In recent years, 5G FWA (fifth generation mobile network Fixed Wireless Access) is being developed to provide broadband and high-speed connections in the context of an increasing number of devices connected wirelessly. In this technology, the two main families of peripherals encountered are: the AU (Access Unit) and the CPE (Customer Premise Equipment). 5G FWA brings many advantages such as high throughput, low latency and flexibility. In France, the main bands used for research or deployment of 5G are the frequencies already previously used for 2G, 3G, 4G, as well as the 3.4-3.8 GHz band and the band around 26 GHz. The four major operators in France (Bouygues Telecom, Free Mobile, Orange and SFR) have registered to use the frequency bands in the 3.4-3.8 GHz band in 2020 and deploy them civilly. The 26 GHz band, although unexplored in civil telecommunications, is a very promising band to solve the problem of the explosion of data consumption.

Although there are many advantages, the main challenge with 5G FWA is the losses encountered at these kinds of high frequencies. These come from a variety of sources such as wave path losses, non-ideal FWA line of sight, wave penetration losses through buildings, and vegetation interaction losses. Many studies have been conducted to measure, estimate and analyze these different loss factors, then studies related to the exploration of solutions to minimize these are developed. In general, these improvement solutions can be divided into three categories: the use of high gain antennas, the use of steerable antennas and the improvement of construction materials.

Our works in this thesis belong to the first and the second solution: high-gain antennas and beamforming technique. They are built on the basis of applications for 5G compact devices such as mobile devices or CPEs rather than wide range applications such as station antennas.

Especially, with CPEs which are placed outdoors, near buildings or offices to support communication between inside and outside the building, it is necessary to use a radome to protect the circuits inside. Thus, in the beamforming solution, we do research on the application of 3D jetting piezoelectric technology to create a printed FSS (Frequency Selective Surface) radome allowing a spatial wave selection. And at the end of the thesis, we study the use of paper substrates to design some RF components in 5G applications, towards sustainable and environmentally friendly development.
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RÉSUMÉ

La 5G FWA (Fixed Wireless Access) est en cours de développement pour proposer des connexions à large bande et à haut débit. Dans cette technologie, les deux grandes familles de périphériques rencontrés sont : l'unité d'accès (Access Unit -AU) et l'équipement dans les locaux du client (Customer Premise Equipment -CPE). La 5G FWA apporte de nombreux avantages tels que le haut débit, la faible latence et la flexibilité. En France, les principales bandes utilisées pour la recherche ou le déploiement de la 5G sont les fréquences déjà précédemment utilisées pour la 2G, 3G, 4G, ainsi que la bande 3.4-3.8 GHz et la bande autour de 26 GHz. Les quatre grands opérateurs en France (Bouygues Telecom, Free Mobile, Orange et SFR) se sont inscrits pour utiliser les bandes de fréquences dans la bande 3.4-3.8 GHz en 2020 et les déployer civilement. La bande 26 GHz, bien qu'inexplorée dans les télécommunications civiles, est une bande très prometteuse pour résoudre le problème de l'explosion de la consommation de données.

Bien qu'il existe de nombreux avantages, la 5G FWA est confrontée au défi principal des pertes rencontrées à ces types de fréquences élevées. Celles-ci proviennent de diverses sources telles que les pertes durant le trajet de l'onde, la ligne de mire FWA non idéale, les pertes par pénétration de l'onde à travers les bâtiments et les pertes par interaction avec la végétation. De nombreuses études ont été menées pour mesurer, estimer et analyser ces différents facteurs de pertes. Elles ont été suivies par d'autres afin d'explorer les solutions qui minimiseraient ces pertes. En général, ces solutions d'amélioration peuvent être divisées en trois catégories : l'utilisation d'antennes à gain élevé, l'utilisation d'antennes orientables et l'amélioration des matériaux de construction. Cette thèse se concentre sur l'étude des deux premières solutions.

Les travaux de cette thèse se consacrent notamment sur les deux solutions suivantes : antennes à gain élevé et mise en forme de faisceaux. Ils sont construits sur la base d'applications pour des appareils compacts 5G tels que des appareils mobiles ou des CPE plutôt que sur des applications à large portée telles que des antennes de station. En particulier, pour les CPE, qui sont placés à l'extérieur et à proximité de bâtiments ou de bureaux afin d'assurer la communication entre l'intérieur et l'extérieur du bâtiment, il est nécessaire d'utiliser un radôme pour protéger l'antenne et ses circuits. Ainsi, dans notre solution de mise en forme de faisceaux, nous effectuons des recherches sur une application de la technologie piézoélectrique à jet 3D pour fonctionnaliser un radôme sur lequel sont imprimés des motifs permettant une sélection spatiale des ondes. La fin de la thèse présente une étude sur l'utilisation de substrats de papier pour concevoir des composants RF (Radio Fréquences) dédiés aux applications 5G, dans une optique de développement durable et respectueux de l'environnement. 
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technology -State of the art

The chapter presents an overview of the development of 5G fixed wireless access worldwide and its challenges are also discussed. Next, the problem we choose to contribute to and the structure of the thesis will be introduced. 5G is built with the expectation of creating a generation faster than 4G and having the potential to enable big data industries like IoT and smart cities. Some important milestones in the development of 5G are presented in Figure 1-1.

(Source : https://www.startus-insights.com) The frequency bands used for 5G in France include:

• The 3.4 -3.8 GHz band, this is the band that has been allocated exclusively for 5G, after a long allocation and auction process.

• The frequencies of 2G, 3G, 4G (700 MHz, 800 MHz, 900 MHz, 1.8 GHz, 2.1 GHz, 2.6

GHz), which operators can switch to 5G.

• The 26 GHz band, this is the band that will allow 5G to express its full potential. It will be allocated to 5G in the coming years, no sooner than 2022 or 2023. 5G wireless technology aims to deliver higher multi-Gbps peak data speeds, ultra-low latency, more reliability, massive network capacity, increased availability, and a more uniform user experience for more users. Enhanced performance and efficiency empower new user experiences and connect new industries. 5G is expected to achieve some objectives:

Most network operators in

-High speed in transmissions: 5G speed in transmissions is expected to approach 15 or 20 Gbps.

5G has a higher speed than 4G and 4G LTE (Long Term Evolution). It allows users to download movies, videos, and music in seconds rather than minutes. This allows users to save a lot of data transmission time, thereby improving quality and efficiency of work.

-Low latency: Latency can be defined as the time that elapses since a user order is given on the device until the action happens. 5G is developed to have low latency, compared to 4G, to support new applications such as artificial intelligence (AI), the Internet of things (IoT), and virtual reality efficiently. High latency can have serious consequences in certain applications, such as autonomous car, so the ability to provide low latency will help develop and increase the reliability of these applications.

-Higher capacity: 5G can provide a capacity up to 100 times more than 4G capacity thanks to its broadband property. With 5G, the number of devices that can be connected to the network increases greatly and can reach millions of terminals per square kilometer.

Apart from the strengths that 5G brings, there are still some weaknesses and difficulties in the development of 5G:

-Limited broadcast distance: 5G operates at high frequencies, the loss in the air becomes significant, so 5G will not travel as far as 4G. In addition, other obstacles such as buildings, trees or walls may block the frequency of the 5G network, which will lead to various problems.

Weather effects like rain can also cause problems to 5G coverage.

-Insufficient infrastructure: Old 4G infrastructure may not be re-used for 5G, so a whole ambitious investment is needed to build infrastructure for 5G to increase bandwidth and expand coverage, and this is quite expensive. This situation can cause delays in 5G network deployment.

-Security risk: 5G network is newly developed and may have cryptographic security deficiencies. In addition, more bandwidths can impede security monitoring.

Development of 5G?

Because 5G networks are cellular, network coverage may be used as an aspect to examine or evaluate the strength of the 5G network. The global 5G new radio (5G NRa set of standards that replace the 4G LTE standard) deployments map in 2020 is presented in Figure 1 Release 15 and is connected to a 5G-enabled network). In the second quarter of 2022, the total number of mobile subscriptions was around 8.3 billion, with a net increase of 52 million subscriptions over the quarter. Figure 1-5 presents the mobile subscriptions by technology for recent years as well as projections for the coming years. A strong growth of 5G subscription is observed. By the end of 2027, 5G subscriptions are predicted to reach 4.4 billion globally, representing 48% of total mobile subscriptions. The 5G subscription uptake is faster than that of 4G as can be seen in Figure 123456, reaching 1 billion subscriptions two years earlier than 4G.

5G is predicted to become the dominant mobile access technology by subscriptions in 2027. What is FWA and advantages of FWA?

Fixed Wireless Access (FWA), in general, can be definied as a connection that provides primary broadband access through mobile network and enabled customer premises equipment (CPE).

FWA is a way to provide wireless connectivity through radio connection between fixed points.

It does not include portable battery-based Wi-Fi routers or dongles. FWA provides wireless internet access to homes or businesses without fiber or cables at last mile connectivity as summarized in Figure 1234567.

Figure 1234567. FWA compared to wireline technologies [2] Compared to traditional fiber usage, FWA has the following advantages:

-Faster deployment: The deployment speed of an FWA network for outdoor connectivity is significantly higher than a comparable wired technology deployment. With wired technologies, the time required to bury or lay cables at each network endpoint is considerable, which may increase when it is required to cross a road or other assets not owned by the deployment organization.

-Lower cost: The typical cost of FWA deployment is about a decade cheaper than a wired network, especially in the case of outdoor area. This is due to the cost of cable installation in the street, needing big amout of public works, but also administrative procedures, and safety training and equipment for workers when laying the cable, in addition to maintenance costs once the installation is done.

-More flexible: FWA is more flexible as it can be deployed in different geographies. With FWA, the network operator can provide high speed broadband network to suburban and rural areas with a lower cost than fiber lines. FWA also has the flexibility to modify frequency bands and applications, and is more flexible with uncertain subscriptions.

Development of 5G FWA?

4G FWA has been researched and developed, however, this technology is considered inefficient, costly to deploy, and cannot provide the speed needed to compete with wired broadband connections. These things have changed with the introduction of 5G technology.

Using standardized 3GPP architectures and common mobile components, 5G FWA can provide ultra-high-speed broadband services to subscribers such as residential subscribers or business customers. Not only that, 5G FWA can also provide services that can compete with DSL, cable or optical fiber thanks to the New Radio feature. Therefore, suburban and rural subcribers can also access and use high-speed connections easily.

As a result of its benefits, 5G FWA is becoming increasingly popular and widely deployed.

According to a study of retail packages offered by service providers worldwide in Ericsson's report in June 2022 [1], in the first half of 2022, the number of 5G FWA service providers The principal challenges may be mentioned as follows:

-High loss: In addition to distance issues, 5G FWA in mmWave band faces propagation problems. Radio transmission in the mmWave bands is inherently lossy. It is sensitive to the environment and can be easily disturbed with obstacles such as buildings or plants. This reduces the coverage of 5G FWA. Losses can be divided into the following four categories [3]:

• High path loss: The path loss defines how the strength of the received signal decreases with an increase in the distance between sending and receiving nodes [3]. In addition, it is strongly affected by the property of the environment in which the network is deployed [4]- [6]. Because the free-space path loss is inversely proportional to the square of the wavelength [START_REF] Alimi | Performance Analysis of 5G Fixed Wireless Access Net or s ith Antenna Diversity echniques[END_REF], the loss at such high frequencies in 5G FWA becomes more significant and more impactful than the loss at lower frequencies. LoS between base station and end-user devices. However, when implementing FWA in practice, it is difficult to have an ideal LoS due to the influence of obstacles and terrain.

These obstructions may prevent the installation of 5G FWA in some areas.

• Penetration loss through buildings: Numerous studies and measurements show that penetration loss becomes a concern in FWA applications that supply buildings [START_REF] Dominic | All-Indoor Optical Customer Premises Equipment for Fixed Wireless Access[END_REF]- [START_REF] Jun | Penetration Loss at 6 GHz for Indoor-to-Indoor and Outdoor-to-Indoor obile Scenarios[END_REF].

The loss increases rapidly with frequency when passing through some special materials such as concrete or double-glazed sound or thermal insulation, which is usually made of low-emissivity (low-e) glass.

• Penetration loss by plants: The presence of plants in the signal path in an FWA network has been observed to have an effect on signal transmission. Parts of trees such as leaf branches, twigs and trunks which are randomly distributed in propagation environments can cause scattering, attenuation, absorption, and diffraction of radiated waves [START_REF] Alimi | Performance Analysis of 5G Fixed Wireless Access Net or s ith Antenna Diversity echniques[END_REF].

These factors can cause difficulties for wireless communication systems, and it becomes more evident during the deployment of 5G FWA in rural or suburban areas where there are dense vegetation systems.

-Expensive customer premises equipment (CPE): One of the promised benefits of FWA is that it allows customers to install the system quickly and easily themselves at home without requiring a special technician. By purchasing a CPE and installing it according to the supplied user manual, the FWA system will be configured. It also shows that the purchase of a CPE is a necessity to receive the 5G signal from the access unit (AU) and provide ethernet connectivity to the local access network (LAN). For 4G FWA, a CPE typically costs less than 300 euros.

Meanwhile, with 5G FWA, cheapest CPEs generally cost between 500 -1000 euros. This is a high cost for many customers and could prevent customers from accessing the 5G FWA.

Review of Related Works on 5G Fixed Wireless Access

As presented, 5G FWA has a great potential, promising to bring many benefits to users.

However, 5G FWA also faces many challenges as mentioned in the previous sections. To clarify these challenges and find solutions to improve and solve problems, a lot of research on 5G

FWA has been carried out. This section will focus on presenting an overview of some of these studies to provide an overview of the evolution of 5G FWA research, proposed solutions to 5G

FWA problems and solution development directions.

As mentioned, the two major challenges facing 5G FWA are high losses and high-cost CPE issues. In which, the second issue largely depends on manufacturers and suppliers. Therefore, this section will focus more on research related to the high losses issue. Although divided into four types of losses, it can also be said that non-ideal LoS, penetration loss through buildings and vegetations are three of the factors that increase the high path loss. Therefore, the term path loss will also be used to represent all four losses listed in the previous section.

Path loss (PL) measurement and prediction model

Path loss (PL) is an important loss in wireless communication, especially at high frequencies.

Path loss refers to the attenuation that a propagating electromagnetic wave encounters along its path between the transmitter (Tx) and the receiver (Rx). To efficiently deploy the 5G FWA system in a certain area, it is very important to estimate how much path loss may be encountered in order to find solutions and decide whether to deploy 5G FWA in this area. In order to estimate this loss, path loss models were used. Path loss models describe the signal attenuation between a transmit and a receive antenna as a function of the propagation distance and other parameters.

The free-space path loss can be calculated by formula ( 1.1 ).

𝐹𝑆𝑃𝐿 = 20log ( 4𝜋𝑑 𝜆 ) ( 1.1 ) 
Where:

• 𝐹𝑆𝑃𝐿: Free-space path loss (𝑑𝐵)

• 𝑑: distance between the antennas (𝑚)

• 𝜆: signal wavelength (𝑚) One model may be suitable under these conditions but may also yield very misleading for other results. Therefore, it is necessary to rely on specific characteristics when implementing FWA to select appropriate models to estimating PL. However, many studies also show that, CI and FI are two of the models that give the most reasonable estimation results in many cases, in rural or urban areas. Many PL measurements have been implemented under different conditions to compare and evaluate the accuracy and efficiency of PL models [START_REF] Sun | illimeter-wave distance-dependent large-scale propagation measurements and path loss models for outdoor and indoor 5G systems[END_REF]- [START_REF] Dahal | Urban icrocell 9 GHz easurements[END_REF]. In [START_REF] Oraitis | ural Path Loss easurements and Models for a Fixed Wireless Access TD-L E Net or at .7 GHz[END_REF], the PL measurement in rural areas in Greece, at 3.7 GHz, for LoS conditions between Tx and Rx, was developed. In total, 1200 outdoor LoS link were measured in a commercial FWA network. The path losses in measurement and in predictions by some PL model in this work are presented in Figure 1-9(a). It can be seen that, in this particular case, CI and FI presented a better prediction than Winner II, 3GPP/ITU-R and Extended Hata. Another example of path loss measurement in urban conditions at 39 GHz was been taken and presented in [START_REF] Dahal | Urban icrocell 9 GHz easurements[END_REF]. Measured path loss and estimated path loss calculated by some models (FSPL, AB and CI) are compared and evaluated, via path gain, and are presented in Because the prediction of path loss greatly affects the decision, planning and deployment of the 5G FWA system, the accuracy of PL models is of great concern. In addition to the basic PL models mentioned, there are currently a number of studies that have been carried out with the aim of improving or creating new enhanced prediction models with higher accuracy in some specific cases [5], [START_REF] Elmezughi | An Efficient Approach of Improving Path Loss Models for Future obile Net or s in Enclosed Indoor Environments[END_REF], [START_REF] Appaport | ural acrocell Path Loss odels for illimeter Wave Wireless Communications[END_REF], [START_REF] Sun | Investigation of Prediction Accuracy, Sensitivity, and Parameter Stability of Large-Scale Propagation Path Loss odels for 5G Wireless Communications[END_REF]. In [START_REF] Appaport | ural acrocell Path Loss odels for illimeter Wave Wireless Communications[END_REF] and [START_REF] Sun | Investigation of Prediction Accuracy, Sensitivity, and Parameter Stability of Large-Scale Propagation Path Loss odels for 5G Wireless Communications[END_REF], dual-slope CI model was used to achieve a more accurate path loss prediction than the standard CI path loss model. A probabilistic path loss model based on LoS and non-LoS omnidirectional propagation path loss data presented in [5] provides a fairly stable and accurate PL estimation. However, these methods increase the complexity of the PL model. Thus, some research has been done to make the PL model more accurate without complicating it, for instance in [START_REF] Elmezughi | An Efficient Approach of Improving Path Loss Models for Future obile Net or s in Enclosed Indoor Environments[END_REF]. In [START_REF] Elmezughi | An Efficient Approach of Improving Path Loss Models for Future obile Net or s in Enclosed Indoor Environments[END_REF], an independent parameter is added to model equation to increase the opportunity to fit the actual measured data collected from path loss measurement. The authors succeeded to improve the accuracy of CI and FI models without increasing their complexity. Recently, with the strong development of AI, PL models based on machine learning and deep learning are widely developed [START_REF] Zibar | odel-Aided Deep Learning Method for Path Loss Prediction in obile Communication Systems at 2.6 GHz[END_REF]- [START_REF] Gupta | achine Learningased Urban Canyon Path Loss Prediction Using 28 GHz anhattan easurements[END_REF] .These methods bring predictive results with much higher accuracy than traditional prediction models.

However, the disadvantage of these methods is the requirement of a large amount of input data.

