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First of all, I want to thank Naceur, my thesis supervisor and my guru, for his excellent orientation, support and dedication during the whole period of my thesis. It was a great pleasure to do my research under his direction. I am grateful to him for everything, in particular, to give me the freedom to develop my ideas and his way of simplifying things. His suggestions, his recommendations, and his ability to handle a variety of things were very remarkable to me. I take this opportunity to express my greatest gratitude for having such an excellent advisor. I would like to express my warmest thanks to Professors Mostafa AMMAR, Véronique VÉQUE and André-Luc BEYLOT for their valuable time evaluating and reporting this thesis. I am very aware that the suggestions they have made to me have a great contribution to improv the quality of my work. I would also like to thank Salah Eddine ELAYOUBI and Maria POTOP-BUTUCARU for agreeing to be part of my jury and to evaluate the work I have done over the past four years. I had a wonderful time at LIP6. I must thank all my colleagues on the NPA team, and in particular : Salah, Narcissus, Mustapha, Quentin, Walid, Wahib, Wafa, Fadwa, Bu, Minh, Mehdi, Clement, Benjamin, Alexander, Giulio, Davide, Antonella, Florian, Filippo, Thiago, Alexendru, Tiph and Matteo. No doubt that the first goal of having a mobile phone in our pockets was to make simply a call. With the advent of smart phones that offer a large number of mobile data applications, making a call is not enough any more to meet the needs of people. Having a broadband Internet access is becoming more and more necessary. According to Cisco forecast, by 2019, the monthly global mobile data traffic will exceed 24.3 Exabyte [START_REF]Cisco. Cisco visual networking index: Global mobile data traffic forecast update[END_REF] 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 several 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 cope with this challenge. According to International Telecommunication Union (ITU), 5G mobile networks should emerge between 2020 and 2030 with a top five fundamental requirements related to five key performance indicators: (i) 1000 times higher mobile data volume per geographical area and 10 times to 100 times more in typical user data rate (ii) 10 times to 100 times more connected devices (iii) 10 times lower energy consumption (iv) End-to-End latency of less than one millisecond (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.
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Even that 5G networks target is to continue improving the mobile network performance just like the past mobile network generations, 5G has a different strategy to achieve this target. The development of 5G networks requires several breakthroughs at each layer of the Open Systems Interconnection (OSI) model of mobile networks [START_REF] Gohil | 5G technology of mobile communication: A survey[END_REF]. For example, a different physical layer based on a new modulation technique using a filterbank multicarrier (FBMC) promises a more efficient spectrum utilization [START_REF] Premnath | Beyond OFDM: best-effort dynamic spectrum access using filterbank multicarrier[END_REF]. Another solution based on using of multiple antennas at both the transmitter and the receiver to achieve the so-called spatial multiplexing or Multiuser MIMO can also improve the network performance [START_REF] Larsson | Massive MIMO for next generation wireless systems[END_REF]. 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 [START_REF] Bhushan | Network densification: the dominant theme for wireless evolution into 5G. Communications Magazine[END_REF] with the help of the small cell technology and heterogeneous networks [START_REF] Jing | MSA: A key Technology for the Evolution of Future Wireless Networks[END_REF] can provide potential increase in cellular network capacity. Today, cellular networks move towards data traffic offloading from licensed to unlicensed spectrum which 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 network 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 transparent 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.

LTE in Unlicensed Spectrum

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

• Unlicensed spectrum: It is also known as licensed-exempt spectrum where any telecommunication 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. However, it is well-known that regulations for unlicensed spectrum are more strict than for licensed spectrum. Indeed, regulatory agencies have to ensure the fair coexistence between all communication systems that use the unlicensed spectrum. To this regard, regulatory agencies define 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 spectrum, 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 Infrastructure (U-NII) band in 5 GHz. Both are currently hosting several communication systems such as IEEE 802.11 (Wi-Fi), IEEE 802. [START_REF] Baswade | Channel sensing based dynamic adjustment of contention window in LAA-LTE networks[END_REF].1 (Bluetooth), IEEE 802. [START_REF] Baswade | Channel sensing based dynamic adjustment of contention window in LAA-LTE networks[END_REF].4 (ZigBee) and many others like for instance radar systems.

Licensed spectrum is completely different than unlicensed spectrum in the sense that mobile operators are responsible to manage the spectrum and the interference among their communication 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 mobility 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 the main goal to boost LTE system capacity for improving both LTE quality of service and user experience. On the one hand, this extension poses significant challenges especially regarding the coexistence between LTE and legacy systems which use already the unlicensed spectrum. 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 carrier aggregation (CA) technique and the Supplemental DownLink (SDL) protocol [START_REF] Zhang | Carrier aggregation for LTE-advanced mobile communication systems[END_REF]. 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. 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 spectrum with other communication 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 unlicensed 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 Release 13 by LTE licensed assisted access (LTE-LAA) or simply LAA [START_REF] Kwon | Licensed-Assisted Access to Unlicensed Spectrum in LTE Release 13[END_REF]. Moreover, the usage of secondary carrier over unlicensed spectrum will be restricted in small cell deployment 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 uplink 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 licensed carrier [START_REF] Karaki | Uplink Performance of Enhanced Licensed Assisted Access (eLAA) in Unlicensed Spectrum[END_REF]. 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 spectrum which will soon increase the competition between LTE and Wi-Fi in the telecommunication market. Here, it is the good place to mention that along this thesis, we will deal only with LTE downlink traffic over unlicensed spectrum. However, it is worthy to keep in mind 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.

Research Challenges and Problem Statements

Extending LTE operation in unlicensed spectrum imposes that LTE have to fulfill telecommunication regulatory agencies requirements to occupy this spectrum. Among different requirements, 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 specifically, LTE should not impact Wi-Fi performance and services more than any additional Wi-Fi network that operates over the same spectrum [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF] so that LTE can be considered as Wi-Fifriendly. Therefore, LTE/Wi-Fi fair coexistence is considered as one of the main prerequisite conditions for deploying LTE in unlicensed spectrum. However, LTE was designed to operate in an environment where the spectrum is exclusively reserved for its operation. This is precisely where the challenges come through. Indeed, LTE has to adopt a new MAC protocol 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 spectrum. The key challenge is to simultaneously meet the above requirements which makes the design of a new LTE MAC layer protocol quite intricate.

From the other side, Wi-Fi adopts the well-known Distributed Coordinated Function (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 perform a Clear Channel Assessment (CCA) "Before" accessing and "Talking" over the channel which means transmitting a frame over the channel. Therefore, LBT protocols are characterized 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 LTE MAC layer protocol coexists fairly with Wi-Fi DCF protocol? Second, what is the mutual impact between the new LTE MAC layer protocol and the Wi-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 LTE MAC layer protocol and the Wi-Fi DCF protocol under different coexistence scenarios. Among different MAC layer protocols that could be considered as new candidate for LTE in unlicensed spectrum, 3GPP has classified them into four categories [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF]: Category 1 protocol is considered as a non-LBT protocol since LTE does not perform CCA before accessing the channel. In contrast, category 2 through 4 protocols, are LBT-like protocols. 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. This means 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 coexistence. To deal with this trade-off, LTE must measure its negative impact on Wi-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 reversed 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 protocol 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 LBT protocols does not necessarily implies that LTE/Wi-Fi fair coexistence is ensured [START_REF] Cano | Unlicensed LTE/WiFi coexistence: Is LBT inherently fairer than CSAT?[END_REF]. For example, category 3 protocol is still quite different from DCF protocol, so that LTE continues to be not fairly coexist with Wi-Fi as was the situation with category 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. Finally, category 4 protocol is the most similar to DCF protocol [START_REF] Wang | Performance analysis of LBT Cat4 based downlink LAA-WiFi coexistence in unlicensed spectrum[END_REF]. Thus, we expect that LTE would have slight negative impact on Wi-Fi performance compared to all other protocols. However, again, enhancing LTE coexistence fairness with Wi-Fi comes with the price of LTE performance degradation. Indeed, whenever LTE improves the fair coexistence with Wi-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 fairly with Wi-Fi and at the same time that maintains a high performance of LTE in the unlicensed spectrum. To do so, we need to identify the pros and cons of each new LTE MAC layer protocols regarding to LTE performance and the fair coexistence with Wi-Fi.

In general, ensuring fair coexistence between communication systems which have differ-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 between 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 [START_REF] Ramachandran | WLC46-2: On the Impact of Clear Channel Assessment on MAC Performance[END_REF]. In LTE/Wi-Fi coexistence scenarios, Wi-Fi faces the problem of poor assessment of LTE transmission activities over the channel and the main reason is that LTE has a different PHY layer than Wi-Fi. In many coexistence scenarios, Wi-Fi considers LTE transmission signal as a background noise and therefore the Wi-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-Fi whenever LTE signal is received by Wi-Fi below its energy detection (ED) threshold, this problem is usually called by LTE/Wi-Fi coexistence below energy detection threshold. Hidden node problem [START_REF] Nishide | Detecting Hidden Terminal Problems in Densely Deployed Wireless Networks[END_REF] 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 protocol, 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.

Thesis Contributions and Research Approaches

In this thesis, we are looking for studying deeply both LTE and Wi-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 the mutual impact between LTE and Wi-Fi.

In other words, how much LTE does impact negatively Wi-Fi performance and vise versa.

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 coexistence 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 obtain 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 coexistence conditions must be optimize individually in terms of LTE/Wi-Fi performance and fairness.

Our research approach is based on providing several analytical models that describe LTE/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 our models while trying to not affect the LTE/Wi-Fi interaction properties. Finally, we validate our analytical analysis through an extensive simulation study using Network Simulator 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 protocols by LTE in unlicensed spectrum. Our choice of these protocols in particular is mainly 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 category 4 protocol for LTE where the PHY layer heterogeneity between LTE and Wi-Fi has been taken into consideration. Indeed, with category 4 protocol, the main coexistence problems are resident in the PHY layer more than in the MAC layer as we will see in the next chapter.

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 concerning LTE/Wi-Fi fair coexistence in unlicensed spectrum and we 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 5 where we consider the adoption of category 2 protocol for LTE to coexist with Wi-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.

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 technology 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 coexistence may require that the impact of the new technol-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 same MAC layer protocol, fair coexistence could be degraded and even may 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 unlicensed spectrum where 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-Fi MAC layer protocol and more 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 reduce the impact on Wi-Fi performance. Moreover, we will take into consideration the problem of PHY layer heterogeneity between LTE and Wi-Fi. This enable us to present the existing solutions 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 with Wi-Fi are similar to those proposed earlier for WiMAX to coexist with Wi-Fi. Furthermore, the challenges of WiMAX/Wi-Fi fair coexistence and the related proposed solutions are also close to those of LTE/Wi-Fi coexistence.

LTE/Wi-Fi Coexistence in Unlicensed Spectrum

As a first step, to discover the challenges facing LTE/Wi-Fi coexistence in an unlicensed spectrum, 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 [START_REF] Am Cavalcante | Performance evaluation of LTE and Wi-Fi coexistence in unlicensed bands[END_REF] for different coexistence scenarios 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, especially when LTE traffic load is high as shown in [START_REF] Rupasinghe | Licensed-assisted access for WiFi-LTE coexistence in the unlicensed spectrum[END_REF], 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 channel state, i.e. it is idle or occupied by Wi-Fi transmission. In contrast, Wi-Fi adopts DCF protocol, i.e. LBT-based protocol, where Wi-Fi is only allowed to access the channel only whenever the channel is idle from LTE 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 [START_REF] Gao | Experimental Performance Evaluation and Analysis of LAA and Wi-Fi Coexistence in the Unlicensed Spectrum[END_REF] where real LTE and Wi-Fi systems have been deployed in a typical indoor office scenario, and using a simulation study in [START_REF] Jeon | LTE with listen-before-talk in unlicensed spectrum[END_REF] 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 and Wi-Fi systems helps Wi-Fi to find the channel idle from LTE transmission, as a result, Wi-Fi can grab the channel access more times with respect to dense deployment scenarios. However, increasing the channel access probability of Wi-Fi by increasing the distance between LTE and Wi-Fi systems is not necessarily improving Wi-Fi performance as in [START_REF] Jian | Coexistence of Wi-Fi and LAA-LTE: Experimental evaluation, analysis and insights[END_REF]. Indeed, over a certain range of distance between LTE and Wi-Fi systems, Wi-Fi could find 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 known as the LTE/Wi-Fi coexistence below energy detection threshold as we will 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 [START_REF] Jian | Coexistence of Wi-Fi and LAA-LTE: Experimental evaluation, analysis and insights[END_REF] and [START_REF] Lan | A Field Trial of Unlicensed LTE (U-LTE) in 5.8 GHz Band[END_REF].

The authors in [START_REF] Jian | Coexistence of Wi-Fi and LAA-LTE: Experimental evaluation, analysis and insights[END_REF] measure the negative impact of LTE on Wi-Fi for different LTE system configuration parameters such as LTE bandwidth, central frequency and transmission power using an experimental platform. Another testbed in [START_REF] Makris | Measuring LTE and WiFi coexistence in Unlicensed spectrum[END_REF] measures also the mutual impact of LTE and Wi-Fi in different coexistence scenarios where LTE coexists with Wi-Fi over its primary 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 that Wi-Fi is the technology that suffers the most in coexisting with LTE. Another experimental analysis presented in [START_REF] Guiducci | Experimental analysis on possible coexistence issues related to the introduction of LTE in the 2300-2400 MHz band[END_REF], confirms that LTE degrades Wi-Fi performance while the interference 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 [START_REF] Rupasinghe | Licensed-assisted access for WiFi-LTE coexistence in the unlicensed spectrum[END_REF]. To further enhancing Wi-Fi performance, the authors in [START_REF] Chaves | LTE UL Power Control for the Improvement of LTE/Wi-Fi co-existence[END_REF] and [START_REF] Chaves | LTE/Wi-Fi Coexistence: Challenges and Mechanisms[END_REF] propose an interference-aware coexistence scheme based on controlling LTE uplink power transmission. LTE uplink performance has been also examined in [START_REF] Ratasuk | License-exempt LTE deployment in heterogeneous network[END_REF] for different Wi-Fi traffic loads in different coexistence scenarios. In addition, LTE can leverage its beamforming capability as shown in [START_REF] Li | Simultaneous transmission opportunities for LTE-LAA smallcells coexisting with WiFi in unlicensed spectrum[END_REF] to avoid causing a noticeable interference to Wi-Fi. An analytical framework characterizing LTE/Wi-Fi mutual interference has been presented in [START_REF] Sagari | Modeling the coexistence of LTE and WiFi heterogeneous networks in dense deployment scenarios[END_REF] for dense deployment scenarios where the Wi-Fi throughput performance is degraded by up to 97% due to LTE interference. The authors in [START_REF] Jeon | LTE in the unlicensed spectrum: A novel coexistence analysis with WLAN systems[END_REF] developed a new interference analysis 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 [START_REF] Sandoval | Indoor planning and optimization of LTE-U radio access over WiFi[END_REF] 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 that LTE has to adopt a coexistence technique to share the channel access with Wi-Fi otherwise Wi-Fi performance will be severely degraded. In fact, the above proposed solutions only aim to mitigate the interference between LTE and Wi-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. Consequently, 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 the most important questions that could help someone to do such classification: • 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 the MAC 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 frame over the channel. After performing CCA, 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-based protocol are well-known by their "politeness" regards to the channel access with respect to non LBT-based protocols which are considered as "aggressive" protocols. Indeed, non-LBT or LBT-based MAC layer protocols will mainly determine the behavior of the communication system with other systems and whether 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 contend the channel access periodically after a certain fixed time. In contrast, for other MAC 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 performance. Some LBT-based MAC layer protocols such as LBE and Cat4 protocols adopt a Backoff 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 performance 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 follows 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 each MAC layer protocol such as the time duration of CCA mechanism, the temporal granularity, initial CW size, etc. Moreover, after the communication system grabs the channel access, it is allowed to occupy the channel only for certain period of time known as Channel Occupancy Time (COT) or Transmission Opportunity (TXOP). All of these configuration parameters define the MAC layer protocol behaviour over the channel and determine the communication system performance.

