksize=512bytes,CBR=12MbpsandK=1.

Another sharing point of view consists for LTE to consume the same bandwidth that would
be consumed by another Wi-Fi network having the same properties as the target Wi-Fi net-
work. In other words, if the Wi-Fi network includes 10 stations, then their bandwidth share
should be the same to what they would get if the network was 20 stations. So it is like LTE is
behaving as 10Wi-Fi stations (to beWi-Fi-friendly). This definition of fairness wasmentioned
by 3GPP in [7]. The point F2 in Figure 4.17 corresponds to the LTE duty cycle percentage to
achieve this type of fairness. In this case, the percentage increases from 50% to 55%. It means
that it is possible to configure a percentage larger than 50% for LTE and still be fair withWi-Fi.
It means also that a percentage of 50% provides to theWi-Fi network better performance than
another similar Wi-Fi network!

Figure 4.18:Wi-FithroughputversusLTEdutycycleperiod:n=10,pksize=512bytes,CBR
=12Mbps,LTE5x0configuration.
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Another way to improve the Wi-Fi throughput is by increasing the duty cycle period Tdc

so that the collision probability between the two systems will reduce according to equation
((4.9)). Precisely, the number of busy slots during the LTE off-periods becomes higher while
only one collided frame remains possible at the end of such periods. Figure 4.18 confirmswhat
said previously.

Figure 4.19:CaptureprobabilityversusSIR:n=10,pksize=512bytes,CBR=12MbpsandLTE5x0configuration.

Finally, we investigate the capture effect included in our model which is somewhat another
solution to reduce the negative impact on Wi-Fi. Our model can determine the relation be-
tween the capture capability and the interference caused by LTE as shown in Figure 4.19. The
Signal-to-Interference Ratio (SIR) is varied from 0dB to 10dB.The capture probability shown
in the Figure is computed through equation ((4.28)), combinedwith the adequate BERmodel
of OFDM-basedWLAN [71]. The plot determines exactly the SIR lower bound before which
all collisionswill cause a frame loss (no capture effect), and the SIRupper boundbeyondwhich
LTE and Wi-Fi can coexist together without any impact (Wi-Fi alone). The Wi-Fi throughput
and collision probability are also computed in Tables II and III. Likewise, when SIR≃0dB, we
re-find the results without capture effect, whereas when SIR=10dB, we re-find the results of
Wi-Fi alone.

SIR [dB] 0 1 2 3 4 5 6 7 8 9 10
Analytical 3.01 3.01 3.01 3.01 3.03 3.13 3.21 3.24 3.24 3.24 3.24
Simulation 2.98 2.98 2.98 2.98 2.98 2.98 3.1 3.21 3.2 3.2 3.21

Table 4.2: Slot-by-Slot model.Wi-FithroughputversusSIR:n=10,pksize=512bytes,CBR=12MbpsandLTE5x0
configuration.
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SIR [dB] 0 1 2 3 4 5 6 7 8 9 10
Analytical 0.415 0.4157 0.415 0.415 0.413 0.4 0.39 0.386 0.386 0.3861 0.386
Simulation 0.401 0.402 0.399 0.398 0.4 0.4 0.383 0.366 0.372 0.37 0.37

Table 4.3: Slot-by-Slot model.CollisionprobabilityversusSIR:n=10,pksize=512bytes,CBR=12MbpsandLTE
5x0configuration.

4.4.5 LTE Analytical Model Validation

Figure 4.20:LTEthroughputversusWi-Fipacketsize:n=10,CBR=12MbpsandLTE5x0configuration.

Now, we continue to validate LTE analytical model given through Equation (4.31) against
NS3 simulation results. Remember that, Equation (4.31) considers that whenever LTE col-
lides withWi-Fi, all the entire LTEon-periodsT on

k is considered as a lost frame. In Figure 4.20,
LTE performance has been evaluated for 5x0 configuration where LTE throughput is maxi-
mum for certainWi-Fi packet sizes and is almost equal to zeroover a rangeofWi-Fi packet sizes.
Moreover, by carefully comparing Figures 4.20 and 4.8, we can observe that theseWi-Fi packet
sizes where LTE and Wi-Fi throughput are maximum are the same. This is well explained by
the fact that for theseWi-Fi packet sizes LTE comes duringWi-Fi DIFS or Back-off period (see
Figure 4.15 point C). Note that, in case of LTE shares the channel access equally with Wi-Fi,
i.e. duty cycle percentage of 50%, and without any collision in between, LTE throughput have
to be equal to 50 frame/s. Through Figure 4.20, we find that the maximum LTE throughput
reaches almost 20 frame/s in the best case. Accordingly, it indicates that in the best case the
probability of collision between the two systems is around 0.6 and in the worst case is equal 1.
That explains well why our approximation in slot-by-slot random walk model was acceptable,
i.e. the numerator of Equation (4.9) equals to K. Besides, this probability has to be normalized
by the total number ofWi-Fi frames transmitted during LTE-OFFperiod, i.e. the denominator
of Equation (4.9), which is relatively high specially for higherWi-Fi data rates. As for the slight
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difference between the analytical model and the simulation shown in 4.20, it comes form our
simulator limitation since not all LTE frames are dropped when there is a collision between
LTE and Wi-Fi.

Figure 4.21:LTEthroughputversusWi-Fipacketsize:
n=10,CBR=12Mbpswith{3,3,2,2}pattern.

Figure 4.22:LTEthroughputversusWi-Fipacketsize:
n=10,CBR=12Mbpswith{3,2,2,3}pattern.

In subsection 4.3, we mentioned that the order of on/off periods within a duty cycle can
lead to different LTE performance. In Figure 4.21, LTE adopts 3x2 configurationwhichmeans
LTE transmission is activated for 3ms then deactivated for 3ms before it is reactivated again for
2ms and then re-deactivated for 2ms. Let us note this pattern as {3,3,2,2}. However, in Figures
4.22, LTE adopt a different order of previous on/off periods as follows {3,2,2,3} means that
LTE transmission is activated for 3ms then deactivated for 2ms before it is reactivated again
for 2ms and re-deactivated for 3ms. Indeed, the difference in between them regarding to LTE
performance is not so much since the difference between LTE on-periods T on

k (1ms) is low.
However, globally, we can say that this pattern {3,2,2,3} is slight better than {3,3,2,2}. The
reason is that as more as the LTE-off period, i.e. Tk, is short, Wi-Fi has a higher probability
to collide with LTE. Accordingly, for pattern {3,2,2,3}, we find that a longer LTE-off period
precedes the longer LTE on-period which maximizes Equation (4.31). Moreover, in case of
LTE adopts a different pattern order such as {4,4,1,1} and {4,1,1,4}, we can find more differ-
ence in LTE performance since the difference between LTE on-periodsT on

k is high and equals
to 3ms. For this reason, we recommend to use {4,1,1,4} rather than {4,4,1,1} pattern since it
will help LTE to enhance its throughput without inducing any changes on Wi-Fi throughput
performance.

In contrast to equation (4.31), equation (4.33) takes into account the fact that LTE through-
put couldbe improvedby theportionofLTEon-periods thatdoesnotoverlapwithWi-Fi trans-
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mission. In Figure 4.23, we show the numerical results of the Wi-Fi residual life time E[Rk],
that has been used to evaluate Wi-Fi performance in Figure 4.12. Now, the expected duration
of LTE T on

k period that does not overlap withWi-Fi transmission could be calculated by equa-
tion (4.33). Finally, we show LTE throughput that corresponds to equation (4.33) in Figure
4.24 while the simulation results has been omitted due to simulator limitation. Now, the Wi-
Fi throughput ripples discovered in Figure 4.12 are well reflected in the LTE throughout in
Figure 4.24. Whenever Wi-Fi residual life time is at the maximum which means a maximum
overlap duration between LTE and Wi-Fi, then LTE throughput is at the minimum and vise
versa. Moreover, wheneverWi-Fi residual life time is close to zero, LTE throughout reaches its
maximum throughput that is 50 frame/s since LTE adopts 5x0 configuration.

Figure 4.23:Wi-FiResidualLifetimeversusWi-Fi
packetsize:n=10,CBR=12MbpsandLTE5x0

configuration.
Figure 4.24:LTEthroughputversusWi-Fipacketsize:

n=10,CBR=12MbpsandLTE5x0configuration.

4.5 Summary

In this chapter, we have presented two complementary analytical models that provide signifi-
cant insights on both LTE andWi-Fi performance in coexistence scenarios. Eachmodel repre-
sents a different way of describing the LTE/Wi-Fi interaction and analyzes a particular aspect
about it. Thesemodels constitute a general framework relying on randomwalk theory that can
be used to study other LTE/Wi-Fi coexistence scenarios. We succeeded to tie up analytically
between Duty Cycled LTE configuration parameters and Wi-Fi performance to understand
fully how LTE can coexist adequately with Wi-Fi networks.

Accordingly, we present several solutions based on tuning the abovementioned parameters
including Physical Layer parameters. We examined our models through extensive simulations
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by implementing the Duty Cycles of LTE in the NS3 simulator. We prove several facts such as
the inability of approximatingDutyCycled LTEby the exponential distribution and the ability
of Duty Cycled LTE to be Wi-Fi-Friendly if well configured.
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Il ne faut pas compter sur ceux qui ont créé les problèmes pour
les résoudre

Albert Einstein

5
FBE Protocol: Modeling and Performance

Analysis of LTE/Wi-Fi Coexistence

In this chapter, we study the Frame Based Equipment (FBE) protocol that can be used by LTE
to share the channel access with Wi-Fi DCF protocol. We will show how the FBE protocol is
different from TDM-based protocol since FBE protocol includes a sensing period called clear
channel assessment (CCA) period prior to each LTE frame transmission period. In case of the
channel is clear during the CCA period from Wi-Fi transmissions, LTE is allowed to transmit
its frame over the channel; otherwise LTE refrains from the channel access. Accordingly, FBE
protocol continues to share the same advantage of the TDM-based protocol that is LTE frame
transmission starts only at the subframe boundaries which means no need for a reservation
signal. However, we expect that FBE protocol has a lower negative impact on Wi-Fi perfor-
mance in terms of transmission collisions compared to TDM-based protocol thanks to CCA
mechanism.