Factors affecting path loss analysis

Understanding the factors affecting the path loss is very important because this helps to analyze, control, and contribute to the estimation of the path loss value if the system is deployed. The influence of these factors is analyzed, understood, or predicted by actual measurement processes or by models and formulas. Numerous studies have been conducted to understand the influence of these factors on the path loss. Certain measurements for understanding the influence of building structure as well as buildings materials are presented in [START_REF] Du | Suburban esidential uilding Penetration Loss at 28 GHz for Fixed Wireless Access[END_REF], [START_REF] Chondroulis | mmWave assive I Channel easurements for Fixed Wireless and Smart City Applications[END_REF]. For instance, in [START_REF] Du | Suburban esidential uilding Penetration Loss at 28 GHz for Fixed Wireless Access[END_REF], a measurement building penetration loss in a New Jersey suburban residential neighborhood is presented. Measurements at three different representative houses with different material conditions were taken to be able to verify and compare the effects of these conditions on the path loss. The measurement results in the paper, presented in Figure 1-10, show that the median building penetration loss was found to be 9 dB for a home with low-loss materials and plain-glass windows, 15 dB for a renovated home with low-emissivity windows, and 17 dB for a new construction using foil backed insulation and low-emissivity windows. It can be concluded that the materials used to construct the building have a great influence on the path loss of the signal transmitted from outside to inside the buildings. For FWA's outdoor wave propagation, vegetations and weather are also two of the important factors affecting path loss [START_REF] Khaled | Log Distance Path Loss odel: Application and Improvement for Sub 5 GHz Rural Fixed Wireless Net or s[END_REF]- [START_REF] Julius | Handbook of Propagation Effects for Vehicular and Personal Mobile Satellite Systems[END_REF]. From these studies, it can be seen that plant parts such as leaves, branches and stems that are randomly distributed in the propagation medium can cause scattering, attenuation, absorption, and diffraction of radiated waves. This greatly affects the implementation of the FWA system. For the most part, the presence of trees or forests will increase the path loss. This attenuation level depends on many factors such as foliage density and operating frequency [START_REF] Greg | Using odeling and Simulation to Assess Challenges and Solutions for 5G Fixed Wireless Access[END_REF], [START_REF] Julius | Handbook of Propagation Effects for Vehicular and Personal Mobile Satellite Systems[END_REF]. In addition to trees, weather conditions such as sun, wind, rain, snow, or seasons also affect path loss [START_REF] Khaled | Log Distance Path Loss odel: Application and Improvement for Sub 5 GHz Rural Fixed Wireless Net or s[END_REF], [START_REF] Shamsan | ainfall and Diffraction odeling for illimeter-Wave Wireless Fixed Systems[END_REF], [START_REF] Eng | Investigations of foliage effect on modern ireless communication systems: A revie[END_REF], [START_REF] Julius | Handbook of Propagation Effects for Vehicular and Personal Mobile Satellite Systems[END_REF]. For example, with the configuration in [START_REF] Shamsan | ainfall and Diffraction odeling for illimeter-Wave Wireless Fixed Systems[END_REF], the results show that in the case of low rainfall intensity, the main attenuation in path gain is the loss due to free space propagation, followed by rain attenuation and then the loss due to diffraction mechanism. The conclusion is not the same in the case of high rainfall rate. In this case, the main attenuation factor comes from rain attenuation, followed by free space path loss and then diffraction loss. In addition to the main influencing factors that have been presented, other factors such as the position or height of the antenna also influence the path loss [START_REF] Shamsan | ainfall and Diffraction odeling for illimeter-Wave Wireless Fixed Systems[END_REF], [START_REF] Saba | ural acrocell Path Loss easurements for 5G Fixed Wireless Access at 26 GHz[END_REF]. In [START_REF] Saba | ural acrocell Path Loss easurements for 5G Fixed Wireless Access at 26 GHz[END_REF], by adjusting the antenna height while measuring, the authors found that the height of antennas can affect the PL. In their case, higher antenna gives better coverage and more often LoS condition at 26 GHz in a rural area.

Solutions to improve path loss

After measuring, testing, calculating factors and losses, methods to improve the path loss are studied and proposed through numerous studies. In general, solutions can be divided into three main categories:

• Using high gain antennas

• Using steerable antennas

• Improving building materials Category 1: Using high gain antennas

The Friis transmission formula in decibels can be written as ( 1.2 ):

𝑃 𝑟 = 𝑃 𝑡 + 𝐺 𝑡 + 𝐺 𝑟 -𝑃𝐿 ( 1.2 )
Where: 𝑃 𝑟 is wave power received (𝑑𝐵); 𝑃 𝑡 is wave power transmitted (𝑑𝐵), 𝐺 𝑡 is gain of the transmitting antenna (𝑑𝐵), 𝐺 𝑟 is gain of the receiving antenna (𝑑𝐵), 𝑃𝐿 is path loss (𝑑𝐵)

From the formula it can be seen that, if the path loss increases, to ensure that the power received is not reduced, we can increase the gain of the antennas, or in other words, we can use high gain antennas to improve the problem of high path loss. Research on high gain antennas and antenna improvement methods to achieve high gain have been and are being developed [START_REF] Garg | Design and Development of High Gain and Narro eam Width Antenna For 5G Application[END_REF]- [START_REF] Jiang | A Symmetrical Dual-Beam Bowtie Antenna With Gain Enhancement Using etamaterial for 5G I Applications[END_REF]. In order to have an antenna with high gain, in addition to the use of traditional high gain antennas (such as horn antennas, Vivaldi antennas), methods to improve the gain of basic antennas are also developed. Two of the methods which are popularly used and have gained a lot of attention are the method using lenses [START_REF] Garg | Design and Development of High Gain and Narro eam Width Antenna For 5G Application[END_REF]- [START_REF] Ressner | High-Gain Lens-Horn Antennas for Energy-Efficient 5G Millimeter-Wave Communication Infrastructure[END_REF] and the method using FSS (Frequency Selective Surface)

or metamaterials to improve antenna gain [START_REF] Ullah | Wideband and High Gain Array Antenna for 5G Smart Phone Applications Using Frequency Selective Surface[END_REF]- [START_REF] Jiang | A Symmetrical Dual-Beam Bowtie Antenna With Gain Enhancement Using etamaterial for 5G I Applications[END_REF].

The use of a lens to improve antenna gain normally relies on the principle of an optical lens:

waves have a different phase velocity than they would normally have in the air, so that the lens, having a variable thickness in places, delays the waves which pass through it with different times, thereby modifying the shape of the wave front and the direction of the waves. Therefore, by constructing lenses with special shapes, it is possible to increase the antenna gain. In [START_REF] Garg | Design and Development of High Gain and Narro eam Width Antenna For 5G Application[END_REF], a 3D printed dielectric lens with a height of approximately 70 mm, as shown in However, in some applications, 3D lens structures are not suitable because they are rather voluminous and do not have a flat construction. Therefore, a number of studies on flat lens structure that enhance antenna gain have been presented [START_REF] Mujammami | A High Gain roadband Quasi-Yagi Dielectric Lens Antenna for 5G and illimeter Wave Applications[END_REF], [START_REF] Puskely | High-Gain Dielectric-Loaded Vivaldi Antenna for Ka and Applications[END_REF]- [START_REF] Khar | A Compact High-Gain and Front-to-Back Ratio Elliptically Tapered Antipodal Vivaldi Antenna With Trapezoid-Shaped Dielectric Lens[END_REF]. For example, in [START_REF] Mujammami | A High Gain roadband Quasi-Yagi Dielectric Lens Antenna for 5G and illimeter Wave Applications[END_REF],

a quasi-Yagi dielectric lens antenna is introduced. In this example, holes are inserted into the extended planar dielectric lens to reduce its effective permittivity and therefore ensure that higher order modes will not be excited. This lens antenna structure reaches a realized gain of 10-13 dBi in the 27-41.25 GHz frequency band, theoretically.

Besides the lens method, other research based on FSS, and metamaterials is also increasingly being developed [START_REF] Ullah | Wideband and High Gain Array Antenna for 5G Smart Phone Applications Using Frequency Selective Surface[END_REF]- [START_REF] Jiang | A Symmetrical Dual-Beam Bowtie Antenna With Gain Enhancement Using etamaterial for 5G I Applications[END_REF]. [START_REF] Ullah | Wideband and High Gain Array Antenna for 5G Smart Phone Applications Using Frequency Selective Surface[END_REF] presents a FSS array reflector which is used to increase the gain of an eight-element antenna as shown in Figure 1-11(b). The FSS reflector is designed and placed at the back side of the antenna to reflect the waves at the desired frequencies, thereby improving the antenna gain. Apart from FSS, metamaterial (MTM) structures are also used to enhance antenna gain. In [START_REF] Chen | Landstorfer Printed Log-Periodic Dipole Array Antenna With Enhanced Stable High Gain for 5G Communication[END_REF], zero-index metamaterials (ZIMs) are added into a Landstorfer printed log-periodic dipole array (PLPDA) to resonate at 33 GHz to obtain a good gain flatness throughout the 31-36 GHz frequency range. The measurements in this experiment show that ZIMs help improve antenna gain and gain flatness. The gain is improved, from 9.1 ± 0.7 dBi to 10.5 ± 0.5 dBi across the operating range of 26.5-40 GHz. Another example using a combination of different metamaterial patterns to improve antenna properties is shown in [START_REF] Jiang | A Symmetrical Dual-Beam Bowtie Antenna With Gain Enhancement Using etamaterial for 5G I Applications[END_REF].

As illustrated in Figure 1 In addition to focusing on increasing antenna gain, there are also numerous studies introducing high-gain antennas with some special properties to solve other 5G FWA issues in different special applications [START_REF] Feng | Dual Linearly-Polarized Antenna Array With High Gain and High Isolation for 5G Millimeter-Wave Applications[END_REF]- [START_REF] Al-Alem | Lo -Cost High-Gain Superstrate Antenna Array for 5G Applications[END_REF]. For instance, in 5G FWA, having a strong anti-interference is also one of the highly appreciated properties. Therefore, in addition to exhibiting high gain, many antennas for 5G FWA are also designed to achieve high isolation, which indicates antiinterference capability [START_REF] Feng | Dual Linearly-Polarized Antenna Array With High Gain and High Isolation for 5G Millimeter-Wave Applications[END_REF], [START_REF] Feng | A Lo -Profile Differentially Fed Dual-Polarized Antenna With High Gain and Isolation for 5G Microcell Communications[END_REF]. In [START_REF] Feng | Dual Linearly-Polarized Antenna Array With High Gain and High Isolation for 5G Millimeter-Wave Applications[END_REF], a slot-fed ME-dipole antenna subarray, which is excited by a high-order mode cavity, is presented. As shown in Figure 1-12(a), by using two vertically arranged slotted SIW feeding networks to feed the high-order mode cavity, the system achieve a high isolation (45 dB) besides a high gain (25.8 dBi) in a wide frequency band . In [START_REF] Feng | A Lo -Profile Differentially Fed Dual-Polarized Antenna With High Gain and Isolation for 5G Microcell Communications[END_REF], by using an orthogonal differentially fed structure instead of feeding lines and shorting pins, the antenna system exhibits a high port isolation of 37 dB. In these two examples, in addition to high gain and high isolation, the antennas in these two examples are also designed to be dual polarized as well. This is also a property that is appreciated in some 5G FWA applications as it helps to avoid signal collisions and increase the traffic handling capacity of the system. Another property which is also appreciated in many other examples of 5G FWA is the antenna's ability to operate dual-band, multi-band, or broadband. This ability, in some applications, enables the antenna to operate in multi-frequency spectrum or in a wide frequency spectrum with a single antenna, thereby saving the system components. Thus, there are many antennas for 5G FWA applications that have both high gain and dual-band, multi-band or broadband capabilities [START_REF] Jilani | A ultiband illimeter-Wave 2-D Array Based on Enhanced Fran lin Antenna for 5G Wireless Systems[END_REF], [START_REF] Zhao | roadband and High-Gain Dual-Polarized Antenna Array With Shared Vias Feeding Network for 5G Applications[END_REF]- [START_REF] Wen | High-Gain Dual-Band Resonant Cavity Antenna for 5G Millimeter-Wave Communications[END_REF]. For example, the antenna in [START_REF] Jilani | A ultiband illimeter-Wave 2-D Array Based on Enhanced Fran lin Antenna for 5G Wireless Systems[END_REF], depicted in Figure 1-12(b), is designed to operate at 28 GHz, 33 GHz and 38 GHz. By modifying the stub length and the patch antenna geometry based on a Franklin antenna array, the authors obtained an antenna configuration that can operate at all three frequencies. Another useful feature that needs to be mentioned in some applications is the narrow beamwidth and low sidelobe. The characteristics of beamwidth and sidelobe can be considered as two of the evaluation criteria for a directive antenna. An antenna with a narrow beamwidth and low sidelobes will have good directivity and low interference, especially in antenna arrays. Such antennas are suitable for antenna arrays or beamforming, beam scanning systems. Figure 1-12(c) presents an example of a narrow beamwidth and low sidelobe level antenna designed in [START_REF] Ullah | A High Gain and Wideband Narro -Beam Antenna for 5G Millimeter-Wave Applications[END_REF]. Overall, a high gain antenna is a good solution to the path loss problem. This solution is increasingly attracting attention and is being now well developed. Gain enhancement can be accomplished through many methods such as the addition of lenses or the use of FSSs or MTMs. In addition to achieving high gain, several other properties such as dual polarization, and Noise Ratio (SINR) for intended user and provide advantages for the system such as higher system capacities, lower transmission power, and a higher frequency re-use factor within a

given area [START_REF] Wang | D eamforming echnologies and Field rials in 5G assive I Systems[END_REF]. BF has evolved from one-dimension (2D) to three-dimension (3D) [START_REF] Wang | D eamforming echnologies and Field rials in 5G assive I Systems[END_REF], whereby it covers not only the space in the horizontal direction but also in the vertical direction. 2D BF employs linear array antennas in which elements are arranged in a straight with a calculated distance apart.

Because of such structural limitations, a linear array can only generate beams in one dimension, vertical or horizontal. That means, it can only distinguish users at different angles of the same vertical or horizontal plane but cannot distinguish users on both planes at the same time.

Therefore, 2D BF cannot take full advantage of the 3D spatial domain [START_REF] Wang | D eamforming echnologies and Field rials in 5G assive I Systems[END_REF]. However, the structure of the linear array in 2D BF is quite compact in terms of space and simple in terms of control. Thus, 2D BF with linear array is still widely used, especially in applications with spatial limitations in one dimension, for example in phones and CPE devices. To overcome the disadvantages of 2D BF operating range, 3D BF has been developed by using two-dimensional rectangular arrays, or sometimes called planar arrays. 3D BF becomes more and more attractive in MIMO systems with the capacity of steering to any angle within the specified range of the system. The MIMO concept has evolved from multi-user MIMO (MU MIMO) to massive MIMO (mMIMO), where the numbers of antenna elements in the base station system can reach hundreds or thousands [START_REF] Ahmed | A Survey on Hybrid eamforming Techniques in 5G: Architecture and System odel Perspectives[END_REF]. 3D beamforming mMIMO become a key factor in 5G FWA. Using a large number of antennas in mMIMO helps reduce uncorrelated noise and fast fading, create narrower and highly directive beams. This helps the system obtain a sufficient signal-to-noiseratio (SNR) to overcome high path losses and improve spectral and energy efficiency, leading to higher capacities and better cell edge coverage.

BF can be divided into three main categories: analog BF, digital BF, and hybrid BF, as shown in Figure 1-14. Analog BF uses a single common RF (Radio Frequency) source and a splitter among multiple antenna elements. The beam is controlled by adjusting analog phase shifters along the RF path. The advantage of analog BF is simple, low cost and low power consumption.

However, this type of BF is not flexible because it has a low degree of freedom and there is only one data stream between transmitter and receiver. Meanwhile, in the digital BF system, each antenna has a dedicated RF signal and path. Phases and amplitudes are digitally controlled by baseband processing. Hence, digital BF presents a higher flexibility with a high degree of freedom, providing a good beam control and can provide multiple data streams in wireless communication. However, this technique suffers from high power consumption and high cost due to the large number of RF chains. Especially with the huge number of antennas in mMIMO, digital BF deployment becomes difficult and expensive. Therefore, hybrid BF was proposed as a combination of analog BF and digital BF to reduce the number of RF chains. This will help the system reduce energy consumption while maintaining flexibility. In a basic analog BF, each antenna is connected to a phase shifter to ensure that the phase difference is the same between two adjacent antennas. A signal is then applied to each branch.

By controlling this signal and the phase difference between the antennas, a beam with a defined direction will be formed. In a digital BF, a technique called precoding is used to combine beams of antenna elements, so their superimposed emissions from all elements produce beams along multiple desired paths simultaneously. Both techniques require the construction of a relatively complex system which may occupy a large volume of space. Therefore, these two techniques, as well as hybrid BF, are often used in large systems or base stations. However, in small systems like CPE or compact mobile devices, it is quite difficult to build such complex systems. Thus, efforts are made to create beam former antenna systems, or sometimes called steerable antennas, without having to build an entirely complex system. These studies often result in a switched beam system rather than an adaptive BF system. However, this is usually sufficient for small applications. Switched beam systems create fixed beam patterns [START_REF] Chataut | assive I Systems for 5G and beyond Net or s-Overview, Recent Trends, Challenges, and Future esearch Direction[END_REF]. On the contrary, the adaptive BF technique synthesizes beams in arbitrary directions of interest while simultaneously cancelling interfering signals in unintended angles of direction.

One of the simplest and most compact BF systems is the Rotman lens-based BF system [START_REF] Ujammami | ptimum Wideband High Gain Analog eamforming Net or for 5G Applications[END_REF].

This lens allows forming different beams without the need of switches or phase shifters. The Rotman lens-based BF system of [START_REF] Ujammami | ptimum Wideband High Gain Analog eamforming Net or for 5G Applications[END_REF] is presented in beam with a desired pattern. The form of the plate regions and the lengths of the transmission lines are carefully calculated to produce a wavefront across the output that is phased by the time-delay in the signal transmission [START_REF] Vashist | A evie on the Development of otman Lens Antenna[END_REF]. When one of the beam ports is excited, a tilted beam is radiated from the antenna array. By switching between input ports, the radiated beam can be scanned.

Another compact BF system that has been developed is the resonant cavity antenna (RCA) system [START_REF] Goudarzi | A High-Gain Leaky-Wave Antenna Using Resonant Cavity Structure With Unidirectional Frequency Scanning Capability for 5G Applications[END_REF], [START_REF] Goudarzi | A illimeter-Wave Fabry-Perot Cavity Antenna With Unidirectional eam Scanning Capability for 5G Applications[END_REF]. RCAs are made of a partially reflective surface (PRS) placed at a proper distance above a ground plane, surrounding a radiator or an array of radiators that feeds the entire structure [START_REF] Goudarzi | A High-Gain Leaky-Wave Antenna Using Resonant Cavity Structure With Unidirectional Frequency Scanning Capability for 5G Applications[END_REF]. Figure 1-15(b) presents the general structure of RCA in [START_REF] Goudarzi | A illimeter-Wave Fabry-Perot Cavity Antenna With Unidirectional eam Scanning Capability for 5G Applications[END_REF]. The PRS is designed to produce a frequency scanning capability for the whole system. Frequency scanning systems are used to develop multiple access techniques when the frequency domain is shared among multiple users. By doing this way, power consumption or bit error rate can be reduced by using the spatial diversity option in the user management system and assigning different frequencies to different users. Therefore, more users can be served at the maximum antenna gain, while the propagation loss is low [START_REF] Goudarzi | A illimeter-Wave Fabry-Perot Cavity Antenna With Unidirectional eam Scanning Capability for 5G Applications[END_REF]. In [START_REF] Goudarzi | A illimeter-Wave Fabry-Perot Cavity Antenna With Unidirectional eam Scanning Capability for 5G Applications[END_REF], the unit cell is designed to provide low-tohigh reflection phase variation over frequency, easily adjustable over the desired frequency scanning. The use of metallic wall in this example is used to create the unidirectional scanning ability for the system.