TDM-based MAC layer Protocol

The TDM-based MAC layer protocol is the first proposal for LTE to coexist with Wi-Fi in unlicensed spectrum [START_REF] Al-Dulaimi | 5G Communications Race: Pursuit of More Capacity Triggers LTE in Unlicensed Band[END_REF], [START_REF] Foegelle | Coexistence of LTE-U and LAA in a Wi-Fi world[END_REF]. 3GPP also has proposed the same protocol with a different name called Category 1 protocol [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF]. Several telecommunication companies formed an industry alliance called LTE-U forum [START_REF]LTE-U Forum[END_REF] protocol as a new MAC layer protocol for LTE. The main reason is the simplicity of adopting 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 [START_REF] Shen | Overview of 3GPP LTE-advanced carrier aggregation for 4G wireless communications[END_REF]. Accordingly, LTE in unlicensed spectrum could be deployed fastly based on latest LTE Release 12 [START_REF] Astely | LTE release 12 and beyond [Accepted From Open Call[END_REF] 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 certain periods called LTE-ON periods, i.e. several LTE frames or subframes, interposed between LTE-OFF periods allocated for Wi-Fi channel access, see Figure 2.1. Accordingly, LTE adopts an ON/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.

The TDM-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 protocols, 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 [START_REF] Bhorkar | Medium access design for LTE in unlicensed band[END_REF] is used to prevent Wi-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 aggressively the channel since LTE does not perform CCA before transmitting LTE frames unlike Wi-Fi. As a result, a collision between LTE and Wi-Fi frames is occurred leading to Wi-Fi performance 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 spectrum requires that LTE adopts an LBT-based protocol. The usage of TDM-based protocol is currently limited for regions such as USA and Korea that allow non-LBT protocols. The TDMbased protocol is still a good candidate for other inter-radio access technology coexistence as in [START_REF] Yang | Enabling TDMA for today's wireless LANs[END_REF] and [START_REF] Zehl | hMAC: Enabling Hybrid TDMA/CSMA on IEEE 802.11 Hardware[END_REF].

The authors provide simulation studies in [START_REF] Nihtila | System performance of LTE and IEEE 802.11 coexisting on a shared frequency band[END_REF] 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 load means that both LTE and Wi-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 allow Wi-Fi access to the channel during the muted 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 the Wi-Fi performance is not only sensitive to the number of muted subframes but also to the way the muted subframes are distributed along the LTE frame.

The same message has been conveyed by the authors in [START_REF] Cano | Using LTE in unlicensed bands: Potential benefits and coexistence issues[END_REF] 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 transmission fits well LTE-OFF periods so that the collision probability is reduced. In contrast, the authors in [START_REF] Cano | Using LTE in unlicensed bands: Potential benefits and coexistence issues[END_REF] proposed that LTE can reduce the negative impact on Wi-Fi performance by 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 [START_REF] Jeon | LTE in the unlicensed spectrum: Evaluating coexistence mechanisms[END_REF] 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 increasing Wi-Fi delay, which makes it inappropriate for real-time services and heavily impact the fair coexistence. As a matter 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 [START_REF] Gomez-Miguelez | srsLTE: An Open-source Platform for LTE Evolution and Experimentation[END_REF] 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 on Wi-Fi has been exam-ined when LTE uses different transmission power, bandwidth and central frequency. Similarly, an empirical study presented in [START_REF] Capretti | LTE/Wi-Fi Co-existence Under Scrutiny: An Empirical Study[END_REF] 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 and Wi-Fi performance depends heavily on all the various settings.

Qualcomm also has proposed the TDM-based protocol with a different name called Carrier Sensing Adaptive Transmission (CSAT) protocol [START_REF]LTE in unlicensed spectrum: Harmonious coexistence with Wi-Fi[END_REF]. The main idea behind CSAT is that LTE controls and adapts its transmission periods, i.e. LTE ON/OFF periods, based on Wi-Fi traffic 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 [START_REF] Sadek | Extending LTE to unlicensed band -Merit and coexistence[END_REF] confirms again that Wi-Fi performance is better 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 [START_REF] Yubing Jian | Duet: An adaptive algorithm for the coexistence of LTE-U and WiFi in Unlicensed spectrum[END_REF] 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 [START_REF] Sriyananda | Multi-armed bandit for LTE-U and WiFi coexistence in unlicensed bands[END_REF] 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 [START_REF] Olbrich | WiPLUS: Towards LTE-U Interference Detection, Assessment and Mitigation in 802.11 Networks[END_REF] where Wi-Fi will be able to detect and have a timing information 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 TDMbased protocol in order to coexist fairly with Wi-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-known Bianchi's model [START_REF] Bianchi | Performance analysis of the IEEE 802.11 distributed coordination function. Selected Areas in Communications[END_REF] can be adapted and extended by considering the negative impact of LTE on Wi-Fi.

The authors in [START_REF] Jiang | Harmonious Coexistence and Efficient Spectrum Sharing for LTE-U and Wi-Fi[END_REF] follow the strategy of modeling LTE/Wi-Fi coexistence by extending the original DCF model [START_REF] Bianchi | Performance analysis of the IEEE 802.11 distributed coordination function. Selected Areas in Communications[END_REF] while taking into account the probability of collision between both technologies. However, the analysis does several assumptions to obtain the probability of collision 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 [START_REF] Cano | Using LTE in unlicensed bands: Potential benefits and coexistence issues[END_REF]. Moreover, their analytical model is not valid for all coexistence scenarios and the model provides only an upper bound on LTE performance. Another analytical model was presented in [START_REF] Cano | Unlicensed LTE/WiFi coexistence: Is LBT inherently fairer than CSAT?[END_REF] where the authors assume that LTE-OFF periods are random and follow an exponential distribution. The reason of adopting such assumption is that the probability of collision between LTE and Wi-Fi becomes easy to compute thanks to the memoryless property, i.e. PASTA property [START_REF] Baccelli | The Role of PASTA in Network Measurement[END_REF]. 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 [START_REF] William | A Network Performance Study of LTE in Unlicensed Spectrum[END_REF], TDM-based protocol has been examined to coexist with Wi-Fi DCF protocol through simulations. The authors claimed that "LTE can be configured to be fair with Wi-Fi" without providing any further information 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 [START_REF] Babaei | On the impact of LTE-U on Wi-Fi performance[END_REF] in presence of Duty Cycled LTE where it is based on the fact that during the LTE transmission 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 [START_REF] Babaei | On the impact of LTE-U on Wi-Fi performance[END_REF]. In order to fulfill certain telecommunication regulatory agencies in unlicensed spectrum, several LBT-based MAC layer protocols were proposed for LTE. Frame Based Equipment (FBE) protocol is considered as one of LBT-based protocol that is originally standardized by the European Telecommunications Standards Institute (ETSI) in [START_REF]Broadband Radio Access Networks (BRAN); 5 GHz high performance RLAN[END_REF] and is considered by 3GPP as Category 2 MAC layer protocol for LTE in [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF]. To cope with the main deficiency of TDMbased protocol which is the fact that at the beginning of each LTE-ON period a collision could be occur with Wi-Fi transmissions. FBE protocol was proposed to reduce the collision probability between LTE and Wi-Fi by integrating a CCA at the beginning of each LTE-ON period. When LTE adopts an LBT-based MAC layer protocol such as FBE protocol, LTE is called LTE Licensed Assisted Access (LTE-LAA). Although, the FBE protocol has some constraints imposed by ETSI on its configuration parameters such as LTE-ON period and LTE-OFF period [START_REF] Zhang | LTE-unlicensed: the future of spectrum aggregation for cellular networks[END_REF], 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 protocol should provide a less negative impact on Wi-Fi performance compared to the TDM-based protocol.

Frame Based Equipment MAC Layer 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 by Wi-Fi transmissions, LTE will 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 systems belonging to the same or to different operators are synchronized and have the same fixed frame period then both systems can suffer from inevitably collisions [START_REF] Kini | Wi-Fi-LAA coexistence: Design and evaluation of Listen Before Talk for LAA[END_REF]. In the case both LTE systems are not synchronized then one of them will completely dominate the channel access [START_REF] Tang | Throughput Analysis of LAA and Wi-Fi Coexistence Network with Asynchronous Channel Access[END_REF]. 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 [START_REF]LTE in unlicensed spectrum: Harmonious coexistence with Wi-Fi[END_REF], 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 [START_REF] Wei | An Optimal Stopping Approach to Listen-Before-Talk for Frame Based Equipment in Unlicensed Spectrum[END_REF], [START_REF] Wei | Joint Listening, Probing and Transmission Strategies for Frame Based Equipment in Unlicensed Spectrum[END_REF] 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 considering the coexistence with Wi-Fi. An analytical model for the FBE protocol based on a Markov chain is presented in [START_REF] Um | Analysis of channel access mechanism on 5 GHz unlicensed band[END_REF] without considering again the coexistence with Wi-Fi. Another theoretical analysis for the FBE protocol was presented in [START_REF] Wang | An LTE-U coexistence scheme based on cognitive channel switching and adaptive muting strategy[END_REF] for LTE/Wi-Fi coexistence. The authors tried to determine the channel access probability of FBE protocol under the assumption that the received Wi-Fi signal by LTE follows a Gaussian 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 on measurements of LTE channel activities. It is also worth noting that the author 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 protocol that can describe perfectly how the channel access is shared between LTE and Wi-Fi. In [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF], many simulation studies performed by different companies during a 3GPP workshop have evaluated FBE protocol while coexisting with Wi-Fi in different coexistence scenarios. The results confirm that Wi-Fi performance metrics are improved whenever Wi-Fi competes with LTE-FBE rather than another Wi-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 [START_REF] Jia | A channel sensing based design for LTE in unlicensed bands[END_REF], 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 performance of LTE and Wi-Fi, and the results show that the proposed MAC layer protocol can provide a reasonable trade-off between LTE and Wi-Fi performance under certain coexistence conditions. Indeed, LTE-OFF periods are considered as an essential component of the flexibility of FBE protocol to ensure a fair channel access between LTE and Wi-Fi. The authors in [START_REF] Wijesiri | Frame Based Equipment Medium Access in LTE-U: Mechanism Enhancements and DTMC Modeling[END_REF] propose two variants of FBE protocol called "Enchanced FBE" (E-FBE) and "Backoff 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 greediness of FBE channel access. The authors' claim [START_REF] Wijesiri | Frame Based Equipment Medium Access in LTE-U: Mechanism Enhancements and DTMC Modeling[END_REF] 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 proposed with the common feature of using a CCA prior to LTE-ON periods. In TV white space, [START_REF] Beluri | Mechanisms for LTE coexistence in TV white space[END_REF] suggests an LTE MAC 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 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 on Wi-Fi performance. Almost the same protocol as the previous one was also proposed in [START_REF] Zhang | Modeling and Analysis of MAC Protocol for LTE-U Co-existing with Wi-Fi[END_REF] 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 [START_REF] Beluri | Mechanisms for LTE coexistence in TV white space[END_REF] and [START_REF] Zhang | Modeling and Analysis of MAC Protocol for LTE-U Co-existing with Wi-Fi[END_REF] could be considered as possible good alternatives to the FBE protocol since LTE will have a major problem to grab the channel access from Wi-Fi in the classic FBE as we will see in Chapter 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. Another LBT-based protocol is the Load Based Equipment (LBE) protocol, standardized by ETSI in [START_REF]Broadband Radio Access Networks (BRAN); 5 GHz high performance RLAN[END_REF] and considered by 3GPP as Category 3 protocol for LTE in [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF]. To cope with the expected LTE performance degradation with FBE protocol, LBE protocol attracted many companies during the same forenamed 3GPP workshop [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF]. This is because LTE is allowed to contend for the channel access with Wi-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 access, 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 the manufacturer 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 the channel access, whereas LTE CW 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 which must be less than 13 32 x q ms. In such a way, if the manufacturer 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 fixed CW size of LBE protocol poses the problem of heterogeneity with the DCF protocol. In fact, there are two more main differences between LBE and DCF protocols:

Load Based Equipment MAC Layer Protocol

• 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 [START_REF] Kwan | Fair co-existence of Licensed Assisted Access LTE (LAA-LTE) and Wi-Fi in unlicensed spectrum[END_REF]. In [START_REF] Ma | Coexistence analysis of LTE and WLAN systems with heterogenous backoff slot durations[END_REF], 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 novel Markov chain approach, the authors were able to identify and to measure the impact of this heterogeneity. In the context of Wi-Fi/Wi-Fi coexistence, the problem of heterogeneity of back-off slot duration has also been discovered in [START_REF] Bianchi | Experimental Assessment of the Backoff Behavior of Commercial IEEE 802.11b Network Cards[END_REF] between different Wi-Fi commercial network cards showing clearly a negative impact on the performance.

• After the channel becomes idle, LBE starts immediately to decrement its frozen backoff 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 [START_REF] El-Samadisy | Performance Evaluation of MAC for IEEE 802.11 and LAA LTE[END_REF] and [START_REF] Kanyeshuli | LTE-in unlicensed band: medium access and performance evaluation[END_REF] do not consider such lack of an equivalent DIFS period for LBE protocol, likely for simplification reasons. Nevertheless, the ETSI standard [START_REF]Broadband Radio Access Networks (BRAN); 5 GHz high performance RLAN[END_REF] mentions clearly that LBE Option-B protocol does not include any initial CCA.