In order tomodel and analyze the interaction betweenFBE andWi-Fi, we should notice that
both FBE and TDM-based protocols still share an important feature: The time instants when
LTE tries to access or to contend for the channel access with Wi-Fi are deterministic. Besides,
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using the FBE protocol, LTE transmission activities follow somewhat the same concept of on
and off periods as in TDM-based protocol. However, with FBE protocol, LTE off-periods are
not anymore fixed periods but they are variable periods determined by Wi-Fi activities over
the channel. Based on these remarks, in this chapter, the LTE/Wi-Fi coexistence analysis will
follow a common approach similar to what was presented in chapters 3 and 3 for the TDM-
based protocol, in the sense that we will continue tomodelWi-Fi activities over the channel as
a random walk. In contrast, the Markov chains presented in chapters 3 and 4 that model the
progress of LTE/Wi-Fi interaction over the time will be replaced by another Markov chain.

In chapter 4, our analysis has started by evaluatingWi-Fi performance followed by LTE per-
formance. In contrast, in this chapter, it ismore suitable to start by evaluatingLTEperformance
followed by Wi-Fi performance as we will see later. In this chapter, we study the performance
of the FBEprotocol adopted by LTE to coexist withWi-Fi when both technologies have a satu-
rateddownlink traffic. We investigate several fundamental questions such as: DoesLTEcoexist
fairly withWi-Fi in unlicensed spectrum? and what are LTE andWi-Fi performance in coexis-
tence scenarios? We answer these questions through a sophisticated analysis that explains how
FBEprotocol adopted byLTEdoes share the channel accesswith thewell-knowDCFprotocol
adopted by Wi-Fi. We compute analytically the probability of LTE to grab the channel access
from Wi-Fi and we drive both LTE and Wi-Fi saturated throughput.
In this chapter, our contributions are summarized as follows:

• We introduce the notion of regenerative and renewal processes in studying FBE MAC
protocol performance. Our analytical analysis is general enough to be used in order to
analyze other similar periodic sensing MAC layer protocols [132].

• We study the coexistence between LTE andWi-Fi using two complementary analytical
modeling approaches. Based on our models, both LTE and Wi-Fi throughput perfor-
mance are evaluated in addition to LTE channel access delay.

• Wevalidate our analytical analysis through an extensive simulation studyusingNS3. We
also develop a new module in NS3 simulator to simulate FBE protocol.

• We show that LTE can coexist fairly with Wi-Fi, and that LTE performance can be dif-
ferent depending on Wi-Fi data rate and packet size.

This chapter is outlined as follows. In section 5.1, we explore the interaction between LTE-
FBE and Wi-Fi-DCF over the channel. In section 5.2, we provide two analytical models for
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both LTE and Wi-Fi throughput performance, plus LTE channel access delay. Section 5.3 val-
idates the accuracy of our models through NS3 simulations. There, we investigate the perfor-
mance of both LTE and Wi-Fi in different coexistence scenarios. Finally, section 5.4 summa-
rizes this chapter.

5.1 LTE/Wi-Fi Interaction

0

Wi-Fi DIFS Backoff DIFS Backoff DIFS DIFS Rest of Backoff

LTE
Tse

Tfr

Tid

time

time0

Wi-Fi DIFS

Scenario 1 Scenario 2

LTE LTE

Wi-Fi Backoff Wi-Fi DIFS Backoff

Scenario 3

Tfr Tfr Tfr Tfr

Toc

Tfr 2Tfr 3Tfr 4Tfr

Tse Tse Tse

Figure 5.1:LTEinteractingwithWi-Fi

In this section,we illustrate theoperationofFBEprotocol asproposedbyEuropeanTelecom-
munications Standards Institute (ETSI) [2] and explore the interaction between LTE-FBE
andWi-Fi over the channel. The FBE protocol indicates that LTE periodically tries to grab the
channel access in a frame-based fashion. Indeed, at the beginning of each LTE frames and/or
subframes, LTE performs a CCA to determine whether the channel is clear or not from Wi-Fi
activities. In caseof the channel is clear, LTE is allowed to transmit its frames and/or subframes,
otherwise LTE refrains from the channel access.

In Figure 5.1, LTE checks periodically the channel availability at a specific instants. The
time between any two instants is fixed and known as the Fixed Frame period (Tfr). In order to
deduce that the channel is clear from Wi-Fi transmissions and decide that the next LTE frame
canbe transmitted, LTEperforms aCCA for a periodof time called sensing period (Tse)where
Wi-Fi transmissions have to be absent all the entire Tse period. Otherwise, LTE declares the
channel busy and refrains from channel access all the entire next Tfr period (See Figure 5.1
Scenario 1). When LTE starts to transmit its frame, LTE is permitted to occupy the channel
only for some portion of the timeTfr called the channel occupancy timeToc. Accordingly, the
remaining time difference between Tfr and Toc is called the idle period Tid which is necessary
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to give Wi-Fi the chance to grab the channel access after each LTE transmission (See Figure
5.1 Scenarios 2 and 3). Now, we can identify four configuration parameters for FBE protocol
Tse, Toc, Tid and Tfr . ETSI poses some constraints on each parameter value as follows [139]:
(i) Tse ≥ 20µs (ii) 1ms ⩽ Toc ⩽ 10ms (iii) Tid ≥ 5%Toc (iv) Tfr = Toc + Tid. Note
that in Figure 5.1, the time scale is not respected since normally Toc should be much greater
than Tid but in the figure we show a large Tid for well illustrating the interaction between LTE
andWi-Fi whichmainly occurs at the end of eachTid. TheTid periodmust bemultiple of LTE
subframe, i.e. multiple of 1ms, so that LTE can ensure a synchronous operation of the channel
access to avoid transmitting reservation signals as it has been mentioned in chapter 2.

Before analyzing the interaction between FBE and DCF protocols, we recall the operation
of DCF protocol adopted by Wi-Fi as shown in previous chapters. Indeed, Wi-Fi activities
over the channel starts exactly after an LTE frame transmission ends and continues during the
Tid period. Wi-Fi performs CCA for a period of time known as Distributed InterFrame Space
(DIFS) followed by a random number of idle slots that form a back-off period before any Wi-
Fi transmission over the channel. At the beginning of this back-off period, a back-off counter
(BF) is internally launched and decremented as long as the channel is idle. when the back-off
counter reaches zero, Wi-Fi starts to access the channel and to transmit its frame for a period
called frame transmission timeTtr which includes the frame airtime over the channel followed
by a Short InterFrame Space (SIFS) and an acknowledgement transmission time Tack. Ac-
cordingly,Wi-Fi activities over the channel consists of three different periods: (i) DIFS period
considered as a sensing period; (ii) Back-off period formed by the back-off counter; (iii) Ttr

frame transmission time period .
Now, we describe what exactly takes place at the moment when LTE “arrives” and checks

the channel availability to try to grab the channel access at multiple of Tfr . In Figure 5.1, we
mention three different scenarios that can occur depending on the Wi-Fi activities. For sce-
nario 1, LTE checks the channel while Wi-Fi transmits its frame so that LTE is blocked from
the channel access and LTE has to wait another Tfr period before checking again the channel.
For both scenario 2 and 3, if the channel is idle for Tse period, LTE will be able to grab the
channel access as Wi-Fi was in DIFS or backoff period. But there is still a major difference be-
tween scenario 2 and 3. In scenario 2, the lastWi-Fi frame has been transmitted and LTE grabs
the channel immediately after it, whereas for scenario 3 the last Wi-Fi frame was frozen since
its back-off period has not been yet completed. For scenario 3, the rest of the backoff period of
the lastWi-Fi framewill restart when LTE frame transmission ends. This difference is essential
for ourWi-Fi throughput analysis as we will see later. To sum up, LTE loses the channel access
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in scenario 1 whereas LTE is able to grab the channel in both scenario 2 and 3. In the next
section, we have to calculate the probability of occurrence of each scenarios to determine LTE
and Wi-Fi throughput performance.

Here, it is important to note that the transmission collision probability between LTE and
Wi-Fi is negligible and tends to be zero. Intuitively, the probability that LTE and Wi-Fi frame
transmission starts exactly at the same instant is rare due to the following two reasons: (1)The
fact that the two technologies adopt too differentMac layer protocols which have different slot
time spans, leads to LTE and Wi-Fi not synchronized with each other (2) Moreover, the clear
channel assessment embedded into the two Mac layer protocols, i.e DIFS and Tse, have also
different times. Unlike the impact of LTE that adopts TDM-based protocol on Wi-Fi perfor-
mance which is due to collisions induced by LTE, the impact of LTE that adopts FBE protocol
on Wi-Fi performance is due to a reduction of available channel airtime.

5.2 LTE/Wi-Fi Analytical Models

In this section, we introduce our analytical model for both LTE and Wi-Fi networks. We con-
sider a saturated downlink traffic for both technologies whichmeans that LTE andWi-Fi trans-
mission queues always have a frame to transmit over the channel towards their associated sta-
tions. In fact, we aim to quantify the ability of FBE protocol to share the channel access with
DCF protocol in a full competition scenario regarding to the channel access. Our analysis is
divided into several steps. In subsection 5.2.1, we introduce our Markov chain model for LTE
where we define different states that describe LTE behavior over the channel. In subsection
5.2.2, we explore more in details the model through calculating the transition probabilities be-
tween any two states in our LTE Markov chain. We end by writing out explicitly our formulas
for LTE throughput and channel access probability which is more precisely the probability of
LTE being able to grab the channel access fromWi-Fi. In subsection 5.2.3, we provide an alter-
native and complementarymodel for the previous onewhereLTE is nowmodeled as a random
walk. In subsection 5.2.4, we provide a new Wi-Fi throughput formula that takes into account
the coexistence with LTE as we expect thatWi-Fi throughput will be lower than the case when
Wi-Fi operates alone over the channel.

