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Résumé

La cinquième génération de téléphonie mobile (5G) se concentre sur le spectre sous-utilisé des ondes millimétriques. Elle est considérée comme la solution potentiellement valable pour permettre à la fois des flux de données extrêmement rapides (10-100 Gbit/s) et de faibles temps de latence (1-10 ms). Cependant, le développement de circuits et de systèmes haute performance aux ondes millimétriques requière un procédé de fabrication faible coût, des surfaces petites, une faible consommation et une intégration 3D. Dans ce contexte, la technologie CNT, à base de nanotubes de carbone, a attiré beaucoup d'attention et pourrait être considérée comme une candidate intéressée pour la conception de circuits millimétriques en raison de ses caractéristiques exceptionnelles par rapport aux autres matériaux. Ainsi, dans cette thèse, menée dans le cadre du projet ANR TRICOT, une attention particulière sera portée au matériau CNT pour concevoir et développer une nouvelle technologie d'intégration 3D dédiés aux applications millimétriques.

Après avoir rappelé le contexte de la 5G et présenté une solution intéressante pour réaliser des réseaux de formation de faisceaux, à savoir la matrice de Butler basée sur une topologie de guides d'ondes intégrés dans le substrat (SIW), une attention particulière est portée sur l'état des connaissances en termes de fabrication et de modélisation des CNTs. En effet il s'agit là d'un domaine méconnu des concepteurs RF et millimétriques. Dans un deuxième temps, les travaux réalisés dans le cadre de cette thèse de doctorat sont abordés sous deux angles différents. Le premier concerne l'utilisation de la technologie CNT pour concevoir des circuits AF-SIW (air-filled SIW) pour les applications en bande E (71)(72)(73)(74)(75)(76)(77)(78)(79)(80)(81)(82)(83)(84)(85)(86). La seconde direction concerne l'utilisation du concept d'onde lente (SW pour slow-wave) pour la miniaturisation de circuits AF-SIW conçus pour des applications à 28 GHz. Les deux approches suivantes sont mises en compétition: effet d'ondes lentes amené par une forêt de CNT transférée au sein d'une technologie PCB avancée (AF-SW-SIW) et effet d'ondes lentes sur la base de vias borgnes classiques au sein de cette même technologie PCB (Partially AF-SW-SIW). Dans les trois cas, AF-SIW en bande E, AF-SW-SIW et PAF-SW-SIW à 28 GHz, les structures proposées ont été détaillées, puis des analyses théoriques ont été développées, des résultats de simulation et des premiers résultats de mesure ont été présentés. Les rétro-simulations ont également été réalisées en cas de besoin, ce qui a permis de valider nos nouveaux concepts de guides d'onde faible perte avec des pertes inférieures à 0,05 dB/mm. Pour chaque cas, deux blocs élémentaires de la matrice de Butler ont été conçus : les coupleurs 3-dB et 0-dB. Quelle que soit la bande considérée des dispositifs extrêmement faible perte, équilibrés et isolés sont attendus. De plus, une forte compacité avec environ 68% de surface réduite est observée à 28 GHz.

General Introduction

Since the first generation (1G) of mobile telecommunication introduced in the years of 1980s when it was used to deliver the analog voice, the development of wireless cellular technology has been increased rapidly over the past two decades. Up to now, the fifth generation (5G) is known as the new generation of mobile data connectivity and wireless communication systems. Indeed, 5G and even more future generations, are expected to provide significantly broadband speeds, lower latency than previous generations while also improving the capacity to perform the full potential of wireless applications.

However, the available bands for 5G wireless communication have become gradually restricted. This is mainly due to the demand for data transfer that has increased faster than predicted leading to bandwidth enlargement. The shortage of free channels in the radiofrequency and microwave bands forced the industrial companies to develop new systems at higher frequencies with larger bandwidths, especially at millimeter-waves (30 GHz to 300 GHz). In particular, 28 GHz and E-band (71-86 GHz) are attractive candidates. However, the development of next generation of mm-wave high performance circuits and systems is requiring low-cost fabrication process, small area, low consumption and 3D integration. Among various alternative and innovative technologies, carbon nanotubes (CNTs) could be considered as an interesting technology for designing the mmwave circuits due to their outstanding characteristics as compared to the other materials.

Theoretically, increasing the working frequency leads to an increase in transmission loss due to the substantial degradation of the signal-to-interference-plusnoise ratio, which is also due to the losses in free space increasing when the frequency raises up. In this context, high gain switched-beam antenna system is an interesting solution that can generate several directive beams with a high gain to cover a sufficient predefined angular range, leading to an increase in the capacity of data trans/receiver for wireless communication systems.

In the meantime, beam forming has become the core technique in the rapid development of this antenna system. Compared to the other beam-forming solutions, the Butler matrix (BM) has received a great interest and has been used in a variety of applications. This is mainly due to the advantages of BM as compared to the other counterparts such as perfect matching, isolation and equal power division that can be obtained at the same time. In addition, BM has larger bandwidth, structural simplicity and lower loss than the other techniques. That explains why BM was chosen as the targeted device to be designed in a carbon nanotubes technology in the framework of the French ANR project TRICOT (Technologie émergente pour le développement de circuits RF et millimétriques à base de nanotubes de carbone).

During my PhD thesis, funded by the TRICOT project, elementary blocks of BM such as waveguides, couplers and crossovers will be designed in both RF (28 GHz) and mm-wave (E-band 71-86 GHz) frequency bands. Thanks to its attractive features such as high Q factor, high power capability, low-loss, reduced weight that have been demonstrated in literature, substrate integrated waveguide (SIW) was selected as a guided transmission medium for our circuits in both band and reorganized in CNTs, CNTs with PCB or PCB depending on the RF or mm-wave band.

Based on the previous considerations, the work achieved in this PhD thesis was mainly concentrated in two directions. The first one involves in the utilization of CNT technology to design air-filled SIW (AF-SIW) circuits for mm-wave applications in Eband. The second direction concerns the utilization of the slow-wave concept for the miniaturization of AF-SIW circuits designed for the RF applications based on both conventional PCB and CNT technologies. In both subjects, the proposed structures were detailed, with theoretical analyses and simulations. Then, first measurement results were presented and compared to retro-simulations allowing validating the proposed concepts. Based on this plan, the outline of this PhD thesis can be introduced in the following paragraphs.

In the first chapter of this thesis, the context and an overview concerning the techniques utilized to design and fabricate BM will be introduced in both RF and mmwave frequency bands. State-of-the-art miniaturization techniques and low-loss air-filled waveguides will be also presented in this chapter.