Besides the above two methods, the mechanical control can also be used to perform beamforming function. As shown in Figure 1-15(c), [START_REF] Lin | High-Gain I Dipole Antennas With echanical Steerable ain eam for 5G Small Cell[END_REF] proposes dipole antennas with mechanically steerable main beam. This system consists of a bent dipole antenna placed a distance 𝐻 above the reflector layer. The paper shows that changing 𝐻 will change the direction and gain of the main beam. In other words, steering angle and gain could be controlled by mechanically changing distance between the dipole and the reflector. The merit of this technique is that a BF system can be achieved in a simple antenna design that has minimal additional components. 

Thesis Overview

As discussed in the previous sections, the key issue in 5G FWA is to maintain an acceptable level of losses. To solve this issue, many solutions can be used, such as using high gain antennas, using beamforming techniques, and improving building materials.

In this thesis, we focus on the first two solutions: using high gain antennas and beamforming techniques. These methods are built on the basis of applications for compact devices such as mobile devices or CPEs rather than large range applications such as station antennas.

With the solution of using high gain antennas, we explore and propose methods to increase the gain of a Vivaldi antenna while keeping its flat and compact structure. Two proposed and implemented methods are presented in Chapter 2. These antennas are built to operate in the Ka-band (26-40GHz). The Ka-band covers many mmWave bands used for 5G FWA research.

To improve antenna gain while preserving the planar structure, we focused on developing flat lens constructions. The first method is based on the substrate lens and quasi-SIW (Substrate Integrated Waveguide) structure. Usually, the SIW architecture is used as a low-loss transmission line, as it is considered as a waveguide integrated in the substrate. So, we take advantage of a SIW-based structure and a substrate lens to increase the gain of the antenna as well as to explore other applications where SIW could be involved. The second method is based on PCL (Phase Compensation Lens). This approach has been used in several studies. However, according to the author's knowledge, the PCL design process as well as its disadvantages are generally not clearly presented. Therefore, in the last part of Chapter 2, we propose a PCL design process by leveraging popular software such as CST Studio and MATLAB.

Next, in Chapter 3, we focus on beamforming techniques, based on FSS on a 3D surface. For the loss caused by the influence of building materials, besides improving the building materials, the use of outdoor CPE is also a good solution. Outdoor CPE are devices placed outdoors, near buildings or offices, used to support communication between inside and outside the building, especially in cases where low-e glass window is present. However, this also means that outdoor

CPEs are affected by environmental factors such as rain and wind. To protect the electronic circuits inside, CPEs are equipped with a shell, usually called "radome", which is normally sealed and waterproof. Radome is a weatherproof structural enclosure used to protect wireless communication systems and is almost transparent to electromagnetic waves. The primary function of a radome is to protect the internal system. This is relatively wasteful because in many cases, the radome occupies a certain space while having only a single function. Thus, in our study, we propose to print FSS structures on the surface of the radome. Therefore, the radome can both protect the internal system and regulate the system's radiation. Some similar studies have also been done; however, these studies are usually performed on 1D surfaces instead of 3D, while protective covers generally do not have a simple planar structure. To carry out the printing of FSS patterns on the radome surface, we use the direct jetting technique, which is especially efficient on 3D planes. This is a newly developed technique which has many advantages compared to equivalent printing techniques. To add a function while retaining the circuit protection function of the radome, FSS patterns need to be printed inside the radome.

However, due to current technical limitations, the print head is still too big. To be able to print inside the radome, we need a semispherical radome with a radius of at least 1-2 m. This is too large and difficult to study in the laboratory. So, in our study, we will only use small radomes (with a radius of 10 cm) and the FSS patterns will be printed on the outer surface of the radome.

In this section, designs will be done at the center frequency of 3.6 GHz -one of the 5G FWA frequencies being deployed civilly.

Finally, in Chapter 4, we present research on a future trend -the use of biosourced substrates.

Nowadays, most electronic systems use common substrates like FR4 or Rogers. They are effective substrates. However, they are produced from fossil resources, which are not environmentally friendly due to their low recyclability, as the production and recycling process is energy intensive. In the context of environmental pollution and its increasingly serious consequences, actions to protect the environment need to be reinforced. Therefore, the application of biosourced substrates to consider the possibility of replacing traditional substrates should be of interest. In this chapter, we will use paper substrates to design and fabricate composites, such as antennas or lenses, for applications in 5G FWA.

Chapter 2. High Gain Vivaldi Antenna -Two

Methods to Enhance the Antenna Gain

The main objective of this chapter is to propose two methods to improve the gain of a directive Vivaldi antenna which operates in the Ka-band [START_REF] Khaled | Log Distance Path Loss odel: Application and Improvement for Sub 5 GHz Rural Fixed Wireless Net or s[END_REF][START_REF] Shamsan | ainfall and Diffraction odeling for illimeter-Wave Wireless Fixed Systems[END_REF][START_REF] Greg | Using odeling and Simulation to Assess Challenges and Solutions for 5G Fixed Wireless Access[END_REF][START_REF] Eng | Investigations of foliage effect on modern ireless communication systems: A revie[END_REF][START_REF] Julius | Handbook of Propagation Effects for Vehicular and Personal Mobile Satellite Systems[END_REF][START_REF] Saba | ural acrocell Path Loss easurements for 5G Fixed Wireless Access at 26 GHz[END_REF][START_REF] Garg | Design and Development of High Gain and Narro eam Width Antenna For 5G Application[END_REF][START_REF] Shalini | Design of D printed lens antenna for 5G applications[END_REF][START_REF] Mujammami | A High Gain roadband Quasi-Yagi Dielectric Lens Antenna for 5G and illimeter Wave Applications[END_REF][START_REF] Ressner | High-Gain Lens-Horn Antennas for Energy-Efficient 5G Millimeter-Wave Communication Infrastructure[END_REF][START_REF] Ullah | Wideband and High Gain Array Antenna for 5G Smart Phone Applications Using Frequency Selective Surface[END_REF][START_REF] Edries | illimeter-Wave Antenna With Gain Improvement Utilizing eflection FSS for 5G Net or s[END_REF][START_REF] Chen | Landstorfer Printed Log-Periodic Dipole Array Antenna With Enhanced Stable High Gain for 5G Communication[END_REF][START_REF] Jiang | A Symmetrical Dual-Beam Bowtie Antenna With Gain Enhancement Using etamaterial for 5G I Applications[END_REF][START_REF] Puskely | High-Gain Dielectric-Loaded Vivaldi Antenna for Ka and Applications[END_REF]. The first method is based on quasi-SIW (Substrate Integrated Waveguide) and substrate lens, while the second method is based on phase compensation lens. The advantages and disadvantages as well as the comparison of these two methods will be discussed.

Overview

As mentioned in the first chapter, Ka-band (26-40 GHz) is one of the bands that receiving attention in the discovery and development of 5G. However, this frequency band is quite large.

Therefore, to work well across the entire band, wideband antennas are preferred, and one of the most prominent among them is the Vivaldi antenna. Vivaldi antenna was first introduced by P.J. Gibson [START_REF] Gibson | he Vivaldi Aerial[END_REF], belongs to the end-fire traveling antenna family. Vivaldi antenna is famous for its wide bandwidth, high radiation efficiency and good directional radiation. In many 5G applications, high gain antennas are very popular to overcome the high path loss issue.

Therefore, improving antenna gain, in this case the Vivaldi antenna, received a lot of attention.

A common way to improve antenna gain is to use a dielectric rod, as illustrated in Figure 2-1, to direct the radiated wave, thereby helping to improve the gain [65] [66]. In [START_REF] Elsherbini | UW antipodal vivaldi antennas ith protruded dielectric rods for higher gain, symmetric patterns and minimal phase center variations[END_REF], a uniform polystyrene rod, which is considered to work as a traveling wave antenna, is fabricated. This rod includes three parts: a launcher section, a propagation section, and a radiation section. A 75 mm rod gives a gain improvement of 3 dB on average in the 6-8 GHz frequency band.

Another cylindrical dielectric rod, consisting of two different dielectric materials, is presented in [START_REF] Kazemi | Dielectric od Antenna Array With Substrate Integrated Waveguide Planar Feed Network for Wideband Applications[END_REF]. The combination of two different dielectric layers, ensuring that the dielectric constant of the inner layer is greater than that of the outer layer, helps to confine the high frequency energy close to the inner core layer. Using this technique, a 35 mm rod improves antenna gain by 2-4 dB throughout the 7-13 GHz frequency band. The method of using dielectric rods is simple and provides a high gain enhancement, but the entire antenna system becomes bulky and not flat, making it difficult to integrate with other microstrip systems. With the aim of providing a technology that maintains an integrable system, flat dielectric lenses of various shapes have been well developed [START_REF] Khar | A Compact High-Gain and Front-to-Back Ratio Elliptically Tapered Antipodal Vivaldi Antenna With Trapezoid-Shaped Dielectric Lens[END_REF], [START_REF] Amiri | Exponential Antipodal Vivaldi Antenna With Exponential Dielectric Lens[END_REF], [START_REF] Moosazadeh | Improved adiation Characteristics of Small Antipodal Vivaldi Antenna for Microwave and Millimeter-Wave Imaging Applications[END_REF]. [START_REF] Amiri | Exponential Antipodal Vivaldi Antenna With Exponential Dielectric Lens[END_REF] introduces a dielectric lens replacing a portion of the substrate in antenna aperture. By using a higher dielectric constant than the antenna substrate and an exponential shape, the dielectric lens in [START_REF] Amiri | Exponential Antipodal Vivaldi Antenna With Exponential Dielectric Lens[END_REF] produces a gain improvement of around 2 dB in the 2-14 GHz frequency band. In [START_REF] Moosazadeh | Improved adiation Characteristics of Small Antipodal Vivaldi Antenna for Microwave and Millimeter-Wave Imaging Applications[END_REF] and [START_REF] Khar | A Compact High-Gain and Front-to-Back Ratio Elliptically Tapered Antipodal Vivaldi Antenna With Trapezoid-Shaped Dielectric Lens[END_REF], the authors used the same antenna substrate with different shapes to create lenses instead of using another material. In this way, the antenna structure is more robust than in [START_REF] Amiri | Exponential Antipodal Vivaldi Antenna With Exponential Dielectric Lens[END_REF]. The lenses in these two papers improve antenna gain in the whole frequency range and specially at high frequencies. The gain enhancement range is about 0-10 dB in the 5-50 GHz frequency band in [START_REF] Moosazadeh | Improved adiation Characteristics of Small Antipodal Vivaldi Antenna for Microwave and Millimeter-Wave Imaging Applications[END_REF] and about 0.5-7.5 dB in the 3.4-40 GHz frequency band in [START_REF] Khar | A Compact High-Gain and Front-to-Back Ratio Elliptically Tapered Antipodal Vivaldi Antenna With Trapezoid-Shaped Dielectric Lens[END_REF]. In [START_REF] Yesilyurt | etasurface Lens for Ultra-Wideband Planar Antenna[END_REF], the topology named "capital I ith stro e (CIWS)" for unit cell is used to create a high permittivity metasurface. In [START_REF] Cheng | A Compact Vivaldi Antenna With Artificial aterial Lens and Sidelobe Suppressor for GP Applications[END_REF], an artificial material lens is designed to create a transmission effect and a focusing effect on electromagnetic waves. In addition to the metasurface technique, phase compensations lenses are also considered. In [START_REF] Sang | High-Gain UWB Vivaldi Antenna Loaded With Reconfigurable 3-D Phase Adjusting Unit Lens[END_REF] and [START_REF] Turkmen-Kucu Sari | High constant gain modified antipodal Vivaldi antenna incorporated with a phase compensation lens and a frequency selective surface[END_REF], different types of phase adjusting unit cells are used to create lenses with the aim of correcting the electric field phase to improve antenna gain.

Above are some techniques which have been and are being used to improve the gain of Vivaldi antennas. Based on these theories, two methods are proposed in this chapter to enhance Vivaldi antenna gain:

• Method 1: Also based on the use of the dielectric lens, the quasi-SIW structure is integrated in the dielectric lens to direct the electromagnetic waves to increase antenna gain.

• Method 2: This method is based on the phase compensation lens (PCL). PCL is an interesting new way to enhance antenna gain. In this chapter, a comprehensive study of how to construct a PCL by leveraging simulation software like CST Studio is presented.

An overview of several gain improvement methods for Vivaldi antennas, as well as the two suggested methods which will be presented in this chapter, has been introduced. In the following sections, the antenna design will be detailed. First, the original antipodal Vivaldi antenna will be designed at the Ka-band. Then, two methods for improving antenna gain will be constructed based on this original antenna. All antennas in this chapter are designed on a 0.6 mm thick RO4003C substrate with a dielectric constant of 3.55 to operate in the Ka-band (26-40 GHz). The transmission characteristics of SIW are roughly equivalent to those of RWG when the radiation losses through the apertures is small enough. To ensure that, conditions (2.1), (2.2) and (2.3) must be met during the design process [START_REF] Chen | Substrate Integrated Waveguide Filter: asic Design ules and Fundamental Structure Features[END_REF]. the circuit will not be adversely affected by the SIW structure by limiting the number of via holes per wavelength [START_REF] Chen | Substrate Integrated Waveguide Filter: asic Design ules and Fundamental Structure Features[END_REF].

Original Vivaldi Antenna

𝑝 > 𝑑 (2.
When the conditions are guaranteed, the SIW structure can be modeled equivalent to the RWG, this relationship can be expressed through formulas (2.4) [START_REF] Alimi | Performance Analysis of 5G Fixed Wireless Access Net or s ith Antenna Diversity echniques[END_REF].

𝑎 𝑅𝑊𝐺 = 𝑎 - 1.08𝑑 2 𝑝 + 0.1 𝑑 2 𝑎 (2.4)
Where, 𝑎 𝑅𝑊𝐺 is the width of the RWG.

2.2.1.b. SIW transmission line of proposed antenna

Based on the above basic theories, the SIW transmission line for the proposed Vivaldi antenna in the Ka band is designed. The original transmission line, presented in Figure 2-6(a), uses a SIW structure with rectangular holes. This form reduces losses compared to circular holes [START_REF] Patrovs | illimeter-wave wideband transition from CPW to substrate integrated waveguide on electrically thick high-permittivity substrates[END_REF].

However, due to manufacturing limitations, namely the impracticability of creating rectangular via holes, the shape of the holes was modified to an oval shape as shown in To connect the antenna with other microstrip systems, a 50 Ohm microstrip line is needed.

However, the propagation mode within the microstrip line is Quasi-TEM [START_REF] Pozar | Microwave engineering[END_REF], whereas the The dimensions of the taper are calculated as follows [START_REF] Deslandes | Design equations for tapered microstrip-to-Substrate Integrated Waveguide transitions[END_REF]:

• 𝐿 𝑡 = 𝑘. 𝜆 4
( =1,3,5, 7…; 𝜆 is the wavelength)

• 𝑊 𝑠 : Microstrip line width is the substrate dielectric constant, ℎ is the thickness of the substrate, 𝑎 is the equivalent width of SIW structure [START_REF] Deslandes | Accurate modeling, ave mechanisms, and design considerations of a substrate integrated aveguide[END_REF].

The dimensions of the taper and the microstrip line are presented in Table 3. Cutouts have been added to the radiating elements of the antenna to improve impedance matching at some specific frequencies [START_REF] Zhang | Antipodal Vivaldi Antenna to Detect UHF Signals hat Lea ed ut of the Joint of a ransformer[END_REF]. Equation (2.8) presenting the formula for calculating the slot length 𝑙 𝑠 can be found in [START_REF] Zhang | Antipodal Vivaldi Antenna to Detect UHF Signals hat Lea ed ut of the Joint of a ransformer[END_REF]. The simulated reflection coefficient of the proposed antenna with and without cutouts is presented in Figure 2345678910.

𝑙 𝑠 is the length of each cutout, 𝜆 is the resonant wavelength of each cutout and 𝜀 𝑟 is the dielectric constant of the substrate. Therefore, two proposed methods which are studied with the aim of improving the gain of the Vivaldi antenna will be presented in sections 2.3 and 2.4 of this chapter.

Method 1: Substrate Lens and Quasi -Substrate Integrated Waveguide

(Quasi-SIW) Structure

Quasi-SIW Structure

The idea of the quasi-SIW in this method comes from the principle of the E-plane rectangular horn antenna structure as shown in Figure 2-12. The horn flares act as transitions from waveguide mode to free-space mode. This transformation helps to reduce the reflected waves and emphasize the transmitted waves. This traveling wave behavior, as can be seen in other antennas, results in low voltage standing wave ratio (VSWR) and wide bandwidth [START_REF] Stutzman | Antenna theory and design[END_REF].

Therefore, the idea of using a flared metal waveguide shaped behind the radiant elements of the Vivaldi antenna was proposed.

Figure 2-12. E-plane rectangular horn antenna [START_REF] Balanis | Antenna theory: analysis and design[END_REF] However, this structure is non-planar. Therefore, a flared SIW-based structure, as shown in 

Substrate Lens

To further increase antenna gain, a substrate lens after the quasi-SIW structure is added. The substrate lens is an extension of the antenna substrate, allowing the antenna to maintain its planar structure. The substrate lens has a dielectric constant of 3.55 which is much bigger than that of air (dielectric constant of 1). Therefore, a large number of waves will be reflected inside the lens according to Snell's law. So, instead of being scattered into space, the wave will be focused and oriented along the substrate lens, which increases the gain.