5.2.1 LTE Markov Chain Model

FromFigure 5.1, when LTE grabs the channel access and transmits the current frame, LTEwill
try to grab the channel access again to transmit the next frame only at a specific time instants.
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Figure 5.2:DiscreteTimeMarkovchainmodelforLTEusingFBEprotocoloverthetime

From Figure 5.1, these times are clearly Tid, Tid + Tfr , Tid + 2*Tfr and so on. These time
instants are also shown in Figure 5.2. Let us define Tk for such time instants where

Tk = Tid + k ∗ Tfr where k = 0, 1, 2, ... (5.1)

For illustration, the first time when LTE tries to grab the channel access for transmitting the
next frame is afterTid. In case of LTE succeed to grab the channel access directly afterTid then
LTE is not blocked from the channel access. Otherwise, it is blocked from the channel access
for a first time at Tid. Then, LTE will continue to try grabbing the channel at the next time
instant atTid +Tfr and so on. Accordingly, LTEmay be blocked from the channel access zero,
one, two or more times before it can grab the channel access to transmit its frames.

In Figure 5.2, we model the interaction between FBE and Wi-Fi by different states repre-
senting the number of times LTE has been blocked from accessing the channel before it is able
to transmit its frame. LTE has a different state at each Tk period where the time difference be-
tween each state is equal to Tfr . This reflects the fact that LTE tries to grab the channel access
after each Tfr . Accordingly, from Figure 5.2, the number of states reflects also the LTE state
occurrence time. For example, the state 0 represents the case where LTE is not blocked from
the channel access at Tk = Tid and transmits its frame. The state 1 represents the case that
LTE is blocked for one time at Tk = Tid. The state 2 represents the case that LTE is blocked
for two times successively at Tk = Tid and Tk = Tid + Tfr .

Fromany state, in ourMarkov chain, there are only twopossible transitions. In caseofLTE is
blocked from the channel access, the LTE state k changes to the next state k+1with probability
Pk. Otherwise, if LTE grabs the channel access, LTE transits back to the state 0 that represents
the LTE transmission state with probability 1−Pk. Moreover, the self-loop at state 0 indicates
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that LTE can grab the channel access directly after Tid. We note that the subscript k of the
transition probabilities Pk reflects the time instant at which LTE is blocked as indicated in
equation (5.1).

To get intomore details, theoretically, LTEhas an infinite number of states wherek can tend
to infinity. Practically, the probabilities of suchhigh-order states have a negligibleweight on the
steady state probabilities because LTE will be able to grab the channel access before reaching
these far states. Accordingly, we do our first approximation that limits our Markov chain toK
states where the last stateK has only one transition probability to state 0 and equals to 1 (See
Figure 5.2). By carefully looking to our Markov chain, LTE could be seen as a regenerative
process as in [101]. In the sense that after certain random number of transitions through the
states because LTE is blocked from the channel access, LTEwill end up bymaking a transition
to state 0 the transmission state. Here, it is our second approximation, whenever LTE returns
to state 0 from any higher state, LTE has a probabilistic replica as if it has started from time
0. In the next subsection, we will explain why we do need such assumption which implies
that the duration of Tid period must be long enough to allowWi-Fi sending at least one frame.
Our assumption is completely reasonable otherwise the idle period Tid offered by LTE will
be useless and Wi-Fi will not be able to profit from it. Moreover, as LTE can start only its
frame transmission at subframe boundaries, Tid has to be amultiple of the LTE subframe time
duration (1ms) which offers a sufficient time to Wi-Fi.

5.2.2 Transition Probabilities and LTE Throughput

In this subsection, we would like to answer this main question: Assume that LTE has grabbed
the channel access at some time instant, thenhow longdoes it take until LTEcan grab the chan-
nel access again? An equivalent question to the previous one: What is the ratio of the number
of LTE frames that succeed to access the channel to the total number of frames ? Clearly, the
answer of both questions is the LTE channel access probability which is obtained by solving
our LTE Markov chain at the steady state. Now, we show how the transition probabilities in
our Markov chain can be determined using random walk theory [101].

As described in section 5.1, after the end of LTE frame transmission, Wi-Fi starts imme-
diately to access the channel. The amount of time needed for the DCF protocol to transmit a
frameover the channel consists of three periodswhich canbe represented by a randomvariable
called X:

X = DIFS + δ ∗BF + Ttr (5.2)
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Where BF is the back-off counter which is a uniform random variable drawn from the inter-
val [0,W0], whereW0 is known as the minimum contention window size of Wi-Fi networks.
The Wi-Fi idle slot time is denoted by δ and Ttr is the frame transmission time that includes
the frame airtime over the channel followed by SIFS and Tack. Wi-Fi continues to follow the
same procedure to send more frames over the channel until LTE grabs the channel access and
stops Wi-Fi frame transmission. In other words, Wi-Fi activities could be seen as a succession
of transmission rounds possibly stopped by LTE frame transmission in case of LTE grab the
channel access. Accordingly,Wi-Fi is nicelymodeled as a randomwalk consisting of a sequence
of random variables {x1, x2, x3, · · · }, as we already showed in both chapters 3 and 4.

To consider that x1 has a uniform probability distribution like all random variables xi that
follows, LTE must not have any impact on x1 probability distribution whenever LTE grabs
the channel which is not really the case. Particularly, in case of LTE grabs the channel while
Wi-Fi is in a back-off period, Wi-Fi will restart its transmission after the end of the LTE frame
transmission with x1 is no longer a uniform distribution as all the following xi. Indeed, x1

will have a truncated uniform distribution that is determined by the exact time instant when
LTE accessed the channel. Accordingly, our Markov chain cannot be considered anymore as
a regenerative process which complicates too much the model without a significant accuracy
gain as we shall see later. In order to keep the regenerative process property, Tid have to be
long enough to allow Wi-Fi to be able to send at least one frame before LTE grabs the channel
access again. Accordingly, we approximate the probability density function of x1 as a uniform
distribution as all nextxi. Remember that this approximation has been also adopted in chapter
3 for TDM-based protocol. Moreover, intuitively, this assumption is more valid as long as Tid

period gets larger and Wi-Fi frame size gets smaller. Besides, the high rates provided by recent
Wi-Fi technologies allows several frame transmissions in Tid even for large packet sizes.

Since LTE can grab the channel access at any time instant Tk, the number of Wi-Fi frames,
i.e. number of xis, that could be transmitted before LTE grabs the channel again depends on
the length of theTk period. Let’s defineNk as the random variable that represents the number
of Wi-Fi frames that could be sent in any Tk period. Thanks to random walk theory [101], the
probability distribution function ofNk is written as follows:

Pr{Nk = n} = Pr{
n−1∑
j=1

xj +DIFS + δ < Tk} − Pr{
n∑

j=1

xj +DIFS + δ < Tk} (5.3)

Explanation. This probability corresponds to the number of sent frames regardless of what
happens to the last sent frame at the end of the Tk period. Remember from section 5.1, the
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last Wi-Fi frame is transmitted over the channel or frozen depending on which scenario 2 or 3
occurred at the end of the Tk period. Now, we can determine the probability of occurrence of
the three scenarios for any given n and Tk period. Let’s note such probabilities as Pr{bk, n},
Pr{dk, n} andPr{fk, n} for scenario 1, 2 and 3 respectively.

Pr{fk, n} = Pr{
n−1∑
j=1

xj +DIFS + δ < Tk <
n∑

j=1

xj − Ttr + δ} (5.4)

Pr{bk, n} = Pr{
n∑

j=1

xj − Ttr + δ ≤ Tk ≤
n∑

j=1

xj + Tse + δ} (5.5)

Pr{dk, n} = Pr{
n∑

j=1

xj + Tse + δ < Tk ≤
n∑

j=1

xj +DIFS + δ} (5.6)

For agivenTk period,Nk has anupperboundnmax, whichmeans thatPr{Nk > nmax} =

0, where nmax = ⌈Tk/xmin⌉ with xmin = DIFS + Ttr . Hence, the total probability of
occurrence of scenario 1 is expressed as

Pr{bk} =
nmax∑
n=1

Pr{bk, n} (5.7)

Similarly, we can compute the total probabilities of occurrence of other scenarios. It is clear
that the transition probability Pk is the probability of occurrence of scenario 1 where LTE is
blocked from channel access at every Tk. As a result, Pk could be written as follows

Pk = Pr{bk} = 1− (Pr{dk}+ Pr{fk}) (5.8)

Now, we calculate the LTE channel access probability Pca by determining the steady state
probability of state 0 in our Markov chain noted by π(0), since state 0 is the state when LTE
grabs the channel access. Remind that Pca is also considered as the ratio of LTE frames that
are transmitted over the channel among all LTE trials to access the channel. By solving our
Markov chain, Pca is written as follows

Pca = π(0) =
1

1 + P0 + P0P1 + P0P1P2 + · · ·+ P0P1 . . . PK−1

=
1

1 +
∑K

i=1

∏i−1
j=0 Pj

(5.9)
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Finally, LTE throughput ΓLTE is defined as the fraction of time the channel is used for LTE
transmissions. Remember that LTE is only allowed to occupy the channel for Toc during Tfr .
Moreover, Toc has to be a multiple of LTE subframe (1ms), further the traditional LTE frame
duration (TLTE) is 10 subframes. Accordingly, we normalized ΓLTE with respect to the tra-
ditional LTE frame duration. We express ΓLTE as

ΓLTE = Pca ∗
Toc

Tfr ∗ TLTE
frame/s (5.10)

It is important to note that, ΓLTE is considered as an upper bound for LTE performance
when LTE coexists with several Wi-Fi stations. Indeed, in case of several Wi-Fi stations con-
tending for the channel access, the back-off period shrinks and follows a different probability
distribution function given in chapter 4. As a result, LTE will have more difficulty to grab the
channel access with respect to the case of one Wi-Fi station.