Based on state-of-the-art results, the second chapter will introduce in detail the physical properties of carbon nanotubes. CNTs could be considered as a potential material for next-generation electronics applications in order to replace classical metal-based structures. The analytical and electromagnetic modeling of CNTs developed at XLIM laboratory, Limoges, France, and CINTRA laboratory, Singapore, will be also presented in this chapter. This electromagnetic bulk equivalent model will be considered for the design of the CNT-based devices developed during this PhD thesis and presented in Chapter 3 and 4.

In the third chapter, a detailed description of AF-SIW waveguide based on CNT technology will be presented. By replacing the lateral metallic wall of rectangular waveguide by CNTs wall, the CNT-based AF-SIW can be obtained. Furthermore, the CNT technology used to design the AF-SIW waveguide will be also applied to the design of 0-dB and 3-dB couplers based on the short-slot topology with the same concept.

In the fourth chapter, an air-filled slow-wave SIW (AF-SW-SIW) based on CNT technology designed at 28 GHz for RF applications will be investigated and presented. In this concept, the slow-wave effect is performed thanks to a forest of CNTs, which separates the electric and magnetic fields distributed inside the waveguide. Three different thicknesses of CNTs forest were considered to obtain different slow wave factors. The elementary blocks of BM such as coupler and crossover will be also presented by using this structure.

The last chapter will be dedicated to the detailed description of partially AF-SW-SIW (PAF-SW-SIW) design blocks based on conventional PCB technology designed at 28 GHz for RF applications. In order to challenge this technology with the one presented in Chapter 4, a comparison between this PCB-based PAF-SW-SIW and the CNT-based AF-SW-SIW will be carried out. An equivalent model for PCB-based PAF-SW-SIW, which allows reducing significantly simulation time, will be also detailed in this chapter.

Finally, a general conclusion that summarizes the main results achieved in this PhD thesis will be presented.

"Không quan trọng bạn đi chậm như thế nào, miễn là đừng bao giờ dừng lại" 

Khổng Tử

Table of content

Chapter 1. Introduction

My PhD thesis takes part of the French ANR TRICOT project dedicated to analyze the potentialities of metallic carbon nanotubes technology for rectangular waveguides and slow-wave rectangular waveguides. The use-case concerns beam-forming networks based on Butler matrices in the framework of 5G frequency range, i.e. at millimeter waves where low-loss devices are essential. As a matter of fact, after presenting the context of 5G (section 1.1) and picturing an overview on beam forming networks (section 1.2), we will explain the Butler matrices (BM) working principle and will address various technologies used for BM (section 1.3). In particular, it will be shown that the Substrate Integrated Waveguide (SIW) is a good candidate for low-loss (section 1.4). Carbon Nanotubes (CNT) technology will be explained in detail in Chapter 2 and applied to E-band air-filled SIW in Chapter 3 and 28-GHz air-filled slow-wave SIW in Chapter 4, to be compared with 28-GHz partially-air-filled slow-wave SIW in printed-circuit-board (PCB) technology in Chapter 5, where CNTs have been replaced by internal metallic blind vias. It is important to note that the technological innovative aspects and research efforts to develop millimeter wave integrated waveguides with CNTs or internal blind vias will be mostly demonstrated in this manuscript on the basis of waveguides and/or stand-alone blocks constituting the BM itself, excluding the realization of a complete BM.

Context

The fifth-generation (5G) technology is known as the new generation of mobile data connectivity and wireless communication systems. On the basis of actual usage and demand in terms of data, it provides breakneck broad-band speeds and has enough capacity to perform every function without a decrease in connection speed, no matter how many people is connecting into the network at the same time. One of the main benefits of 5G technology over the fourth-generation (4G) technology is not only its speed of delivery, between 10 Gbps and 100 Gbps, but also the latency. Latency refers to the delay occurring before a connection establishment (every time a data packet is sent). From a low-latency of 40 ms to 60 ms for 4G, which is not enough to provide real-time response, an ultra-lowlatency can range between 1 ms and 10 ms for 5G [1]. That means the data can be transmitted in real-time.

Due to 5G wireless communication foreseen success and the unprecedented vast market that it addresses and should continue to address during next years, the available bands have become step-by-step restricted. This issue is mainly due to the demand for data transfer that has increased faster than predicted leading to bandwidth enlargement, as predicted in [2]. The shortage of free channels in the radiofrequency and microwave bands forced and obliged the industrial companies to develop new systems at higher frequencies with larger bandwidths, especially at millimeter-waves (30 GHz to 300 GHz).

Actually, 5G addresses frequencies up to 100 GHz, which is the range this PhD work focuses on. Even if industrial microelectronics companies are already anticipating frequencies above 100 GHz (sixth generation or 6G), there is still room for research in 5G circuits improvements. In particular, 28 GHz and E-band (71-86 GHz) are attractive candidates [3]. As a primary concern, E-band is called "Next Generation Wireless Backhaul Spectrum" [4]. Practically, it is divided into four sub-bands 71-76 GHz and 81-86 GHz for the 5G backhaul, 76-77 GHz for the long-range radar systems, and 77-81 GHz for the short-range radar systems.

However, increasing the working frequency leads to an increase in transmission loss due to the substantial degradation of the signal-to-interference-plus-noise ratio (SINR) which is also due to the losses in free space increasing when the frequency raises up [2]. Therefore, high gain antenna systems with a directional beam could be considered to solve this problem due to its line-of-sight (LoS) link in long-range mm-wave point-to-point communications [5]. For non-line-of-sight (NLoS) communications, the single-directional beam needs to be driven to find a relevant link. To overcome this drawback, a multi-beam antenna system is considered as an excellent candidate which can generate a number of simultaneous but independent directive beams with a high gain to cover a sufficient predefined angular range [6]. Beam-forming technique, which has the ability to provide unique patterns for beam switching or steering, has become the core technology in the rapid development of this antenna system. Therefore, in the next section, an overview of the beam-forming networks (BFNs) will be presented.