To sum up, with LBE protocol, LTE may have a higher probability to grab the channel access than Wi-Fi due to the fixed CW size 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 protocol, 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 access at any time instant. In Figure 2.3, an LTE reservation signal is used to prevent Wi-Fi from 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 LTE Transmission Opportunity (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 [START_REF] Janardhanan | LTE -Wi-Fi coexistence in 5 GHz band[END_REF], LBE was tested with its maximum CW size, i.e. q=32, to coexist with Wi-Fi in indoor and outdoor small cell deployments. The simulation results show that Wi-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 [START_REF] Mushunuri | Fair and Efficient Listen Before Talk (LBT) Technique for LTE Licensed Assisted Access (LAA) Networks[END_REF], 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 [START_REF] Gao | Performance Analysis of LAA and WiFi Coexistence in Unlicensed Spectrum Based on Markov Chain[END_REF] and [START_REF] Chen | Downlink performance analysis of LTE and Wi-Fi coexistence in unlicensed bands with a simple listen-before-talk scheme[END_REF] based on Markov chains. Even through their analytical 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 outperforms Wi-Fi but it comes with the price of degradation of Wi-Fi performance. For this reason, an adaptation of LBE CW size was presented in [START_REF] Tao | Enhanced LBT algorithm for LTE-LAA in unlicensed band[END_REF] 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 LBE CW size adaptation for enhancing both LTE and Wi-Fi performance in terms of throughput and delay.

Another work in [START_REF] Kini | Wi-Fi-LAA coexistence: Design and evaluation of Listen Before Talk for LAA[END_REF] confirms again that LTE coexists better with Wi-Fi when LTE adjusts and resizes its LBE CW size. Moreover, in [START_REF] Kini | Wi-Fi-LAA coexistence: Design and evaluation of Listen Before Talk for LAA[END_REF], to cope with the lack of the equivalent DIFS period for LBE protocol, the authors propose a modified version of LBE protocol by integrating an additional sensing period before LBE back-off period to enhance the fairness of channel access. Moreover, during a 3GPP meeting, a similar idea was suggested [START_REF]Details of listen-before-talk for laa[END_REF]. On the same line, the authors in [START_REF] Song | Coexistence of Wi-Fi and Cellular With Listen-Before-Talk in Unlicensed Spectrum[END_REF] adopt an equivalent DIFS period and the same slot duration of Wi-Fi for LBE protocol. In that case, LBE protocol can be considered as DCF protocol adopted by Wi-Fi except for the CW size which remains fixed despite the occurrence of collisions. As a result, an analytic model for both Wi-Fi and LTE based on Bianchi's model [START_REF] Bianchi | Performance analysis of the IEEE 802.11 distributed coordination function. Selected Areas in Communications[END_REF] 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 LBE CW size equals to 15 and DCF minimum CW size equal to 16, both LBE and DCF protocols 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 problem caused by the fixed CW of LBE is relaxed. The same authors in [START_REF] Wei | An Optimal Stopping Approach to Listen-Before-Talk for Frame Based Equipment in Unlicensed Spectrum[END_REF], [START_REF] Wei | Joint Listening, Probing and Transmission Strategies for Frame Based Equipment in Unlicensed Spectrum[END_REF] who presented an optimal transmission strategy for FBE protocol extend their work in [START_REF] Wei | Throughput optimal listen-before-talk for cellular in unlicensed spectrum[END_REF] 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. To obtain a DCF-like protocol for LTE, 3GPP proposed Category 4 (Cat4) protocol in [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF]. Figure 2.4 illustrates the flowchart of Cat4 protocol proposed by 3GPP. Cat4 protocol is similar to DCF protocol in the sense that both have a sensing period prior to each back-off period called DIFS period for Wi-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 for Cat4 protocol [START_REF] Zhang | Coexistence performance analysis of LAA based on release 13[END_REF] where both the allowed CW size and COT depend on the traffic priority. In contrast, the Wi-Fi DCF protocol has its own traffic priority classes called access categories [START_REF] Sotenga | Analysis of IEEE 802.11n network Access Categories in EDCA non-saturated networks[END_REF] which are different from the traffic priority classes of Cat4 protocol.

Category 4 MAC Layer Protocol

As mentioned in section 2.1, any protocol heterogeneity with respect to configuration parameters will lead to one of the protocol performance being superior than the other. Accordingly, the authors in [START_REF] Yoon | COTA: Channel occupancy time adaptation for LTE in unlicensed spectrum[END_REF] 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 authors proposed a COT Adaptation (COTA) algorithm to ensure a fair coexistence. In [START_REF] Kwon | Licensed-Assisted Access to Unlicensed Spectrum in LTE Release 13[END_REF], 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 confirm 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 [START_REF] Zhang | Coexistence performance analysis of LAA based on release 13[END_REF] adapt the well-know Bianchi's model for modeling Cat4 protocol. The adaptation of Bianchi's model does not consider any changes on the Markov chain model as the Cat4 protocol has the same Markov 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. Another analytical model for Cat4 protocol based again on Bianchi's model could be found in [START_REF] Wang | Performance analysis of LBT Cat4 based downlink LAA-WiFi coexistence in unlicensed spectrum[END_REF]. 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 of Wi-Fi reach its maximum value, Wi-Fi CW size remains and do not rest to its initial value until a successful retransmission is occurred which is not the case for LTE. In contrast, as per IEEE 802.11 standard [START_REF]IEEE Standard for Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY) specifications[END_REF] and several previous work such as [START_REF] Wu | Performance of reliable transport protocol over IEEE 802.11 wireless LAN: analysis and enhancement[END_REF], Wi-Fi will rest its CW size whenever the maximum retransmission reached, Wi-Fi used Retry Limit mechanism for this purpose. Other analytical models for Cat4 protocol based on Markov chains is also presented in [START_REF] Gao | Performance Analysis of LAA and WiFi Coexistence in Unlicensed Spectrum Based on Markov Chain[END_REF], [START_REF] Yan | A Markov-Based Modelling with Dynamic Contention Window Adaptation for LAA and WiFi Coexistence[END_REF] and [START_REF] Saadat | License assisted access-WiFi coexistence with TXOP backoff for LTE in unlicensed band[END_REF] for non-saturated traffic load and in [START_REF] Yi | Performance Analysis of LTE-LAA Network[END_REF], [START_REF] Tang | Throughput Analysis of LAA and Wi-Fi Coexistence Network with Asynchronous Channel Access[END_REF] for saturated traffic load.

In fact, 3GPP does not impose only one range of Cat4 CW size, see Figure 2.4 where X and Y are configurable parameters. In [START_REF] Baswade | Channel sensing based dynamic adjustment of contention window in LAA-LTE networks[END_REF], the authors propose a dynamic CW size range adjust-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 proposed in [START_REF] Hao | Contention window size adaptation algorithm for LAA-LTE in unlicensed band[END_REF] based on the observation of slot utilization over a certain period. On the same line, the authors in [START_REF] Yan | A Markov-Based Modelling with Dynamic Contention Window Adaptation for LAA and WiFi Coexistence[END_REF] propose another mechanism to adjust Cat4 protocol CW size through introducing the so-called Maximum CW Timer Mechanism (DCWTM) that emulates Wi-Fi Retry Limit mechanism. Using machine learning, the authors in [START_REF] Ali | Machine learning based scheme for contention window size adaptation in LTE-LAA[END_REF] proposed a neural network (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 Cat4 CW size adaptation outperforms using a fixed CW size for several LTE/Wi-Fi coexistence scenarios. Finally, to completely eliminate any MAC layer protocol heterogeneity between LTE and Wi-Fi, the authors in [START_REF] Yin | Adaptive LBT for Licensed Assisted Access LTE Networks[END_REF] 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.

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 [START_REF] Tarasyuk | Contention window adaptation to ensure airtime consumption fairness in multirate Wi-Fi networks[END_REF], [START_REF] Perahia | Next Generation Wireless LANs[END_REF], [START_REF] Mao | An Adaptive MAC Scheme to Achieve Throughput Optimization and Airtime Fairness for IEEE 802.11 Multirate Networks[END_REF]. Regarding to LTE/Wi-Fi coexistence, Wi-Fi will have an important interference from LTE due to the poor Wi-Fi channel assessment of LTE activities over the channel. Indeed, in many coexistence scenarios, Wi-Fi will consider LTE signal as a background noise and will 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 Sense CCA (CS-CCA): That defines the ability of Wi-Fi to detect another Wi-Fi frame transmission by decoding its frame preamble. The carrier sense CCA called also the Preamble Detection CCA (PD-CCA).

• Energy Detection CCA (ED-CCA): That defines the ability of Wi-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-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 detection mechanisms are different with about 20 dB: The CS threshold is -82 dBm and ED threshold is -62 dBm. The difference comes from the fact that Wi-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 [START_REF] Ramachandran | WLC46-2: On the Impact of Clear Channel Assessment on MAC Performance[END_REF]. Accordingly, 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 signal 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 [START_REF] Nishide | Detecting Hidden Terminal Problems in Densely Deployed Wireless Networks[END_REF] 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, 3GPP has decided that LTE must lower its ED threshold down to -72 dBm [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF] whereas Wi-Fi ED threshold remains at -62 dBm so that LTE can offer to Wi-Fi some level of protection by decreasing LTE channel access probability in favor of Wi-Fi. In parallel, Wi-Fi alliance had also asked that LTE to lower down more its ED threshold to -82 dBm to further improve Wi-Fi performance. Indeed, lowering LTE ED threshold and keeping Wi-Fi ED threshold will cause another problem called asymmetric hidden nodes problem between LTE and Wi-Fi [START_REF] Lee | Performance Analysis of License Assisted Access LTE with Asymmetric Hidden Terminals[END_REF]. 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 from unnecessary backoffs where the communication system is "conservative" with respect to the channel access. This problem is known as the exposed node problem [START_REF] Chakraborty | Alleviating Hidden and Exposed Nodes in High-Throughput Wireless Mesh Networks[END_REF]. On the other side, increasing the ED threshold will cause the communication system to access "aggressively" the channel and will possibly lead to several collisions with other communication systems that are considered as hidden nodes [START_REF] Nishide | Detecting Hidden and Exposed Terminal Problems in Densely Deployed Wireless Networks[END_REF]. Henceforth, we have to find the balancing point between the hidden and the exposed node problem as in [START_REF] Van De Ven | Balancing Exposed and Hidden Nodes in Linear Wireless Networks[END_REF] for LTE/Wi-Fi coexistence. At this balancing point, we can ensure a good trade-off between increasing spatial reuse to improve the overall network performance [START_REF] Zhu | Leveraging spatial reuse in 802.11 mesh networks with enhanced physical carrier sensing[END_REF]- [START_REF] Zhu | Adapting Physical Carrier Sensing to Maximize Spatial Reuse in 802.11 Mesh Networks: Research Articles[END_REF], and maintaining a moderate level of interference between the two systems [START_REF] Kini | Wi-Fi-LAA coexistence: Design and evaluation of Listen Before Talk for LAA[END_REF]. 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 [START_REF] Mhatre | Interference Mitigation Through Power Control in High Density 802.11 WLANs[END_REF] and/or jointly adjusting both ED threshold and transmission power [START_REF] Zhou | Joint tuning of physical carrier sensing, power and rate in high-density WLAN[END_REF]. In real-ity, reaching this balancing point needs a huge effort since there are many parameters that have to be taken into account such as the geographical distribution of the communication nodes [START_REF] Li | Share in the Commons: Coexistence between LTE Unlicensed and Wi-Fi[END_REF] as well as their traffic load (see chapter 6).

Regarding the issue of LTE/Wi-Fi coexistence blow energy detection threshold, [START_REF] Jindal | LTE and Wi-Fi in Unlicensed Spectrum: A Coexistence Study, White Paper[END_REF] addressed 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 channel, 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 attempting 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's Wi-Fi hardware implementations adopt several data rate adaptation algorithms that mainly depends on the channel quality and the frame retransmission 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 of Wi-Fi performance could be drawn regardless of the adopted LTE MAC layer protocol.

In [START_REF]Real-time lte/wi-fi coexistence testbed[END_REF], a real-time LTE/Wi-Fi coexistence testbed established by the National Instruments company show that, in case of LTE adopts Cat4 protocol, LTE could enhance the fair coexistence 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 scenario change. For example, in low-interference LTE/Wi-Fi coexistence scenarios, decreasing the LTE ED threshold will primarily degrades LTE performance due to unnecessary LTE backoffs whereas Wi-Fi performance remains almost the same as shown in [START_REF] Jeon | LTE with listen-before-talk in unlicensed spectrum[END_REF]. In contrast, in highly interference-limited LTE/Wi-Fi coexistence scenarios, decreasing the LTE ED threshold helps both LTE and Wi-Fi to improve their performance as shown in [START_REF] Li | Enhanced listen-before-talk scheme for frequency reuse of licensed-assisted access using LTE[END_REF]. To mitigate the problem of LTE performance degradation due to the decrease of its ED threshold, the authors in [START_REF] Kini | Wi-Fi-LAA coexistence: Design and evaluation of Listen Before Talk for LAA[END_REF] proposed that LTE ED threshold can keep a lower ED threshold only when LTE coexists with another Wi-Fi. However, LTE can dynamically increase its ED threshold in the case of LTE coexists with another LTE of another operator based on measuring the inter-operator interference. Nevertheless, the proposed CCA 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.

Another proposed solution is the one presented in [START_REF] Li | LBT with adaptive threshold for coexistence of cellular and WLAN in unlicensed spectrum[END_REF] where LTE could dynamically adjust its ED threshold based on its traffic load by observing the queue length of the LTE base station.

If LTE has a high traffic load then LTE increases its ED threshold to have a more channel access 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 explore ensuring fair coexistence between LTE and Wi-Fi. The authors provide a mathematical framework based on queuing theory to tie up between LTE traffic load and its ED threshold. In [START_REF] Iqbal | Impact of changing energy detection thresholds on fair coexistence of Wi-Fi and LTE in the unlicensed spectrum[END_REF], the authors realized that lowering LTE ED threshold mitigates without solving totally the problem of the poor Wi-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 detection module so that Wi-Fi is able to lower its energy detection to -82 dBm and treats LTE as any other Wi-Fi. Simulation results show that both LTE and Wi-Fi performance are improved. However, the proposed solution imposes that Wi-Fi changes its design. Another distributed algorithm for LTE is proposed in [START_REF] Li | Coexistence of Wi-Fi and LAA Networks With Adaptive Energy Detection[END_REF] to adjust adaptively LTE ED threshold in order to enhance the fair coexistence with Wi-Fi. The main idea behind the algorithm is that LTE decreases it ED threshold when it encounters frequent collisions with Wi-Fi; otherwise, LTE should maintain a high ED threshold to increase the channel access opportunity. 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 collision over the channel unlike Wi-Fi as we will see in Chapter 6. An analytical model for both LTE and Wi-Fi based on extending Bianchi's model by taking into consideration the impact of changing the ED threshold has been presented in [START_REF] Mehrnoush | Analytical Modeling of Wi-Fi and LTE-LAA Coexistence: Throughput and Impact of Energy Detection Threshold[END_REF]. 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 show only the benefits and the gain of the adaptive adjustment of the ED threshold without providing any practical solution to achieve the aforementioned trade-off.