5.2.3 LTE Renewal Process

LTE
0 time

Tid
Tfr 2Tfr 3Tfr

LTE Tid
4Tfr 5Tfr

LTE

TintTint
Toc Tk

Figure 5.3:LTERenewalProcess

Another essential model of LTE that helps our Wi-Fi throughout analysis in the next sub-
section, is the one that considers LTE as a random walk. In Figure 5.3, the time between any
two instants when LTE grabs the channel access is considered as inter-arrival times of LTE re-
newals noted by Tint. Clearly, the inter-arrival times are a random variables with a probability
distribution function that fully defines LTE renewal process. The inter-arrival time consists of
the LTE channel occupancy time Toc followed by the LTE off-period where LTE is blocked
from channel access. Indeed, LTE off-period is a random variable that could be represented by
Tk where Tk is now considered as a discrete random variable. Let’s note

Tint = Toc + Tk (5.11)

Actually, we can use our LTE Markov chain to determine the probability distribution func-
tion of Tint, i.e. the probability distribution function of Tk. The probability distribution of Tk

89



is the probability that LTE follows certain path on our Markov chain. For example, the proba-
bility that Tint = Toc + Tid + 2 ∗ Tfr (k = 2) is the total product of transition probabilities
when LTE is starting from state 0, travelling until state 2 and return back again to state 0, that
is equivalent to P0 P1 (1 − P2). Accordingly, the probability distribution function for Tk for
k = 0, 1, 2, . . . , K is given by

Pr{Tk = tk} =


(1− P0) for k = 0

(
k−1∏
i=0

Pi) ∗ (1− Pk) for k ̸= 0
(5.12)

Accordingly,Pca could be expressed again using equation (5.12) as follows

Pca =
Tfr

E[Tint]
=

Tfr

Toc + E[Tk]
(5.13)

WhereE[Tk] is the expected value of LTE off-periods. Note also that, E[Tk] indicates the
expected time of LTE channel access delaywhich is another key performance indicator for LTE in
addition to the throughput. We can also find after some simplifications that equation (5.13) is
the same as Equation (5.9). As a result, we can rewrite Equation (5.10), using equation (5.13)
as follows

ΓLTE =
Toc/TLTE

Toc + E[Tk]
frame/s (5.14)

5.2.4 Wi-Fi Throughput

Wi-Fi throughput ΓWi−Fi is obtained by determining the expected number of Wi-Fi frames
that could be transmitted during LTE off-periods Tk. Given any Tk period, the expected num-
ber of Wi-Fi frames that could be sent, using equation (5.3), is

E[Nk] =

nmax∑
n=1

nPr{Nk = n} (5.15)

WhereE[Nk] is the expected number of Wi-Fi frames during a Tk period regardless of the
nth frame is a sent or a frozen frame with respect to scenarios 2 and 3 respectively.

ΓWi−Fi =

K∑
i=1

[(E[Nk]− 1 + Pr{dk}) ∗ Pr{Tk}]

E[Tint]
frame/s

(5.16)
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The Pr{dk} term is necessary to count only the occurrence of scenario 2 where the nth

frame was sent during Tk and LTE grabs the channel access during DIFS period of Wi-Fi.

5.3 Models Validation and Simulation Results

To validate our analytical models, we have simulated the interaction between LTE and Wi-Fi
using NS3 simulator. We simulate a Wi-Fi access point transmitting continuously to its users.
Wi-Fi parameters used to obtain the numerical results for both the analytical models and the
NS3 simulations are those specified by default in the IEEE 802.11 standard, as reported in
Table 5.1. We implement also a newmodel to simulate FBE protocol for LTE inNS3 simulator
where we have fixed LTE sensing period Tse to 25µs.

Simulation time 200 s
Payload packet 11∼ 1436 bytes
ACK packet 14 bytes
UDP header 8 bytes

Network header 20 bytes
MAC header 36 bytes

Channel bit rate (CBR) 6, 12 and 24 Mbps
Channel bandwidth 20 MHz

Slot time (δ) 9 µs
SIFS 16 µs
DIFS 34 µs

Table 5.1:Wi-FitransmissionparametersusedinthecomparisonbetweenNS3simulationsandtheanalytical
model

Figure 5.4:LTEchannelaccessprobabilityversusWiFi
packetsize:LTE(Toc =1ms,Tid =1ms),WiFi(CBR=

6Mbps)
Figure 5.5:LTEthroughputversusWiFipacketsize:LTE

(Toc =1ms,Tid =1ms),WiFi(CBR=6Mbps)

We first verify the accuracy and the utility of our analytical models for both LTE and Wi-
Fi in a coexistence scenario. Figure 5.4 shows that LTE channel access probability coincides
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Figure 5.6:Wi-FithroughputversusWiFipacketsize:LTE(Toc =1ms,Tid =1ms),WiFi(CBR=6Mbps)

well with simulation results. LTE channel access probability decreases wheneverWi-Fi packet
size increaseswhich explainedby the fact that increasing theWi-Fi packet size increases also the
time that the channel is busy, as a result, LTEhas a lower probability to grab the channel access.
Moreover, in figure 5.4, LTEchannel probability has rippleswith someof themare sharper than
the others for certainWi-Fi packet sizes. That could be explained by equations (5.4),(5.5) and
(5.6) where any slight change in Ttr can lead to a big change in the probability. In general, our
explanation in previous chapter 4 regarding to the ripples is still valid except that with the FBE
protocol, the collision between LTE and Wi-Fi is negligible. Interestingly, if LTE is blocked
from the channel access a lot of time due to a given Wi-Fi packet size, it is enough to change
slightly this packet size, so that LTE will check the channel more frequently during DIFS and
Back-offperiodsofWi-Fi leading to a substantial increase in theLTEchannel access probability.
Indeed, by adopting a periodic MAC layer protocol such as FBE and TDM-based protocols,
both LTE and Wi-Fi will face such throughput ripples. Figure 5.5 shows that the ripples are
well reflected in LTE throughput that coincides again with simulation results. Clearly, LTE is
not able to grab the channel access fromWi-Fi enough times since LTEmaximum throughput
is14 frame/s . Note that, in case ofWi-Fi shares the channel access equallywithLTE, i.e. half of
channel airtime for each, LTE throughput has to be equal to50 frame/swhich is corresponding
to the half of LTE throughput when it operates alone over the channel, i.e. 100 frame/s.

We continue to validate our model forWi-Fi throughput in Figure 5.6 while coexisting with
LTE. To clarify the LTE impact on Wi-Fi performance, in Figure 5.6 we also show theoretical
Wi-Fi throughputwhenWi-Fi operates alone over the channel. Clearly, LTEhas a slight impact
on Wi-Fi performance in terms of reduction of channel air time which also confirms that our
assumption about LTE collision probability with Wi-Fi is negligible. Finally, LTE throughput
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ripples is less reflected and observed in Wi-Fi throughout in Figure 5.6 because LTE through-
put is relatively low.

Figure 5.7:LTEthroughputversusWiFipacketsize:LTE
(Toc =10ms,Tid =1ms),WiFi(CBR=6Mbps)

Figure 5.8:LTEchannelaccessprobabilityversusWiFi
packetsize:LTE(Toc =10ms,Tid =1ms),WiFi(CBR=

6Mbps)

Figure 5.9:LTEchannelaccessprobabilityversusWiFipacketsize:LTE(Toc =10ms,Tid =10ms),WiFi(CBR=
6Mbps)

Increasing LTE throughout is still possible by increasing Toc period front of Tid period, see
equation (5.10), to reduce the overhead incurred by LTE for each frame transmission. In Fig-
ure 5.7, we keep the same idle period for LTE as in Figure 5.4whereasToc is increased ten times
more to improve LTE throughout performance. Actually, increasingToc periodwill cause LTE
less frequently contend for the channel access with Wi-Fi as Tfr = Toc + Tid. One may
think that LTE channel access probability will decrease as a price of increasing Toc. Counter-
intuitively, LTE channel access probability in Figure 5.8 still has almost the same trend as in
Figure 5.4. Accordingly, the improvement of LTE throughput comes from the increasing of
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Toc

Tfr
ratio (see equation 5.10) while LTE channel access probability is almost constant. To con-

firm this result, we show LTE channel access probability in Figure 5.9 where Tfr is further
increased to 20 ms. Accordingly, increasing or decreasing LTE contention frequency which
means increasing or decreasing Tfr period, it does not change LTE channel access probability.
We shouldmention that this finding is restricted to the full competition scenario between LTE
and Wi-Fi when Wi-Fi traffic is saturated and/or Wi-Fi data rate is relatively low. In such sce-
nario, the percentage of channel air time occupied by Wi-Fi is very high (greater than 75% see
Figure 5.4) and LTE channel access probability is almost the same for a fixedWi-Fi packet size
and for any LTE contention frequency. However, for other LTE/Wi-Fi coexistence scenarios,
the previous conclusion can be different. In fact, in some coexistence scenarios, the LTE chan-
nel access probability is fully determined byWi-Fi configuration parameters such asWi-Fi data
rate and packet size. As a result, Wi-Fi “controls” the LTE channel access and does not fairly
coexist with LTE.

Figure 5.10:LTEthroughputversusWiFipacketsize:
LTE(Toc =1ms,Tid =1ms),WiFi(CBR=12Mbps)

Figure 5.11:LTEchannelaccessprobabilityversusWiFi
packetsize:LTE(Toc =1ms,Tid =1ms),WiFi(CBR=

12Mbps)

Accordingly, in Figure 5.10, we validate our model for different Wi-Fi data rates where LTE
throughput could be improved as Wi-Fi data rate increases. Now, LTE channel access proba-
bility can improve thanks to the reduction of channel occupancy byWi-Fi as in Figure 5.11. As
a result, Wi-Fi throughput is reduced and the difference between Wi-Fi throughput when co-
existing with LTE and when operating alone over the channel in Figure 5.12 is bigger than the
difference shown in Figure 5.6. To further improve LTE channel access probability, we double
moreWi-Fi data rate to be 24Mbps in Figure 5.13. In both Figure 5.14 and 5.15, we fix LTETid

period at 1 ms and increase Toc period to improve LTE performance at the price of lowering
Wi-Fi performance. Here, we capture one of the “deficiencies” of the FBE protocol: Its perfor-
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mance is greatly dependent on Wi-Fi data rates. In case Wi-Fi channel conditions are subject
to important signal fading and interference, Wi-Fi tends to reduce its data rate, as a result LTE
performance will also decrease, we call this phenomenon the FBE protocol anomaly.