Beam-forming network overview

As mentioned previously, the BFNs could be considered as the heart of multi-beam antenna system due to its ability to direct the main beam of the antenna pattern towards different directions based on the signal created by itself. Since the early 1960s, a large number of well-known multiple-input-multiple-output (MIMO) ports solutions providing multi-beams by alternatively choosing the input excitation port have been proposed. These solutions can be categorized basically in two classes: matrices and lenses. We briefly consider here the most common ones, namely the Rotman Lens [7], the Blass [8]- [10], Nolen [11], [12], and Butler [13] matrices. The schematics of these techniques are illustrated in Figure 1-1. The Rotman lens was introduced by Rotman and Turner in the 1960s [7]. It is an RF beam-former with N inputs and M outputs. The RF signals from the input ports (beam ports) propagate through the lens cavity and are received by the output ports (antenna ports) before transmitting to the antenna array. The positions of the beam and antenna ports as well as the transmission line lengths are calculated by using the equations of optical path-length equality so that desired phase and amplitude distributions can be obtained [7]. An example of Rotman lens is reported in [14], consisting of a lens cavity, 14 antenna ports, 11 beam ports and 4 dummy ports. The lens cavity is used to focus the incident waves on the beam ports. The antenna ports are connected to antenna array, meanwhile the beam ports are for receiving the signal from the lens cavity. The dummy ports are terminated with loads for absorbing inter-cavity reflections. The delay lines are designed to compensate for the phases of the incoming waves from different angles [14]. Due to the multi-beam formation functionality, numerous researchers have lately found that Rotman lens is a promising candidate for real-time microwave or millimeter-wave imaging applications [16]. However, they are typically limited to far-field imaging, because their parallel multi-beam formation is based on the condition that the scattered waves arriving at the array are plane waves. In the near field, the non-plane waves scattered from a near-field target will spread across several beam ports of the Rotman lens. As a result, out-of-focus blurs appear in the near-field images. In addition, they usually suffer from low efficiency due to spillover losses and high coupling between adjacent ports, which make them less suitable for high power applications [16].

According to the feeding method, the matrix-based BFNs could be divided into two main categories: corporate and series feeds [17]. Whereas the Nolen matrix and the Blass matrix utilize the series feed method, the BM, on the other hand, is a corporate multibeam feed. While BM is usually designed with an equal number of input (beam) and output (antenna) ports (N×N), Blass and Nolen matrices can be designed with an unequal number of inputs and outputs (M×N). In the Blass matrix, the two sets of transmission lines referred to as row and columns of the matrix are interconnected at each crossover by a directional coupler. At each crossover, a small portion of the signal is coupled to each column, ultimately exciting the corresponding arbitrary number of radiating elements. The signal applied at any input port propagates along the corresponding feed line. Each line is terminated with a matched load to absorb the residual signal. By feeding each input port, a different phase distribution is produced along the array, hence providing a different radiated beam orientation, depending on the various electrical path [8]. The Nolen matrix can be seen as a modified Blass matrix in which the diagonal couplers are replaced by simple bent transmission lines. Accordingly, the termination loads at the end of each feeding line in a standard Blass matrix are suppressed, resulting in theoretically lossless operation [12].

However, the lack of symmetry between input and output ports makes these matrices more complicated to design as the path to the outputs. Besides, the efficiency of Blass matrix and Nolen matrix are quite low due to high losses associated with the structures. Moreover, the magnitude and phase shift mismatches at the antenna ports also make these matrices less attractive. Compared to the Blass matrix and Nolen matrix, the BM has received a great interest with a vast amount of research efforts, and has been used in a variety of applications. This is mainly due to the advantages of BM as compared to the other counterparts such as perfect matching, isolation and equal power division that can be obtained at the same time [18], [19]. In addition, BM has larger bandwidth, structural simplicity and lower loss than the other Blass or Nolen matrices. That explains why BM was chosen as the targeted device to be investigated in TRICOT project. Its working principle is detailed in the next section.

Butler Matrix overview 1.3.1 Principle

BM is certainly the most extensively investigated beam-forming network developed to feed multi-beam antenna systems due to its outstanding properties. A typical (𝑁 × 𝑁) BM has 𝑁 input (signal) ports to which power is applied, and 𝑁 output (antenna) ports to which 𝑁 antenna elements are connected, where 𝑁 is a power of 2. RF power is fed to the antenna elements with a progressive phase difference between antenna elements so that the main beam of multi-beam antenna system can be in the desired direction. The progressive output phases are obtained thanks to an attachment of 3-dB, 90° couplers, crossovers and fixed phase shifters. The beam direction is controlled by switching the input power to the desired input port, via a single-pole N-through, SPNT or switch.

The principle of a common (4 × 4) BM leading to four different phase states and thus to four beam directions 𝜃 at the output port, is illustrated in Figure 12, where the antenna radiation patterns are in the xOy plane, x being the axis in which the antenna elements are placed. Practically, the antenna elements are spaced by 𝜆 /2 between each other, 𝜆 being the free-space wavelength. The beam direction 𝜃 corresponds to an input signal entering through port i. If port 1 is excited, the progressive output phase between consecutive antenna elements ∆𝜑 is equal to 45°, which orients the main beam at 𝜃 = +14.5°. If port 3 is excited, the progressive output phase ∆𝜑 is equal to -135° and the main beam is directed to 𝜃 = +48.6°. Due to symmetry around the yOz plane, when port 2 or 4 is fed, we have the same absolute value of the phase of output signal and the beam direction but sign is inverted (+ or -) [20]. Over the last decades, a huge number of different topologies have been studied and developed not only to facilitate the design and fabrication of BM but also to improve the BM performance. Therefore, in the next sections, an overview of these techniques will be introduced as well as the state-of-the-art of BM in both RF and mm-wave designs.

State-of-the-art of BM design technique

The most important thing when designing a BM is the ability to obtain the compromise between complexity and performance. Thus, numerous design techniques for simplification and improvement of BMs have been investigated with different transmission lines topologies:

 planar transmission lines: micro-strip line (MS-line) ( [17], [18], [19], [20]- [26], [27]- [36], [37]- [42]), coplanar waveguide (CPW): [47], [48]. Some designed were also developed in CMOS technology: [49]- [54].  Substrate Integrated Waveguide (SIW) technology: [51], [52], [53], [54]- [60],

[61]- [70], [71]- [76].

Actually, the MS-line technology is the most commonly used for BM design in both single-layered and multi-layered substrate, especially for RF and microwave applications. Indeed, multi-layered transmission line technologies can be applied to avoid using crossovers [21], [22], [33], [40]. The avoidance of crossovers was also investigated to broaden the bandwidth in [22] and [40] by using multi-section coupled-line directional couplers in micro-strip multi-layer technology for both 4×4 and 8×8 BMs, respectively. For similar purpose, multi-layered CPW technology was also implemented in a 4×4 BM [48]. Furthermore, some non-2 BMs, such as 3×3 BM [25], quasi 6×6 BM [26] and 4×6 BM [39] designed in MS technology were also studied and developed to enrich the options of beam numbers and thus, improve the configuration flexibility.