When designing the substrate lens, two issues must be considered:

• First issuethe length of the lens It can be said that, if we want to increase the antenna gain, we just need to increase the lens length as long as the length does not exceed the limit of 30 mm. However, the longer the lens, the bulkier the antenna. In order to increase the gain while keeping the compact size of the antenna, we choose the antenna length of 4 mm. that, with the same length, the rectangular lens gives a gain of 0.1-0.2 dB higher than the elliptical lens. To explain this slight increase, the electrical field phase of the antenna is presented in Figure 2-15(a). It can be seen that the E-field phase after passing through the rectangular lens is slightly more stable than passing through the elliptical lens, in other words, the phase error of the E-field after passing through the rectangular lens is smaller than that of the ellipse. As mentioned in [START_REF] Li | Gain improvement of planar-printed broadband end-fire antenna[END_REF], the E-field distribution of the radiator aperture and radiation pattern has a Fourier transform relationship. Thus, to reach a high directivity, it is necessary to have an in-phase aperture E-field. Therefore, the rectangular lens, which provides a more inphase E-field, will give a better gain than the elliptical lens. However, the difference in phase in both cases is not too significant, particularly in contexts where the substrate thickness is much smaller than the wavelength, leading to the change in gain is not too obvious. Besides, the disadvantage of the rectangle lens is that it increases slightly the side lobe level as shown in This method aims to reduce the phase error (the difference in phase between the center point and the edges) of the E-field on the radiation plane to increase antenna gain [START_REF] Li | Gain improvement of planar-printed broadband end-fire antenna[END_REF]. Ideally, when a source is excited, the radiation waves in space have a spherical waveform. The E-field distribution of the radiator aperture and radiation pattern has a Fourier transform relationship [START_REF] Li | Gain improvement of planar-printed broadband end-fire antenna[END_REF]. Therefore, PCL method was proposed with the main idea of using lens to convert the However, these lens structures are often not flat, making it difficult to integrate into microstrip antennas. Therefore, flat PCL structures, constructed by using microstrip unit cells to correct phase error, were introduced [START_REF] Turkmen-Kucu Sari | High constant gain modified antipodal Vivaldi antenna incorporated with a phase compensation lens and a frequency selective surface[END_REF], [START_REF] Li | Gain improvement of planar-printed broadband end-fire antenna[END_REF]. However, in these papers, the PCL configurations are built mainly on experiments of unit cell arrangement without reference method or process to base on. In addition, some comparisons to evaluate the gain improvement effect when adding PCL is done compared to the original antenna, before expanding the substrate. To add PCL metallic unit cell patterns, it is necessary to add a part of the substrate, or to expand the substrate in other words. As discussed in the previous section, the use of substrate lenses can increase the antenna gain. Therefore, in this section, we focus on leveraging simulation software to propose a process that can be used as reference when building PCL. The gain enhancement effect by PCL unit cells without considering the effect of substrate addition will be also discussed to assess the effectiveness of PCL method.

The PCL was designed at 33 GHzcenter frequency of the Ka-band (26-40 GHz) according to the following steps:

• Step 1: Examine the electrical phase of the antenna. Mesh the antenna and plot the phase matrix -which consists of the phases at selected points in the grid.

The size of the original antenna (Figure 2 

Experimental Results and Comparison between the Two Methods

Experimental Results

Three antenna versions were fabricated: It can be seen that all three antennas have good impedance matching in the whole Ka-band. 

• Ant 0 (

Comparison between the Two Methods

From the measurement results, it can be seen that the second method provides a much better gain improvement than the second method. However, the first method also has some disadvantages compared to the second method. Some advantages and disadvantages of each method are listed in the Table 6. 

Slightly increased in antenna size

If compared to the extended antenna, the PCL lens in the method 2 improves the gain by about 1 dB without changing the antenna size.

If compared to the original antenna before being extended, with an increase of about 6% in volume, the antenna gain is increased by about 1.5 dB. The unit cells that make up the PCL have an uncomplicated structure that does not increase the difficulty of antenna fabrication, unlike the metal via holes in SIW.

Uncomplicated structure

Disadvantage 1. A noticeable ' ize increase

The volume of the antenna has been increased by 42%.

Quasi-SIW structure increases fabrication complexity

The use of quasi-SIW structures with relatively small metal via holes increases the complexity of fabrication. In our antenna, the SIW structure has been used in the transmission, so the quasi-SIW structure can be considered as not changing the difficulty of this antenna fabrication. However, in other antennas, if SIW has not been used before, the quasi-SIW structure, which is used to increase the gain of the antenna, will maybe increase the difficulty and also the cost in antenna fabrication.

Not excellent in gain improvement

This method brings a gain enhancement of about 1 dB compared to the extended antenna, or 1.5 dB compared to the original antenna, which is not excellent compared to the method 1.

Conclusion of the Chapter

An overview of several commonly used methods for improving antenna gain was presented.

Then, on the basis of these theories, two methods are proposed: quasi-SIW combining with dielectric lens and PCL. Each approach has its own strengths and weaknesses.

The method 1 leverages the dielectric substrate and flared quasi-SIW structure to focus and direct the wave in the direction of radiation, thereby improving the antenna gain. However, this method also requires an increase in antenna size and an increase in manufacturing difficulty caused by the use of metallic holes. The comparison of the antenna in the method 1 with other related works is presented in Table 7. In [START_REF] Cheng | Design of high gain Vivaldi antenna ith a compound optical lens inspired by metamaterials[END_REF], a metamaterial lens is designed to increase the antenna gain. With a 15.8% increase in antenna volume, the method provides a 5 dBi enhancement gain peak. [START_REF] Puskely | High-Gain Dielectric-Loaded Vivaldi Antenna for Ka and Applications[END_REF] presents a Vivaldi antenna in Ka-band using a dielectric load with printed metal transition to reach higher gain. With 144% increase in antenna volume, the method achieves a gain enhancement peak of approximately 6 dBi. In our method, the antenna volume is increased by 42 % compared to the original antenna, but the gain is improved up to 7.5 dBi. It can be seen that our proposed method gives a good gain improvement and a fairly stable gain in the whole frequency band but does not make the antenna too bulky compared to other related works. Gain enhancement (dB) 0.5-5 4.5-6 1.5-7.5

The method 2 has the advantage of being simple, being able to enhance the antenna gain without increasing the antenna size. However, the improvement achieved in the presented example is not significant. Here are some reasons that can be used to explain this behavior:

• 1D structure: This PCL only adjusts the phase of the E-field on a single cross-section.

In other words, it is only a 1D lens structure. Thus, its effect on phase correction is not significant, especially when compared to 3D lenses placed perpendicular to the radiation direction of the antenna. Furthermore, the substrate thickness is small, making the effect of PCL even more blurry.

• Not good unit cell: It can be observed that the transmission phase deviation provided by the unit cell is not significant. This limits the ability to correct the phase error, leading to many locations where phase error cannot be completely corrected as the target.

• Not perfect boundary conditions: In comparison with the simulation boundary conditions, there are some differences in the actual electromagnetic field conditions.

The simulation of unit cells under ideal conditions is equivalent to the hypothesis that the unit cell plane will contain an infinite number of unit cells. However, in practice, the number of unit cells is not infinite. This changes the ability of unit cells to create phase deviation due to changes in the coupling between unit cells. Especially, with edge unit cells, there is less coupling between unit cells than unit cells at the center (surrounded by other unit cells). These edge unit cells provide the weakest phase correction.

One of the solutions to improve the efficiency of PCL is to select a good unit cell. Some suggestions for the design of unit cells are:

• Do not choose unit cells which are too large. A unit cell often provides different phase deviations at the center and the edge of the unit cell. Using too large unit cells may cause ripples in the E-field phase. However, unit cells that are too small can either make it difficult to fabricate or cannot make a big enough phase deviation.

• The unit cell should have a high transmission coefficient S21 (closer to 0 dB) and a low reflection coefficient S11. This is to ensure that the wave can pass through the unit cell without too much loss due to reflection.

Chapter 3. 3D Antenna: Printed Radome

This chapter presents ideas on leveraging the radome to improve antenna functionality through the use of 3D printing technology to print different metallic and conductive structures on existing dome surfaces. By doing this way, the radome will help protect and improve the functions of the antenna. The antenna-radome systems in this chapter are designed at 3.6 GHz as a proof of concept.

Overview

Radomes are often used to protect antennas from environmental influences such as wind, snow, rain or to minimize the effects of other physical influences [START_REF] Shavit | Radome electromagnetic theory and design[END_REF]. They are also used to hide the antenna from view, and thus prevent identifying the type of antennas or its polarization. In other words, the main function of a radome is to protect the antenna. This is relatively wasteful because radomes occupy a large area while providing only one effect. To limit this waste, more and more research is being done with the aim of utilizing radome to improve or control the antenna properties. Some studies are shown in Figure 3-1 ([85], [START_REF] Liao | An FSS-Integrated Low-CS adome Design[END_REF]). In [START_REF] Lin | A Lo adar Cross Section and Low Profile Antenna Co-Designed With Absorbent Frequency Selective adome[END_REF], a pair of circular slot resonators is printed on the upper and lower surface of the absorbent frequency selective radome (AFSR) to create a transmitting effect in the vertical polarization and an absorbing effect in the horizontal polarization. An antenna co-designed with this AFSR is realized to achieve a low radar cross section (RCS) and a low profile. Another frequency selective surface (FSS) which is compatible with existing radome structures to create an RCS suppression band is presented in [START_REF] Liao | An FSS-Integrated Low-CS adome Design[END_REF]. Two FSS layers made of band-stop elements are applied on the top and bottom of the radome dielectric slab. By choosing a thickness of an odd multiple of a quarter wavelength, these two layers create a phase cancellation structure and suppress returns. Hence, the system can provide a broadband low RCS without perturbing radar antenna operations. However, these radomes are only 2D planar, whereas commonly used radomes often have 3D structures to protect the antenna system. These 2D structures have some disadvantages if they are used in practice.

Some 3D functionalized radomes which are realized by three different techniques including origami, printed mask and engraving [START_REF] Zhou | Filter-Antenna Consisting of Conical FSS Radome and Monopole Antenna[END_REF]- [START_REF] Gao | Design and Verification of an Integrated Free-Standing Thick-Screen FSS adome[END_REF] are presented in Figure 3-2.

[87] presents a conical FSS radome constructed from coupled-resonator spatial filter (CSRF) unit cells. To create the conical radome, FSS unit cells are arranged to fit a fan-shaped planar form, which is the form of a cone when spread out in a plane. Then the fan-shaped planar FSS is rolled and adhered to form a conical FSS radome. In [START_REF] Ehrenberg | Fully conformal FSS via rapid D prototyping[END_REF], the authors present a rapid electromagnetic prototype fabrication using a conformal mask to fabricate a conformal FSS radome. Firstly, a 3D conformal mask is designed to conformally cover a paraboloid surface. Then, the projection of FSS unit cells is removed from the mask. An electron beam evaporation tool was used to deposit copper on the paraboloid surface. Finally, the mask is removed and the copper remaining on the substrate surface is the FSS structure that needs to be printed. [START_REF] Gao | Design and Verification of an Integrated Free-Standing Thick-Screen FSS adome[END_REF] proposes a 3D integrated free-standing thick-screen FSS radome with a good pass-band transmittance. The radome is fabricated using a laser robot processing system to create Y-shaped slots on a copper hemisphere. As a result, a thick-screen FSS radome of copper, which is sturdy but quite transparent to radiation waves, is fabricated. However, these three techniques present some disadvantages. The origami technique can only produce radomes with special shapes such as cones or cylinders. The fabrication of a radome with a sphere, for example, is beyond the scope of this method. Printed mask is more flexible in creating radomes with different structures.

However, this method requires a printed mask, which needs to be determined by equations. This is complicated and especially in cases where the surface has no specific equation. The To overcome the disadvantages of the three methods mentioned above, 3D direct writing technology was introduced. This method allows the conductive ink to be placed directly onto a 3D object without contact. In our case, this technique is selected to print the conductive ink onto a plastic hemispherical dome surface. The main technologies in 3D direct writing are inkjet, micro dispensing, aerosol jet and jetting [START_REF] Delfaut | Intégration de fonctions électroniques imprimées sur des thermoplastiques 2D et D pour des applications radiofréquences[END_REF]. In this study, jetting piezoelectric technology is chosen for two reasons: one layer of ink on the surface is enough to obtain a required metal layer thickness and printing process is rapid, up to 60 mm/s [START_REF] Delfaut | Intégration de fonctions électroniques imprimées sur des thermoplastiques 2D et D pour des applications radiofréquences[END_REF]. To realize the printed radome using jetting piezoelectric technology:

-Firstly, the base material of radome, on which conductive patterns are printed, is studied.

-Secondly, the first demonstration pattern is printed on the radome. This simple pattern is printed to modify the radiation of an antenna and to give a rough estimate of the printing using jetting technology.

-Then, FSS radome is designed to be able to control the antenna radiation. Two different types of FSS patterns are designed and manufactured. An experiment to control the antenna reconfigurability electrically and the problems encountered in this experiment will be discussed.

All systems in this chapter are design to operate at the frequency center of 3.6 GHz. This frequency is selected for two reasons:

• 3.6 GHz is a frequency in the civilly deployed 5G band as described in Chapter 1.

• Designing and printing FSS patterns for Ka-band is difficult because printing small unit cells for this band could exceed the limit of printing technology.

Material and Method

The printed radome is constructed based on an acrylic hemisphere dome with a diameter of 100 mm, which is presented in Figure 3-3. To be able to simulate accurately in the software CST Studio Suite, dome electrical properties (especially complex permittivity) are measured and calculated using a probe station as shown in Figure 3-4 and the direct probe contact method [START_REF] Houzet | In-situ characterization up to 100 GHz of insulators used in new 3D 'System in Pac age on board' (SiPo ) technologies[END_REF]. The permittivity and loss tangent of the acrylic is presented in Figure 3 . This system allows printing on any shape object and especially on a hemisphere. Conductive jet ink is printed without contact between the printhead and the printed surface. The jetting process ejects ink drops at a high frequency (up to 3 kHz) thanks to a piezoelectric actuator that activates the piston [START_REF] Delfaut | Intégration de fonctions électroniques imprimées sur des thermoplastiques 2D et D pour des applications radiofréquences[END_REF] as can be seen in the block diagram in 

Printed Ring Pattern to Modify Antenna Radiation

The aim of this section is to design a simple printed pattern which can be used to modify the radiation pattern of an antenna and also to validate the printing process on the radome.

Antenna Design

To evaluate the impact of the printed radome on the radiation pattern, an omnidirectional antenna is selected. An annular ring patch is selected because of its simplicity while having good omnidirectional properties. The antenna is designed to operate at 3.6 GHz using the RO4003C substrate (𝜀 𝑟 =3.55) with a thickness of 1.524 mm. The geometry of the antenna is shown in Figure 34567. It is po ered by a 5 Ω microstrip line. 

Basic Frequency Selective Surface Unit Cells

Frequency Selective Surface (FSS) is a structure consisting of periodic elements which exhibits frequency filtering properties similar to those of frequency filters in traditional radiofrequency (RF) circuits [START_REF] Wu | Frequency Selective Surfaces[END_REF]. FSS can be divided into four basic types as traditional filter: low pass, high pass, band stop and band pass. These four basic FSS and their filter property responses are presented in Figure 3-18 [START_REF] Suhair | Antennes econfigurables en Diagramme de ayonnement à base de Surfaces Sélectives de Fréquence[END_REF]. Among the four basic types of unit cells, we can see that the use of diodes to connect unit cells in the high pass and the band pass is not easy. Between the low pass and the band stop, the low pass is simpler to design because the number of parameters to determine the unit cell in the low pass is less than in the band stop. So, the low pass unit cell is selected for the first design.

The general concept of the printed FSS pattern for the radome is that the pattern composes of two different unit cell types:

• A unit cell type that allows waves at 3.6 GHz to pass through (transmission unit cell)

• A unit cell type that reflects waves at 3.6 GHz (reflection unit cell), which is constructed based on the transmission unit cell.

Why must we use the transmission unit cells while without them, the waves can still travel through the radome? In fact, the printed FSS pattern is designed towards the perspective of using only one type of unit cell in combination with diodes to control the antenna radiation.

Controlling the diode state (ON/OFF) allow controlling the transmission characteristics of the unit cells (transmission/reflection). The use of two unit cells with similar structures, but with opposite transmission characteristics is considered as an ideal equivalence for using unit cell with diodes. This simplifies the diode problem in the first design.

FSS Low Pass-based Printed Radome

3.4.3.a. Unit cell

To build a FSS pattern on the surface of the radome, it is necessary to choose a suitable unit cell. It is difficult to simulate, study and choose unit cells on 3D sphere surface. So, we first simulated unit cells on a planar substrate to choose a suitable form and dimension for the unit cell as a reference for the printed FSS pattern on radome. In CST Studio Suite, unit cells are simulated on the acrylic substrate with a thickness of 2 mm as the thickness of the acrylic hemisphere. This is the base material of radome and was characterized and in the section 3.2

(𝜀 𝑟 = 5.1 and 𝑡𝑎𝑛𝛿 = 0.14 at 3.6 GHz). As mentioned above, the FSS pattern includes two types of unit cell: (1) transmission unit cell (2) reflection unit cell. These two unit cells are designed under the following constraints:

• Both types of unit cells must have a similar structure. The second unit cell must be constructed by adding connection lines to the first unit cell. These lines will represent the state off of diode.

• The first unit cell needs to behave as a low pass filter structure, where 3.6 GHz is in the pass-band region (transmission coefficient S21 > -3 dB) while the second unit cell acts as a high pass filter, where 3.6 GHz is in the stop-band region.

The proposed candidates for the two unit cells are shown in Where 𝑠 = 𝑗𝜔, 𝜔 is the angular frequency (rad/s) (3.1)

• The high pass filter unit cell

The high pass filter unit cell is constructed by adding connection lines to UC1, as shown in . The use of connection lines replaces the capacitance C by the inductance (L) in the equivalent circuit. Adding connection lines creates cross-shaped unit cells. Or, from another point of view, we can also say that this structure consists of loop structures with a cross removed in the middle, similar to the typical band stop FSS structure in Figure 3-18(c). The transfer function of the high pass filter unit cell can be written as in (3.2).

𝐻 𝑈𝐶2 (𝑠) = 𝑠𝐿 𝑠𝐿 + 𝑅 = 𝑠 𝑠 + 𝑅 𝐿 (3.2)
This unit cell is capable meeting the set out criteria. However, as discussed above, these designs are towards the prospect of being able to be used with diodes by replacing the connection lines in the design with diodes. Assume that this unit cell is selected, and the four connection lines are replaced by four diodes (two horizontal and two vertical). Constructing a circuit to connect all diodes, or controlling diodes in separate rows or columns, is difficult. Therefore, in this section, we simplify the high pass filter unit cell to get a more suitable unit cellthe second selected unit cell (UC2)a linear polarization high pass filter.

• The second selected unit cell (UC2) -Linear polarization high pass filter

The structure of UC2 is presented in Figure 3-19(c). Similar to the high pass unit cell, UC2 can also exhibit high pass filtering properties. However, the difference, and also the weakness of UC2 compared to the presented high pass unit cell, is that it can only exhibit high pass filtering properties for incident waves with a vertical polarized incident waves (if assume that the direction of connection lines in UC2 is vertical). With horizontal polarizations, UC2 exhibits low pass filtering properties as UC1. This is the reason why UC2 is called linear polarization high pass filter.

The geometries of selected unit cells are presented in Figure 3-20. Except the connection lines, the dimensions of UC2 are the same as UC1. UC1 is designed to allow waves at 3.6 GHz to pass through (transmission unit cell) while UC2 reflects waves at 3.6 GHz (reflection unit cell).

The substrate dimensions of each unit cell are selected and fixed at 7 mm x 7 mm x 2 mm to ensure that the unit cell is not too small for printing, nor too large and takes up a lot of space.