WiMAX/Wi-Fi Coexistence

LTE is not the first radio access technology that aims to improve its capacity through coexisting with Wi-Fi in unlicensed spectrum. Earlier, WiMAX (IEEE 802.16) also has tried to share the spectrum with Wi-Fi [START_REF] Fu | The IEEE 802.16 and 802.11a Coexistence in the License-Exempt Band[END_REF]. When WiMAX coexists with Wi-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 [START_REF] Thomas | Analysis of Co-existence between IEEE[END_REF]. Remember that, the same conclusion was drawn for LTE/Wi-Fi coexistence in [START_REF] Am Cavalcante | Performance evaluation of LTE and Wi-Fi coexistence in unlicensed bands[END_REF] and [START_REF] Jian | Coexistence of Wi-Fi and LAA-LTE: Experimental evaluation, analysis and insights[END_REF]. Moreover, the main reason of degrading the Wi-Fi performance when coexisting with WiMAX is still the same as with LTE. It is because Wi-Fi adopts an LBT-based protocol which 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 [START_REF] Siddique | Spectrum sharing between[END_REF]. The protocol is called Regular Channel Access (RCA) protocol where WiMAX adopts a Time-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, followed by a non-activated periods, i.e. WiMAX-OFF period, where Wi-Fi can access the channel. Consequently, RCA protocol, like TDM-based protocol, has its negative impact on Wi-Fi performance since both WiMAX and Wi-Fi may simultaneously attempt to access the channel at the same time causing collisions over the channel. To cope with the mutual interference, the author proposed a method to improve the coordination between WiMAX and Wi-Fi by modifying Wi-Fi to be able to supervise the channel activities of WiMAX so that Wi-Fi will attempt to access the channel only during WiMAX-OFF periods. Remember that similar methods were proposed for LTE/Wi-Fi coexistence in [START_REF] Chien-Chung Shen | LTE-U and Wi-Fi Co-Existence[END_REF] and [START_REF] Olbrich | WiPLUS: Towards LTE-U Interference Detection, Assessment and Mitigation in 802.11 Networks[END_REF] to reduce such interference. However, during a WiMAX-OFF period, if Wi-Fi transmits a frame longer than the WiMAX-OFF period, a collision is still possible. In [START_REF] Choi | Interframe spacing adaptation method for IEEE 802.11 WLANs coexisting with IEEE 802.16 networks[END_REF], the authors proposed an interframe spacing adaptation 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 [START_REF] Kim | Use of vestigial power management bit within Wi-Fi frame structure of access point for coexistence of Wi-Fi and WiMAX systems in shared bands[END_REF] for WiMAX to coexist with Wi-Fi. However, the authors proposed a different method to confine Wi-Fi transmissions into WiMAX-OFF periods to reduce the interference. The proposed method is based on the Wi-Fi Access Point (AP) that controls transmission of the other Wi-Fi stations through the usage of vestigial power management (PwrMgt) bit within 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.

In WiMAX/Wi-Fi coexistence scenarios, Wi-Fi also can degrade harmfully the WiMAX performance as shwon in [START_REF] Berlemann | Unlicensed operation of IEEE[END_REF]. 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 prevent Wi-Fi from grabbing the channel access when the channel is idle before or during WiMAX frame transmissions. The same problem was discovered in the case of LTE/Wi-Fi coexistence and the proposed solution is mainly based on the same idea of the reservation signal [START_REF] Cano | Using LTE in Unlicensed Bands: Potential Benefits and Coexistence Issues[END_REF].

Another approach has been proposed in [START_REF] Berlemann | Coexistence and Interworking of IEEE 802[END_REF] to allow the coexistence between WiMAX and 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) protocol to pool the traffic of both technologies during a contention free period. We should mention here that the concept of allowing inter-working between LTE and Wi-Fi through a third entity that controls the channel access among them has also been investigated in [START_REF] Sagari | Coordinated dynamic spectrum management of LTE-U and Wi-Fi networks[END_REF], [START_REF] Cai | Spectrum sharing for lte and wifi coexistence using decision tree and game theory[END_REF] and [START_REF] Xiao | An adaptive channel access mechanism for LTE-U and WiFi coexistence in an unlicensed spectrum[END_REF]. However, in this thesis, our research direction focus on the coexistence between the two technologies without external coordination.

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 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 not mean 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 powerful MAC layer protocol to grab the channel access more 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 adequately 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 flexibility 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 challenge 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 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 a marginal fair coexistence with Wi-Fi due to its fixed CW size 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, different modification has been proposed for LBE protocol such as the adopting of the same back-off slot duration and an equivalent DIFS sensing period as in Wi-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.

Soit A un succès dans la vie. Alors A = x + y + z, où x = travailler, y = s'amuser, z = se taire..

Albert Einstein

TDM-based Protocol: Studying the Impact of LTE on Wi-Fi Downlink Performance

An intuitive and simple way to share the spectrum between LTE and Wi-Fi is to prevent them from accessing the channel at the same time using Time-Division Multiplexing (TDM) schemes.

In this chapter, we study the case where LTE adopts a TDM-based MAC protocol to share the spectrum with Wi-Fi while the latter keeps its usual MAC protocol. The main concept is indeed simple : LTE transmission is activated for certain periods called LTE-ON periods 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 thus Wi-Fi, and therefore master better the sharing. On the other hand, the lack of an LTE CCA mechanism 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-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 and Wi-Fi performance will entirely depend on the TDM-based protocol configuration parameters, in other words, the ON/OFF pattern adopted by LTE. For example, multiple 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 TDMbased protocol configurations to find the best configuration parameters that maximize both LTE and Wi-Fi throughput and reduce the collision probability. In addition, in [START_REF] Architect | Wi-Fi vs. Duty Cycled LTE: A Balancing Act[END_REF], the authors found that for a fixed duty cycle percentage, i.e. the fraction of LTE-ON period 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 and Wi-Fi. We show how the Wi-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. We model 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 first model applies for one Wi-Fi access point or one station sending to other stations, it allows us to model Wi-Fi access protocol in detail 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 includes Wi-Fi transmissions as we will do in the next chapter. Moreover, in parallel, we implemented the TDM-based protocol in the open-source NS3 (Network Simulator version 3) simulator [START_REF]NS3. Network Simulator version 3 Official Website[END_REF] and we used its complete implementation of Wi-Fi (IEEE 802.11) standard to validate our model and assess its robustness when the model assumptions are not quite valid. This chapter is outlined as follows. In section 3.1, we explore the interaction between LTE and Wi-Fi. In section 3.2, we provide an analytical model for Wi-Fi coexisting with LTE to quantify the impact of LTE on an infrastructure-based Wi-Fi network in terms of probability of collision and saturation throughput. Section 3.3 validates the accuracy 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 scenarios including possibly Wi-Fi downlink and uplink traffic in section 3.4. 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 different MAC layer protocols by LTE and Wi-Fi creates a major sharing problem. With TDM-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.

LTE/Wi-Fi Interaction

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 period 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. 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 period, 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 decrementing 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 channel 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 ], where CW 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 why we 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 [START_REF] Tinnirello | Refinements on IEEE 802.11 distributed coordination function modeling approaches[END_REF].

Wi-Fi Analytical Model

The analysis is divided into two steps. First, we study the behavior over time of the Wi-Fi AP coexisting with LTE eNodeB using a Discrete Time Markov Chain (DTMC). Second, we com-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 T i 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 transmission during any T i period terminates with a frozen, collided or success frame, as shown in Figure 3.1. Thus, the end of each T i period can be adequately modeled by means of a threestate Markov chain. Let us denote by S = {f i , c i , s i }, the space state for period T i , where f i , c i and s i indicate that the AP transmission has been ended with a frozen, collided and success frame during T i period respectively. As a result, any given T i period has a set of three states which can be visited again only at multiples of M leading to a periodic DTMC with period M . This shown in Figure 3.2 for M = 3, i.e. periods T 1 , T 2 and T 3 . We should note also that the Markov chain can lose the periodicity when at least two periods of T i periods have the same time values over the duty cycle period. In order to keep the Markov property, we assume that after a collision at the end of a T i period, the retransmitted frame at the beginning of the next T i period does not face a collision. To relax this assumption, we should add the current number of accumulated successive collisions in the Markov chain states which complexifies too much the model without a significant accuracy gain as we shall see later. Indeed, these T i periods are multiples of 1 ms and thus they are relatively large compared to the AP frame transmission time. It is intuitive that this assumption is more valid as long as T i period gets larger and AP frame size gets smaller. Besides, the high rates provided by recent Wi-Fi technologies allows several frame transmissions in 1 ms even for large packet sizes.

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 probability 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 T i 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 transmission during the previous period. The previous period is T i-1 for i ∈ (2, • • • , M ), and T M for i = 1. For simplicity of notation and without loss of generality, we denote by T i-1 the previous period for all i. First, let us consider that T i-1 period state was s i-1 (success). Then, the amount of time needed to successfully transmit the first frame at T i period can be represented by the following uniform random variable:

X = DIF S + δ * BF counter unif (0,CW ) + F rame time (3.1)
Where BF counter unif (0,CW ) is the backoff counter which is a uniform random variable with lower and upper limits of 0 and CW respectively. F rame time 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 F rame time = frame airtime + SIFS + Acktime. We compute frame airtime and Acktime to account for different OFDM physical layer as in [START_REF] Jun | Theoretical maximum throughput of IEEE 802.11 and its applications[END_REF]. Now, consider that T i-1 period state was f i-1 (frozen), then the first frame at T i period will be transmitted after a DIF S 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 random backoff at T i-1 period. Whereas the remaining backoff counter random variable has a lower and upper limits of 0 and CW 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 T i period given a s i-1 or f i-1 state for T i-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 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 next Wi-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 is DIF S + eN odeB-ON + δ * BF counter unif (0,CW ) + DIF S.

Finally, in the last case when the T i-1 period state is c i-1 (collision), the amount of time needed to successfully transmit the first frame during T i can be represented by the following uniform random variable Y :

Y = DIF S + δ * BF counter unif (0,2 * (CW +1)-1) + F rame time (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 variable X. In order to compute the transition probabilities, we need to determine when the last AP transmission 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 T i period. Let N be the random variable that counts the number of frames which could be transmitted during any T i period. For any given N = n, the first n -1 frames will be successfully transmitted and the n th 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 T i period is the sum of n uniformly distributed random variables. This sum is equal to ∑ n j=1 x j if the state of the previous T i-1 period is s i-1 or f i-1 , and it is equal to y + ∑ n j=2 x j if the state of the previous T i-1 period is c i-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 T i-1 period. However, in any case, it is clear that N is a stopping time with respect to the sequence {x 1 , x 2 , x 3 , • • • } or {y, x 2 , x 3 , • • • }. Consequently, the conditional probability of sending n frames during any T i period given that the state of T i-1 is s i-1 can be written as [START_REF] Sheldon | Introduction to probability models[END_REF].

P r{N = n | s i-1 } = P r{ n-1 ∑ j=1 x j + DIF S + δ < T i } -P r{ n ∑ j=1 x j + DIF S + δ < T i } (3.3)
Here, the stopping condition is ∑ n j=1 x j > T i -DIF S -δ. Explanation. This conditional probability corresponds to the number of sent frames regard-less of what happens to the last sent frame before the end of the T i period. As a matter of fact, in equation (3.3), the addition of the DIF S + 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 added DIF S + 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 full DIF S + δ period must be added. This probability can be computed 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 s i , f i and c i states with n transmitted frames during T i given s i-1 state in the previous T i-1 as follows

P r{s i , n | s i-1 } = P r{ n ∑ j=1 x j < T i ≤ n ∑ j=1 x j + DIF S + δ} (3.4) P r{f i , n | s i-1 } = P r{ n-1 ∑ j=1 x j + DIF S + δ < T i < n ∑ j=1 x j -F rame time } (3.5) P r{c i , n | s i-1 } = P r{ n ∑ j=1 x j -F rame time ≤ T i ≤ n ∑ j=1 x j } (3.6)
For a given T i period, N has an upper bound nmax, which means that P r{N > nmax} = 0, where nmax = ⌈T i /xmin⌉ with xmin = DIF S + F rame time . Hence, the transition probability to c i state given s i-1 state is expressed as

P r{c i | s i-1 } = nmax ∑ n=1 P r{c i , n | s i-1 } (3.7)
Similarly, we can compute all other transition probabilities. In particular, the conditional probability of sending n frames and the conditional transition probabilities to s i , f i and c i states with n sent frames during T i given f i-1 state in the previous T i-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 s i , f i and c i states with n sent frames during T i given c i-1 state in the previous T i-1 , they are obtained similarly except that ∑ n j=1 x j is replaced by y +

∑ n j=2 x j . Using the transition probabilities, we can deduce the probability of occurrence of each state at multiples of M, ∀i ∈ (1,

• • • , M ), as follows π(s i ) = P r{s i | c i-1 } * π(c i-1 ) + P r{s i | f i-1 } * π(f i-1 ) + P r{s i | s i-1 } * π(s i-1 ) π(c i ) = P r{c i | c i-1 } * π(c i-1 ) + P r{c i | f i-1 } * π(f i-1 ) + P r{c i | s i-1 } * π(s i-1 ) π(f i ) = P r{f i | c i-1 } * π(c i-1 ) + P r{f i | f i-1 } * π(f i-1 ) + P r{f i | s i-1 } * π(s i-1 ) π(s i ) + π(c i ) + π(f i ) = 1 (3.8)
We remind here again that i -1 refers to M if i = 1. Finally, we can compute the probability of collision P C seen by any frame during a duty cycle period consisting of M different T i periods

P C = E[collided f

rames during duty cycle period] E[sent f rames during duty cycle period]

=

( M ∑ i=1 E[C in T i ] ) / ( M ∑ i=1 E[N in T i ] ) (3.9)
The numerator of (3.9) is equal to the expected value of collided frames C in T i period. As only the n th frame during T i period would face a collision, we can easily compute it as follows

E[C in T i ] = π(c i ) (3.10)
Next, we compute the expected value of N sent frames in T i period

E[N in T i ] = E[N ] -E[F in T i ] (3.11) 
Where E[N ] is the expected values of N sent frames regardless of what happens to the last sent frame before the end of the T i period

E[N ] = E[N | c i-1 ] * π(c i-1 ) + E[N | f i-1 ] * π(f i-1 ) + E[N | s i-1 ] * π(s i-1 ) (3.12)
Hence, the conditional expected values of N such that c i-1 , f i-1 or s i-1 are respectively

E[N | c i-1 ] = nmax ∑ n=1 n * P r{N = n | c i-1 } (3.13) E[N | f i-1 ] = nmax ∑ n=1 n * P r{N = n | f i-1 } (3.14) E[N | s i-1 ] = nmax ∑ n=1 n * P r{N = n | s i-1 } (3.15)
Finally, E[F in T i ] is the expected value of frozen frames F in T i period which is necessary to not count it in E[N in T i ] (See Figure 3.1 case 2). It is calculated as follows

E[F in T i ] = π(f i ) (3.16)
Discussion. The probability of collision in (3.9) quantifies the impact of LTE TDM scheme on the Wi-Fi downlink transmissions while assuming one access point AP. The collisions occur exactly at the end of each T i period. Let us consider the downlink and uplink Wi-Fi transmission with a finite number of Wi-Fi stations. Bianchi [START_REF] Bianchi | Performance analysis of the IEEE 802.11 distributed coordination function. Selected Areas in Communications[END_REF] and Altman et al. [START_REF] Kumar | New insights from a fixed point analysis of single cell IEEE 802.11 WLANs[END_REF] have modeled the exponential behavior of the random backoff time to tie up between the probability of collision 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 T i 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 [START_REF] Leentvaar | The capture effect in fm receivers[END_REF]. It can be done by reducing adequately the transition probabilities from the collision state. Moreover, the model 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.