Figure 5.12:WiFithroughputversusWiFipacketsize:
LTE(Toc =1ms,Tid =1ms),WiFi(CBR=12Mbps)

Figure 5.13:LTEchannelaccessprobabilityversusWiFi
packetsize:LTE(Toc =1ms,Tid =1ms),WiFi(CBR=

24Mbps)

Figure 5.14:LTEthroughputversusToc period:LTE(Tid

=1ms),WiFi(CBR=24Mbps,packetsize=398bytes)
Figure 5.15:WiFithroughputversusToc period:LTE
(Tid =1ms),WiFi(CBR=24Mbps,packetsize=398

bytes)

TheFBE protocol was proposed originally for any communication system operating in unli-
censed spectrum. Therefore, it is still important to consider the casewhereTid is not amultiple
of an LTE subframe of 1ms. For LTE, this means it will not keep a synchronous operation of
the channel since frames can start at any time, so that LTE must use a reservation signal to re-
tard its frame transmission until the first coming subframe. In both Figure 5.16 and 5.17, we
validate our model in this case for a Tid that equals 200 µs.
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Figure 5.16:LTEchannelaccessprobabilityversusWiFi
packetsize:LTE(Toc =1ms,Tid =200µs),WiFi(CBR=

12Mbps)
Figure 5.17:WiFithroughputversusWiFipacketsize:
LTE(Toc =1ms,Tid =200µs),WiFi(CBR=12Mbps)

Another LTE FBE protocol configuration is shown in Figure 5.18. There, LTE uses only
4 subframes for frame transmission out of 5 subframes since 1 subframe is used to send LTE
reservation signal. Moreover, we also validate our alternative model for LTE in Figure 5.19
wherewe showtheprobability distribution functionof the inter-arrival timesTint ofLTE frame
transmission versus the time.

Figure 5.18:LTEthroughputversusWiFipacketsize:
LTE(Toc =5ms,Tid =250µs),WiFi(CBR=6Mbps)

Figure 5.19:LTEinter-arrivalprobabilitydistribution
functionversustime:LTE(Toc =5ms,Tid =250µs),

WiFi(CBR=6Mbps)

From Figure 5.19, the probability of the LTE inter-arrival time Tint = Tid is almost zero
whichmeans that LTE cannot grab the channel access immediately afterTid from its last frame
transmission. In contrast, the probability of the inter-arrival timeTint = Tid+Tfr reaches the
maximumwhichmeans thatwith highprobability, LTEgrabs the channel access afterTid+Tfr

from its last frame transmission. Consequently, the expected value of LTE inter-arrival times
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can be calculated directly from the probability distribution function shown in Figure 5.19 to
determine LTE channel access delay. Moreover, we validate our previous approximation that
says that the steady state probabilities of higher states in our Markov chain are negligible. In
other words, Tint could not very long as shown in Figure 5.19.

5.4 Summary

In this chapter, we have presented two complementary analytical models that provide signif-
icant insights on both LTE and Wi-Fi performance in coexistence scenarios while the FBE
protocol is employed by LTE. These models constitute a general framework that are based on
randomwalk theory and can be used to study other LTE/Wi-Fi coexistence scenarios. We suc-
ceeded to tie up analytically between LTE and Wi-Fi configuration parameters to understand
how the channel access is shared in between. We examined ourmodels through extensive sim-
ulations by implementing FBE protocol for LTE in the NS3 simulator. We have proved that
when LTE adopts FBE protocol, LTE can coexist fairly with Wi-Fi where Wi-Fi throughput
performance is slightly affected by LTE. On the other hand, Wi-Fi is completely dominating
the channel access, causing LTE to has a lower channel access probability. Moreover, LTE
channel access probability was considered as an upper bound when Wi-Fi uplink and down-
link traffic are activated together. The main reason that cause LTE throughput performance
to be lower than Wi-Fi is that the FBE protocol is allowed only to contend the channel access
at certain specific time instants whereas the Wi-Fi DCF protocol is able to contend the chan-
nel access at any time. Moreover, an FBE protocol performance anomaly has been highlighted
since LTE performance is highly dependent on the Wi-Fi data rate which is in turn dependent
on the Wi-Fi wireless environment such as the signal strength.
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Il ne faut pas compter sur ceux qui ont créé les problèmes pour
les résoudre

Albert Einstein

6
Category 4 Protocol: Adaptive Energy

Threshold for ImprovedCoexistence Between
Licensed Assisted Access andWi-Fi

Up to this chapter, we focused on analyzing the coexistence between LTE and Wi-Fi at the
MAC layer level while assuming implicitly that the PHY layer heterogeneity between LTE and
Wi-Fi does not impact our analysis. It is like we have assumed that Wi-Fi PHY layer is always
able to detect LTE signal above its Energy Detection (ED) threshold, so that the proper oper-
ation of Wi-Fi DCF protocol is always ensured, precisely the Wi-Fi DCF protocol will refrain
from the channel access whenever the channel is occupied by LTE. Likewise, whenwe studied
the LBT-based protocol such as FBE in chapter 5, LTEPHY layer is always able to detectWi-Fi
signal above its ED threshold. Because of the difference values of ED thresholds that are used
by Wi-Fi and LTE and the lack of Virtual Carrier Sensing (VCS) at the LTE side, coexistence
problems may arise at below such ED thresholds. In order to address this issue, we propose
a practical and easy implementable adaptive ED threshold algorithm, which can dynamically
tune the ED threshold at the Wi-Fi and LTE nodes.
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In this chapter, LTEadopts category4 (Cat4)MACprotocolwhich is standardisedby3GPP
in LTE Release 13, the new LTE is called LTE licensed assisted access (LTE-LAA) or simply
LAA. Indeed, a good fair coexistence is attained by the LBT framework introduced in the LTE
specifications [7], which is largely inspired by the LBT procedure of Wi-Fi. By making both
LAA and Wi-Fi Mac layer protocol as similar as possible, coexistence among technologies is
facilitated [99] [69]. However, in this chapter, we show that the adoption of similar protocols
is not enough to guarantee the fair coexistence, specially if both LTE andWi-Fi have a different
ED threshold due to their PHY layer heterogeneity.

Beside the above, in intra-Wi-Fi coexistence, the fair coexistence is not only governed by
the LBT feature but it is further augmented through VCS, whereby Wi-Fi packet headers are
received at low power levels, lower than the ED threshold, and used to coordinate the trans-
missions of neighbouring Wi-Fi nodes. In more detail, the network allocation vector (NAV),
i.e., time line at each Wi-Fi node of when the channel is free or occupied, is updated based on
the content of such Wi-Fi packet headers, which indicate for how long the sender Wi-Fi node
intents to occupy the channel [94]. In certain cases, the lack of VCS at the LAA nodes may
degrade the coexistence performance at below ED threshold of LAA nodes with other Wi-Fi
nodes when compared to that of Wi-Fi nodes with other Wi-Fi nodes.

In this chapter,weanalyze theLAAandWi-Fi coexistenceperformancebelow theEDthresh-
old, and propose a practical and easy implementable adaptive ED threshold algorithm, which
can be adopted at the LAA (and the Wi-Fi) nodes to address such concerns. The rest of the
chapter is organised as follows: In Section 6.1, the issue of LAA and Wi-Fi coexistence at be-
low ED threshold is introduced. In Section 6.2, an adaptive ED threshold scheme that can be
adopted to address below ED coexistence concerns is presented. In Section 6.3, the system
model for our performance evaluation is depicted. In Section 6.4, the simulation results are
discussed. Finally, in Section 6.5, the summary is drawn.

6.1 Coexistence Below Energy Detection Threshold

Wi-Fi uses an ED threshold of -62 dBm, while LAA uses an ED threshold of -72 dBm [7].
Below the ED threshold, Wi-Fi does not back off to other technology transmissions, and only
backs off to otherWi-Fi transmission up to -82 dBm through the VCS feature, i.e., doingWi-Fi
preamble decoding. As a result, if Wi-Fi and LAA share an unlicensed channel, Wi-Fi will not
back off to LAA below -62 dBm, and LAAwill not back off toWi-Fi below -72 dBm. Thismid-
range interference zoneatbelowEDthreshold, from-72dBmto -82dBm, represents a grey area
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for coexistence. Indeed, simultaneous multi-radio access technology transmissions at below
ED thresholdmay result in higher interference levels to each co-existing technology sharing an
unlicensed channel, leading to reduced spectral efficiency that in turn results in lower overall
system throughput.

Moreover, downlink collisions can still occur even when the Wi-Fi access point (AP) and
the LAA evolved NodeB (eNB) receive each other’s transmissions at levels much higher than
their respective ED thresholds. For example, on a downlink transmission of a Wi-Fi AP, let us
assume that theLAAeNBeasily detects the energy of theWi-FiAP, and refrains from transmit-
ting. After the end of the data packet, the energy drops, the channel is clear, and the LAA eNB
starts a timer for 1 short interframe space (SIFS) plus 1 slot, according to its LBT procedure.
If the Wi-Fi user equipment (UE) acknowledgment (ACK) is detected, i.e., if it is received at
greater than -72 dBm, the LAA eNB will refrain from transmitting. If the Wi-Fi UE ACK is
received below -72 dB, then the LAA eNBmay transmit. It is then clear that collisions are pos-
siblewhereby aWi-FiUEACK is in the process of being received, while the LAAeNBdoes not
detect it, and goes on to transmit. This ruins the entire Wi-Fi transmission, and the Wi-Fi AP
needs to perform retransmissions. The ED threshold of -72 dB, effectively limits the collision-
free downlink range of the Wi-Fi AP, i.e., the Wi-Fi UE must be close enough to the Wi-Fi AP
and LAA eNB such that the ACK is received at -72 or greater.

6.2 Adaptive Energy Detection Threshold Scheme

After the channel selectionprocess is completed,wepropose that theEDthresholds are adapted
at the LAAeNB(and theWi-Fi AP) to improve efficiency and fairnesswhen both technologies
share the same channel, thus addressing thementioned below ED coexistence problem. Using
the proposed adaptive ED threshold mechanism, the incumbent Wi-Fi transmissions will be
protected at a much lower level than the fixed -72 dBm. Moreover, by ensuring that Wi-Fi AP
also utilise the proposed adaptive ED threshold mechanism in addition to LAA eNB, a more
fair coexistencewill be achieved, which is otherwise not possible without its participation, e.g.,
results in [144].

A general study on transmit power and ED threshold adaptation can be found in [130].
However, the authors did not consider the below ED threshold coexistence issue, and they did
not provide any algorithm to realise an adaptive ED threshold selection. In the following, our
proposed adaptive ED threshold scheme at the Wi-Fi AP and the LAA eNB is described.
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6.2.1 Scheme at the Wi-Fi side

On theWi-Fi side, the APmay ormay not have access to LAA network listenmodule capabili-
ties. The adaptive ED thresholdmechanism on theWi-Fi side will work in a periodical manner
as follows:

1. The ED threshold ΓWiFi
w is initially set to -62 dBm (as per today’s operation), where w

denotes the Wi-Fi AP of interest. A minimum ED threshold ΓWiFi
min,w is also set (e.g., -72

dBm).