The width of the connection lines in UC2 is also fixed at 1 mm due to the limitation of printing technology. (2) Thus, 𝑅 and 𝐿 will decrease while 𝐶 will increase, in which, the rate of change of 𝐶 and 𝐿 will be faster than 𝑅. Therefore, the product 𝑅. 𝐶 and the ratio 𝑅/𝐿 will increase when 𝑊 𝑖𝑛 increase.

(3) From (3.1) and (3.2), we can say that 𝑆 21 ~1 𝑅𝐶 and 𝑆 21 ~1 𝑅/𝐿 . Thus, it can be predicted that, if 𝑊 𝑖𝑛 increases, transmission coefficient of UC1 and UC2 will both decrease. value must be as small as possible.

• With the reflection unit cell (UC2), a good unit cell needs a S21 as small as possible at 

3.4.3.d. Discussion

From the measurement results, some conclusions were drawn:

• There is a good agreement between the measurement and simulation results. Printed pattern has the ability to orient the 3.6 GHz radiated waves about 30 degrees from the main direction.

• The ability to print patterns using jetting technology has been demonstrated. This technology allows performing printing with a measurement result close to the simulation.

• The frequency filtering capability of the FSS pattern which is printed on the radome is close to that of the reference unit cell on the planar substrate. We can say that it is efficient to design unit cells on planar substrates to select a unit cell as a reference for the radome pattern before simulating on the radome surface to simplify the design process and save time.

• The reflectivity of the printed reflection FSS half does not seems strong. In fact, the unit cells in the reflection half are only connected vertically. It means, they have a filtering effect only on wave components whose electric field vectors are parallel to the direction of connection lines in unit cells (vertical). With horizontal wave components, unit cells do not exhibit filtering properties. Therefore, horizontal polarized waves can still penetrate the reflection FSS.

One problem was found in the printing process. The use of full rectangles in the low pass unit cell causes certain difficulties in the fabrication process. To print an entire rectangle, the system must print many small lines with a width of 0.7-0.8 mm until the rectangle is filled. This process is very time-consuming. In addition, when printing the entire rectangles and drying the structure at room temperature, ink flow (downward) phenomenon may occur, as shown in Figure 3-27, especially when the room temperature is higher than usual. Therefore, the filled rectangular structure is not an ideal structure for printing.

To solve this problem, an alternative solution has been proposed: use a resonant band stop FSS (as shown in Figure 3-18(c)) instead of the low pass-based FSS. This solution is chosen because the printing process for this type of unit cell does not require as long printing as for the low pass filter. Thus, ink flow phenomenon can be limited. In addition, the printing area of a unit cell is smaller than the low pass unit cell, so the printing time will be saved. This solution will be presented in detail in the following section (Section 3.4.4). In the upcoming section, in addition to changing the unit cell type, there are two other changes that will be implemented:

• An attempt to use diodes instead of connection lines between two unit is studied. Thus, there will be only one type of unit cell in the structure. The use of diodes will help switch between two states of the unit cells -transmission or reflection. Controlling the operation of these diodes will help control the direction of the antenna main beam.

• The resolution of the printed pattern is reduced. In the previous configuration, there are a total of 37 columns of unit cells. In other words, if diodes are used on each column, the smallest beam controllable vertical angle is 10 degrees. Or we can say that the That is, the antenna main direction will change within a limit of 4 different directions. • When the diodes are OFF, zero-transmission frequency 𝑓 𝑧_𝑂𝐹𝐹 ≈ 3.6 GHz, which means the unit cells will reflect the radiated wave at 3.6 GHz.

• When the diodes are ON, passband frequency 𝑓 𝑝_𝑂𝑁 ≈ 3.6 GHz, which means the unit cells will allow the radiated wave at 3.6 GHz to pass through. In the first part of this section, to simplify the design in the simulation, the biased diode will be replaced by a strip conductor. When the expression "diode is ON" is used, it is equivalent to having the FSS elements connected by strip conductors. Specifically, in the simulations presented afterward, a strip conductor with a width of 0.8 mm is used to replace the diode. The transfer function (𝑉𝑜𝑢𝑡/𝑉𝑖𝑛) of the unit cell when the diode is OFF (𝐻 𝑂𝐹𝐹 (𝑠)) in linear scale can be written as in (3.3). By making the numerator of 𝐻 𝑂𝐹𝐹 (𝑠) equal to 0, the zero of the function (or zero-transmission frequency 𝑓 𝑧 ) is found as (3.4). Similarly, the transfer function of the unit cell when the diode is ON (𝐻 𝑂𝑁 (𝑠)) can be written as (3.5). The zero-transmission frequency with the ON diode can be calculated as (3.6).

❖ Unit cell geometry description

𝐻 𝑂𝐹𝐹 (𝑠) = 1 + 𝑠 2 (𝐿𝐶 + 𝐿𝐶 1 ) 1 + 𝑠𝑅𝐶 1 + 𝑠 2 (𝐿𝐶 1 + 𝐿𝐶) + 𝑠 3 𝑅𝐿𝐶𝐶 1 (3.3)

𝑓 𝑧_𝑂𝐹𝐹 = 1 2𝜋√𝐿(𝐶 + 𝐶 1 ) (3.4)
𝐻 𝑂𝑁 (𝑠) = 𝑠(𝐿 + 𝐿 1 ) + 𝑠 3 𝐿𝐿 1 𝐶 𝑅 + 𝑠(𝐿 + 𝐿 1 ) + 𝑠 2 𝑅𝐿𝐶 + 𝑠 3 𝐿𝐿 1 𝐶 (3.5)

𝑓 𝑧_𝑂𝑁 = 1 2𝜋 × √ 𝐿 + 𝐿 1 𝐿𝐿 1 𝐶 (3.6) 
𝑓 𝑧_𝑂𝐹𝐹 𝑓 𝑧_𝑂𝑁 = √ 𝐿 1 𝐶 (𝐶 + 𝐶 1 )(𝐿 + 𝐿 1 ) (3.7)
We can see from (3.7) that 𝑓 𝑧_𝑂𝐹𝐹 𝑓 𝑧_𝑂𝑁 < 1. It means that the zero-transmission frequency in diode OFF state (𝑓 𝑧_𝑂𝐹𝐹 ), is lower than the zero-transmission frequency in diode ON state. This sequence is consistent with the desired transmission coefficients in Figure 3-28.

To get the desired transmission coefficients, the current goal is that 𝑓 𝑧_𝑂𝐹𝐹 must be close to the passband frequency in diode ON state (𝑓 𝑝_𝑂𝑁 ). Passband frequency 𝑓 𝑝 , in general, can be obtained when the numerator and the denominator of transfer function 𝐻(𝑠) are close or equal.

By setting the numerator and denominator of 𝐻 𝑂𝑁 (𝑠) in (3.5) equal, we obtain a 𝑓 𝑝_𝑂𝑁 as (3.8).

𝑓 𝑝_𝑂𝑁 = 1 2𝜋√𝐿𝐶 (3.8) 
𝑓 𝑧_𝑂𝐹𝐹 ≈ 𝑓 𝑝_𝑂𝑁 ↔ 1 √𝐿(𝐶 + 𝐶 1 ) ≈ 1 √𝐿𝐶 (3.9) 
From (3.9), we see that to achieve a 𝑓 𝑧_𝑂𝐹𝐹 approximately equal to 𝑓 𝑝_𝑂𝑁 , C 1 must be as small as possible. Reducing the width of the connection lines (strip conductors representing diodes) can reduce C 1 . It means these connections should be as small as possible. However, due to the limitation of the circuit fabrication method (3D jetting), the minimum width that can be achieved is 0.8 mm. To ensure printability but still obtain a small C 1 , the width of the connector is fixed to 0.8 mm.

To achieve 𝑓 𝑧_𝑂𝐹𝐹 = 3.6 GHz, it is necessary to build a structure with suitable 𝐿 and 𝐶 values through choosing 𝑡, 𝑊 and 𝑊 𝑖𝑛 . To simplify pattern printing, 𝑡 is fixed at 0.8 mm, equal to the width of the strip conductor that the robot can print in one move. This will simplify the printing process and save time. Similar to the low pass unit cell, 𝑊 will be fixed so that the structure has a reasonable size. In this design, 𝑊 is fixed at 19 mm. Therefore, the unit cell properties will be controlled through 𝑊 𝑖𝑛 .

Figure 3-31 shows the transmission coefficient of the unit cell with different values of 𝑊 𝑖𝑛 when the diode is OFF and ON. It can be seen that, when 𝑊 𝑖𝑛 increases, both 𝑓 𝑧_𝑂𝐹𝐹 and 𝑓 𝑝_𝑂𝑁 decrease. 𝑊 𝑖𝑛 is selected so that 𝑓 𝑧_𝑂𝐹𝐹 = 3.6 GHz. In simulation, when 𝑊 𝑖𝑛 = 13.2 mm, 𝑓 𝑧_𝑂𝐹𝐹 = 3.6 GHz. Table 9 is the summary of unit cell dimensions. Diodes are used to connect the FSS elements to control the system. The choice of the diode should be considered because the diode structure and parameters will affect the FSS transmission property. In our work, the diode was selected based on the following aspects:

• Internal properties of diodes: The equivalent circuit for the OFF/ON state is presented in Figure 3-33. In state OFF, the diode contributes a certain amount of capacitance (𝐶 𝑠 )

to the FSS unit cell. This value will affect the serial capacitance 𝐶 1 of the unit cell (which is introduced in Figure 3-30, section 3.4.4.a). As presented in section 3.4.4.a, to have 𝑓 𝑧_𝑂𝐹𝐹 ≈ 𝑓 𝑝_𝑂𝑁 , the value of 𝐶 1 needs to be small. Thus, 𝐶 𝑠 needs to have a small value as well. Therefore, the first criterion for choosing a diode is that it should have a small capacitance.

• Packaging: The size of the diode packaging will affect the electromagnetic wave. A large packaging will disturb waves. If a big diode is chosen, the effect of its package becomes significant. Therefore, small size is the second criterion for diode selection.

• Price: In the FSS structure, the number of diodes that need to be used is not small.

Therefore, choosing a diode with a reasonable price also must be considered as the third criterion.

(a) (b) The value of Rs does not affect the resonant frequency of the transmission coefficient, but it changes the level of the transmission coefficient at that frequency. Figure 3-35 shows the simulated transmission coefficient using the equivalent circuits with the presented set of parameters (Ls, Cs, Rs, Rp) for the diode OFF/ON. In addition, this figure also presents the transmission coefficient when using a different value of Rs (Rs=1.5 Ω) to see the effect of Rs.

We can see that, increasing the value of Rs will decrease the transmission coefficient level at 3.6 GHz, which is not good for the design. To decrease the value of Rs, it is necessary to increase the voltage applied to the diode. However, this increases the possibility of diode breaking. In conclusion, when choosing a diode, besides the low capacitance, a diode with low resistance (V/I) should be selected. Compare the S21 of FSS when using a diode, as presented in Figure 3-35, and the S21 of FSS when using the equivalent strip conductors, as in Figure 3-32, we can see that the use of a diode changes the value of 𝑓 𝑧_𝑂𝐹𝐹 . The value of 𝑓 𝑧_𝑂𝐹𝐹 is reduced when using a diode, so 3.6 GHz is no longer the zero-transmission frequency of the system. However, the S21 value at 3.6 GHz still reaches -11.5 dB, so the FSS filtering capacity at 3.6 GHz is still quite good. To bring 3.6 GHz back to 𝑓 𝑧_𝑂𝐹𝐹 when using diodes, we can reduce the 𝑊 𝑖𝑛 value. However, reducing the 𝑊 𝑖𝑛 value will shift S21 when diodes are ON to the right. The value of S21 at 3.6 GHz in the diode ON state is reduced. In other words, the transmittance of the FSS when diodes are ON is worse. Thus, we decided to keep the original value of 𝑊 𝑖𝑛 (𝑊 𝑖𝑛 = 13.2 mm).

Figure 3-36 shows the effect of diode packaging on the FSS transmission coefficient (assuming that no electrical equivalent circuit is used). The diode packaging is simulated, including a silicon body with dimensions of 1 mm x 0.6 mm x 0.4 mm and two silver pins below the body with dimensions of 0.25 mm x 0.5 mm x 0.04 mm. We can see that, if only the physical effect of the packaging is considered (without considering the electrical effect), the diode will only change the zero-transmission frequency a little. This effect is much less than the diode electrical effect. Combining both effects (diode packaging and electrical equivalent circuit), when using a diode in the OFF state, the FSS has a transmission coefficient of approximately -10 dB at 3.6 GHz. This value is still enough to say that when the diode is OFF, the FSS can filter and remove the waves at 3.6 GHz.

Figure 3-36. Effect of diode packaging on FSS, when diodes are not forward biased

3.4.4.c. 1D FSS

To verify the diodes, FSS performance, and the consistency between simulation and measurement, the 1D FSS is fabricated and measured. This process also helps verify difficulties encountered while working with the diode before fabricating FSS on the hemisphere dome. 1D

FSS is realized on a planar substrate. The fabricated FSS unit cell is the resonant band stop, as analyzed in the last section (3.4.4.b). However, unit cell dimensions will be re-selected to adapt to changes in planar FSS fabrication. There are two constraints for the 1D FSS fabrication:

• The configuration to measure the transmission coefficient of the FSS is illustrated in Figure 3-37. The FSS must be large enough to be attached to the measurement window.

The size of the window is 110 mm x 180 mm. FSS must be larger than this size.

• The number of unit cells should not be too large to avoid exploding the number of required diodes. Thus, the number of unit cells and diodes will be reduced. If 𝑊 increases while keeping 𝑊 𝑖𝑛 unchanged, the length of the connection line also increases. So, the value of 𝐿 in (3.4)

(𝑓 𝑧_𝑂𝐹𝐹 = 1 2𝜋√𝐿(𝐶+𝐶 1 )
) increases, leading to a decrease in the 𝑓 𝑧_𝑂𝐹𝐹 . To ensure that the zero-transmission frequency in diode OFF state is still 3.6 GHz, it is necessary to reduce 𝑊 𝑖𝑛 .

To fabricate the planar FSS, LPKF engraving machine is used. Thanks to the manufacturing technique, the strip conductor width can be reduced. We decided to reduce the width of strip conductors between unit cells, which are used to mount diodes, to reduce the difference between 𝑓 𝑧_𝑂𝐹𝐹 and 𝑓 𝑝_𝑂𝑁 . The strip conductor width after being reduced is 0.4 mm.

In the last sections, unit cells are simulated on the acrylic substrate of the radome base.

However, we do not have a planar acrylic substrate. Therefore, Roger 4003C substrate (𝜀 𝑟 = 3.55, 𝑡𝑎𝑛𝛿 = 0.0027 at 10 GHz) is selected for 1D FSS fabrication. Changing the dielectric substrate (or, changing the dielectric permittivity) changes the unit cell zerotransmission frequency.

❖ Dielectric substrate effects

To investigate the effect of substrate on FSS properties, an approach can be obtained by using substrate equivalent circuit as introduced in [START_REF] Al-Joumayly | A Ne echnique for Design of Lo -Profile, Secondrder, andpass Frequency Selective Surfaces[END_REF]. However, we take a different approach in this section, through equivalent substrate, to study dielectric substrate effects on FSS unit cell.

In previous sections, the dielectric substrate did not change when studying the effects of unit cell parameters. The capacitance of FSS unit cells was performed by assuming that the FSS was in a homogeneous medium. In practice, the FSS patterns lie at the boundary between two mediums: air and dielectric as shown in Figure 3 The capacitance between two parallel metal plates in a homogeneous medium can be calculated as the formula (3.10).

𝐶 = 𝜀. 𝐴 𝑑

Where:

𝐶: Capacitance (Farads)

𝜀: Permittivity of medium 𝐴: Area of plate overlap (m 2 )

𝑑: Distance between two plates (m)

This formula only applies to homogeneous media. In our case, the coupling phenomenon, which causes capacitance, occurs in two different environments. Therefore, applying the above formula to calculate capacitance directly is impossible. A proposed solution to simplify this case is to use an equivalent dielectric, with a permittivity of 𝜀 𝑚 , for the mixture of air and dielectric, as illustrated in Figure 3-38(b). This way, the formula (3.10) can be used with 𝜀 = 𝜀 𝑚 . To calculate 𝜀 𝑚 , we assume that the permittivity and thickness of the air layer are 𝜀 𝑜 and ℎ 𝑜 , and of the dielectric layer are 𝜀 𝑑 and ℎ 𝑑 . Based on [START_REF] Kraszewski | Prediction of the Dielectric Properties of o-Phase ixtures[END_REF], 𝜀 𝑚 can be approximated as:

𝜀 𝑚 = (𝜀 𝑜 1/2 + 𝑣 𝑑 . (𝜀 𝑑 1/2 -𝜀 𝑜 1/2 )) 2 (3.11)
Where, 𝑣 𝑑 is the volumetric proportion of the dielectric in the air and dielectric mixture.

Assuming that the horizontal surface area of the air and the dielectrics are the same, 𝑣 𝑑 can be written as:

𝑣 𝑑 = ℎ 𝑑 ℎ 𝑑 + ℎ 𝑜 ( 3.12)
From (3.10), (3.11) and ( 3.12), we have:

𝐶 = (𝜀 𝑜 1/2 + ℎ 𝑑 ℎ 𝑑 + ℎ 𝑜 . (𝜀 𝑑 1/2 -𝜀 𝑜 1/2 )) 2 . 𝐴 𝑑 ( 3.13) 
From (3.4), we know that 𝑓 𝑧 ~1 √𝐶 . Combined with ( 3.13), we have some conclusions:

• If the substrate permittivity decreases while other parameters are unchanged, 𝐶 will decrease. Therefore, the zero-transmission frequency (𝑓 𝑧 ) will increase.

• If the substrate height decreases while other parameters are unchanged, 𝐶 will decrease.

Therefore, the zero-transmission frequency (𝑓 𝑧 ) will increase. However, the rate of change of

ℎ 𝑑 ℎ 𝑑 +ℎ 𝑜
is slower than that of 𝜀 𝑑 . So, the frequency change rate when changing the substrate thickness is slower than when changing the substrate permittivity.

These conclusions are demonstrated through simulation results when changing the substrate permittivity and height while keeping other parameters as shown in Figure 3-39. The geometry of the 1D FSS in the simulation is presented in Figure 3-41(a). In this structure, two strip conductors are added to supply a DC voltage to the diodes. Only diodes on vertical columns are used. The fabricated 1D FSS is presented in Figure 3-41(b). Some problems encountered in the manufacturing process that need to be considered:

• The chosen diode is sensitive. Therefore, in manipulating diodes, it is necessary to limit direct body contact with diodes because contact can cause discharge and damage diodes.