As we know, in order to have more directional beams for better transmission performance, higher-order BMs are required. However, the number of elementary blocks exponentially increases with the order of the BMs [48]. Therefore, many researchers have studied on miniaturization of the effective size of the structure as for example in [44], [45]. Particularly, if the BMs are implemented in silicon-based technology, the increase of elementary blocks leads to the increase of the design complexity and chip area. Thus, the circuit miniaturization becomes crucial for single-chip CMOS realization. Several works have been done to solve this issue by using the multi-layer bifilar transformer [49], the subsector technique [50], or lumped elements [52].

In parallel, SIW technology [81] have drawn a lot of attention over the two last decades thanks to the its attractive features such as high Q factor, high power capability, low-loss, reduced weight, and no susceptibility to electromagnetic interference or wide instantaneous bandwidth features. A large number of investigated devices such as filters, mixers, couplers, antenna has been developed, as for example in [82]- [88]. Thus, the use of SIW technology appears to be a good candidate for the implementation of Butler Matrix as well as the smart antenna systems when compared to micro-strip or planar waveguide technologies. Based on the system requirements, the structure of SIW BM can be formed by considering single-layered [58], [60], [61], [75], [76], [80], or multi-layered substrate, [57], [59], [62], [63], [65], [70], [72], [73], [78], [79]. One of the main advantages of multi-layered substrate over the single-layered one is obviously the size reduction thanks to the decrease of the number of crossovers. Nevertheless, another important factor when dealing with SIW is the simplicity in the design. In fact, single-layered appears to be facilitate the design, and this is the reason why many authors preferred dealing with single-layered structures.

Next, the sub-section 1.3.3 will provide a detailed description of the BM design technique in both MS-line and SIW technology for RF applications meanwhile in 1.3.4, these two techniques will be presented for mm-wave applications.

Butler Matrix design overview for RF applications in MSline and SIW technology 1.3.3.1 MS-line technology

As discussed previously, the MS-line technology is the most commonly used for BM design, especially for RF and microwave applications. Indeed, numerous researches have been done by using this technology either in single-layered or multi-layered substrate. Therefore, in this section, a detailed state-of-the-art of MS-line-based BM in RF will be introduced. (a) [31], (b) [32], (c) [35], (d) [37], (e) [44], (f) [45], (g) [46].

In Figure 1-3, several 4×4 MS single-layered BMs with different design methods are presented. Figure 1-3 (a) illustrates a BM using eight 3-branch-line couplers designed with lumped distributed elements to reduce the BM dimension. Multi-U-shaped coupledline Schiffman phase shifters are also selected to achieve a good transmission and phase performance [31]. In Figure 1-3 (b), a miniaturized BM using 3-dB cross-slotted patch hybrid couplers is introduced [32] leading to an area reduction of 56% while maintaining a similar performance in comparison with that based on traditional patch hybrids. Another miniaturized BM is introduced in [35] (see Figure 1

-3 (c)), the proposed BM is (a) (b) (c) (d) (e) (f) (g)
implemented with couplers and crossovers considering stub-loaded transmission lines in order to obtain an area reduction of 55% as compared to the traditional one while maintaining the performance within the design frequency range.

A miniaturized BM based on a planar artificial transmission line is illustrated in Figure 1-3 (e) for application in ultra-high-frequency radio-frequency identification systems [44]. This planar artificial transmission line is based of micro-strip quasi-lumped elements and is capable of synthesizing micro-strip lines with various characteristic impedances and electrical lengths. By using this planar artificial transmission line, the circuit size of BM can be reduced 21% compared to the conventional one. Figure 1-3 (f) shows another size reduction technique for designing a BM by using a particular type of coupler which has swapped port characteristic wherein the locations of the isolation and coupled ports are switched, allowing obtaining a low 10% area reduction as compared to a conventional Butler matrix [45]. Finally, in Figure 1-3 (g), a compact BM is proposed using only one crossover. The second crossover and the output phase shifters are removed to avoid the interconnecting mismatch loss and imbalanced amplitude introduced by these phase shifters compared with the conventional one [46].

In Figure 1-3 (d), phase reconfigurable synthesized transmission lines are used to connect to the output of conventional BM to form an extended 4×4 BM [37]. This new design aims to provide a low-complexity solution to expand the beam controllability as well as spatial coverage of a conventional beam-switching system.

As an alternative to single-layered BMs, multi-layered MS technology can be used to design especially high-ordered MBs in order to reduce the structure complexity and circuit dimension, which extensively increases due to the escalation of elementary blocks. Several multi-layered MS based BM are presented in Figure 1234.

A double-layer structure wide-band 8×8 BM is presented in [21], Figure 1-4 (a). The double layer structure is adopted to place components on the up and down layers without crossover, thus reducing the loss and size and is easy for producing. A threebranch line coupler is employed as a wideband bridge, and two-section stepped coupling microstrip Schiffman phase shifters are used to realize wideband phase shift. Figure 1234(b), a two-octave 4×4 BM was proposed in multi-layer microstrip asymmetric coupledline technology [22]. To achieve two-octave frequency band in terms of amplitude and phase responses, multi-section coupled-line directional couplers and Schiffman C-sections are considered. A high performance three-section coupled-line 3-dB microstrip directional coupler is utilized as a basic element of the BM and compensated MS-line Schiffman Csections are considered to provide appropriate differential phase characteristics. In [24], the use of coupled-line 3-dB/90° directional couplers and Schiffman phase shifters is also considered to ensure the broad-band amplitude and phase characteristics of the 8x8 BM (see Figure 1-4 (c)). In Figure 1-4 (d), a compact broad-band 8×8 Butler matrix integrated with tunable phase shifters is proposed to provide full beam switching/steering capability [28]. The strip-line tunable phase shifter is designed based on the asymmetric reflectiontype configuration, where a Chebyshev matching network is utilized to convert the port impedance from 50 Ω to 25 Ω so that a phase tuning range in excess of 120° can be obtained. A 80% size reduction compared with a conventional BM was also achieved. In Figure 1-4 (e), a broad-band BM is proposed by combining a broad-band forward-wave directional coupler and a broad-band middle network to obtain a large 47% relative bandwidth and a 67% size reduction as compared with the original size [34]. Meanwhile in Figure 1-4 (f) a slow-wave structure with high slow-wave factor is proposed. The structure is composed of meandered lines, low impedance transmission lines and interdigital structures and, for these reasons, is capable of reducing the circuit size significantly due to its good slow-wave property [36]. Another broad-band planar fully integrated 8×8 BM using coupled-line directional couplers is shown in [40], Figure 1-4 (g). A particular arrangement of the network allows the creation of an entirely planar design having two metallization layers and no interconnections between these layers. Four selected crossovers are realized as a tandem connection of two 3-dB/90 coupled-line directional couplers, which, together with reference transmission lines having appropriate electrical lengths, perform simultaneously crossovers of signal lines, and all needed broadband constant value phase shifters. Moreover, two of the needed 3-dB/90 directional couplers are designed as tandem connections of two 8.34-dB directional couplers, acting as 3-dB/90 directional couplers having crossed outputs. Finally, a low-loss wideband flattopped 8×8 BM is presented in Figure 1-4 (h). This BM is composed of double-side coupler loaded with open stubs and Schiffman phase shifter to get desired phase performance in a wide relative bandwidth of 60% [42]. (a) [21], (b) [22], (c) [24], (d) [28], (e) [34], (f) [36], (g) [40], (h) [42].