Downlink Wi-Fi Throughput

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

Γ = E[successf ul f rames during duty cycle period] duty cycle period time

= M ∑ i=1 E[S in T i ]
duty cycle period time f rames/second

(3.17)
For the expected value of successful frames S in any T i period, we can use the fact that during the T i period, the first n-1 frames are sent successfully. However, the last one is only successful with probability π(s i ). Hence,

E[S in T i ] = E[N ] -1 + π(s i ) (3.18)
Particularly, if the eNodeB-ON periods are equal to eNodeB-OFF periods so that the bandwidth is shared "equally" between LTE and Wi-Fi, the expression of the throughput becomes

Γ = M ∑ i=1 (E[N ] -1 + π(s i )) 2 × M ∑ i=1 T i f rames/second (3.19)
Equation (3.19) provides the maximum throughput that is obtained on the downlink transmissions 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.

Model Validation and Simulation Results

To validate our analytical model, we have simulated the interaction between LTE and Wi-Fi using NS3 simulator. As this chapter aims to quantify the impact of LTE TDM-based protocol on the Wi-Fi DCF MAC layer protocol and since 802.11a/n/ac have similar definitions of the MAC layer protocol, we choose the implementation of IEEE 802.11a 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, 12 or 24Mbps corresponding to different Modulation and Coding Schemes (MCS), i.e. BPSK, QPSK, 16QAM. The packet payload varies from 11 bytes to 1436 bytes. The Wi-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 obtained by counting the total successfully received frames during the simulation time at the application layer. For a fixed set of parameters, we repeat the simulations 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 10 ms 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 transmission 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 5x0 ON/OFF pattern. 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, and we replace 2ms by 1ms to get a 4x1 ON/OFF pattern.

Comparison With Simulation Results

Figure 3.3 shows that the analytical results for both the probability of collision and throughput are highly accurate with the simulation results for 6, 12 and 24Mbps when the LTE transmission pattern is 5x0 ON/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. 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 T i period, the retransmitted frame at the beginning of the next T i 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 our Markovian chain whereas it still can capture globally the probability of collision and the throughput behavior. In contrast, using a rate of 24Mbps fulfill our assumption 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.

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) 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 T i period 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 judicious 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, throughput ripples are so much sharp that may cause loosing up to 26% of throughput compared to the maximum. 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. 

is o n o ft h e t h r e e O N / O F F p a t t e r n sw it h d if f e r e n tr a t e s

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 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 performance than 3x2 and 4x1 ON/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 4x1 ON/OFF pattern is approximately doubled compared to 5x0 ON/OFF pattern for almost 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 4x1 ON/OFF patterns. Nevertheless, it is intuitive that for 5x0 ON/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.

Summary

This chapter quantifies the impact of LTE on Wi-Fi downlink performance when a TDM-based protocol is adopted by LTE. Using an efficient analytical model 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 maximum 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 802.11 MAC in NS3 for the research community. Performance analysis show that LTE must share the channel with Wi-Fi intelligently to reduce the negative impact on Wi-Fi due to collisions. In other words, it is not enough to share equally the channel by deploying a 50% ON/OFF duty 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 recover adequately the disuse of the Wi-Fi CSMA/CA scheme. On the other hand, Wi-Fi can better protect itself from the negative impact of LTE by 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 performance. 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 both Wi-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 [START_REF] Bianchi | Performance analysis of the IEEE 802.11 distributed coordination function. Selected Areas in Communications[END_REF]. 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.

Il ne faut pas compter sur ceux qui ont créé les problèmes pour les résoudre

Albert Einstein

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

In this chapter, we continue to evaluate LTE/Wi-Fi performance in coexistence scenarios where 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 n Wi-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 protocol on Wi-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 on Bianchi's model, we are able to define a new Wi-Fi random walk. That is completely different than the one adopted in chapter 3. Accordingly, we obtain a first LTE/Wi-Fi analytical model that we call the slot-by-slot random walk model. In fact, the slot-by-slot random walk model 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 modeling 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 efficiently 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:

• We combine several analytical models and refinements for a Wi-Fi network that operates alone over the channel based on a state-of-the-art review.

• We build on our refined model for Wi-Fi network to study the coexistence between LTE and Wi-Fi using two complementary analytical model approaches.

• We reintroduce and redescribe the notion of random walk in studying 802.11 Mac performance. 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 that LTE negative impact on Wi-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 analytical 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 (ii) Provide a good introduction that is needed for building our LTE/Wi-Fi analytical models. 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 capture 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 simulations. There, we investigate the performance of Wi-Fi in various LTE TDM schemes and Wi-Fi configurations. Finally, Section 4.5 summarizes this chapter.

Revisiting Wi-Fi Analytical Models

Wi-Fi performance was studied through various analytical models that aim to capture the behavior and the procedures of the IEEE 802.11 standard MAC layer protocol and more precisely the DCF protocol. Some of these models have successfully followed the standard in many technical 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 established for a Wi-Fi network consisting of n Wi-Fi stations. Indeed, we have harmonized between previous analytical models [START_REF] Wu | Performance of reliable transport protocol over IEEE 802.11 wireless LAN: analysis and enhancement[END_REF][START_REF] Bianchi | Performance analysis of the IEEE 802.11 distributed coordination function. Selected Areas in Communications[END_REF][START_REF] Tinnirello | Refinements on IEEE 802.11 distributed coordination function modeling approaches[END_REF]. Then, we develop our novel analytical models for a Wi-Fi network that coexists with LTE based on two different approaches (subsection 4.2). First, as in [START_REF] Bianchi | Performance analysis of the IEEE 802.11 distributed coordination function. Selected Areas in Communications[END_REF], 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, [START_REF] Bianchi | Performance analysis of the IEEE 802.11 distributed coordination function. Selected Areas in Communications[END_REF]'s Markov chain model and throughput analysis do not fit perfectly with the IEEE 802.11 MAC protocol. In [START_REF] Wu | Performance of reliable transport protocol over IEEE 802.11 wireless LAN: analysis and enhancement[END_REF], the authors proposed a first refinement by considering the finite retransmission limit of a Wi-Fi frame, which leads to a different Markov chain as shown in Figure 4.1. W i in the figure refers to the contention window (CW) of the i th backoff stage, i ∈ (0, • • • , m) and m is the maximum backoff stage or the maximum retransmission limit. The contention window CW is doubled whenever unsuccessful transmission occurs: W i = 2 i W 0 , and i ≤ m ′ , where m ′ = log 2

CWmax

CW min with CW min = W 0 . CW max denotes the minimum and maximum CW respectively. Whereas, for i > m ′ , CW is hold on CW max .

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 the Wi-Fi communication is divided into time slots and by solving the Markov chain for m > 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 the probabilities of the states whenever the backoff counter equals zero, i.e. the states of the first column. This yields

0,2 0,1 0,0 0,W0-1 0,W0-2 1,2 1,1 1,0 1,W1-1 1,W1-2 m-1,2 m-1,1 m-1,0 m-1,Wm-1-1 m-1,Wm-1-2 m,2 m,1 m,0 m,Wm-1 m,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
τ = 2(1 -p m+1 ) W 0 (1 -(2p) m ′ +1 ) (1-p) (1-2p) + (1 -p m ′ +1 ) + W 0 2 m ′ p m ′ +1 (1 -p m-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 (P id , T id ), (P s , T s ) and (P c , T c ) denote the pair of probability and duration of a slot in the states idle, successful and collision respectively. As in [START_REF] Tinnirello | Refinements on IEEE 802.11 distributed coordination function modeling approaches[END_REF], it easily follows that

P id =(1 -τ ) n , T id = δ P s =nτ (1 -τ ) n-1 , T s = (T f + DIF S)( W 0 W 0 -1 ) + δ P c =1 -P id -P s , T c = T f + DIF S + δ (4.3)
Where δ is the empty slot time, DIFS is the Distributed InterFrame Space time and T f = T M P DU + SIF S + T ACk is the frame transmission time which includes the time to transmit the MAC Protocol Data Unit MPDU (T M P DU ) followed by the Short Interframe Space time (SIFS) and the ACK transmission time (T ACK ). Actually, the reason why T s is not equal to T c 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 [START_REF] Bianchi | Performance analysis of the IEEE 802.11 distributed coordination function. Selected Areas in Communications[END_REF]'s model which has been explored in [START_REF] Tinnirello | Refinements on IEEE 802.11 distributed coordination function modeling approaches[END_REF]. Now, we can express the normalized throughput S as [119]

Γ = P s T P L E[slot] = P s T P L P id T id + P s T s + P c T c (4.4)
Where T P L = ( W 0 W 0 -1 )t P L is the correction of t P L , the packet payload duration, due to the anomalous slot. E[slot] denotes the mean slot duration. Now we consider the coexistence scenario where LTE shares the spectrum with n Wi-Fi stations using a TDM-based protocol. As shown in Figure 4.2, LTE transmission is activated/deactivated according to an on/off pattern to form the so-called Duty Cycled LTE which is configured by different parameters. The duty cycle period T dc that determines how long it takes to the pattern to be repeated again. The number of off-periods K over the duty cycle period which represents the number of disjoint access channel opportunities offered to Wi-Fi during a duty cycle period. Finally, the duty cycle percentage which is the portion of time where the LTE is activated over the duty cycle period. Practically speaking, Wi-Fi access the channel during different durations of LTE off-periods over each duty cycle. Let us adopt the notation T k for such off-periods where k ∈ (1, • • • , K). The tying up between Duty Cycled LTE configuration parameters (i.e. K, T k and T dc ) and Wi-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.

New Wi-Fi Analytical Models

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 collisions 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, p lte , 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-1 p lte (4.5)
Our strategy is best understood by remarking that the "interaction" between the two networks occurs exactly at the end of each T k period, possibly in the form of a collision. Therefore, the first step of our strategy is to find an appropriate expression for p lte to take into account the impact 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 different 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.

Slot-by-Slot Random Walk Model

In this approach, in order to build our new fixed point system and determine p lte , 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 random walk corresponds to the slot duration. Remember a slot can be empty or busy as mentioned in the previous subsection. The slot-by-slot random walk describes the fact that Wi-Fi transmissions are slotted and thus constitutes a succession of slots alternating randomly between idle and busy. Notice that at the beginning of each off-period, Wi-Fi stations have to wait for a period of DIF S + δ before starting any transmissions [36]. Thus, the random walk starts at DIF S + δ and terminates at T k . Let Z be the random variable representing the slot duration. Its probability density function is the following

P (Z = T ) = { P b f or T = T b P id f or T = T id (4.6)
Where P b = P s + P c denotes the probability that the slot is a busy slot and T b = T f + DIF S + δ is its duration. Only at this stage of our analysis we forsake the second refinement of [START_REF] Bianchi | Performance analysis of the IEEE 802.11 distributed coordination function. Selected Areas in Communications[END_REF]'s model (i.e. T s ̸ = T c ) 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, let N k be the random variable that counts the number of slots which could be occurred during any T k period. A slot that has been stopped by an on-period without terminating is considered as it has been occurred (See Figure 4.3). Consequently, the probability that n slots occur during any T k period can be written as [START_REF] Sheldon | Introduction to probability models[END_REF] P r{N k = n} = P r

   n-1 ∑ j=1 z j < T k -DIF S -δ    -P r    n ∑ j=1 z j < T k -DIF S -δ    (4.7)
For a given T k period, N k has an upper bound nmax, which means that P r{N k > nmax} = 0, where nmax = ⌈T k /δ⌉. Hence, we compute the expected number of busy slots that occur in

T k period, E[N b k ], as follows E[N b k ] = P b E[N k ] = P b nmax ∑ n=1 nP r{N k = n} (4.8)
According to p lte definition mentioned 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 which means T f 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 T f and DIF S + δ. This is due to the slot vision defined in [START_REF] Bianchi | Performance analysis of the IEEE 802.11 distributed coordination function. Selected Areas in Communications[END_REF] 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 p lte as follows

p lte = 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 (random walk). In other words, it is the average number of off-periods terminating with a busy slot. Typically, this number is lower or equal to K. 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 the Wi-Fi throughput over a duty cycle period as follows

Γ 1 = ( P s (1 -p lte ) K ∑ k=1 E[N k ] ) * T P L T dc (4.10) 
Where P s (1 -p lte ) is the probability that a slot is successful and the transmitted frame in that slot does not collide with LTE. We can show that N k is a stopping time with respect to {z j } because P r{N k = n} is totally determined through all z j , j ∈ 1 • • • n. Hence, using Wald's equality [START_REF] Sheldon | Introduction to probability models[END_REF], we have

E[N k ]E[Z] = T k -DIF S -δ + E[R k ] (4.11)
Where E [R k ] represents the expected residual life time of ∑ n j=1 z j , n ≥ 1 with respect to T k -DIF S -δ. Actually, E [R k ] brings the second and more 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 the modified version of (4.4) which takes into account the coexistence with LTE.

Γ 1 = Γ * (1 -p lte ) K ∑ k=1 (T k -DIF S -δ + E[R k ]) T dc (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 p lte using (4.9) and E[R k ] using equations (4.7), (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 compute p lte and E [R k ]. 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 p lte and E[R k ].