• The diode size is small. Soldering the diode onto the circuit by hand is impossible. To overcome this, diodes were attached to the FSS circuit using conductive glue. With this RC4003C substrate, conventional conductive glues can be used since the substrate is heat resistant for the glue curing process in the oven. However, the acrylic plastic of the radome base cannot withstand high temperatures above 60 degrees. Therefore, conventional conductive glues cannot be applied as they need to be cured in an oven at a relatively high temperature, above 60 degrees. To solve this problem, a conductive glue capable of drying at room temperature is proposed in the diode mounting process on the radome. In 1D FSS, this conductive glue is also used to attach the diode to the circuit. 

Conclusion

In this chapter, we have demonstrated the application of a new technique -3D jetting in some RF applications, specifically in the fabrication of printed radome. This printing technique allows printing on 3D surfaces directly without contact.

Using 3D jetting for printing begins with a simple pattern -the reflector ring. This motif is printed on the surface of the radome aiming to reflect the second beam and improve the main beam of the antenna. The measurement results are quite similar to the simulation results.

Then a more complex pattern -low pass based FSS was implemented printed on the surface of the radome. There is coherence between the measurement and simulation result. Some printing problems were also found.

Finally, the resonant band stop FSS is printed on the surface of the radome. This FSS structure is used in conjunction with the diode to be able to control the radiated insulation of the antenna.

There are still some problems such as ink flow, printing size limitation. However, this printing technique is still very promising in RF applications.

This chapter has also focused on studying FSS architectures, including low-pass based unit cells and especially resonant unit cells. The influence of unit cell sizes as well as unit cell substrates on the properties of transmission coefficient, namely zero-transmission coefficient frequency 𝑓 𝑧 is studied. The use of the FSS resonant in combination with diodes has also been discussed in this chapter.

It can be seen that the use of a diode is quite useful in electrically controlling the properties of the FSS. The properties of the diode have a significant influence on the properties of the FSS.

Table 11 summarizes some factors need to be considered when choosing a diode and the influences of these factors on the FSS properties. 

Overview

Wireless electronic devices are growing rapidly with an explosion in the number of devices, which will consequently produce a considerable amount of electronic waste. Especially in the context that new generations of electronic devices are coming out quickly to replace the old ones, the life cycle of many devices has been shortened. The increase in the number of electronic devices and their shorter life cycle considerably impact the environment. They become an issue that needs to be considered seriously.

Most electronic devices contain Printed Circuit Boards (PCBs). Conventional PCBs consist of a core dielectric layer with a conductive material on both sides. The core substrate plays an important role, especially in wireless applications, because it dramatically affects the performance of components. Some commonly used substrates are, for instance, FR4, Rogers substrates (RO4003, RO5002, RO6002), or Arlon. These substrates contain ingredients derived from non-renewable resources. For example, Flame Retardant (FR4) consists of three main components: epoxy resin, woven Glass Fiber (GF), and copper foil [START_REF] Nassajfar | Alternative aterials for Printed Circuit oard Production: An Environmental Perspective[END_REF]. Epoxy resin is derived from non-renewable crude oil, while the GF manufacturing process is energy intensive.

Different techniques are applied to remove the excess copper layer, such as using chemicals or lasers, to process the copper layer and to print necessary patterns. In general, there is a lot of waste and energy consumption in the fabrication and the use of these substrates. With the explosion of electronic devices, these wastes and environmental impacts have become more noticeable and severe. The development of more environmentally sustainable solutions and designs is required. The bio-based substrates are one of the leading solutions today due to their ability to meet the requirements of embedded electronics, such as flexibility, lightweight, printable, and low cost. The environmental profile of these products can thus be improved by Figure 4-1 shows that using the traditional substrate and conductive material greatly affects the environment, especially when compared with other substrates. By using silver nanoparticles (Ag NPs), these adverse effects have been significantly reduced but are still quite high compared to others. The other three substrates (PET, PLA/GF40, paper) have much less impact on the environment than FR4. Among these three types, it can be said that paper substrate causes the slightest effect.

Applications using substrate paper are being researched and strongly developed thanks to its environmentally friendly nature, biodegrading anility, and high recyclability [START_REF] Coo | In jet Printing of Novel Wideband and High Gain Antennas on Low-Cost Paper Substrate[END_REF]- [START_REF] Shastri | Lo -cost Inkjet Printed Paper Poster FSS for 5G Applications[END_REF]. In this chapter, we present two applications in 5G using paper substrate: frequency-reconfigurable antenna and Frequency Selective Surface (FSS).

As presents an antenna who can switch between L-band single-frequency and S-band dualfrequency modes. The antenna is constructed from an annular ring and sawtooth on Rogers 5880 substrate and fed by coupling two slots of feed structure on FR4 substrate.

However, these examples all use common substrates that are not environmentally friendly.

Therefore, we propose using a paper substrate to fabricate a frequency-reconfigurable antenna in this chapter.

Many studies related to paper substrates applications have been developed. Most of them have focused on antennas, while there are other components in the system of wireless devices. The substrate replacement using paper needs to be also studied for other components besides the antenna. So, we can get closer to replacing the entire system with paper substrates. One of the components that is heavily influenced by the substrate and used in many applications is the FSS (Frequency Selective Surface). With the ability to select frequencies, FSS is very useful in controlling radiated waves. For example, in [ FSS has also been presented in Chapter 3 of this thesis. In Chapter 3, despite using jetting technology with Ag NPs, which helps to reduce the impact on the environment, FSS is still printed on acrylic resin substrates. Therefore, in this chapter, we will present the use of paper substrates to fabricate FSS. However, the limitation of the paper substrate is that it is challenging to create a hemispherical form as used in Chapter 3. So, the FSS will be designed on 1D planar surface. In addition, thanks to the paper flexibility, the 1D FSS can also be rolled up to form a cylinder in some applications to suit space and packaging requirements. Diodes are also used to control FSS properties for both vertical and horizontal polarized incident waves.

Material and Printing Method

The applications presented in this chapter use the paper substrate PowerCoat XD of Arjowiggins company with a thickness of 125 µm. This type of paper is chosen for its high roll-to-roll strength, good sintering capabilities in air thermal, photonic and RF processes, and a thermal stability in color and size. The paper substrate needs to be characterized to simulate in CST Studio Suite. To do that, the resonant cavities, as shown in Figure 4-2, and cavity perturbation techniques were used [START_REF] Gue S | ptimisation des matériaux cellulosiques pour des applications en radiofréquences et térahertz[END_REF]. First, the transmission coefficient of the resonant cavity is measured. Then, the paper sample will be inserted into the resonant cavity at the slots.

The complex permittivity of the sample is extracted from the variation of the transmission coefficient when the sample is inserted into the cavity. This method has the advantage of being simple and saving time. However, with this method, we can only measure results at discrete The antenna is designed to operate at the central frequency of 3.6 GHz in the 5G band. The sub-frequency that the antenna can switch to is 2.4 GHz. This is a frequency that is mainly used in Wi-Fi routers.

To operate at these two frequencies, a patch antenna structure was chosen. This structure is simple, easy to fabricate, and stable. Controlling the operating frequency of a patch structure is not too difficult. The operating frequency adjustment can be made by adjusting the patch length.

To add an extra operating frequency, an extra patch can be added. By controlling these two patches, we can control the antenna operating frequencies. The geometry of our antenna is presented in Figure 4-5, and antenna parameters are presented in Table 13. The antenna is designed on one side of the paper. It can be divided into four main parts: coplanar waveguide (CPW) feed, primary patch, supplementary patch, and diode. 13. 4 5 In the feeding section, a CPW structure is selected. In our design, this type of feed is preferred over a classic microstrip feed line for two reasons:

• Using a microstrip feed line would require a bottom ground layer on the other side of the paper, which complicates the printing process. Screen-printing can only print one paper side at a time. If we want to print both sides, we have to print two times. In that case, it is necessary to print correctly so that patterns on both sides does not deviate from each other. It is more complicated than printing on only one side. With CPW, we must print only one paper face.

• The paper we used is relatively thin, with a thickness of 125 µm. The connection to a connector during the measurement is quite complex with this thickness. Using a classic microstrip line with a bottom ground layer will make it more challenging to connect to the connector than when using a coplanar structure.

The antenna primary part is designed to operate at the desired frequency of 3.6 GHz. To switch to 2.4 GHz, a supplementary patch has been added. When two patches are connected, the antenna will radiate at 2.4 GHz. This additional patch is placed far enough away to not have much effect on the primary patch radiation when two patches are not connected. To electrically control the connection of these two patches, P-I-N diode SMPA1345-040LF presented in Chapter 3 is used. Since the diode is rather small compared to the gap between the two patches, strip conductors are used to connect the diode with both patches. A DC voltage is applied to two pins of the diode through two thin conductors attached directly to the two patches. When the diode is OFF, the second patch is not connected to the primary patch. The antenna resonance frequency is 3.6 GHz. When the diode is turned ON, both patches are connected. As a result, the antenna resonance frequency is changed to 2.4 GHz. To compare and evaluate the diode effect on the frequency reconfiguration ability of the antenna, two test antennas, which are called Test 1 and Test 2, are built as shown in Figure 4 In the measurement results, there exists noises affecting the antenna. These noises are predicted to come from the conductor wire of diode, the resistor and the connector K. Observations during the measurement show that the change in length and shape of the conductor wire changes the noise on the antenna reflection coefficient. To improve this, filters may be used to connect to the conductor wire. However, this proposal needs to be tested experimentally in the future.

There is a difference in noise when using resistors and without resistors, and a slight difference when changing resistor values. The third source of noise can come from connector K. We can see that this connecter is massive and close to the antenna patch. So, it may affect the antenna.

We tried another type of connector. Since the paper antenna has a thin structure, we used a combination of a SMA connector and a pressure-hold system to connect to the antenna without damaging the antenna structure. However, this structure is also relatively bulky and affects the antenna. It is possible that smaller connectors, which can connect without soldering to the antenna, can help minimize the connector effect on the antenna. In the second step, the feature (2) is selected for analysis. This feature requires that, the transmission coefficient (S21) must be high (> -3dB) and the reflection coefficient (S11) must be low (< -10dB) at 3.6 GHz, when diodes are ON. When diodes are ON, assume that the passband frequency of S21, which is also the resonant frequency of S11, is 𝑓 𝑟𝑒𝑠_𝑂𝑁 . The second feature is chosen to analysis because d has almost no effect on the value of 𝑓 𝑟𝑒𝑠_𝑂𝑁 . Therefore, to satisfy feature (2), it is sufficient to control two parameters 𝑊 and 𝑊 𝑖𝑛 instead of all three parameters (𝑊, 𝑊 𝑖𝑛 , 𝑑). It is easier for the design process.

To determine 𝑊 and 𝑊 𝑖𝑛 , we can start from parameter values of 1D FSS on RO4003C in 

𝜀 ↓ → 𝑓 ↑ ℎ ↓ → 𝑓 ↑ } → 𝑓 𝑝_𝑂𝑁|𝑐ℎ3 < 𝑓 𝑝_𝑂𝑁|𝑐ℎ4
In other words, if we used 𝑊 and 𝑊 𝑖𝑛 as in Chapter 3, the passband frequency, when diodes are ON, is greater than 3.6 GHz. To decrease and bring the frequency to 3.6 GHz, 𝑊 and 𝑊 𝑖𝑛 have to be changed. From Chapter 3, we also know that:

• If 𝑊 increases, 𝑓 𝑝_𝑂𝑁 is decreased.

• If 𝑊 𝑖𝑛 decreases (while keeping 𝑊 unchanged), 𝑓 𝑝_𝑂𝑁 is increased.

Therefore, to ensure that the 𝑓 𝑝_𝑂𝑁 frequency decreases, 𝑊 and 𝑊 𝑖𝑛 in this chapter must increase compared to Chapter 3.

To save space for a unit cell, 𝑊 𝑖𝑛 should be close to the value of 𝑊. It is because the smaller 𝑊 𝑖𝑛 , the more 𝑊 has to increase the value to decrease 𝑓 𝑝_𝑂𝑁 , so the unit cell becomes bulkier.

To ensure that strip conductors to mount diodes are not too short, the value (𝑊 -𝑊 𝑖𝑛 ) is fixed at 3 mm. Therefore, 𝑓 𝑟𝑒𝑠_𝑂𝑁 is controlled by 𝑊.

In this step, to run the simulations, 𝑑 is temporarily fixed at 0. The FSS transmission coefficient is measured using the configuration as in Chapter 3, which is used to measure the 1D planar FSS on RO4003C. This configuration consists of two antennas facing each other: a transmit antenna (Tx) and a receive antenna (Rx). First, the transmission coefficient of the Tx-Rx system in air is measured (S21|Ref). The FSS is then attached to the window on the communication line between Tx and Rx. The transmission coefficient of the Tx-Rx system with the FSS is measured (S21|Sys). Finally, the FSS transmission coefficient is calculated as (S21|Sys-S21|Ref). This measurement system was developed by A. Niembro-Martin et al. as presented in [START_REF] Niembro-Martin | Efficient setup for the measurement of transmission-coefficients with a single-room anechoic chamber[END_REF].

To become equivalent to the diode ON state, two strip conductors located between two adjacent unit cells are connected using conductive glue. While with the diode OFF state, the structure of unit cells is kept unchanged (strip conductors disconnected). Although considered equivalent, not using diodes will lose the contribution of capacitance, inductance, and resistance of diodes to the FSS. Thus, zero-transmission frequencies will increase compared to when using diodes.

In other words, the transmission coefficient value curve will be shifted to the right, similar to the analysis of 1D FSS in Chapter 3.

To simulate diode state control, four paper FSS sheets with the following configurations are used, as illustrated in Figure 4-20:

• FSS n°1: Equivalent to "All diodes are ON", all strip conductors are connected.

• FSS n°2: Equivalent to " nly horizontal diodes are N", only horizontal strip conductors, which are in the FSS top face, are connected.

• FSS n°3: Equivalent to " nly vertical diodes are N", only vertical strip conductors, which are in the FSS bottom face, are connected.

• FSS n°4: Equivalent to "All diodes are FF", all strip conductors are disconnected. From the measurement results, we have some discussions for each scenario.

With the scenario 1 (black lines), where Tx and Rx have the vertical polarizations. It means that the transmission coefficient is high only if we use FSSs which have vertically connected unit cells to allows vertical polarization incident waves to pass through. At 3.6 GHz:

• S21 of FSS n°1 and FSS n°3 are high because they have vertically connected unit cells.

• S21 of FSS n°2 and FSS n°4 are low because they have no vertically connected unit cells.

With the scenario 2 (green lines), where Tx and Rx have the horizontal polarizations. It means that the transmission coefficient is high only if we use FSSs which have horizontally connected unit cells to allows horizontal polarization incident waves to pass through. At 3.6 GHz:

• S21 of FSS n°1 and FSS n°2 are high because they have horizontally connected unit cells.

• S21 of FSS n°3 and FSS n°4 are low because they have no horizontally connected unit cells.

With the scenario 3 (red lines), where Tx has 45° diagonal polarization while Rx has vertical polarization. A diagonal polarization can be decomposed into the sum of vertical and horizontal polarization. At 3.6 GHz, we see that:

• S21 of FSS n°1 is high because FSS n°1 allows both elements (vertical and horizontal) of polarization to pass through. Then Rx receives the vertical element as it did with Tx when there is no FSS.

• S21 of FSS n°2 is low because FSS n°2 allows only horizontal element to pass through.

It means that diagonal polarization waves become horizontal polarized waves after passing though FSS n°2. However, Rx receives only vertical polarization. Thus, S21 of FSS n°2 is low.

• S21 of FSS n°3 is high because FSS 3 allows vertical element to pass through. And this vertical element is received by Rx which has a vertical polarization. Thus, S21 of FSS n°3 is high.

• S21 of FSS n°4 is low because FSS n°4 does not allow any polarization to pass through.

With the scenario 4 (blue lines), where Tx and Rx both have 45° diagonal polarization. The diagonal polarization can be decomposed into the sum of vertical and horizontal polarization.

At 3.6 GHz, we see that:

• S21 of FSS n°1 is high because FSS n°1 allows both elements (vertical and horizontal) of polarization to pass through. Then Rx receives both elements as it did with Tx when there is no FSS.

• S21 of FSS n°4 is low because FSS n°4 does not allow any polarization to pass through.

• S21 of FSS n°2 and FSS n°3 is lower than S21 of FSS n°1 but higher than FSS n°4 because they allow either horizontal or vertical polarization to pass through. And because Rx has a 45° diagonal polarization, it can receive a portion, but not the whole wave after passing through the FSS. Thus, the S21 in these two cases is a bit low.

Chapter Conclusion

In this chapter, we present the application of bio-source paper substrate in 5G applications. Two applications are performed: frequency reconfigurable paper antenna and paper Frequency Selective Surface (FSS). The frequency reconfigurable paper antenna works at 2.4 GHz and 3.6 GHz. By controlling a P-I-N in the structure, the antenna can switch between these two frequencies. The second application presents a FSS structure which is printed on both sides of paper substrate. By connecting unit cells on both paper sides in different directions, the FSS can act as a polarization filter. Initial measurement results show that this idea is quite promising.

In the next step, FSS properties can be controlled electrically by using diodes in the structure.

When working with paper substrates, we found some weak points of this paper substrate. The dielectric loss of paper is relatively high compared to traditional dielectric substrate. Processing at very high temperatures, such as soldering tin, on a paper substrate can destroy the paper structure. In addition, the flexible property sometimes causes some difficulties such as distortion of the antenna radiation properties. However, paper is still a promising substrate to replace traditional substrates to reduce environmental impacts. This substrate offers numerous advantages, such as environment friendly, good recyclability, energy saving for the production process, and flexibility. In addition, the small thickness of the used paper can help to minimize wave deflection of passing waves in structures like FSS. Research to overcome the weaknesses of paper substrates is also being widely developed. Widespread adoption of paper substrates to replace traditional substrates is a possible scenario in the future.

General Conclusion and Future Work

This thesis contributes to the development of methods to improve the loss problem in 5G by developing methods to increase the antenna gain and printed radomes to construct steerable antenna-radome systems. The thesis also contributes to the development of sustainable microwave electronics by developing RF components using paper substrate. solutions can be divided into three main groups: using high gain antennas, using steerable antennas, and improving building material. In this thesis, we focus on studying about using high gain antennas, through the development of high gain Vivaldi antenna, and beamforming techniques, through the design of printed radomes.