Table 1-1 compares state-of-the-art MS-line based BMs in both single-layered and multi-layered substrate for RF electronic applications. The reference, year/type, central frequency, size, BW, average transmission coefficient, maximum amplitude imbalance and phase imbalance at the central frequency, are listed. The BW is considered for an input impedance matching equal or better than 10 dB. Let us notice that ideally (without losses),

(a) (b) (c) (d) (e) (f) (g) (h)
the average transmission coefficient should equal to -6 dB for a 4×4 BM, and -9dB for a 8×8 BM. It can be noticed from this state-of-art overview that one of the major claims is miniaturization of blocks, essentially couplers and phase shifters in multi-layered MS technology as crossovers may benefit from the multiple metallic layers opportunities. In the meantime this may be an issue for crossover isolation, as outlined in [89]. 

REF

SIW technology

Contrary to the large amount of research work for MS-line based BM in RF applications, a limited number of publications concerning the design of SIW-based BM has been found in literature. Figure 1-5 shows several kinds of BM based on SIW technology for RF applications.

In Figure 1-5 (a), a 4×4 single-layered BM designed in Ku-band is presented [76]. Thanks to improved cross-couplers, a 24% relative frequency bandwidth is obtained. Figure 1-5 (b) illustrates a multi-layered SIW BM beam-forming network designed for 24-GHz automotive radar systems [79]. In this structure, a SIW H-plane coupler is optimized with an H-plane slit to provide the required phase shift. A class of SIW E-plane 3-dB couplers in doubled layer substrate is considered as the fundamental building blocks to avoid crossovers. Meanwhile, a particular technique to design a compact wideband 4×4 BM for Ku-band applications is presented in [78], see Figure 12345). In this article, a twolayer SIW BM is designed through a two-fold enhancement approach leading to a significant size reduction of about 50% with respect to the traditional one. In Figure 1-5 (d), a BM-fed two-dimensional scan linearly polarized 2×2 microstrip ring antenna array which is designed in low-cost SIW technology for Ka-band applications is introduced [57]. The highly efficient, compact and passive BM is designed with SIW cruciform couplers and its special topology is well adapted for feeding antenna arrays. Finally, in Figure 12345(e), a broad-band 4×4 SIW multi-layered BM operated at central frequency of 9.5 GHz is presented. The proposed Butler matrix consists of two 90° couplers and a broad-band phase shifter that allows to obtain a broad-band operated frequency range and achieve a compact BM thanks to the absence of crossovers [59]. (a) [76], (b) [79], (c) [78], (d) [57], (e) [59].

The performance of these BMs is presented in In contrast to the huge number of MS-line-based BMs in RF band, only a few works have been done to design the MS-line-based BM for mm-wave applications. It is mainly due to the design and fabrication tolerances in high frequency PCB technology as well as the radiation losses, which increase at higher frequency. However, because of its low cost, the use of microstrip technology for BM realization in mm-wave stays interesting, especially for mm-wave on-chip radio. Three examples of 4×4 BM designed for mm-wave applications are presented in Figure 123456.

Figure 1-6 (a) shows a 60-GHz two-dimensionally scanning array employing wide band planar switched beam network which is composed of two 4×4 MS-line based BM and four hybrid couplers designed in low cost PCB technology [27]. The network has eight I/O ports, each producing a different beam. The first four ports span one BM and the last four ports span the other. The selection of the Butler matrix (left or right) determines the E-plane scan angle, and the selection of port within the matrix determines the H-plane scan angle. The measured results show that this network causes approximately 2 dB of loss in the band of interest and the peak realized gain of the array is achieved at 12.3 dBi. Another 60-GHz switched-beam patch antenna array with 4×4 BM network is also illustrated in Figure 1-6 (b) [30]. By using this network, a return loss greater than 9.6 dB can be obtained over the frequency range of 59.7-65 GHz, meanwhile the maximum insertion loss is found to be around 1.7 dB. Finally, in Figure 1-6 (c), a 4×4 BM with millimeter microstrip is designed at around 40 GHz without any crossing on single-layered substrate. However, the parasitic radiations of the feeding network (which is the Butler matrix) slightly affect the antenna radiating patterns by an increase of the side-lobes levels in the H-plane and thus narrower beams [29]. 

SIW technology

For mm-wave applications, MS-line technology has not attracted many interests to design the BM, whereas the use of SIW technology is much more preferred for this issue. It is mainly due to its characteristics to reduce insertion losses compared to other planar technologies while maintaining most advantages of such technology such as high Q-factor, high power capability, high integration, manufacturing simplicity, low weight, etc. Thus, in this section, a detailed description of SIW-based BMs designed for mm-wave application is presented. Several kinds of mm-wave SIW-based BMs are illustrated in In Figure 1-7 (a), a single-layered SIW multi-beam slot array operating at about 30 GHz for future 5G mobile terminal application is presented [60]. The multi-beam forming network is realized with a Butler matrix that is composed of hybrid couplers, crossovers, and phase shifters (135° and 0°). By using this BM, the transmission coefficients of port 1 and port 2 (as input ports) could be found respectively at -7.0±0.8 dB and -7.0±2.8 dB while the maximum phase error is only approximately 6°. Another singlelayered SIW multi-beam slot array operating from 28 to 32 GHz also used for 5G applications is illustrated in [61], Figure 1234567). This particular BM is designed by using a modified hybrid coupler followed by a -45° compensating phase shifter. The modified hybrid coupler is capable of outputting 45°/135° phase differences and exhibits excellent performance with wideband and flat phase balance, 135° ± 1.8° and 45° ± 1.8° in the completely operating band. This enables phase dispersions of the designed Butler matrix with peak-to-peak error of 13°, for both port 1 or port 2 excitations; coupling to the output ports is well equalized at -6.3 dB with 1.2 dB dispersion across the entire operating bandwidth of interest from 28 GHz to 32 GHz. (a) [60], (b) [61], (c) [72], (d) [73], (e) [75].