Exponential Model for LTE

Here, we assume that the LTE off-period time is drawn from an exponential distribution with a mean equals to the real fixed duration of the off-period. Through the following analysis and numerical 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 [START_REF] Bayraktaroglu | Performance of IEEE 802.11 under Jamming[END_REF]. Accordingly, exponential numerical results display a smooth Wi-Fi throughput while varying the frame size whereas the exact slot-by-slot model and simulations display a more complex behavior with periodicity and fluctuations (See Simulation Section for more details). Finally, we notice that unlike [START_REF] Bayraktaroglu | Performance of IEEE 802.11 under Jamming[END_REF], our exponential model covers the case where on-periods are long, again thanks to the expected residual life time term mentioned above. Now, let's first compute p lte for an exponential off-period with mean T k . It is equal to the probability that the frame transmission time T f is larger than the remaining time of the off-period, formally written exactly as follows

P r{off-period ≤ T f } = 1 -e T f /T k (4.13)
This is because the distribution of the remaining time is also exponentially distributed with the same mean. Equivalently, we can see LTE arrivals as a Poisson process with mean ℜ k = 1 T k . For K off-periods, we can write approximately

p lte = 1 -e ℜT f , ℜ = K/ ( K ∑ k=1 T k ) (4.14)
where ℜ is LTE arrival rate during all off-periods. Alternatively, we can compute the probability as a weighted sum by conditioning on the probability that a frame is being transmitted in the k th off-period:

p lte = K ∑ k=1 T k (1 -e ℜ k T f )/ K ∑ k=1 T k (4.15)
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 determine E [R k ] as

E[R k ] = P b (T b -E[T T b ]) + P id (δ -E[T δ]) (4.16)
where E[T T b ] is the expected time before on-period starts during a T b period. E[T δ] is defined equivalently. These are calculated using standard formulae for truncated exponential distributions: To avoid the approximation made in (4.9), we model the Wi-Fi transmission during offperiods as a succession of transmission rounds stopped by LTE arrivals which is exactly what was shown in the chapter 3. This forms our frame-by-frame random walk because in each round there will be only one T f period (Figure 4.4). Remember during a T f period, we can have one or several transmitted frames in parallel. A transmission round consists of a random backoff period, followed by the frame transmission(s) period T f , terminated by a sensing period DIF S. Let X be the random variable denoting the amount of time needed to each transmission round

E[T T b ] = 1 ℜ k - T b e -ℜ k T b 1 -e -ℜ k T b , E[T δ] = 1 ℜ k - δe -ℜ k δ 1 -e -ℜ k δ (4.
X = δ * BF + T f + DIF S (4.18)
Where BF is a random variable that depicts the backoff counter before the frame transmission(s) period. To fully determine X, we define the probability mass function of BF as

P (BF = j) = { 1 ηW 0 f or j = 0 1 η (1 -P b ) j P b f or 1 ≤ j ≤ W m-1 (4.19)
Where

η = (1/W 0 ) + (1 -P b )(1 -(1 -P b ) Wm-1 )
is a normalization term to ensure that the probability of each backoff counter follows a valid probability distribution. To clarify, the BF 's distribution cannot follow a geometric distribution because of the existence of the anomalous slots mentioned in [START_REF] Tinnirello | Refinements on IEEE 802.11 distributed coordination function modeling approaches[END_REF]. Now, let M k be the random variable that counts the number of rounds occurred during any T k period. According to (4.18), the total time needed to have m rounds during any T k period is equal to ∑ m j=1 x j . Hence, the probability of having m rounds during any T k period can be written as

P r{M k = m} = P r    m-1 ∑ j=1 x j < T k -DIF S -δ    -P r    m ∑ j=1 x j < T k -DIF S -δ    (4.20)
We also emphasize that the above probability is the probability that the first m -1 rounds were fully terminated without interruption by the next on-period whereas the m th round is interrupted by the starting of the next on-period. This interruption happens according to three possible scenarios. (i) on-period starts during T f , (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 given m as follows

P r{c k , m} = P r    m ∑ j=1 x j -T f ≤ T k ≤ m ∑ j=1 x j    P r{s k , m} = P r    m ∑ j=1 x j < T k ≤ m ∑ j=1 x j + DIF S + δ    P r{f k , m} = P r    m-1 ∑ j=1 x j + DIF S + δ < T k < m ∑ j=1 x j -T f    (4.21)
For a given T k period, M k has an upper bound mmax, where mmax = ⌈T k /xmin⌉ with xmin = DIF S + T f . Besides, we notice that the event {M k = m} is included in the event {c k , m}. Hence, the probability that the last round in an off-period is a collided one is expressed as

P r{c k } = mmax ∑ m=1 P r{c k , m} (4.22)
P r{s k } and P r{f k } are similarly written as (4.22) from (4.21). Now, p lte is calculated over a duty cycle period as

p lte = ∑ K k=1 P r{c k } ∑ K k=1 (E[M k ] -P r{f k }) (4.23)
Where E[M k ] = ∑ mmax m=1 mP r{M k = m} is the expected number of transmission rounds during a T k period regardless of the m th round was a collision, successful or frozen round. The P r{f k } 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 number of successful Wi-Fi frames during off-periods unlike (4.12). In fact, during T k period, the expected number of successful rounds, E[S k ], 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 P r{s k }. Hence,

E[S k ] = E[M k ] -1 + P r{s k } (4.24)
For the throughput, we consider only the ratio of E[S k ] where only one Wi-Fi station transmits 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 P s|b = P s /P b . Finally, the Wi-Fi throughput is expressed as

Γ 2 = P s|b ∑ K k=1 E[S k ] T dc f rame/sec (4.25)

Linking the two analytical models

In fact, the two previous analytical approaches model the same Wi-Fi network behavior during 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 transmission. In contrast, the frame-by-frame random walk is able to determine exactly the probability of collision with the price of loosing the information on the residual life time of Wi-Fi transmission. Besides, it requires precise computation of the backoff period distribution. The two approaches are complementary and can be mixed together to determine the Wi-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 offperiods as follows

E[N b k ] = E[M k ] -P r{f k } (4.26)

Wi-Fi Model with Capture Effect

So far, the analytical models have focused on capturing the behavior of the Mac layer. It is possible though to consider the capture effect [START_REF] Sheng | Performance Modeling of 802.11 Ad Hoc Networks with Time-Varying Carrier Sense Range and Physical Capture Capability[END_REF] between Wi-Fi and LTE that is a Wi-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 and Wi-Fi is equal to (1 -BER) L where L is the number of noisy bits [START_REF] Fuxjaeger | Validation of the NS-3 Interference Model for[END_REF]. 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 probability is computed as

p cap = K ∑ k=1 ∫ T b 0 pdf R k (r)(1 -BER) CBR × r dr / K (4.27)
Where pdf R k () is the probability distribution function of the residual life time for the k th offperiod. 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 the modulation and coding scheme. In general, it is not tractable to express the distribution of R k . We can use the Jensen's Inequality to approximate p cap as follows

p cap ≈ ∑ K k=1 (1 -BER) CBR × E[R k ] 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 consideration the capture effect as

p = 1 -(1 -τ ) n-1 + (1 -τ ) n-1 p lte (1 -p cap ) (4.29)
Now, (4.29) and (4.1) formulate our new fixed point system that yields τ . Next, we similarly revise the throughput formula (4.12) to account for the capture effect as follows

Γ 3 = Γ * (1 -p lte (1 -p cap )) K ∑ k=1 (T k -DIF S + E[R k ]) T dc (4.30)

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 random walk model is based on the assumption that LTE always collides with Wi-Fi at the beginning of LTE on-period. Let us adopt the notation T on k for LTE on-periods where k ∈ (0, • • • , K -1). Accordingly, LTE performance could be expressed as follows

Γ LT E 1 = ∑ K-1 k=0 (1 -P r{c k })T on k T dc * T LT E f rame/sec (4.31)
Where P r{c 0 } = P r{c K } since the LTE off-period that comes before the first LTE onperiod within a duty cycle is the last LTE off-period within the previous duty cycle. Moreover, we normalized Γ LT E 1 with respect to the traditional LTE frame duration T LT E = 10ms. Interestingly, Equation (4.31) indicates that it is not only the LTE configuration parameters (i.e. K, T k and T dc ) 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 successfully transmitting during an LTE on-period T on k depends on P r{c k } which determined by the duration of LTE-off period T k preceding that T on k . In such case, a different LTE-off period T k preceding the same T on k leads to a different LTE performance. 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 from Equations (4.12) where the probability of successfully transmitting a Wi-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 onperiod 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-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 with Wi-Fi frame transmission is well determined through the slot-by-slot random walk model thanks to the expected residual life time of Wi-Fi transmission E [R k ]. Accordingly, we calculate the expected duration of LTE T on k period that does not overlap with Wi-Fi transmission as follows

E[T on k ] = P r{c k }(T on k + DIF S + δ -E[R k ]) + (1 -P r{c k })T on k (4.32)
Remember that, slot-by-slot model assumes that the latest Wi-Fi slot at the end of each LTEoff period is a busy slot with T b = T f +DIF S+δ. Equation (4.32) follows this approximation so that we have to add DIF S + δ to E [R k ]. Now, we reformulate Equation (4.31) using the expected duration of LTE T on k period as follows

Γ LT E 2 ≃ ∑ K-1 k=0 E[T on k ] T dc * T LT E f rame/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.

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 configuration parameters as reported in Table 4.1. Without losing the generality of our analysis, LTE transmission duty cycle period is fixed to 10ms corresponding to LTE frame duration with 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. 

Validation Through Simulation and Observations

We first verify the accuracy and the utility of our refined model of Wi-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 [START_REF] Bianchi | Performance analysis of the IEEE 802.11 distributed coordination function. Selected Areas in Communications[END_REF], [START_REF] Wu | A simple model of IEEE 802.11 wireless LAN. In Info-tech and Info-net[END_REF], [START_REF] Tinnirello | Refinements on IEEE 802.11 distributed coordination function modeling approaches[END_REF]. collision probability and throughput performance when Wi-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 (Γ 2 ). 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 precisely the additional impact of LTE on Wi-Fi. We will analyze and explain the plots later on. 12 present the analytical results obtained by the slot-by-slot random walk model. We observe that globally the model is very accurate except for certain packet sizes, e.g. 986 and 1600 bytes where the model 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 a DIF S 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 probability for all packet sizes, it is sufficiently accurate to calculate the Wi-Fi throughput with a 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 relatively small error induced by the collision probability. Since we have shown the utility of the slot-by-slot model to accommodate another LTE traffic 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 compared with 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. [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF] 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 during T f 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.

Wi-Fi/LTE Coexistence Model Analysis and Application

From B to C, 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 another 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. 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 configuration 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 between LTE and Wi-Fi relatively to the one obtained with 5x0 configuration. 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.

Comparison Between Different LTE Configurations

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 cycle percentage that should be configured to allow Wi-Fi throughput to achieve the equivalent throughput as if the Wi-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. 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 network. 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 10 Wi-Fi stations (to be Wi-Fi-friendly). This definition of fairness was mentioned by 3GPP in [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF]. 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 with Wi-Fi. It means also that a percentage of 50% provides to the Wi-Fi network better performance than another similar Wi-Fi network! Another way to improve the Wi-Fi throughput is by increasing the duty cycle period T dc 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. [START_REF] Lacage | Yet another network simulator[END_REF]. The plot determines exactly the SIR lower bound before which all collisions will cause a frame loss (no capture effect), and the SIR upper bound beyond which 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 andIII. 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. 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. 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 configuration which means 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. [START_REF] Bianchi | Experimental Assessment of the Backoff Behavior of Commercial IEEE 802.11b Network Cards[END_REF], 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. T k , 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 difference in LTE performance since the difference between LTE on-periods T 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 throughput could be improved by the portion of LTE on-periods that does not overlap with Wi-Fi trans-mission. In Figure 4.23, we show the numerical results of the Wi-Fi residual life time E[R k ], 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 with Wi-Fi transmission could be calculated by equation (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, whenever Wi-Fi residual life time is close to zero, LTE throughout reaches its maximum throughput that is 50 frame/s since LTE adopts 5x0 configuration. 

Summary

In this chapter, we have presented two complementary analytical models that provide significant insights on both LTE and Wi-Fi performance in coexistence scenarios. Each model represents a different way of describing the LTE/Wi-Fi interaction and analyzes a particular aspect about it. These models constitute a general framework relying on random walk 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 above mentioned parameters including Physical Layer parameters. We examined our models through extensive simulations by implementing the Duty Cycles of LTE in the NS3 simulator. We prove several facts such as the inability of approximating Duty Cycled LTE by the exponential distribution and the ability of Duty Cycled LTE to be Wi-Fi-Friendly if well configured.

Il ne faut pas compter sur ceux qui ont créé les problèmes pour les résoudre

Albert Einstein

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 performance in terms of transmission collisions compared to TDM-based protocol thanks to CCA mechanism.

In order to model and analyze the interaction between FBE and Wi-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, 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 TDMbased protocol, in the sense that we will continue to model Wi-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 evaluating Wi-Fi performance followed by LTE performance. In contrast, in this chapter, it is more suitable to start by evaluating LTE performance followed by Wi-Fi performance as we will see later. In this chapter, we study the performance of the FBE protocol adopted by LTE to coexist with Wi-Fi when both technologies have a saturated downlink traffic. We investigate several fundamental questions such as: Does LTE coexist fairly with Wi-Fi in unlicensed spectrum? and what are LTE and Wi-Fi performance in coexistence scenarios? We answer these questions through a sophisticated analysis that explains how FBE protocol adopted by LTE does share the channel access with the well-know DCF protocol 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 [START_REF] Xue | Optimization of Periodic Channel Sensing by Secondary Users in a Cognitive Radio Network[END_REF].

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

• We validate our analytical analysis through an extensive simulation study using NS3. 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 different 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 both LTE and Wi-Fi throughput performance, plus LTE channel access delay. Section 5.3 validates the accuracy of our models through NS3 simulations. There, we investigate the performance of both LTE and Wi-Fi in different coexistence scenarios. Finally, section 5.4 summarizes this chapter. In this section, we illustrate the operation of FBE protocol as proposed by European Telecommunications Standards Institute (ETSI) [START_REF]Broadband Radio Access Networks (BRAN); 5 GHz high performance RLAN[END_REF] and explore the interaction between LTE-FBE and Wi-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 case of 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 (T f r ). In order to deduce that the channel is clear from Wi-Fi transmissions and decide that the next LTE frame can be transmitted, LTE performs a CCA for a period of time called sensing period (T se ) where Wi-Fi transmissions have to be absent all the entire T se period. Otherwise, LTE declares the channel busy and refrains from channel access all the entire next T f r 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 time T f r called the channel occupancy time T oc . Accordingly, the remaining time difference between T f r and T oc is called the idle period T id which is necessary 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 T se , T oc , T id and T f r . ETSI poses some constraints on each parameter value as follows [START_REF] Zhang | LTE-unlicensed: the future of spectrum aggregation for cellular networks[END_REF]: (i) T se ≥ 20µs (ii) 1ms ⩽ T oc ⩽ 10ms (iii) T id ≥ 5%T oc (iv) T f r = T oc + T id . Note that in Figure 5.1, the time scale is not respected since normally T oc should be much greater than T id but in the figure we show a large T id for well illustrating the interaction between LTE and Wi-Fi which mainly occurs at the end of each T id . The T id period must be multiple of LTE subframe, i.e. multiple of 1 ms, 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 T id 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 time T tr which includes the frame airtime over the channel followed by a Short InterFrame Space (SIFS) and an acknowledgement transmission time T ack . Accordingly, 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) T tr 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 T f r . In Figure 5.1, we mention three different scenarios that can occur depending on the Wi-Fi activities. For scenario 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 T f r period before checking again the channel. For both scenario 2 and 3, if the channel is idle for T se 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 between scenario 2 and 3. In scenario 2, the last Wi-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 last Wi-Fi frame will restart when LTE frame transmission ends. This difference is essential for our Wi-Fi throughput analysis as we will see later. To sum up, LTE loses the channel access 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: [START_REF]IEEE Standard for Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY) specifications[END_REF] The fact that the two technologies adopt too different Mac 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 T se , have also different times. Unlike the impact of LTE that adopts TDM-based protocol on Wi-Fi performance 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.