Chapter 2 presents in detail two methods to increase the gain of a Vivaldi antenna while keeping its planar and compact structure. Vivaldi antennas in this chapter work in the Ka-band [START_REF] Khaled | Log Distance Path Loss odel: Application and Improvement for Sub 5 GHz Rural Fixed Wireless Net or s[END_REF][START_REF] Shamsan | ainfall and Diffraction odeling for illimeter-Wave Wireless Fixed Systems[END_REF][START_REF] Greg | Using odeling and Simulation to Assess Challenges and Solutions for 5G Fixed Wireless Access[END_REF][START_REF] Eng | Investigations of foliage effect on modern ireless communication systems: A revie[END_REF][START_REF] Julius | Handbook of Propagation Effects for Vehicular and Personal Mobile Satellite Systems[END_REF][START_REF] Saba | ural acrocell Path Loss easurements for 5G Fixed Wireless Access at 26 GHz[END_REF][START_REF] Garg | Design and Development of High Gain and Narro eam Width Antenna For 5G Application[END_REF][START_REF] Shalini | Design of D printed lens antenna for 5G applications[END_REF][START_REF] Mujammami | A High Gain roadband Quasi-Yagi Dielectric Lens Antenna for 5G and illimeter Wave Applications[END_REF][START_REF] Ressner | High-Gain Lens-Horn Antennas for Energy-Efficient 5G Millimeter-Wave Communication Infrastructure[END_REF][START_REF] Ullah | Wideband and High Gain Array Antenna for 5G Smart Phone Applications Using Frequency Selective Surface[END_REF][START_REF] Edries | illimeter-Wave Antenna With Gain Improvement Utilizing eflection FSS for 5G Net or s[END_REF][START_REF] Chen | Landstorfer Printed Log-Periodic Dipole Array Antenna With Enhanced Stable High Gain for 5G Communication[END_REF][START_REF] Jiang | A Symmetrical Dual-Beam Bowtie Antenna With Gain Enhancement Using etamaterial for 5G I Applications[END_REF][START_REF] Puskely | High-Gain Dielectric-Loaded Vivaldi Antenna for Ka and Applications[END_REF]. The first method is based on the substrate lens and flared quasi-SIW (Substrate Integrated Waveguide) structure. The flared quasi-SIW is inspired by the E-plane rectangular horn antenna structure. The flared horn acts as transitions from waveguide mode to free-space mode to reduce the reflected waves and emphasize the transmitted waves. The use of quasi-SIW structure helps to integrate the flare structure into the antenna to retain the antenna planar property. In quasi-SIW, two metallic rows are not connected by the metallic layers on the top and bottom of the substrate as in a normal SIW. This allows reducing reflections of antenna radiation waves. The substrate lens is used to focus and orient wave, thus increasing the antenna gain. The second method presented in this chapter is based on PCL (Phase Compensation Lens).

This approach has been used in several studies. However, according to our observations, the PCL design process and its disadvantages are generally not clearly presented. Therefore, we propose a four-step design process leveraging popular software such as CST Studio and MATLAB to design the PCL. The aim of PCL is to convert the cylindrical phase of incoming wavefront to quasi-in-phase for outgoing wavefront. By doing this way, we can achieve a higher gain. Most of these lenses are based on generating different phase velocities (in average) at different locations to correct the phase of the wave as it passes through. To maintain the antenna planar property, planar PCL structure, constructed by using microstrip unit cells to correct phase error, is used in the works reported in this manuscript. Our PCL lens is constructed by following four design steps. Antennas of the two methods are fabricated and measured. In the first method, the antenna volume is increased by 42 % compared to the original antenna, and the gain is improved up to 7.5 dBi. While, in the second method, with an increase of about 6 % in volume, the antenna gain increases by about 1.5 dB. We can see that each method has strong and weak points. The first method brings a good gain improvement, but it increases the antenna size and may increase the fabrication complexity due to the use of quasi-SIW. The second method provides a gain improvement of only 1.5 dB but it does not make the antenna bulkier or more complex.

Chapter 3 presents radome designs to improve antenna functionality by using 3D printing technology to print different metallic and conductive structures on existing dome surfaces. By doing this way, the radome will help protect and improve the functions of the antenna at the 3.6 GHz center frequency. Usually, the main function of a radome is to protect the antenna. This is relatively wasteful because radomes occupy a large area while providing only one effect.

The ideas for making printed radomes to improve antenna functionality were developed, to enhance the usefulness of this protection. Currently, the 3D functionalized radomes are usually realized by three different techniques including origami, printed mask and engraving. However, these methods have certain disadvantages and limitations. In this thesis, 3D jetting piezoelectric technology, which is currently developed in the MINT project under the cooperation of Schneider Electric, LGP2 -Grenoble INP Pagora and IMEP-LaHC -Grenoble INP Phelma. By using a printhead mounted on a 6-axes robot, the system allows printing at any point in space.

This method allows direct printing without contact on the radome surface. Three patterns were printed on the acrylic dome surface. The first pattern is a simple conductive ring. It acts as a reflector which redirects the secondary beam towards the main beam, thus improving the antenna main beam. A 3.6 GHz ring patch antenna was also fabricated to verify the capabilities of the printed radome. The measurement shows that the printed radome helps to conform the measurements of printed FSSs, without diode, with four different configurations were done.

The different responses of the FSSs to different polarizations of the incident wave were as expected. Mounting the diodes on the FSS paper is in progress.

In the limited duration of the thesis, some ideas have not yet been implemented or completed.

Follows are some plans to continue to complete and develop some ideas in the future.

FSS printed radome

In this thesis, the fabrication of printed radome based on resonant band-stop FSS combined with diodes has not finished yet. Fabrication and measurement will be completed in the future.

In addition, the study on the effects of the curved FSS surface on different incident waves also needs to be investigated.

Printed diode on paper

With the aim of constructing sustainable and ecological components, we tried to optimize and manufacture RF components on paper. However, to reconfigure antennas or FSS, we still need prefabricated diodes, which is not very environmentally sustainable. We therefore want to find an alternative diode to replace this packaged diode. The alternative diode will be produced by printing it directly onto the paper using screen-printing technique. This not only makes the antenna eco-friendly, but also makes the antenna structure simple and compact. A proposed structure of the reconfigurable antenna using a printed diode is shown in Figure 1. This printed diode will be based on the structure of an electrochromic (EC) material. This structure is still being developed. [START_REF] Eng | Investigations of foliage effect on modern ireless communication systems: A revie[END_REF], [START_REF] Shalini | Design of D printed lens antenna for 5G applications[END_REF]- [START_REF] Ressner | High-Gain Lens-Horn Antennas for Energy-Efficient 5G Millimeter-Wave Communication Infrastructure[END_REF]. Par ailleurs, l'utilisation de FSS (Frequency Selective Surface) ou de métamatériaux pour créer des réflecteurs ou des plans de réseau avec des propriétés spéciales contribue à augmenter le gain d'une antenne [START_REF] Ullah | Wideband and High Gain Array Antenna for 5G Smart Phone Applications Using Frequency Selective Surface[END_REF], [START_REF] Edries | illimeter-Wave Antenna With Gain Improvement Utilizing eflection FSS for 5G Net or s[END_REF], [START_REF] Edries | illimeter-Wave Antenna With Gain Improvement Utilizing eflection FSS for 5G Net or s[END_REF], [START_REF] Jiang | A Symmetrical Dual-Beam Bowtie Antenna With Gain Enhancement Using etamaterial for 5G I Applications[END_REF], comme le montrent les deux exemples de la Figure 1. Rotman [START_REF] Wang | D eamforming echnologies and Field rials in 5G assive I Systems[END_REF]. Un autre système compact de formation de faisceaux qui a été développé est le système d'antenne à cavité résonnante (RCA) [START_REF] Chataut | assive I Systems for 5G and beyond Net or s-Overview, Recent Trends, Challenges, and Future esearch Direction[END_REF], [START_REF] Ujammami | ptimum Wideband High Gain Analog eamforming Net or for 5G Applications[END_REF]. En outre, le contrôle mécanique peut également être utilisé pour effectuer la fonction de formation de faisceaux. La fréquence d'émission de l'antenne placée à l'intérieur du radôme est de 3,6 GHz -l'une des fréquences 5G FWA déployées civilement et présentant donc à ce jour un réel intérêt applicatif.

Enfin, dans le chapitre 4, nous présentons des résultats de recherches sur l'utilisation de substrats biosourcés. De nos jours, la plupart des systèmes électroniques utilisent couramment des substrats tels que le FR4 ou ceux de la gamme Rogers. Ce sont des substrats possédant de bonnes propriétés, mais ils sont produits à partir de ressources fossiles, qui ne sont pas respectueuses de l'environnement en raison de leur faible recyclabilité, et leur processus de production est énergivore. Dans un contexte où la pollution de l'environnement et ses conséquences deviennent de plus en plus graves, les actions de protection de l'environnement doivent être renforcées. Par conséquent, l'application de substrats biosourcés pour envisager la possibilité de remplacer les substrats traditionnels nous paraît être très intéressante. Dans ce chapitre, nous utiliserons des substrats en papier pour la conception et la fabrication de nos antennes ou de nos lentilles pour des applications en 5G FWA.
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 14 Figure 1-4. Global 5G New Radio deployments map in 2020
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 1516112 Figure 1-5. Mobile subscription by technology (billion) [1]

  worldwide increased by about 30%, from 57 to 75 service providers. The development estimate of the 5G FWA based on the Ericsson study, presented in Figure1-8, also shows that 5G FWA will continue to outperform. It is expected to reach approximately 110 million connections by 2027, which is almost half of the total number of FWA connections.
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 18113 Figure 1-8. Forecast of FWA connections (millions) [1]
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 119 Figure 1-9. (a) Rural path loss measurement in [19] (b) Urban microcell 39 GHzmeasurement in[START_REF] Dahal | Urban icrocell 9 GHz easurements[END_REF] 
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 110 Figure 1-10. Cumulative distribution function (CDF) of measured building penetration lossfor three representative single-family homes in[START_REF] Du | Suburban esidential uilding Penetration Loss at 28 GHz for Fixed Wireless Access[END_REF] 
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 1 11(a), helps to increase antenna gain from 7.3 dBi to 25.2 dBi at 24.4 GHz, theoretically. Another example of a 3D printed dielectric lens is introduced in[START_REF] Shalini | Design of D printed lens antenna for 5G applications[END_REF]. With a fairly compact size (about 23.26 mm x 21.48 mm), this lens can increase antenna gain by about 4 dB at 28 GHz, theoretically. It can be seen that dielectric lenses can help to improve antenna gain quite clearly.
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 1 Figure 1-11. (a) 3D printed dielectric lens fed by microstrip patch antenna [32] (b) Array antenna with frequency selective surface [36] (c) Landstorfer printed log-periodic dipole array antenna with ZIMs [38] (d) Bowtie antenna with metamaterial [39]
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 11 Figure 1-12. (a) Dual linearly-polarized, high gain and high isolation antenna array [43] (b) Multiband 2-D array based on enhanced Franklin antenna [44] (c) High gain and wideband narrow-beam antenna [45] (d) Planar array antenna with reduced sidelobes [46]

Category 2 :

 2 narrow beam, low sidelobe level or multiband are also considered when designing specific applications. Use steerable antennas As discussed in the previous sections, in FWA system, a base station will be used to accommodate various CPEs in the space. In theory, the base station antennas should be omnidirectional to handle various CPEs simultaneously. However, the omnidirectional characteristic presents a low gain and scatters the antenna energy in all directions. This makes the path loss issue more important. To solve this problem, a widely used solution today is the beamforming (BF) technique. Beamforming steers the majority of signals generated from an array of antennas to an intended angular direction[START_REF] Ahmed | A Survey on Hybrid eamforming Techniques in 5G: Architecture and System odel Perspectives[END_REF]. Beamforming is usually used with Multiple Input Multiple Output (MIMO) to focus the wireless signal in a specific direction, as shown in Figure1-13. MIMO can be defined as a wireless technology in which multiple antennas are used both at the source (transmitter) and at the destination (receiver) to exploit multipath propagation. In general, BF technique can help increase the Signal to Interference
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 1 Figure 1-13. FWA network using Multiple Input Multiple Output and beamforming[3] 
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 114 Figure 1-14. Structure of (a) Analog BF (b) Digital BF (c) Hybrid BF[START_REF] Ohamed | eamformers Explained[END_REF] 

Figure 1 -

 1 15(a). A basic Rotman lens consists of a set of input ports (array ports) and output ports (beam ports) arranged along an arc, and a parallel plate region. Dummy loads can also be connected on two sides of the plate region, which serve as absorbers to reduce multiple reflections and standing waves. The principle of Rotman lens is inspired by the principle of optical lenses, which focus light by means of refraction. In a microstrip Rotman lens, the signals are injected into the plate region through the input ports. The phases of input signals are passively shifted after passing the plate region and output ports. These shifted signals are finally used to excite a linear antenna array to form a
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 11 Figure 1-15. (a) Rotman lens-based beamforming system [57] (b) Resonant cavity antenna [60] (c) Mechanical steerable antenna [61]
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 2 Figure 2-1. (a) Ultra-wideband antipodal Vivaldi antenna with protruded polystyrene rod [65] (b) Ultra-wideband antipodal Vivaldi antenna with two-layer rod [66]
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 22 Figure 2-2. (a) Vivaldi antenna with exponential dielectric lens [67] (b) Vivaldi antennawith elliptical dielectric lens[START_REF] Moosazadeh | Improved adiation Characteristics of Small Antipodal Vivaldi Antenna for Microwave and Millimeter-Wave Imaging Applications[END_REF] (c) Vivaldi antenna with trapezoidal lens[START_REF] Khar | A Compact High-Gain and Front-to-Back Ratio Elliptically Tapered Antipodal Vivaldi Antenna With Trapezoid-Shaped Dielectric Lens[END_REF] 
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 24 Figure 2-4. Structure of proposed original Vivaldi antenna (a) Top view (b) Bottom view
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 22125 Figure 2-5. SIW structure (a) Expanded 3D view (b) Cross section of substrate
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 226 Figure 2-6. SIW transmission line of the proposed antenna (a) Top view and cross-section view of original rectangular SIW (b) Top view of oval SIW

  Figure 2-7. SIW connected to microstrip line using taper structure (a) Top (b) Bottom
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 28 Figure 2-8. Three types of Vivaldi antennas (a) classical (b) antipodal (c) balanced antipodal [79]
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 29127 Figure 2-9. Proposed Vivaldi antenna structure, top view (left) and bottom view (right)
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 210211 Figure 2-10. Simulated reflection coefficient of Vivaldi antenna with and without cutouts
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 2 Figure2-13, was used to integrate the non-planar structure into the designed antenna. However, in the proposed structure, the two flared metallic rows are not connected by the metallic layers on the top and bottom of the substrate, this is why the structure is called quasi-SIW rather than SIW. In the E-plane horn antenna, the horn is developed from the RWG structure, in other words, the E-plane horn structure is fed by the RWG. In a RWG structure, the wave is transmitted in TE mode or TM mode. However, in the antenna structure in this section, the quasi-SIW is fed by the radiating elements of the Vivaldi antenna. In other words, the quasihorn is no longer powered by TE (or TM) mode. Using two metallic layers on the top and bottom of the substrate will cause an abrupt transition when changing from TEM mode to TE mode and will cause reflections, reducing antenna gain. Therefore, in this structure, only two flared metallic rows are used to increase the wave concentration in the radiation direction in order to increase the antenna gain in the radiation direction.
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 2 Figure 2-13. The original antenna with quasi-SIW structure
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 2 Figure 2-14 shows the antenna gain enhancement (deltaGain) after adding the lens (compared to without the lens) over the change in length L of a rectangular lens at 33 GHz -the center frequency of the Ka-band. It can be shown that the rate of the gain improvement grows up with the increase of L value. But after L exceeds the value of 30 mm, the gain improvement decreases. It can be said that, if we want to increase the antenna gain, we just need to increase
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 2 Figure 2-14. Simulated gain improvement versus length of lens at 33 GHz
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 2 . Furthermore, the elliptical lens increases gain more consistently throughout the entire frequency range, while the rectangular lens focuses on increasing gain at high frequencies. Therefore, the elliptical lens is selected for the final design.

  15. (a) Simulated E-field phase (b) Simulated normalized gain of the antenna with elliptical and rectangular lens at 33 GHz The entire antenna structure is presented in Figure 2-16. The antenna dimensions are given in Table5.

Figure 2 - 16 .

 216 Figure 2-16. Full structure of antenna in the method 1
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 2 Figure 2-17. (a) Multi-dielectric lens (b) Hyperbolic lens (c) Planar quasi-hyperbolic structure [82]

- 9 )Figure 2 - 18 .

 9218 Figure 2-18. PCL design -Step 1 (a) Ex-field phase in xy-plane at 33 GHz, before adding the PCL (b) Ex-field phase matrix
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 2 Figure 2-19. PCL design -Step 2: Row 26phase correction target
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 22 Figure 2-20. PCL design -Step 3: Unit cell phase deviation versus Wu at 33 GHz
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 21222 Figure 2-22. Fabricated antennas (a) Ant 0 (b) Ant 1 (c) Ant 2

Figure 2 -

 2 Figure 2-24 shows the measured gain of three antennas in the Ka-band. It can be shown that, method 1 helps to improve the gain of the original antenna up to 8 dB in peak. In method 2, by simply adding the PCL metallic unit cells without changing the antenna size, an average gain improvement of 1 dB is achieved. The three antennas work well in the whole Ka-band with a radiation efficiency of about 70 -90% over the frequency band.
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 223 Figure 2-23. Measured reflection coefficient S11 of three fabricated antennas

Figure 2 - 25 .Figure 2 - 26 .

 225226 Figure 2-25. Measured radiation pattern co-polarization in E-plane at 33 GHz of three fabricated antennas

  1. (a) Antenna with absorbent frequency selective radome[START_REF] Lin | A Lo adar Cross Section and Low Profile Antenna Co-Designed With Absorbent Frequency Selective adome[END_REF] (b) FSS-integrated low-RCS radome[START_REF] Liao | An FSS-Integrated Low-CS adome Design[END_REF] 
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 32 Figure 3-2. (a) Conical FSS radome [87] (b) Conformal FSS radome [88] (c) Integratedfree-standing thick-screen FSS radome[START_REF] Gao | Design and Verification of an Integrated Free-Standing Thick-Screen FSS adome[END_REF] 
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 5 At 3.6 GHz, the dome has a permittivity (𝜀 𝑟 ) of 5.1 and a loss tangent (𝑡𝑎𝑛𝛿) of 0.14.
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 335 Figure 3-3. Acrylic hemisphere
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 336 Figure 3-6. (a) Vermes MDS 3200A set on a Staubli TX 60 6 axis robot (b) Block diagram of the jetting system [90]
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 37 Figure 3-7. Geometry of the annular ring patch antenna
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 38393103323311 Figure 3-8. Fabricated annular ring patch antenna
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 312 Figure 3-12. Printed ring pattern radome
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 31334 Figure 3-13. Measurement configuration in anechoic chamber using styrofoam support
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 315 Figure 3-15. Geometry of rectangular patch antenna
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 316317 Figure 3-16. Fabricated rectangular patch antenna
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 318 Figure 3-18. Four basic FSS filters (a) Low pass (b) High pass (c) Band stop (d) Band pass
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 33 Figure 3-19. FSS unit cells and equivalent circuits (a) Low pass filter (UC1) (b) High pass filter (c) Linear polarization high pass filter (UC2)
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 3201 Figure 3-20. Geometry of (a) Unit cell 1 (UC1) -Transmission unit cell (b) Unit cell 2 (UC2) -Reflection unit cell
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 3 Figure 3-21 presents the transmission coefficient versus frequency of UC1 and UC2 when changing 𝑊 𝑖𝑛 . As expected, when 𝑊 𝑖𝑛 increases, S21 of both unit cells decreases. However, this causes a difficulty in choosing the 𝑊 𝑖𝑛 value:
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 6321322 Figure 3-21. Transmission coefficient with difference values of 𝑊 𝑖𝑛 of (a) Unit cell 1 (UC1) (b) Unit cell 2 (UC2)
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 323326 Figure 3-23. Simulated radome with FSS pattern

Figure 3 - 27 .