2. If an LAA network listen module capability is present at the AP, the Wi-Fi AP w peri-
odically determines the receive signal strength indicator (RSSI), Rlaa

w,i, of the received
master information block (MIB)/system information block (SIB)/cell-specific refer-
ence symbol (CRS) from each of the co-existing LAA nodes i. Then, the Wi-Fi AP w

finds the minimum one, i.e.,Rlaa
min,w = minRlaa

w,i ∀ i.

Remark 1: As proposed in [81], LAA eNB may use friendly co-located Wi-Fi AP to
advertise their presence using a Wi-Fi pseudo beacon signal, which can let neighbour-
ing Wi-Fi nodes know in ’Wi-Fi language’ about the presence of the LAA eNB1. The
usage of such Wi-Fi pseudo beacon signal would remove the need for an LAA network
listen module capability at the Wi-Fi AP. As a result, this step could be omitted and the
algorithm could go to the next one.

Remark 2: In case that neither the LAA network listen module or Wi-Fi pseudo bea-
con signal capabilities are available, theWi-Fi AP can detect the presence of anonymous
other technology nodes, such as LAA, without any preamble transmission by scanning
theunlicensedchannel anddetecting a large increase in receivepower followedbyadrop
some time later. TheWi-Fi APwill periodically perform this other technology detection
to adjust theRlaa

min,w threshold appropriately.

3. During idle periods, the Wi-Fi APw may look for other Wi-Fi transmissions using Wi-
Fi beacon signal decoding. If this capability is present, the Wi-Fi AP w periodically
determines the RSSI, RWiFi

w,z , of the received Wi-Fi beacon signal from each of the co-
existing Wi-Fi nodes z ∀z ̸= w. Then, the Wi-Fi AP w finds the minimum one, i.e.,
RWiFi

min,w = minRWiFi
w,z ∀ z ̸= w.

1Since the power of the Wi-Fi pseudo beacon signal and the LAA transmission might be different, the Wi-Fi
pseudo beacons may need a power factor field, which indicates how much higher or lower the LAA signals are
compared to the Wi-Fi pseudo beacon.
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4. Thereafter, the Wi-Fi APw determines the minimum received RSSI,
Rmin,w = min (Rlaa

min,w, R
WiFi
min,w).

5. Then, the ED threshold is set as follows

ΓWiFi
w =


−62dBm Rmin,w ≥ −62dBm

Rmin,w ΓWiFi
min,w < Rmin,w < −62dBm

ΓWiFi
min,w Rmin,w ≤ ΓWiFi

min,w

(6.1)

6. If for a period of time ∆Tw, the Wi-Fi AP does not detect the presence of any other
technology nodes on the unlicensed channel, or their RSSI value is above -62 dBm, it
will set the ED threshold back to -62 dBm.

6.2.2 Scheme at the LAA side

On the LAA side, the eNBmay ormay not have access toWi-Fi network listenmodule capabil-
ities. The adaptive ED thresholdmechanism on the LAA side will work in a periodical manner
as follows:

1. The ED threshold Γlaa
i is initially set to -72 dBm (as per today’s operation), where i de-

notes the LAA eNB of interest. A minimum ED threshold Γlaa
min,i is also set (e.g., -82

dBm).

2. If a Wi-Fi network listen module capability is present at the eNB, the LAA eNB i pe-
riodically determines the RSSI, RWiFi

i,w , of the received beacon signal from each of the
co-existingWi-Fi nodesw. Then, the LAA eNB i finds the minimum one, i.e.,RWiFi

min,i =

minRWiFi
i,w ∀ w.

Remark 2 applies in case a Wi-Fi network listen module capability is not present at the
LAA eNB.

3. During idleperiods, theLAAeNB imay look forotherLAAnodesusingMIB/SIB/CRS
decoding. If this capability is present, the LAA eNB i periodically determines the RSSI,
Rlaa

i,j , of the receivedMIB/SIB/CRS from each of the co-existing LAAnodes j, ∀j ̸= i.
Then, the LAA eNB i finds the minimum one, i.e.,Rlaa

min,i = minRlaa
i,j ∀ j ̸= i.

4. Thereafter, the LAA eNB i determines the minimum received RSSI,
Rmin,i = min (RWiFi

min,i, R
laa
min,i).

102



5. Then, the ED threshold is set as follows

Γlaa
i =


−72dBm Rmin,i ≥ −72dBm

Rmin,i Γlaa
min,i < Rmin,i < −72dBm

Γlaa
min,i Rmin,i ≤ Γlaa

min,i

(6.2)

6. If for a period of time ∆Ti, the LAA eNB does not detect the presence of any other
technology nodes on the unlicensed channel, or their RSSI value is above -72 dBm, it
will set the ED threshold back to -72 dBm.

Note thatRlaa
w,i,RWiFi

w,z ,RWiFi
i,w andRlaa

i,j values may be averaged using a filter to mitigate fast-
fading effects and smooth measurements.

6.3 System Model

In this section, the system model used to validate the performance of the presented adaptive
ED threshold scheme is depicted. The performance evaluation is conducted over an enter-
prise scenario of 120m×50m, where there is an LAA eNB located at position (30,25)m and
aWi-Fi AP located at position (90,25)m, 60m apart from each other (see Fig. 6.1). Most sim-
ulation assumptions in terms of eNB, AP and UE deployment as well as antenna gain, path
loss, shadowing and multi-path fading modelling follow the 3GPP recommendations in [7].
It is important to note that the InH channel model is used in this case [6], but that the link
between the LAA eNB and the Wi-Fi AP is always tweaked to be non line of sight (NLOS)
and below ED detection threshold. 64 quadrature amplitude modulation (QAM) is the maxi-
mummodulation scheme supported. 100 simulation drops are performed, and in each drop 10
seconds are simulated. Please refer to [82] for a more complete description of the simulator.

a) LAA eNB deployment: The eNB, located at position (30,25)m, has a transmit power of
24 dBm and uses a 20MHz channel in the 5GHz band. Two omnidirectional antennas with a
5 dBi gain are considered.

b) Wi-Fi AP deployment: The AP, located at position (90,25)m, has a transmit power of
24 dBmand uses the same 20MHz channel in the 5GHzband. Twoomnidirectional antennas
with a 5 dBi gain are considered.

c) UE deployment: A number of stationary UE per technology are uniformly deployed
within the enterprise, where the minimum base station-to-UE distance is 3m. Each UE has
a transmit power of 18 dBm, and only associates to the eNB or the AP, if the eNBCRS and the
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AP beacon signal are detected at or above−100 dBm or−82 dBm in the 20MHz channel, re-
spectively. Two omnidirectional antennas with a 0 dBi gain are considered, thus allowing 2×2
MIMO transmissions. Fast fading channel gains are assumed with a UE speed of 3km/h.

d) Services: All UE use a downlink file transfer protocol (FTP) service, following the 3GPP
FTP traffic model 3, where the FTP file size is 2Mbytes (or 4Mbytes, if specifically stated),
and the packet arrival rate is Poison distributed with an average of 0.625. This leads to an of-
fered traffic of 10 and 20Mbps per UE. It is important to note that due to the nature of FTP
traffic and because it has been shown to improve LAA and Wi-Fi coexistence, request-to-send
(RTS)/clear-to-send (CTS) mechanism is present in our simulations [52].

Other relevantWLANparameters are set as follows: DIFS= 34µs, SIFS= 16µs, time slot
= 9µs, transmission opportunity (TXOP)=3ms.

6.4 Performance Comparison

In this section, the system-level simulations results used to assess the performance of the pro-
posed adaptive ED threshold scheme are presented. First of all, we pay attention to two toy
examples to shed light on the systemmechanics, and then we focus onmore general scenarios.

6.4.1 Single UE per technology located both at the cell-edge

Figure 6.1:ScenariowithoneUEpertechnologyatthe
cell-edge.

0 20 40 60 80 100 120
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

UE DL file throughput [Mbps]

C
D

F

 

 

adaptiveTh = 0, ue = 1, WiFi

adaptiveTh = 0, ue = 1, LAA

adaptiveTh = 1, ue = 1, WiFi

adaptiveTh = 1, ue = 1, LAA

Figure 6.2:CDFofUEfilethroughputforscenariowith
oneUEpertechnologylocatedbothatthecell-edge.

In this toy example, there is only one UE per technology, and they are forced to be located
at the cell-edge between the two base stations, see Fig. 6.1. The LAA UE is at (60, 26)m and
the Wi-Fi UE is at (60, 24)m.
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Without the adaptive ED threshold scheme, theWi-Fi AP and the LAA eNBdonot detect each
other (belowED threshold conditions), and thus their downlink transmissions are not coordi-
nated and they attempt to transmit simultaneously. This results in a large number of collisions
and re-transmissions, which mostly affect Wi-Fi performance due to its continuous back-off,
as explained in the following. The Wi-Fi AP, since it has the RTS/CTS mechanism, is able to
quickly detect collisions (missing CTS), and thus backs off to the LAA eNB transmissions. In
contrast, the LAA eNB, since it does not have the RTS/CTSmechanism, does not detect colli-
sions, and thus does not back off to the Wi-Fi transmissions. As a result, the LAA eNB pushes
the Wi-Fi AP out of the band (LAA drives the channel access). Nonetheless, the Wi-Fi AP is
still able to take advantage of the LAA eNB idle times (no file to transmit at the LAA eNB),
and transmits its files at a relatively high throughput.

With the adaptive ED threshold scheme, theWi-FiAP and theLAAeNBdetect eachother, and
thus they are able to coordinate their transmissions. The LAA eNB does not drive the channel
access anymore, but instead gives way to theWi-Fi AP.This results in a fair time sharing, as well
as much fewer collisions and retransmissions. Due to this coordination/politeness, the LAA
eNB losses air time in favour of the Wi-Fi AP. In other words, such coordination benefits the
Wi-Fi AP, which does not back off as much to laa, but impacts the LAA eNB, which decreases
its air time to share it with Wi-Fi.