LTE/Wi-Fi Analytical Models

In this section, we introduce our analytical model for both LTE and Wi-Fi networks. We consider a saturated downlink traffic for both technologies which means that LTE and Wi-Fi transmission queues always have a frame to transmit over the channel towards their associated stations. 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 between 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 from Wi-Fi. In subsection 5.2.3, we provide an alternative and complementary model for the previous one where LTE is now modeled 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 that Wi-Fi throughput will be lower than the case when Wi-Fi operates alone over the channel.

LTE Markov Chain Model

From Figure 5.1, when LTE grabs the channel access and transmits the current frame, LTE will try to grab the channel access again to transmit the next frame only at a specific time instants. For illustration, the first time when LTE tries to grab the channel access for transmitting the next frame is after T id . In case of LTE succeed to grab the channel access directly after T id then LTE is not blocked from the channel access. Otherwise, it is blocked from the channel access for a first time at T id . Then, LTE will continue to try grabbing the channel at the next time instant at T id + T f r and so on. Accordingly, LTE may 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 representing 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 T k period where the time difference between each state is equal to T f r . This reflects the fact that LTE tries to grab the channel access after each T f r . 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 T k = T id and transmits its frame. The state 1 represents the case that LTE is blocked for one time at T k = T id . The state 2 represents the case that LTE is blocked for two times successively at T k = T id and T k = T id + T f r .

From any state, in our Markov chain, there are only two possible transitions. In case of LTE is blocked from the channel access, the LTE state k changes to the next state k+1 with probability P k . Otherwise, if LTE grabs the channel access, LTE transits back to the state 0 that represents the LTE transmission state with probability 1 -P k . Moreover, the self-loop at state 0 indicates that LTE can grab the channel access directly after T id . We note that the subscript k of the transition probabilities P k reflects the time instant at which LTE is blocked as indicated in equation (5.1).

To get into more details, theoretically, LTE has an infinite number of states where k can tend to infinity. Practically, the probabilities of such high-order states have a negligible weight 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 to K states where the last state K 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 [START_REF] Sheldon | Introduction to probability models[END_REF]. In the sense that after certain random number of transitions through the states because LTE is blocked from the channel access, LTE will end up by making 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 T id period must be long enough to allow Wi-Fi sending at least one frame.

Our assumption is completely reasonable otherwise the idle period T id 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, T id has to be a multiple of the LTE subframe time duration (1ms) which offers a sufficient time to Wi-Fi.

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, then how long does it take until LTE can grab the channel 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 [START_REF] Sheldon | Introduction to probability models[END_REF].

As described in section 5.1, after the end of LTE frame transmission, Wi-Fi starts immediately to access the channel. The amount of time needed for the DCF protocol to transmit a frame over the channel consists of three periods which can be represented by a random variable called X:

X = DIF S + δ * BF + T tr (5.2)
Where BF is the back-off counter which is a uniform random variable drawn from the interval [0, W 0 ], where W 0 is known as the minimum contention window size of Wi-Fi networks. The Wi-Fi idle slot time is denoted by δ and T tr is the frame transmission time that includes the frame airtime over the channel followed by SIFS and T ack . 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 nicely modeled as a random walk consisting of a sequence of random variables {x 1 , x 2 , x 3 , • • • }, as we already showed in both chapters 3 and 4.

To consider that x 1 has a uniform probability distribution like all random variables x i that follows, LTE must not have any impact on x 1 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 x 1 is no longer a uniform distribution as all the following x i . Indeed, x 1 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, T id 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 x 1 as a uniform distribution as all next x i . 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 T id 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 T id even for large packet sizes.

Since LTE can grab the channel access at any time instant T k , the number of Wi-Fi frames, i.e. number of x i s, that could be transmitted before LTE grabs the channel again depends on the length of the T k period. Let's define N k as the random variable that represents the number of Wi-Fi frames that could be sent in any T k period. Thanks to random walk theory [START_REF] Sheldon | Introduction to probability models[END_REF], the probability distribution function of N k is written as follows:

P r{N k = n} = P r{ n-1 ∑ j=1 x j + DIF S + δ < T k } -P r{ n ∑ j=1 x j + DIF S + δ < T k } (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 T k period. Remember from section 5.1, the last Wi-Fi frame is transmitted over the channel or frozen depending on which scenario 2 or 3 occurred at the end of the T k period. Now, we can determine the probability of occurrence of the three scenarios for any given n and T k period. Let's note such probabilities as P r{b k , n}, P r{d k , n} and P r{f k , n} for scenario 1, 2 and 3 respectively.

P r{f k , n} = P r{ n-1 ∑ j=1 x j + DIF S + δ < T k < n ∑ j=1
x j -T tr + δ} (5.4)

P r{b k , n} = P r{ n ∑ j=1 x j -T tr + δ ≤ T k ≤ n ∑ j=1
x j + T se + δ} (5.5)

P r{d k , n} = P r{ n ∑ j=1 x j + T se + δ < T k ≤ n ∑ j=1 x j + DIF S + δ} (5.6)
For a given T k period, N k has an upper bound nmax, which means that P r{N k > nmax} = 0, where nmax = ⌈T k /xmin⌉ with xmin = DIF S + T tr . Hence, the total probability of occurrence of scenario 1 is expressed as

P r{b k } = nmax ∑ n=1 P r{b k , n} (5.7) 
Similarly, we can compute the total probabilities of occurrence of other scenarios. It is clear that the transition probability P k is the probability of occurrence of scenario 1 where LTE is blocked from channel access at every T k . As a result, P k could be written as follows

P k = P r{b k } = 1 -(P r{d k } + P r{f k }) (5.8)
Now, we calculate the LTE channel access probability P ca 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 P ca 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, P ca is written as follows

P ca = π(0) = 1 1 + P 0 + P 0 P 1 + P 0 P 1 P 2 + • • • + P 0 P 1 . . . P K-1 = 1 1 + ∑ K i=1 ∏ i-1 j=0 P j (5.9)
Finally, LTE throughput Γ LT E 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 T oc during T f r . Moreover, T oc has to be a multiple of LTE subframe (1ms), further the traditional LTE frame duration (T LT E ) is 10 subframes. Accordingly, we normalized Γ LT E with respect to the traditional LTE frame duration. We express Γ LT E as

Γ LT E = P ca * T oc T f r * T LT E f rame/s (5.10)
It is important to note that, Γ LT E 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 contending 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. Another essential model of LTE that helps our Wi-Fi throughout analysis in the next subsection, 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 renewals noted by T int . 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 T oc 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 T k where T k is now considered as a discrete random variable. Let's note

LTE Renewal Process

T int = T oc + T k (5.11)
Actually, we can use our LTE Markov chain to determine the probability distribution function of T int , i.e. the probability distribution function of T k . The probability distribution of T k is the probability that LTE follows certain path on our Markov chain. For example, the probability that T int = T oc + T id + 2 * T f r (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 P 0 P 1 (1 -P 2 ). Accordingly, the probability distribution function for T k for k = 0, 1, 2, . . . , K is given by

P r{T k = t k } =      (1 -P 0 ) f or k = 0 ( k-1 ∏ i=0 P i ) * (1 -P k ) f or k ̸ = 0 (5.12)
Accordingly, P ca could be expressed again using equation (5.12) as follows

P ca = T f r E[T int ] = T f r T oc + E[T k ] (5.13)
Where E[T k ] is the expected value of LTE off-periods. Note also that, E[T k ] indicates the expected time of LTE channel access delay which 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

Γ LT E = T oc /T LT E T oc + E[T k ] f rame/s (5.14)

Wi-Fi Throughput

Wi-Fi throughput Γ W i-F i is obtained by determining the expected number of Wi-Fi frames that could be transmitted during LTE off-periods T k . Given any T k period, the expected number of Wi-Fi frames that could be sent, using equation (5.3), is

E[N k ] = nmax ∑ n=1 nP r{N k = n} (5.15)
Where E[N k ] is the expected number of Wi-Fi frames during a T k period regardless of the n th frame is a sent or a frozen frame with respect to scenarios 2 and 3 respectively.

Γ W i-F i = K ∑ i=1 [(E[N k ] -1 + P r{d k }) * P r{T k }] E[T int ]
f rame/s (5.16)

The P r{d k } term is necessary to count only the occurrence of scenario 2 where the n th frame was sent during T k and LTE grabs the channel access during DIFS period of Wi-Fi.

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 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 well with simulation results. LTE channel access probability decreases whenever Wi-Fi packet size increases which explained by the fact that increasing the Wi-Fi packet size increases also the time that the channel is busy, as a result, LTE has a lower probability to grab the channel access. Moreover, in figure 5.4, LTE channel probability has ripples with some of them are sharper than the others for certain Wi-Fi packet sizes. That could be explained by equations (5.4),(5.5) and (5.6) where any slight change in T tr 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-off periods of Wi-Fi leading to a substantial increase in the LTE channel 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 from Wi-Fi enough times since LTE maximum throughput is 14 frame/s . Note that, in case of Wi-Fi shares the channel access equally with LTE, i.e. half of channel airtime for each, LTE throughput has to be equal to 50 frame/s which 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 for Wi-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 throughput when Wi-Fi operates alone over the channel. Clearly, LTE has 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 ripples is less reflected and observed in Wi-Fi throughout in Figure 5.6 because LTE throughput is relatively low. 5.4 whereas T oc is increased ten times more to improve LTE throughout performance. Actually, increasing T oc period will cause LTE less frequently contend for the channel access with Wi-Fi as T f r = T oc + T id . One may think that LTE channel access probability will decrease as a price of increasing T oc . Counterintuitively, 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 Toc T f r ratio (see equation 5.10) while LTE channel access probability is almost constant. To confirm this result, we show LTE channel access probability in Figure 5.9 where T f r is further increased to 20 ms. Accordingly, increasing or decreasing LTE contention frequency which means increasing or decreasing T f r period, it does not change LTE channel access probability. We should mention 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 scenario, 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 fixed Wi-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 channel access probability is fully determined by Wi-Fi configuration parameters such as Wi-Fi data rate and packet size. As a result, Wi-Fi "controls" the LTE channel access and does not fairly coexist with LTE. 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 probability can improve thanks to the reduction of channel occupancy by Wi-Fi as in Figure 5.11. As a result, Wi-Fi throughput is reduced and the difference between Wi-Fi throughput when coexisting 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 more Wi-Fi data rate to be 24 Mbps in Figure 5.13. In both Figure 5.14 and 5.15, we fix LTE T id period at 1 ms and increase T oc 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-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. The FBE protocol was proposed originally for any communication system operating in unlicensed spectrum. Therefore, it is still important to consider the case where T id is not a multiple of an LTE subframe of 1 ms. 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 retard 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 T id that equals 200 µs. From Figure 5.19, the probability of the LTE inter-arrival time T int = T id is almost zero which means that LTE cannot grab the channel access immediately after T id from its last frame transmission. In contrast, the probability of the inter-arrival time T int = T id + T f r reaches the maximum which means that with high probability, LTE grabs the channel access after T id +T f r from its last frame transmission. Consequently, the expected value of LTE inter-arrival times 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, T int could not very long as shown in Figure 5.19.

Summary

In this chapter, we have presented two complementary analytical models that provide significant 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 random walk theory and can be used to study other LTE/Wi-Fi coexistence scenarios. We succeeded to tie up analytically between LTE and Wi-Fi configuration parameters to understand how the channel access is shared in between. We examined our models through extensive simulations 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 downlink 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 channel 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. 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 operation 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, when we studied the LBT-based protocol such as FBE in chapter 5, LTE PHY layer is always able to detect Wi-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.

In this chapter, LTE adopts category 4 (Cat4) MAC protocol which is standardised by 3GPP 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 [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF], 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 [START_REF] Ratasuk | LTE in Unlicensed Spectrum using Licensed Assited Access[END_REF] [START_REF] Kwan | Fair co-existence of licensed assisted access LTE (LAA-LTE) and Wi-Fi in unlicensed spectrum[END_REF]. However, in this chapter, we show that the adoption of similar protocols is not enough to guarantee the fair coexistence, specially if both LTE and Wi-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 transmissions 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 [START_REF] Perahia | Next Generation Wireless LANs[END_REF]. 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, we analyze the LAA and Wi-Fi coexistence performance below the ED threshold, 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 below 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.

Coexistence Below Energy Detection Threshold

Wi-Fi uses an ED threshold of -62 dBm, while LAA uses an ED threshold of -72 dBm [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF]. Below the ED threshold, Wi-Fi does not back off to other technology transmissions, and only backs off to other Wi-Fi transmission up to -82 dBm through the VCS feature, i.e., doing Wi-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 LAA will not back off to Wi-Fi below -72 dBm. This midrange interference zone at below ED threshold, from -72 dBm to -82 dBm, represents a grey area for coexistence. Indeed, simultaneous multi-radio access technology transmissions at below ED threshold may 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 the LAA eNB easily detects the energy of the Wi-Fi AP, and refrains from transmitting. 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 eNB may transmit. It is then clear that collisions are possible whereby a Wi-Fi UE ACK is in the process of being received, while the LAA eNB does 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 collisionfree 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.

Adaptive Energy Detection Threshold Scheme

After the channel selection process is completed, we propose that the ED thresholds are adapted at the LAA eNB (and the Wi-Fi AP) to improve efficiency and fairness when both technologies share the same channel, thus addressing the mentioned 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 coexistence will be achieved, which is otherwise not possible without its participation, e.g., results in [START_REF] Zhu | Adaptive CSMA for Scalable Network Capacity in High-Density WLAN: A Hardware Prototyping Approach[END_REF].

A general study on transmit power and ED threshold adaptation can be found in [START_REF] Xia | How Loud to Talk and How Hard to Listen-Before-Talk in Unlincesed LTE[END_REF]. 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.