 327 Figure 3-27. Ink flow phenomenon on the radome surface
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 443 Figure 3-28 describes the ideal transmission coefficient for the desired unit cell. Diodes are used in the unit cells. Controlling the ON and OFF states of the diode can control the unit cell transmittance. In the ideal transmission coefficient, there exists at least one passband frequency (𝑓 𝑝 ), where the transmission coefficient is close or equal to 0 dB, and one zero-transmission frequency (𝑓 𝑧 ), where the transmission coefficient is the lowest. The resonant band stop unit cell in this section is designed based on the following ideas:
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 328 Figure 3-28. Transmission response of band stop FSS
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 33330 Figure 3-29(a) presents the geometry of the resonant band stop unit cell. The unit cell is based on the basic band stop unit cell, which was presented in Figure 3-18(c). Strip conductors (sometimes called connection lines) appear in the design to prepare for diode mounting in later steps. Equivalent strip conductors representing the OFF/ON states of the diode, which are used in CST Studio Suite simulations, are presented in Figure 3-29(b). When the diode is OFF, two adjacent unit cell strip conductors of are not connected. When the diode is ON, these strip conductors are connected. The simplified equivalent circuits of the unit cell when diodes are OFF/ON are introduced in Figure 3-30. The small circuit, L in parallel with C, represents the rectangular ring structure. When the diode is OFF, the capacitance C1 is generated by the distance between FSS elements. When the diode is ON, all elements of FSS are connected, and as a sequence, L1 is created.
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 331332 Figure 3-31. Simulated transmission coefficient of unit cell with different 𝑊 𝑖𝑛 (a) Diode is OFF (b) Diode is ON
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 332 Figure 3-32. Simulated transmission coefficient of FSS when the diode is OFF and ON
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 3333334 Figure 3-33. Equivalent circuit of diode in (a) ON state (b) OFF state
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 335 Figure 3-35. Transmission coefficient of FSS with diode, simulated in CST Studio Suite
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 337 Figure 3-37. Configuration to measure the FSS transmission coefficient
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 338 Figure 3-38. Coupling between two metallic lines of FSS unit cell (a) Between the two mediums: air and dielectric (b) In an equivalent mixture of air and dielectric
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 339 Figure 3-39. Transmission coefficient of FSS when changing (a) Substrate permittivity (eps) (b) Substrate height (h)
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 33423 Figure 3-41. (a) 1D FSS geometry in simulation (b) Fabricated 1D FSS using RO4003C
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 3345 Figure 3-45. Summary of unit cell properties influence on zero-transmission frequency

  100], a single-layer paper substrate-based dual-band FSS for shielding GSM (Global System for Mobile communication) applications is proposed. The FSS consists of modified double square loop elements. It is fabricated and glued into the paper substrate. This FSS offers 18 dB shielding for a bandwidth of 100 MHz for the 930 MHz center frequency, a bandwidth of 173 MHz for the 1720 MHz center frequency and an angular independent operation up to 60°. In [103], a low-cost FSS paper poster consisting of square loop unit cells is fabricated to reduce the drop of 5G signals in the indoor environment by reflecting indoor signals at 25.2 GHz.
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 44 Figure 4-4. (a) Principle of the screen-printing process [107] (b) Semi-automatic sheet to sheet machine -Svecia SSM
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 45 Figure 4-5. Frequency reconfigurable patch antenna geometry
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 4647484949 Figure 4-6. Geometry of (a) Test 1 antenna (b) Test 2 antenna
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 410411 Figure 4-10. Measured reflection coefficient of proposed antenna, Test 1 and Test 2 antenna
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 4134 Figure 4-13. Geometry of FSS unit cell on paper, top layer (left) and bottom layer (right)
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 4415 Figure 4-14. Ideal S-parameters of desired FSS unit cell

Chapter 3 .

 3 The difference between FSS in Chapter 3 and Chapter 4 is the substrate (the permittivity (𝜀) and the thickness). If all the dimensions of unit cell in the two chapters are the same, we have: ⟨ 𝐶ℎ𝑎𝑝𝑡𝑒𝑟 3: 𝜀 |𝐶ℎ3 = 3.55; ℎ |𝐶ℎ3 = 1.524 𝑚𝑚 𝐶ℎ𝑎𝑝𝑡𝑒𝑟 4: 𝜀 |𝐶ℎ4 = 3.3; ℎ |𝐶ℎ4 = 0.125 𝑚𝑚 𝐹𝑟𝑜𝑚 𝐶ℎ𝑎𝑝𝑡𝑒𝑟 3: ⟨

  8 mm as in Chapter 3. Through simulation, we found that at 𝑊 = 33 mm, the unit cell can satisfy the feature (2) by providing a low S11 and a high S21 when diodes are ON as shown in Figure 4-16. In conclusion, after the second analysis step, two new values are determined: 𝑊 = 33 mm, 𝑊 𝑖𝑛 = 30 mm.
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 4 Figure 4-16. S-parameters of FSS unit cell with 𝑊 = 33 mm, 𝑊 𝑖𝑛 = 30 mm, 𝑑 = 0.8 mm
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 417 Figure 4-17. Unit cell transmission coefficient with difference values of 𝑑, diodes are OFF
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 444424419 Figure 4-18. Simulated S-parameter of FSS unit cell final design(a) When all diodes have the same state (on or off) (b) When all vertical diodes are on while all horizontal diodes are off, the incident waves have vertical polarization
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 4204422 Figure 4-20. Four FSS versions (a) FSS n°1: All strip conductors are connected (b) FSS n°2: Only horizontal strip conductors are connected (c) FSS n°3: Only vertical strip conductors are connected (d) FSS n°4: All strip conductors are disconnected
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 123 Figure 1. Example of antenna with printed diode test

Figure 1 .

 1 Figure 1. (a) Antenne réseau avec surface sélective en fréquence [36] (b) Antenne noeud papillon avec métamatériau [39]

Figure 2 .

 2 Figure 2. Réseau FWA utilisant un multiplexage MIMO (Multiple Input Multiple Output)et BF (beamforming)[3] 
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 1 5G spectrum allocation in some European countries .................................................

Table 2 .

 2 SIW transmission line dimensions .

  3G was first appeared in Japan, in October 2001. Like 2G did to 1G, 3G delivered a higher level of connection than its predecessor -2G. 3G users were able to watch mobile television, use location-based services, participate in video conferencing and watch videos on demand.

	• Fourth generation (4G): In the 2010s, 4G networks brought all-IP services (voice and
	data), a fast broadband internet experience, with unified networks architectures and
	protocols
	4G was first presented in the United Kingdom in 2012, and EE (a British national mobile
	1.1. 5G Fixed Wireless Access Introduction network operator and internet service provider) deployed its 4G services to 11 major cities. This
	1.1.1. 5G Introduction standard offers gaming services, fast mobile web access, high-quality video conferencing, high-
	What is 5G? definition videos and TV support.
	5G is the 5 • Third generation (3G): In the early 2000s, 3G brought a better mobile internet
	experience (e.g. CDMA2000)

th generation mobile network. 5G is being developed to expand wireless broadband services beyond mobile internet to Internet of Things (IoT) and critical communications segments. This is a new global wireless standard after earlier generations of mobile network: • First generation (1G): In the 1980s, 1G delivered analog voice services Originally launched in 1979 in Tokyo, until 1984, the first generation of the wireless standard was developed in Japan by the Nippon Telegraph and Telephone. In 1983, the United States launched its first 1G network using the Motorola DynaTAC mobile phone, followed by other countries like Canada and United Kingdom several years later. • Second generation (2G): In the early 1990s, 2G introduced digital cellular voice services (e.g. Code Division Multiple Access -CDMA) and basic data services (SMS, GPRS). 2G was launched commercially on the Global System for Mobile Communications (GSM) standard in Finland in 1991. It presented data services for mobile, including SMS text messages and digitally encrypted conversations for the very first time. The second generation provided a higher quality of digital voice calls with a significant reduction in static noise and background crackling. This generation created a huge cultural shift by creating a whole new way for people to communicate through text messages, picture messages, and multimedia messages (MMS).

Table

  

Table 2 .

 2 SIW transmission line dimensions

	Parameters	𝑊 𝑚	𝐿 𝑚	𝑝 𝑚	𝑑 𝑚	𝑊
	Values (mm)	1	1.6	2	4.6	9.9

Table 3 .

 3 Dimensions of taper and microstrip line

	Parameters	𝑊 𝑡	𝐿 𝑡	𝑊 𝑠	𝐿 𝑠
	Values (mm)	2.6	2.99	1.22	1
	2.2.2. Vivaldi Structure				

Table 4 .

 4 Dimensions of Vivaldi structure

	Parameters	𝑊 𝑓	𝐿 𝑣𝑖	𝑊	𝑟
	Values (mm)	2.4	11.93	10	0.0075

Table 5 .

 5 Dimensions of antenna in the method 1

	Parameters	𝑊	𝐿	𝑊 𝑝	𝐿 𝑠	𝐿 𝑡	𝐿 𝑠𝑖𝑤	𝐿 𝑣𝑖	𝐿 𝑚	𝑎	𝑝
	Values (mm) 14.9 33.5	9.9	1	2.99	7.6	11.9	4.6	4.6	1.6

Table 6 .

 6 Comparison between the two methods

		Method 1	Method 2
	Advantage	1. An effective gain improvement
		This method gives a gain
		enhancement of 4 dB in average
		and 8 dB in peak.

Table 7 .

 7 Comparison of Method 1 with related works

		[83]	[40]	Method 1
	Frequency (GHz)	1-12	24-44	26-40
	Dimension (mm)	180 x 240 (~ .9λ x 5.2λ)	14 x 33 (~1.59λ x .7 λ)	13.95 x 33.52 (~1.5 λ x .69λ)

Table 11 .

 11 Some diode factors and its influence on FSS properties

		Factor	Affection
	1	Capacitance	High capacitance increases the difference between 𝑓 𝑧_𝑂𝐹𝐹 and 𝑓 𝑝_𝑂𝑁
	2	Resistance	High resistance reduces FSS transmittance when diode is ON
	3	Packaging	Large packaging obstructs the passage of waves while small packaging makes the manufacturing process difficult
	4	Price	Should be considered as can be used in large quantities

  mentioned, in the context of the rapid development of new generations which replace older ones more quickly, completely replacing devices suitable for old generations with new devices is impossible in the short term. As a result, the ability to connect at different frequencies to adapt to the wireless generation in use and under development is a highly valued criterion for a wireless system. To meet this need, frequency reconfigurable antennas are presented as a

	practical solution [102], [104], [105]. By combining active components such as P-I-N diode,
	users can switch the antenna operating frequency within a pre-designed set of frequencies. In
	[104], a bow-tie antenna who can be tuned by controlling embedded P-I-N diodes to operate in
	either 2.2-2.53 GHz, 2.97-3.71 GHz or 4.51-6 GHz frequency bands is presented. A 4-elements
	frequency reconfigurable multiple input multiple output antenna is designed in [102]. By
	combining a modified annular slot antenna with varactor diodes in the same FR-4 substrate, the
	design can operate in three bands: 1.7-2.8 GHz, 2.5-2.85 GHz, and 2.9-3.1 GHz. Ref [105]

Table 13 .

 13 Antenna dimensions

	Parameters	L	L1	L2	Lg	W	Wf	Wp	d
	Value (mm)	40.3	22.9	6.5	5.2	41.8	2.6		

  Chapter 1 presents an overview of 5G FWA development, advantages and remaining issues in the development of this technology. 5G FWA is predicted to reach approximately 110 million connections by 2027 according to Ericsson study. The frequency bands used for 5G in France include the 3.4-3.8 GHz band, the frequencies of previous generations (2G, 3G, 4G) and the 26 GHz band. It is expected to provide high speed transmissions, low latency, high capacity and flexible network. Despite its great potential, to make the most out of it, 5G FWA still needs to solve one of its biggest challenges, high losses. These losses can come from different sources, such as path loss, non-ideal FWA Line of Sight (LoS), penetration loss through buildings and by plants. To clarify and find solutions to improve this challenge, numerous studies on 5G have been done. The research focuses on a number of key issues such as loss measurement and prediction model, factors affecting losses and solutions to improve the loss problem. In general,

3.4.3.c. Fabrication and measurement

The printed radome is presented in Figure 3-24. Once the radome printing is finished, the antenna -radome system is measured in an anechoic chamber as shown in Figure 3-25. In order to compare the results and evaluate the antenna's navigational effect, two measurements are realized: (1) a measurement of the fabricated patch antenna with the printed radome (2) a measurement of the fabricated patch antenna with the original plastic dome (radome without printed pattern). The measured radiation pattern in the A-A' section of Figure 3-23 for both measurement configurations, and the simulated radiation pattern of the system using the printed radome are shown in Figure 3-26. A good agreement between measurement and simulation is found. We can also see that the antenna main radiation direction has been adjusted to approximately 30 degrees towards the transmission half as expected. chosen so that the zero-transmission frequency when no diode is mounted on the circuit, is 3.6 GHz.

❖

Incident wave polarization effects

To verify the effect of incident wave polarization on the FSS, diodes are mounted in only one direction. In our design, we assume that only diodes in vertical columns are mounted and used. We can see that, in the simulation, adding diodes will reduce the value and level of zerotransmission frequency 𝑓 𝑧 (sometimes called resonant frequency). When the diode is attached to the circuit but not forward-biased, the FSS exhibits a filtering property at 3.6 GHz but is not as powerful as when the diode is not attached. The simulation results also show that when the diode is turned ON, FSS will allow waves at 3.6 GHz with vertical polarization to pass through and block waves at 3.6 GHz with horizontal polarization. integrating these concepts of biodegradability and reduction of energy used during the manufacturing process [START_REF] Nassajfar | Alternative aterials for Printed Circuit oard Production: An Environmental Perspective[END_REF].

Studies have been conducted to examine and compare the environmental effects of different PCB manufacturing processes. Ref. [START_REF] Nassajfar | Alternative aterials for Printed Circuit oard Production: An Environmental Perspective[END_REF] studied five different scenarios of PCB fabrication, as listed in Table 12. Results on the impact environment based on ten different criteria of all five scenarios are presented in Figure 4-1. The higher the value, the more negative impact on the environment. ink-jet, screen-printing, and offset-printing [START_REF] Parashkov | Large Area Electronics Using Printing ethods[END_REF]. In this thesis, the screen-printing process is chosen due to its simplicity, low cost, and time-saving. The screen-printing principle is presented in Figure 4-4(a). Firstly, the conductive ink is deposited on the screen frame. The screen frame is typically composed of polyester forming a mesh network to control the printed pattern and the amount of conductive ink. For each specific application or pattern, a screen In other words, the band stop structure is more flexible than the low pass. The desired features of the unit cell in this section are:

(1) When diodes are present, the FSS must be capable of performing one of the following four states:

(S1) -Reflect both vertical and horizontal polarized incident waves at 3.6 GHz.

(S2) -Allow both vertical and horizontal polarized incident waves at 3.6 GHz passing.

(S3) -Reflect only 3.6 GHz vertical polarized incident waves.

(S4) -Reflect only 3.6 GHz horizontal polarized incident waves.

(2) When diodes are ON: At 3.6 GHz, the transmission coefficient (S21) must be high (>-3dB) and the reflection coefficient (S11) must be low (<-10dB). This ensures that 3.6 GHz waves are well transmitted and not reflected due to impedance mismatch.

(3) When diodes are OFF: At 3.6 GHz, the transmission coefficient (S21) must be low (<-10dB). This ensures that most 3.6 GHz waves are reflected.

antenna radiation and improve the gain in a specific direction by 2 dB. The second printed pattern is a FSS low pass-based model. The pattern divides the radome into two halves: half (I), consisting of transmission unit cells (UC1) and half (II) consisting of reflection unit cells (UC2).

In other words, the radome has one half which is transparent to radiated waves at 3.6 GHz and the other half prevents 3.6 GHz radiated waves from passing through. Consequently, the antenna radiation waves are deflected to the first radome half after passing through printed radome. A 3.6 GHz rectangular patch was fabricated to verify the printed radome properties.

The measurement shows that the antenna main radiation direction has been adjusted to approximately 30 degrees towards the transmission half as expected. However, unit cells used in this low pass are full rectangles, which may cause some difficulties and undesirable phenomena (ink flow) in manufacturing. Therefore, the third pattern, which is based on FSS resonant band stop with rectangular ring unit cells, is developed. This pattern helps to reduce the ink flow in manufacturing. In addition, the use of diodes to control electrically the properties of FSS is also studied. Resonant band stop FSS with diode on planar RO4003C substrate was fabricated and measured. There is a coherence between the measurement and simulation results.

When diodes are OFF, the planar FSS reflects the radiated wave at 3.6 GHz. When diodes are ON, the planar FSS allows the wave at 3.6GHz to pass through. With the hemispherical radome, the FSS printing process to the radome surface was done. However, due to some technical reasons, the process of mounting the diode on the radome and the measurement process have not been completed yet.

The final chapter, Chapter 4, presents an approach to sustainable microwave electronics by developing RF components using paper substrate. According to some studies, the use of paper substrates will help reduce the impact on the environment compared to common substrates such as FR-4, Rogers substrates. Therefore, the development of applications based on paper substrates should be considered. In this chapter, we present the application of paper substrate (PowerCoat XD) to fabricate frequency reconfigurable antenna and FSS at 3.6 GHz. In the first application, the antenna can change the operating frequency between 2.4 GHz and 3.6 GHz by controlling a P-I-N diode in the design. However, the measurement also shows that the paper antenna is also affected easily by many environmental influences. In general, paper substrates are commonly used in antenna applications. To study the applicability of paper substrates for other RF components, we fabricated paper FSS. Diodes are also combined in this design. By controlling diodes, the FSS properties are controlled. By printing the FSS and controlling the diode differently on two paper sides, the FSS can act as a polarization filter. Initial Des mesures pour comprendre l'influence de la structure du bâtiment ainsi que les matériaux des bâtiments sont présentées dans [START_REF] Du | Suburban esidential uilding Penetration Loss at 28 GHz for Fixed Wireless Access[END_REF], [START_REF] Chondroulis | mmWave assive I Channel easurements for Fixed Wireless and Smart City Applications[END_REF]. Pour la propagation des ondes de la FWA à l'extérieure, la végétation et les conditions météorologiques sont également deux des facteurs importants contribuant aux pertes [START_REF] Khaled | Log Distance Path Loss odel: Application and Improvement for Sub 5 GHz Rural Fixed Wireless Net or s[END_REF]- [START_REF] Eng | Investigations of foliage effect on modern ireless communication systems: A revie[END_REF]. De ces études, on peut voir que les végétaux (les feuilles, les branches, les tiges…) qui sont répartis de manière aléatoire dans le milieu de
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