Figure 1-7 (c) presents a millimeter-wave 2-D multi-beam aperture-coupled magneto-electric dipole antenna array operating at 60-GHz band [72]. This antenna array is fed by two sets of 4x4 SIW BM arranged in orthogonal directions. The simulated Sparameters show that the impedance bandwidth is wider than 22.6% for reflection coefficients of less than -10 dB from 54.2 to 68 GHz. Besides, the insertion loss of the Butler matrix is less than 1.5 dB, the difference in power between different output ports is less than 1.4 dB, the isolation between any two output ports is larger than 14 dB and finally, the maximum phase error is less than ±9° over the operating band from 56 to 65 GHz. Another millimeter-wave 2-D beam-scanning multi-beam array antenna fed by multi-layered SIW BFN is illustrated in Figure 1-7 (d) [73]. The BFN is formed by connecting two stacks of sub-BFNs, the E-plane sub-BFN and the H-plane sub-BFN. The H-plane sub-BFN is realized by a traditional H-plane 4×4 BM. The key point of this design is to propose an E-plane 4x4 BM which realizes a planar E-plane sub-BFN. These two sets of sub-BFNs can joint directly without resorting to any connectors or connecting networks to form such a compact 16-way BFN with a reduced area. For the E-plane BM, from 28 to 32 GHz, the return loss and isolation coefficients between distinguished output ports are better than 18 dB. At the center frequency (30 GHz), the phase and amplitude errors are lower than ±3° and ±0.8 dB, respectively. The biggest errors are observed at 28 GHz with ±18° for phase error and ±2 dB for amplitude error. The average insertion loss of the total E-plane BM is about 0.97 dB. Meanwhile for the H-plane BM, from 28 to 32 GHz, the phase peak-to-peak errors are less than ±15°. The average insertion loss of the H-plane BM is about 0.47 dB. Finally, a 60-GHz SIW BM which is designed and fabricated by a standard single-layer PCB process is illustrated in Figure 1-7 (e) [75]. As the measured results of the proposed BM show, for the operating bandwidth from 58 to 62 GHz, the reflections and isolations are lower than -13.5 dB and the insertion losses are below 2.5 dB meanwhile the phase peak-to-peak errors are less than ±17°. In order to have an overview of the development of mm-wave SIW-based BMs, a performance summary of the state-of-the-art of these BMs during the last decade will be introduced in Table 1 (*) the results of the BM are simulated but the entire antenna system was fabricated and measured (**) area including access lines and antennas

Pros and Cons

As mentioned previously, over the two last decades, the BM have attracted a lot of attention compared to the others beam-forming networks due to its outstanding characteristics such as perfect matching, isolation and equal power division that can be obtained at the same time. In addition, BM has realizable large bandwidth, its structural simplicity and very low power consumption. By combining with SIW technology, the SIW-based BMs step-by-step have become an unbeatable candidate for designing smart antenna system that is an essential component for future communication networks.

However, some drawbacks are still existing that require to be further studied and dealt with. The first problem is the structure dimension. Even when the multi-layered substrate was used to avoid using the crossovers, the total area of investigated SIW BMs remains large. Therefore, a necessary method is required to miniaturize theses SIW-based BMs. Thus, in this thesis, a slow-wave effect will be considered as a solution for the miniaturization of SIW-based BMs, especially at 28 GHz in PCB technology. This method will be detailed in Chapter 4 and Chapter 5.

Another drawback needs to be considered when designing a SIW-based BM: that is the sensitivity of elementary blocks such as couplers, crossovers and phase shifters, which has a high impact on the BM performance, especially the sensitivity in transmission path isolation of the crossover. Indeed, as indicated in [89], when the crossover transmission path isolation (𝑆 ) varies from 35 dB down to 15 dB, the output amplitude imbalance goes from 0.33 dB to 3.6 dB and the output phase imbalance goes from 1.5° to about 18°. Therefore, a good transmission path isolation (at least better than 25 dB) needs to be achieved when designing the crossover in order to maintain a good BM performance.

Low-loss and compact Substrate Integrated Waveguides

In this thesis, elementary blocks of BM will be designed in both RF and mm-wave frequency band. Thanks to its attractive features such as high Q factor, high power capability, low-loss, reduced weight that have been demonstrated in literature, SIW technology will be considered as a selection for guided transmission topology for our circuits in RF frequency band. Nevertheless, SIW is a substrate-based structure and hence it still suffers from dielectric losses increasing at high frequency. Therefore, in this thesis, three topologies of SIW will be studied.

First, in Chapter 3, an Air-Filled SIW (AF-SIW) will be studied for mm-wave applications in a particular interposer technology based on Carbon-Nanotubes (CNT). Then, in order to obtain a compact Air-Filled SIW, two topologies of slow-wave SIW (SW-SIW) will be studied. Based on CNT technology, an AF-SW-SIW will be designed in Chapter 4 and finally, a proof-of-concept will be proposed in PCB technology at 28 GHz for 5G applications and will be presented in Chapter 5. In that case, a Partially Air-Filled Slow-Wave SIW (PAF-SW-SIW) will be considered. Hence, a compromise between lowloss and compactness will be addressed by using respectively, air-filled technology and slow-wave effect. Finally, in order to evaluate the proof-of-concept performance, the two topologies of AF-SW-SIW and PAF-SW-SIW will be compared.

Hence, before presenting the considered waveguide topologies (in Chapter 3, Chapter 4, and Chapter 5), a general description of SIWs, miniaturization techniques and air-filled structures will be introduced in this section.