Fig. 6.2 shows the cumulativedistribution function(CDF)of theUEfile throughput2. Driven
by the above described behaviour, the adaptive ED threshold scheme provides a substantial
gain in Wi-Fi performance at the expense of a reduced LAA performance. In more detail, the
median Wi-Fi file throughput increases by 3.5x (from 15.19Mbps to 53.7Mbps), while the
median LAA file throughput decreases by 36% (from 48.76Mbps to 31.03Mbps).

Conclusion: In scenarios where UE are prone to interference, the adaptive ED threshold im-
proves fairness and provides significant gains to Wi-Fi.

6.4.2 Single UE per technology located both at the cell-centre

In this toy example, there is only one UE per technology, and they are forced to be located at
their cell-centres, see Fig. 6.3. The LAA UE is at (33, 25)m and the Wi-Fi UE is at (87, 25)m.

Without the adaptive ED scheme, the Wi-Fi AP and the LAA eNB do not detect each other
(below ED threshold conditions), and thus their downlink transmissions are not coordinated
and they attempt to transmit simultaneously. However, this is not really a problem since the

2UE file throughput is defined as the file size divided by the time when the last bit of the file is correctly
delivered to the receiver minus the time when the file is arrived in the transmit buffer [6].
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Figure 6.3:ScenariowithoneUEpertechnologyatthe
cell-centre.
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Figure 6.4:CDFofUEfilethroughputforscenariowith
oneUEpertechnologylocatedbothatthecell-centre.

UEsare very close to their servingnodes and their signal to interferenceplusnoise ratios (SINR)
and throughputs are large.

With the adaptive ED scheme, the Wi-Fi AP and the LAA eNB detect each other, and thus
they are able to coordinate their transmissions. However, this reduces the performance of both
since simultaneous transmissions do not take place, i.e., spatial reuse is prevented.

Fig. 6.4 shows theCDFof theUEfile throughput. Driven by the above described behaviour,
the adaptive ED threshold scheme results in losses in both Wi-Fi and LAA performance. In
moredetail, themedianWi-Fi file throughputdecreasesby57%(from111.7Mbps to47.52Mbps),
while the median LAA file throughput decreases by 21% (from 52.5Mbps to 41.58Mbps).

It is important to note that, in Fig. 6.4, without the adaptive ED scheme, the Wi-Fi perfor-
mance saturates at 111.8Mbps, which is reasonable for a 20MHz, 64QAM 5/6, 2x2 multi-
ple input multiple output (MIMO) transmission with a typical Wi-Fi overhead [94]. In con-
trast, the LAA transmission is not able to achieve the same peak performance, even though the
same configuration is used. The reason why the LAA does not peak at the same throughput is
twofold:

• The LAA’s reservation signal [27]: Since TXOP=3ms and because LAA can only start
transmissions at a subframe boundary, LAA can only use for data transmission 2 sub-
frames out of the 3 subframes in the TXOP, which reduces the peak throughput by
33% [27].

• The collisions created by the CTS transmissions of theWi-Fi UE:The interference gen-
erated by theCTSof theWi-FiUE is strong enough to generate packet losses at the LAA
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UE when both UEs are in line of sight (LoS). When the scheme is deactivated, since
the link between base stations is always below ED threshold the RTS of the Wi-Fi AP is
never detected by the LAA node. As a result, the Wi-Fi and LAA base stations transmit
simultaneously, and theCTS of theWi-Fi UE strongly interferences the LAAone, when
both UEs are in LoS. This results in LAA packet retransmissions and throughput loss.
With this in mind, note activating the adaptive ED threshold scheme reduces the air-
time for LAA transmissions but reduces retransmissions. Due to this trade off, the loss
of performance of LAA in Fig. 6.4, 21 %, is lower than that off Wi-Fi, 57 %, which does
not benefit from retransmission mitigation, as LAA does not transmit uplink signal in
the unlicensed band.

Conclusion: In scenarios where interference would have a minimal impact on throughput,
coordination via the adaptive ED threshold provides significant losses to Wi-Fi.

As these two toy examples suggest, throughput gainor losedue to coordination is dependent
on the UE topology. However, under the assumption of uniform distribution of UE, most of
the area is considered the ‘cell-edge’. Section 6.4.3 quantifies the performance of the adaptive
ED threshold algorithm for the general scenario. Adaptivity that accounts for topology is the
subject of our future research.

6.4.3 Multiple UE per technology uniformly distributed

In the following, 4 UE per technology are uniformly deployed within the enterprise, and we
analyse two cases. In the first one, the file size is 2Mbytes, while in the second case, the file size
is 4Mbytes, resulting in an offered load of 40 and 80Mbps per technology. Files are queued
until successfully transmitted.

Fig. 6.5 shows the CDF of the per UE ratio of received to generated files3, for the 2Mbyte
file size case, while Fig. 6.6 shows the CDF of the UE file throughput for the same case. It is
important to note that files that were not received by a UE and are sitting at the eNB buffer at
the end of the simulation are marked with 0 kbps.

From Fig. 6.5, it can be seen that when the adaptive ED threshold scheme is activated, both
LAA and Wi-Fi transmit more files to their connected UE during the simulation time. This

3Ratio between the number of files successfully received at the UE divided by the number of files generated
at the transmitter side. For example, a ratio of 1 means that all generated files at the transmitter for a UE were
successfully received by such UE, while a ratio of 0.5 means that only half of the generated files for a UE were
successfully received by such UE.
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translates into a largerUE file throughput, as can be seen in Fig. 6.6. Inmore detail, when using
the adaptiveED threshold scheme, the averageUE throughput ofWi-Fi increases by 2.2x (from
17.4Mbps to 38.1Mbps), while the average UE throughput of LAA increases by 2% (from
23.9Mbps to 24.3Mbps).

The coordination introduced by the proposed scheme benefited both technologies. How-
ever, Wi-Fi benefits much more than LAA from the proposed scheme, as significant airtime is
diverted fromLAA toWi-Fi access, when LAA lowers its ED threshold to becomemore polite.
Moroever, as LAA losses airtime to enhance SINR, it is important note that the LAA median
UE throughput gain is small, and that there is a cross over between the CDF of the LAA UE
file throughput with and without adaptive ED threshold.

In the same line as previous figures, Fig. 6.5 shows the CDF of the per UE ratio of received
to generated files, for the 4Mbyte file size case, while Fig. 6.6 shows the CDF of the UE file
throughput for the same case.

From these figures and following the same reasoning as for the 2Mbyte file size case, it can
be seen how Wi-Fi benefits much more than LAA from the proposed adaptive ED threshold
scheme. Indeed, as the load is larger now, LAA suffers more than before from the diversion of
airtime from LAA to Wi-Fi access, and as a result, its performance is decreased, transmitting
less files and in turn having a lower UE throughput. In more detail, when using the adaptive
ED threshold scheme, the averageUE throughput ofWi-Fi increases by 23% (from 8.92Mbps
to 11.0Mbps), while the average UE throughput of LAA decreases by 38% (from 8.60Mbps
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to 5.36Mbps).
To explain this overall behaviour, it is important tonote that LAAUEs cannot connect to the

Wi-Fi AP, and thatWi-Fi UEs cannot connect to the LAA eNB, even when the other technolo-
gies’ signal strength is higher. This is a typical situation in multi-tenant office buildings, having
overlapping radio coverage but separate management. This generates closed subscriber group
issues, which in turn create large cell-edges and inter-cell interference. This case matches the
toy example in which UE were located at the cell-edges, and thus the same conclusion holds:
The politeness/interference coordination introduced by the adaptive ED threshold scheme
provides fairness i.e., the LAA eNB does not drive the channel access anymore, but instead
gives way to the Wi-Fi AP, resulting in a fair time sharing, in which the LAA eNB losses air
time in favour of the Wi-Fi AP. As a consequence, such coordination benefits the Wi-Fi AP,
which does not back off as much to laa, but impacts the LAA eNB, which decreases its air time
to share it with Wi-Fi.

6.5 Summary

In this chapter, we have tackled the problem of Wi-Fi and LAA coexistence below the ED
threshold. Given the defaultWi-Fi and LAAED thresholds, and the lack of virtual carrier sens-
ing at the LAA side, coexistence problems may arise at below such ED thresholds. In order to
address this issue, we propose an adaptive ED threshold scheme that uses broadcast channel
transmissions to dynamically tune the ED threshold at theWi-Fi and LAA nodes. Simulations
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results in an enterprise scenario showed that the Wi-Fi performance can be significantly en-
hanced in scenarios where users are prone to inter-radio access technology interference, up
to 2.2 x in average, while moderately impacting LAA performance. Our future research will
optimise MAC parameters over node topology and traffic activity.
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Si vous ne pouvez pas l’expliquer simplement, vous ne le com-
prenez pas assez bien

Albert Einstein

7
Conclusions and Future work

To address mobile data growth challenges, mobile operators require to access more spectrum
resources. LTE over unlicensed spectrum has been proposed to extend the usual operation of
LTE over licensed spectrum to cover also unlicensed spectrum, mainly at the 5GHz band due
to its wide spectrum availability. However, this extension poses significant challenges espe-
cially regarding the coexistence between LTE and Wi-Fi. The new entrant LTE should fairly
coexist with the incumbent Wi-Fi so that LTE can be considered as Wi-Fi-friendly. Knowing
that LTE and Wi-Fi were originally designed for different networking purposes, the hetero-
geneity between them is quite high, and thus, ensuring the fair coexistence is really a great
challenge. Indeed, the heterogeneity of the MAC and PHY layer between LTE and Wi-Fi are
at the heart of conflicts between them. In order to overcome this problem, LTE has to employ
a new MAC protocol that allows a fair channel access with Wi-Fi. Moreover, LTE can further
improve the coexistenceby adopting additionalmechanisms such as the adaptiveED threshold
to cope with the PHY layer heterogeneity problem.
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7.1 TDM-based MAC layer protocol

The TDM-based protocol is the most “aggressive” protocol that LTE can adopt to share the
channel access with Wi-Fi. The lack of a CCA mechanism may lead to several transmission
collisions between LTE and Wi-Fi. On the one hand, the TDM-based protocol can offer high
performance results to LTE, while on the other hand, it can lead to harmful degradations of
Wi-Fi performance. If LTE has some knowledge aboutWi-Fi networks such as the traffic load,
the data rate, the packet size and the number of Wi-Fi stations, LTE can tune its TDM con-
figurations parameters based on our analytical models to fairly coexist with Wi-Fi. In such
situation, the TDM-based protocol will not only guarantee a fair coexistence with Wi-Fi but
also improve the channel utilization since LTE can havemaximum profit of the channel access
whenever Wi-Fi performance is not really impacted.