Scheme at the Wi-Fi side

On the Wi-Fi side, the AP may or may not have access to LAA network listen module capabilities. The adaptive ED threshold mechanism on the Wi-Fi side will work in a periodical manner as follows:

1. The ED threshold Γ WiFi 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 Γ WiFi 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 periodically determines the receive signal strength indicator (RSSI), R laa w,i , of the received master information block (MIB)/system information block (SIB)/cell-specific reference symbol (CRS) from each of the co-existing LAA nodes i. Then, the Wi-Fi AP w finds the minimum one, i.e., R laa min,w = min R laa w,i ∀ i. Remark 1: As proposed in [START_REF] Ling | Practical LTE and Wi-Fi Coexistence Techniques beyond Listen Before Talk[END_REF], LAA eNB may use friendly co-located Wi-Fi AP to advertise their presence using a Wi-Fi pseudo beacon signal, which can let neighbouring 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 beacon signal capabilities are available, the Wi-Fi AP can detect the presence of anonymous other technology nodes, such as LAA, without any preamble transmission by scanning the unlicensed channel and detecting a large increase in receive power followed by a drop some time later. The Wi-Fi AP will periodically perform this other technology detection to adjust the R laa min,w threshold appropriately.

3. During idle periods, the Wi-Fi AP w 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, R WiFi w,z , of the received Wi-Fi beacon signal from each of the coexisting Wi-Fi nodes z ∀z ̸ = w. Then, the Wi-Fi AP w finds the minimum one, i.e., R WiFi min,w = min R WiFi w,z ∀ z ̸ = w.

4. Thereafter, the Wi-Fi AP w determines the minimum received RSSI, R min,w = min (R laa min,w , R WiFi min,w ).

5. Then, the ED threshold is set as follows

Γ WiFi w =          -62dBm R min,w ≥ -62dBm R min,w Γ WiFi min,w < R min,w < -62dBm Γ WiFi min,w R min,w ≤ Γ WiFi min,w (6.1)
6. If for a period of time ∆T w , 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.

Scheme at the LAA side

On the LAA side, the eNB may or may not have access to Wi-Fi network listen module capabilities. The adaptive ED threshold mechanism on the LAA side will work in a periodical manner as follows:

1. The ED threshold Γ laa i is initially set to -72 dBm (as per today's operation), where i denotes the LAA eNB of interest. A minimum ED threshold Γ laa 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 periodically determines the RSSI, R WiFi i,w , of the received beacon signal from each of the co-existing Wi-Fi nodes w. Then, the LAA eNB i finds the minimum one, i.e., R WiFi min,i = min R WiFi i,w ∀ w. Remark 2 applies in case a Wi-Fi network listen module capability is not present at the LAA eNB.

3. During idle periods, the LAA eNB i may look for other LAA nodes using MIB/SIB/CRS decoding. If this capability is present, the LAA eNB i periodically determines the RSSI, R laa i,j , of the received MIB/SIB/CRS from each of the co-existing LAA nodes j, ∀j ̸ = i. Then, the LAA eNB i finds the minimum one, i.e., R laa min,i = min R laa i,j ∀ j ̸ = i.

4. Thereafter, the LAA eNB i determines the minimum received RSSI, R min,i = min (R WiFi min,i , R laa min,i ).

5. Then, the ED threshold is set as follows

Γ laa i =          -72dBm R min,i ≥ -72dBm R min,i Γ laa min,i < R min,i < -72dBm Γ laa min,i R min,i ≤ Γ laa min,i (6.2)
6. If for a period of time ∆T i , 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 that R laa w,i , R WiFi w,z , R WiFi i,w and R laa i,j values may be averaged using a filter to mitigate fastfading effects and smooth measurements.

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 enterprise scenario of 120 m×50 m, where there is an LAA eNB located at position [START_REF] Chakraborty | Alleviating Hidden and Exposed Nodes in High-Throughput Wireless Mesh Networks[END_REF][START_REF] Cano | Unlicensed LTE/WiFi coexistence: Is LBT inherently fairer than CSAT?[END_REF] m and a Wi-Fi AP located at position [START_REF] Nishide | Detecting Hidden Terminal Problems in Densely Deployed Wireless Networks[END_REF][START_REF] Cano | Unlicensed LTE/WiFi coexistence: Is LBT inherently fairer than CSAT?[END_REF] m, 60 m apart from each other (see Fig. 6.1). Most simulation 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 [START_REF]Feasibility Study on Licensed-Assisted Access to Unlicensed Spectrum[END_REF]. It is important to note that the InH channel model is used in this case [START_REF]Further advancements for E-UTRA physical layer aspects (Release 9)[END_REF], 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 maximum modulation scheme supported. 100 simulation drops are performed, and in each drop 10 seconds are simulated. Please refer to [START_REF] López-Pérez | Boosted WiFi through LTE Small Cells: The Solution for an All-Wireless Enterprise[END_REF] for a more complete description of the simulator. a) LAA eNB deployment: The eNB, located at position [START_REF] Chakraborty | Alleviating Hidden and Exposed Nodes in High-Throughput Wireless Mesh Networks[END_REF][START_REF] Cano | Unlicensed LTE/WiFi coexistence: Is LBT inherently fairer than CSAT?[END_REF] m, has a transmit power of 24 dBm and uses a 20 MHz channel in the 5 GHz band. Two omnidirectional antennas with a 5 dBi gain are considered. b) Wi-Fi AP deployment: The AP, located at position [START_REF] Nishide | Detecting Hidden Terminal Problems in Densely Deployed Wireless Networks[END_REF][START_REF] Cano | Unlicensed LTE/WiFi coexistence: Is LBT inherently fairer than CSAT?[END_REF] m, has a transmit power of 24 dBm and uses the same 20 MHz channel in the 5 GHz band. Two omnidirectional 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 3 m. Each UE has a transmit power of 18 dBm, and only associates to the eNB or the AP, if the eNB CRS and the AP beacon signal are detected at or above -100 dBm or -82 dBm in the 20 MHz channel, respectively. 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 2 Mbytes (or 4 Mbytes, if specifically stated), and the packet arrival rate is Poison distributed with an average of 0.625. This leads to an offered traffic of 10 and 20 Mbps 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 [START_REF] Jeon | LTE in the unlicensed spectrum: Evaluating coexistence mechanisms[END_REF].

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

Performance Comparison

In this section, the system-level simulations results used to assess the performance of the proposed adaptive ED threshold scheme are presented. First of all, we pay attention to two toy examples to shed light on the system mechanics, and then we focus on more general scenarios. 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 [START_REF] Jing | MSA: A key Technology for the Evolution of Future Wireless Networks[END_REF][START_REF] Cano | Using LTE in Unlicensed Bands: Potential Benefits and Coexistence Issues[END_REF] m and the Wi-Fi UE is at [START_REF] Jing | MSA: A key Technology for the Evolution of Future Wireless Networks[END_REF][START_REF] Cai | Spectrum sharing for lte and wifi coexistence using decision tree and game theory[END_REF] m.

Single UE per technology located both at the cell-edge

Without the adaptive ED threshold 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. 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/CTS mechanism, does not detect collisions, 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, the Wi-Fi AP and the LAA eNB detect each other, and thus they are able to coordinate their transmissions. The LAA eNB does not drive the channel access anymore, but instead gives way to the Wi-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 cumulative distribution function (CDF) of the UE file 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 15.19 Mbps to 53.7 Mbps), while the median LAA file throughput decreases by 36 % (from 48.76 Mbps to 31.03 Mbps).

Conclusion:

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

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 [START_REF] Chen | Downlink performance analysis of LTE and Wi-Fi coexistence in unlicensed bands with a simple listen-before-talk scheme[END_REF][START_REF] Cano | Unlicensed LTE/WiFi coexistence: Is LBT inherently fairer than CSAT?[END_REF] m and the Wi-Fi UE is at [START_REF] Mhatre | Interference Mitigation Through Power Control in High Density 802.11 WLANs[END_REF][START_REF] Cano | Unlicensed LTE/WiFi coexistence: Is LBT inherently fairer than CSAT?[END_REF] 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 UEs are very close to their serving nodes and their signal to interference plus noise 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. It is important to note that, in Fig. 6.4, without the adaptive ED scheme, the Wi-Fi performance saturates at 111.8 Mbps, which is reasonable for a 20 MHz, 64 QAM 5/6, 2x2 multiple input multiple output (MIMO) transmission with a typical Wi-Fi overhead [START_REF] Perahia | Next Generation Wireless LANs[END_REF]. In contrast, 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 [START_REF] Cano | Using LTE in unlicensed bands: Potential benefits and coexistence issues[END_REF]: Since TXOP=3 ms and because LAA can only start transmissions at a subframe boundary, LAA can only use for data transmission 2 subframes out of the 3 subframes in the TXOP, which reduces the peak throughput by 33% [START_REF] Cano | Using LTE in unlicensed bands: Potential benefits and coexistence issues[END_REF].

• The collisions created by the CTS transmissions of the Wi-Fi UE: The interference generated by the CTS of the Wi-Fi UE is strong enough to generate packet losses at the LAA 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 the CTS of the Wi-Fi UE strongly interferences the LAA one, 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 airtime 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 gain or lose due 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.

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 2 Mbytes, while in the second case, the file size is 4 Mbytes, resulting in an offered load of 40 and 80 Mbps 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 2 Mbyte 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 translates into a larger UE file throughput, as can be seen in Fig. 6.6. In more detail, when using the adaptive ED threshold scheme, the average UE throughput of Wi-Fi increases by 2.2x (from 17.4 Mbps to 38.1 Mbps), while the average UE throughput of LAA increases by 2 % (from 23.9 Mbps to 24.3 Mbps).

The coordination introduced by the proposed scheme benefited both technologies. However, Wi-Fi benefits much more than LAA from the proposed scheme, as significant airtime is diverted from LAA to Wi-Fi access, when LAA lowers its ED threshold to become more 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 4 Mbyte 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 2 Mbyte 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 average UE throughput of Wi-Fi increases by 23 % (from 8. to 5.36 Mbps).

To explain this overall behaviour, it is important to note that LAA UEs cannot connect to the Wi-Fi AP, and that Wi-Fi UEs cannot connect to the LAA eNB, even when the other technologies' 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.

Summary

In this chapter, we have tackled the problem of Wi-Fi and LAA coexistence below the ED threshold. Given the default Wi-Fi and LAA ED thresholds, and the lack of virtual carrier sensing 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 the Wi-Fi and LAA nodes. Simulations results in an enterprise scenario showed that the Wi-Fi performance can be significantly enhanced 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.

Si vous ne pouvez pas l'expliquer simplement, vous ne le comprenez pas assez bien

Albert Einstein

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 5 GHz band due to its wide spectrum availability. However, this extension poses significant challenges especially 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 heterogeneity 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 coexistence by adopting additional mechanisms such as the adaptive ED threshold to cope with the PHY layer heterogeneity problem.

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 about Wi-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 configurations 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 have maximum 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 to measure the impact of the lack or wrong assessments of this information on the fairness. Besides, we have to analyze the price of obtaining such information. For example, the price related to LTE MAC 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 coexistence conditions. For example, we have assumed that Wi-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 traffic 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 protocol 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.

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 from Wi-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 possible 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 dynamically. 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 hybrid MAC protocol that switch between FBE and TDM-based based on the inferred coexistence conditions. Besides, LTE should identify when and how to toggle from one protocol to another. To tackle both problems of the channel access starvation that faces FBE protocol and the transmission collision that faces TDM-based protocol, we can propose a new hybrid MAC protocol for LTE that is shown in Figure 7.1. The main idea behind the hybrid MAC protocol is that Wi-Fi traffic load will be responsible of defining the way that the hybrid LTE MAC 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 a TDM-based protocol to share the channel access with Wi-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 after the end of any Wi-Fi transmission, it is almost sure that LTE will grab the channel access without collisions with Wi-Fi.

The hybrid MAC protocol has two different actions according to two different scenarios defined by the state of the channel. The two scenarios of the hybrid MAC 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 immediately and occupy the channel for a period of time called T oc . Afterwards, LTE will schedule the future time instant to contend for the channel access based on the FBE protocol, 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. Accordingly, LTE employs its first contention period with Wi-Fi (T 1 cp ) which includes the transmission period T oc 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 sensing period than Wi-Fi. Afterwards, LTE will use its reservation signal to align its LTE 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 T oc as in scenario 1, in the case LTE has a fixed TXOP. In contrast to scenario 1, LTE will schedule the future time 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 T oc period. Indeed, 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 selfish with respect to channel access (2) Offering enough time to Wi-Fi for discharging its traffic before LTE contend for the channel access again. Accordingly, LTE employs its second contention period with Wi-Fi (T 2 cp ) which is greater than (T 1 cp ) and includes the transmission period T oc 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 access with Wi-Fi: LTE shares the channel access without 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.

• Maximum channel utilization: LTE has 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 on Wi-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.

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 characteristics 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 that may help designing solutions for the hidden node problem. The latest are mainly based on adaptive adjustment of certain parameters of wireless nodes such as the energy detection threshold, the signal transmission power and the usage of control messages such as RTS/CTS messages by Wi-Fi nodes and CTS-to-Self messages by LTE nodes. In this thesis, we have presented a simple solution to tackle the problem 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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  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 between 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)), combined with the adequate BER model of OFDM-based WLAN
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 21 C la s s if ic a t io n o fL T E M A C la y e rp r o t o c o lsin u n lic e n s e d s p e c t r u m

	Protocol type	Contention type	Configuration parameters
			• Duty cycle period
	non-LBT (without CCA)	TDM-based	• ON & OFF periods • Number of ON & OFF periods per duty cycle • The order of ON & OFF periods
	LBT-based	FBE (without Back-off)	• ON & OFF periods • Fixed frame period • Sensing period
	(with CCA)	LBE (fixed CW)	• COT • CW size • Back-off slot duration
			• COT
		Cat4	•Minimum value of CW size
		(Binary exponential CW)	• Maximum value of CW size
			•Retransmission limit

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

Table 3 . 1 :

 31 W i-F ic o n f ig u r a t io n p a r a m e t e r su s e d in t h e c o m p a r is o n b e t w e e n N S 3 s im u la t io n sa n d t h e a n a ly t ic a l m o d e l

	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 4 .

 4 

	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	
	1: W i-F ic o n f ig u r a t io n p a r a m e t e r su s e d in t h e c o m p a r is o n b e t w e e n N S 3 s im u la t io n sa n d t h e a n a ly t ic a l m o d e l
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 5 1. We implement also a new model to simulate FBE protocol for LTE in NS3 simulator where we have fixed LTE sensing period T se 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

Since 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.

UE 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[START_REF]Further advancements for E-UTRA physical layer aspects (Release 9)[END_REF].

Ratio 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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4.8, we can observe that these Wi-Fi packet sizes where LTE and Wi-Fi throughput are maximum are the same. This is well explained by the fact that for these Wi-Fi packet sizes LTE comes during Wi-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 of Wi-Fi frames transmitted during LTE-OFF period, i.e. the denominator of Equation (4.9), which is relatively high specially for higher Wi-Fi data rates. As for the slight 
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