SIW structure

Whereas the classical metallic rectangular waveguide (RWG) is an extremely lowloss structure, it suffers of heavy weight, low integration capability and high cost of fabrication. On the other hand, the planar transmission lines although have lower Qfactors, they possess lightweight structure and especially a cheap fabrication process. Therefore, the Substrate Integrated Waveguide (SIW), which possesses the advantages of both aforementioned technologies, has been extensively studied in the past 20 years and has become an outstanding candidate for RF systems. Generally, SIW is a rectangular waveguide-based structure realized in low-profile technology such as printed circuit board (PCB) technology with two metallized layers [81]. The upper and lower substrate metallization are used as the top and bottom walls of the waveguide structure whereas the lateral walls are synthesized in the form of two rows of conducting metallic vias embedded in the dielectric substrate (see Figure 12345678). As for RWG, the main geometrical parameters of a SIW are its width 𝑊 and height ℎ. Two other parameters are introduced, the via-holes diameter 𝑑 and their longitudinal spacing 𝑠. Because the electric side walls of SIW structure are constructed by two parallel via arrays, the associated longitudinal currents cannot travel along the lateral walls, thus only TE mode can be propagated inside SIW with the vertical electric current density on the side walls [91]. The cut-off frequency corresponding to 𝑇𝐸 modes can be described via the equivalent RWG width 𝑊 , as shown in , where 𝑊 corresponds to the width of a classical RWG having the same electrical characteristics as the SIW structure with its real width 𝑊, 𝜀 being the dielectric constant of the substrate [81].

𝑓 = × × × √ (1-1)
The first mode also called fundamental mode is the

𝑇𝐸 mode is calculated in (1- 2) 𝑓 = × × √ (1-2)
The second mode called 𝑇𝐸 appears at 2𝑓 . Hence, the first-mode bandwidth is limited by 𝑓 and 2𝑓 . In a practical manner, the operating frequency band of the 𝑇𝐸 mode is then considered between 1.2𝑓 and 1.8𝑓 [92].

Over the last decade, many publications aimed to study, analyze and develop the design rules for SIW circuit design. These design rules are based on three different principles [90] summarized as follow:

 Minimize the leakage between the via holes  Avoid the presence of bandgaps within the operating frequency band  Limit the mechanical impact of drilling by avoiding very high densities of viaholes The fundamental design rules for the proper operation of SIW were investigated in [93] and were more detailed in [81]. First, the condition 𝑠 > 𝑑 should be followed for obvious practical reasons. Then by combining all consideration, the two following rules were given: 0.05 < < 0.25 (1-3)

𝑠 ≤ 2𝑑

(1-4) where 𝜆 is the cut-off wavelength related to the cut-off frequency 𝑓 by 𝑓 = 1/(𝜆 √ 𝜖𝜇)

The equation (1-3) is related to bandgap consideration, while the equation (1-4) reflects an arbitrary mechanical consideration that aims at avoiding unnecessary drilling.

𝑊 𝑒𝑓𝑓

Moreover, the equation (1-4) presents a sufficient condition for negligible leakage losses. By using the dispersion properties extracted from the Boundary Integral-Resonant Mode Expansion (BI-RME) method combined with the Floquet's theorem [94], an empirical equation was extracted to link the effective width 𝑊 of a conventional RWG and the real width 𝑊 of SIW structure which has the same characteristics. This equation is shown in (1)(2)(3)(4)(5):

𝑊 = 𝑊 - . (1-5)
An accurate formula of the equivalent width 𝑊 is introduced in [91] by studying the leakage characteristics of SIW based on a numerical multimode calibration procedure. This new equation takes the dispersion effect generated by the ratio 𝑑/𝑊 into account. Thus, the SIW propagation constant can match this from a RWG as depicted in [91]. This equation is given in (1-6):

𝑊 = 𝑊 -1.08 + 0.1 (1-6)
After having some physical parameters of the SIW waveguide, full-mode analysis can be carried out by electromagnetic simulation software.

SIW miniaturization techniques

Thanks to its outstanding performance as compared to planar transmission lines, SIW structures have still drawn a lot of attention for the research activities in recent years. As mentioned previously, one intrinsic and major drawback of the SIW is its huge lateral dimension as compared to classical planar transmission lines (e.g. microstrip, CPW). Therefore, the dimension miniaturization became one of the critical issues of performance improvement of SIW-based structures. Thus, in this section, some techniques to reduce the SIW-based structure dimension are presented.

As illustrated in Figure 1-9, the ridge SIW is known as a first solution to reduce the large dimension of a well-known classical metallic waveguide. The structure of the ridge waveguide is quite similar to the rectangular waveguide with one or two ridges inserted in the center of the waveguide. This principle was first published in 1947 by S. B. Cohn [95]. In this publication, it was found that a lower cut-off frequency can be achieved into the ridge waveguide at the same dimension of the hollow metallic waveguide. Thanks to the possibility of multi-layer configuration in PCB technology, the ridge concept has been adapted in 2007 for broad-band transitions from microstrip to SIW [96], as presented in Figure 1-10 (a). With the development of SIW technology, the ridge SIW could be easily implemented into a dielectric substrate by using the conductive vias array to form the lateral walls and the blind vias for ridge support [97], as depicted in Figure 1-10 (b). In this article, the authors demonstrated that a metal strip connecting all blind vias could be used to remove the bandgap effect related to the periodicity and improve the bandwidth to three times that of the usual SIW. It was also demonstrated that an interesting 37% expansion of mono-mode bandwidth [98], as well as lateral miniaturization up to 40% [99] could be achieved. Recently, a novel ridge-SIW-based humidity sensor combined with quarter-mode technique was studied and developed in [100], where the occupied surface is only 20% of the whole surface of the classical SIW sensor.

The second technique to reduce the SIW-based circuits size is so-called "folded SIW". It also relies on a multi-layer configuration. The idea is to bend the waveguide in order to reduce its lateral dimension. It was first introduced by W. L. Barrow in 1941 [101], see Figure 1-11 (a). By folding the wave path inside the waveguide, a very low cutoff frequency can be obtained for the same width of a standard waveguide. In this waveguide, the miniaturization is directly related to the number of bends.

The folded waveguide was first adapted in SIW technology in 2004 [102], and later applied to the design of several passive components. Depending on the way they are bent, the transversely folded SIW can be classified into two main categories: "C-" or "T-shape", respectively presented in Figure 1-11 (b) and (c). From the technology point-of-view, the T-shape configuration has the advantage of presenting a vertical symmetric electric field distribution over the C-shape, facilitating the excitation. However, both structures must be realized in a multi-layered substrate, thus increasing the fabrication cost. A "L-shape" was also introduced in [103] for the feeding of folded tapered slot antenna. After the first publication in 2004 [105], the C-shape configuration has attracted much more attention as compared to the T-shape geometry. It is mainly because the "C-

(a) (b) (a) (b) (c)
shape" folded SIW could provide very similar propagation characteristics as the conventional SIW [106], [START_REF] Che | Analysis and experiments of compact folded substrate-integrated waveguide[END_REF]. Interesting theoretical derivations have also been performed based on a variation analysis recently [104].