In this thesis, we did not show how LTE can gather the related Wi-Fi network information
that is needed to tuning the TDM-based protocol. Several previous works have shown that
LTE can implement several mechanisms, e.g. based on machine learning, to estimate the Wi-
Fi related information. An important future work is tomeasure the impact of the lack or wrong
assessments of this information on the fairness. Besides, we have to analyze the price of obtain-
ing such information. For example, the price related to LTEMAC layer design complexity and
the increasing of the LTE base station power consumption since it has to be always on, even
during LTE off transmission periods to track Wi-Fi traffic load.

Our LTE/Wi-Fi coexistence analytical models are based on some assumptions on the coex-
istence conditions. For example, we have assumed thatWi-Fi always refrains from the channel
access whenever LTE is transmitting over the channel in other words Wi-Fi receives always
the LTE signal above its ED threshold. This is equivalent to assume that LTE and Wi-Fi are
nearly located in the same geographical area. We have also assumed that LTE and Wi-Fi traf-
fic are always saturated. Actually, if the coexistence conditions change, we have to revisit our
LTE/Wi-Fi coexistence analytical models to find the new TDM configurations that ensures
the fair coexistence. However, one of the strengths of our analytical models is their ability to
be adapted to take into consideration different coexistence conditions.

Another important aspect that we did not consider is the impact of the TDM-based pro-
tocol on Wi-Fi delay performance. Remember that ensuring fair coexistence is not limited to
an equal sharing of the channel access. LTE off-periods and collisions may impact negatively
delay-sensitive Wi-Fi services such as voice over IP and live video streaming. In this case, the
fair coexistence is not that perfect and LTE is not totally Wi-Fi-friendly.
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7.2 Frame Based Equipment MAC layer protocol

The adoption of FBE protocol can accelerate the deployment of LTE in unlicensed spectrum
for regions such as Europe, Japan and India which force the usage of CCA mechanisms. By
adopting FBE protocol, we have proved that LTE can coexists fairly with Wi-Fi while Wi-Fi
does not. Under certain coexistence conditions such as a saturated Wi-Fi traffic, the adoption
of FBE protocol makes LTE struggles to grab the channel access fromWi-Fi which completely
dominates the channel access. Moreover, LTE performance heavily depends on Wi-Fi data
rate, in case Wi-Fi channel conditions are subject to important signal fading and interference,
Wi-Fi tends to reduce its data rate, as a result LTE performance will also decrease. We call this
phenomenon the “FBE protocol performance anomaly”.

Indeed, LTE should be cautious about the adoption of the FBE protocol since it is still pos-
sible that LTE reaches a certain acceptable level of performance only under some conditions
on Wi-Fi networks, i.e. a low Wi-Fi traffic load and a high Wi-Fi data rate. In fact, as a future
work, we can explore mechanisms that enables LTE to infer these coexistence conditions dy-
namically. Thus, LTE can use FBE protocol to coexist with Wi-Fi whenever these conditions
are met. Otherwise, LTE can employ the TDM-based protocol. Accordingly, LTE may adopt
a hybridMACprotocol that switch between FBE andTDM-based based on the inferred coex-
istence conditions. Besides, LTE should identify when and how to toggle from one protocol
to another.

7.3 Insights towards a New Hybrid MAC layer protocol

LTE transmission

time

Channel is idle from Wi-Fi transmission

Channel is busy by Wi-Fi transmission LTE reservation signal

time

Wi-Fi 

LTE transmission 

T1
cp

Wi-Fi 

LTE transmission 

Wi-Fi 

LTE continues to 
sense the channel

Scenario 1 Scenario 2 Scenario 1 Scenario 2 

LTE continues to 
sense the channel

LTE frame transmission

LTE transmission

Toc T1
id Toc T2

id

LTE sensing period

T1
cpT2

cp T2
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Figure 7.1:HybridMAClayerprotocolforLTEinunlicensedspectrum
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To tackle both problems of the channel access starvation that faces FBE protocol and the
transmission collision that facesTDM-basedprotocol, we canpropose a newhybridMACpro-
tocol for LTE that is shown in Figure 7.1. The main idea behind the hybrid MAC protocol
is thatWi-Fi traffic loadwill be responsible of defining theway that the hybrid LTEMAC
protocol shares the channel with Wi-Fi. For example, in the case Wi-Fi traffic load is low,
LTE can adopt FBE protocol to share the channel access with Wi-Fi since LTE channel access
probability is supposed to be high. In contrast, in case the Wi-Fi traffic load is relatively high,
LTE should adopt somehow aTDM-based protocol to share the channel access withWi-Fi but
without inducing transmission collisions with Wi-Fi. In fact, the hybrid MAC layer protocol
exploits the fact that the sensing period allowed by ETSI can be lower than the sensing period
of Wi-Fi (DIFS). With this observation, when LTE tries to access the channel immediately af-
ter the end of any Wi-Fi transmission, it is almost sure that LTE will grab the channel access
without collisions with Wi-Fi.

The hybridMACprotocol has two different actions according to two different scenarios de-
fined by the state of the channel. The two scenarios of the hybridMAC protocol are described
as follows:

• Scenario 1: At LTE subframe boundaries, LTE tries to access the channel while the
channel is idle from Wi-Fi transmissions. LTE is able to grab the channel access im-
mediately and occupy the channel for a period of time called Toc. Afterwards, LTE will
schedule the future time instant to contend for the channel access basedon theFBEpro-
tocol, i.e. LTE idle period duration T 1

id has to be at least equals to 1ms corresponding
to LTE subframe duration to guarantee the synchronous operation of the channel. Ac-
cordingly, LTE employs its first contention period with Wi-Fi (T 1

cp) which includes the
transmission period Toc followed by the idle period T 1

id as shown in Figure 7.1 scenario
1.

• Scenario 2: At LTE subframe boundaries, LTE tries to access the channel while the
channel is busy by Wi-Fi transmissions. LTE is blocked from channel access, however,
LTE will keep sensing the channel until Wi-Fi transmission is terminated. Immediately
after Wi-Fi transmission is terminated, LTE grabs the channel access thanks to its smaller
sensingperiod thanWi-Fi. Afterwards, LTEwill use its reservation signal to align itsLTE
frame transmission with the upcoming LTE subframe. The sum of the both durations
of reservation signal and the LTE frame has to be equal to Toc as in scenario 1, in the
case LTE has a fixed TXOP. In contrast to scenario 1, LTE will schedule the future time
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instant to contend for the channel access based on the TDM-based protocol, i.e. LTE
idle period duration T 2

id has to be in the same order of magnitude as the Toc period. In-
deed, we need to increase LTE idle period with respect to scenario 1 for two reasons:
(1) Reducing the probability that LTE impacts Wi-Fi performance and becomes self-
ish with respect to channel access (2) Offering enough time toWi-Fi for discharging its
traffic before LTE contend for the channel access again. Accordingly, LTE employs its
second contention periodwithWi-Fi (T 2

cp) which is greater than (T 1
cp) and includes the

transmission period Toc followed by the idle period T 2
id as shown in Figure 7.1 scenario

2.

We think that the hybrid MAC protocol has several advantages compared to the four MAC
layer protocols proposed by 3GPP. We summarize these advantages as follows:

• Orthogonal channel accesswithWi-Fi: LTE shares the channel accesswithout inducing
a transmission collisions with Wi-Fi whereas it is not the case with TDM-based, LBE
and category 4 protocols.

• Minimum transmission overhead: LTE does not need to use a reservation signal every
time it accesses the channel whereas it is not the case with both LBE and category 4
protocols.

• Maximumchannel utilization: LTEhas a better control on the channel access compared
to FBE, LBE and category 4 protocols. LTE can maximize its throughput performance
if the hybrid MAC protocol idle periods ( T 1

id and T 2
id) are well configured, of course

after taking into consideration the fair coexistence with Wi-Fi.

• Cognitive MAC protocol: The time instants that LTE contends for the channel access
are randomly spaced in time, see Figure 7.1. Therefore, the hybrid MAC protocol can
profit from to measure Wi-Fi channel utilization. Thus, the hybrid MAC protocol can
be able to be self-configured whereas it is not the case with TDM-based protocol.

• Non-eccentric: LTE performance is not highly dependent onWi-Fi performance as for
the FBE protocol.

We already started to implement the protocol in NS3 simulator and initial results show that
the proposed MAC layer protocol would offer a better fair coexistence between LTE and Wi-
Fi as well as a better LTE and Wi-Fi performance with much lower mutual negative impact
between both technologies.
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7.4 Enhancing LTE/Wi-Fi Coexistence

Whatever the MAC layer protocol adopted by LTE to share the channel access with Wi-Fi,
the PHY layer heterogeneity between LTE and Wi-Fi can also degrade the fair coexistence
due to mainly the well-known hidden terminal problem. It is true that this problem has been
studied since a time in wireless communication, a practical solution in our particular case of
LTE/Wi-Fi coexistence is still to seek. There is not doubt that finding a solution that works in
all coexistence scenarios is a very hard task. However, it might be sufficient to solve the hidden
node problem in some coexistence deployments. Such solution must have certain character-
istics and must take into account several aspects such as: (i) The geographical distribution of
wireless nodes in the network (ii) The traffic load of each node (iii) The ability to ensure a fair
coexistence and a moderate level of interference among the nodes.

In the literature, there are several directions of research thatmay help designing solutions for
thehiddennodeproblem. The latest aremainly basedonadaptive adjustmentof certainparam-
eters of wireless nodes such as the energy detection threshold, the signal transmission power
and the usage of controlmessages such asRTS/CTSmessages byWi-Fi nodes andCTS-to-Self
messages by LTE nodes. In this thesis, we have presented a simple solution to tackle the prob-
lem based on adaptive adjustment of the energy detection threshold for both LTE and Wi-Fi.
Indeed, the first goal of our work is to quantify the gain of using the energy detection threshold
to mitigate the problem. In our future work, we aim to improve our proposed solution to not
only ensure the fair coexistence but also to provide a higher performance for both LTE and
Wi-Fi in unlicensed spectrum.
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