In practice, several realizations of folded SIW have been done in PCB technology and for different passive components such as filters [105], [108], [109], antennas [110], couplers [111], etc. But it is worth mentioning that this miniaturization technique has been also recently chosen for the fabrication of SIW in the IBM 130-nm CMOS technology around 200 GHz [112]. It has also drawn attention for the design of compact filters in LTCC technology, which offers the possibility of stacking an important number of layers [START_REF] Chien | Miniaturized bandpass filters with double-folded substrate integrated waveguide resonators in LTCC[END_REF]- [START_REF] Wu | A novel multilayer partial h-plane filter implemented with folded substrate integrated waveguide (FSIW)[END_REF].

Another miniaturization technique for SIW-based circuits based on symmetry consideration by regarding the distribution of electromagnetic fields inside SIW, which is called "partial-mode waveguides" [START_REF] Liu | Half Mode Substrate Integrated Waveguide (HMSIW) multi-way power divider[END_REF]. Theoretically, the fundamental mode in RWG with a symmetry plane along the propagation direction is equivalent to the presence of a magnetic wall. As illustrated in Figure 1-12 (a), this vertical magnetic symmetry can be replaced by an open-circuit condition without introducing a significant difference in the propagation characteristics [START_REF] Liu | Half Mode Substrate Integrated Waveguide (HMSIW) multi-way power divider[END_REF]. The propagating mode in this open structure is thus called half-mode (HM). The dominant mode in the HM waveguide is like one half of the 𝑇𝐸 mode of the full SIW, leading to the same cut-off frequency. However, the latter HM structure involves electromagnetic coupling with the other circuits in a complete integrated system. Indeed, while the full SIW provides an excellent electromagnetic shielding, a strong radiation loss is observed in HM-SIW mainly due to leakage loss in one side of the waveguide. The concept of HM-SIW was first introduced by Hong in 2006 [START_REF] Hong | Half mode substrate integrated waveguide: A new guided wave structure for microwave and millimeter wave application[END_REF] and then rapidly developed and applied to the design of power dividers [START_REF] Liu | Half Mode Substrate Integrated Waveguide (HMSIW) multi-way power divider[END_REF], [START_REF] Chen | Design of a six-port junction using half-mode substrate integrated waveguide[END_REF], couplers [START_REF] Liu | Half Mode Substrate Integrated Waveguide (HMSIW) 3-dB Coupler[END_REF], [START_REF] Liu | Half-mode substrate integrated waveguide (HMSIW) double-slot coupler[END_REF], filters [START_REF] Moscato | Quarter-Mode Cavity Filters in Substrate Integrated Waveguide Technology[END_REF], [START_REF] Li | Design of compact bandpass filters using quartermode and eighth-mode SIW cavities[END_REF], [START_REF] Gong | Novel Compact Bandpass Filter Based on Folded Half Mode Substrate Integrated Waveguide Cavities[END_REF] and antenna applications [START_REF] Caytan | Half-Mode Substrate-Integrated-Waveguide Cavity-Backed Slot Antenna on Cork Substrate[END_REF], [START_REF] Jin | Quarter-mode substrate integrated waveguide and its application to antennas design[END_REF]. Another approach for miniaturization of SIW-based circuits is the use of slowwave concept. Generally, a slow wave factor (𝑠𝑤𝑓) can be defined as the ratio between the free-space velocity in vacuum 𝑐 and actual phase velocity in the considered waveguide 𝑣 , as described in (1-7) [90]. It can also be expressed as the ratio of free-space and guided wavelength 𝜆 and 𝜆, or phase constant 𝛽 and 𝛽. In this definition, an effective relative permittivity 𝜀 containing the contribution of material properties, as well as any additional slow-wave mechanism is introduced.

𝑠𝑤𝑓 = = = = 𝜀 (1-7)
From the equation (1-7), each waveguide structure realized in dielectric material with permittivity greater than 1 would be considered as a slow-wave structure. Therefore, a second formula (1-8) is preferred to define the slow-wave factor [90]. It is defined as the ratio between the phase velocity in the conventional waveguide 𝑣 and the phase velocity 𝑣 of the slow-wave structure achieved through geometry and material modifications.

𝑆𝑊𝐹 = = = (1-8)
Consequently, this slow-wave factor SWF can be simplified as given in (1-9):

𝑆𝑊𝐹 = = _ (1-9)
𝜀 _ = 𝜀 × 𝑆𝐹𝑊 (1-10) Based on this slow-wave concept, A. Niembro published a first slow-wave SIW (SW-SIW) structure in 2014 [START_REF] Niembro-Martín | Slow-wave substrate integrated waveguide[END_REF], the schematic of this SW-SIW being illustrated in Figure 1-13 (a). In this structure, the slow-wave phenomenon is achieved by adding inside an SIW waveguide a blind via hole array connected only to the lower metallized layer. Hence, it allows concentrating the electric filed in between the upper metallized and the top of the blind vias whereas the magnetic field flows around the blind vias and remains present in the whole volume of SIW. This spatial separation of electric and magnetic fields is a typical phenomenon for slow-wave transmission lines, leading to a slowdown in the phase velocity. Two other topologies based on the same idea were also investigated for SIW miniaturization with slow-wave concept, which is that of loading the top cover of the SIW either with polylines [START_REF] Jin | Slow-Wave Effect of Substrate Integrated Waveguide Patterned with Microstrip Polyline[END_REF] or lumped inductors [START_REF] Jin | Slow-wave propagation properties of substrate integrated waveguide based on anisotropic artificial material[END_REF] to create an additional inductive effect. These both techniques are presented in Figure 1-13 (b) and (c), respectively. These potential techniques provide a miniaturization of surface dimension of about 65 %.

Another technique, which is called Spoof Surface Plasmon Polariton (SSPP), have been also studied and investigated recently for SIW-based circuit miniaturization [START_REF] Shen | Conformal surface plasmons propagating on ultrathin and flexible films[END_REF]. The SSPP is a kind of artificial periodic structure to imitate the capability of the natural SPP, which can confine the electromagnetic wave with miniaturized circuit size. The SSPP along with the conversion structure, which converses the electromagnetic mode from the SSPP to spatial mode, can perform a broad passband feature [START_REF] Structure | Half-Mode Substrate Integrated Waveguide Dispersion Tailoring Using 2 . 5-D Spoof Surface[END_REF], [START_REF] Chen | Hybrid Spoof Surface Plasmon Polariton and Substrate Integrated Waveguide Broadband Bandpass Filter With Wide Out-of-Band Rejection[END_REF]. A slow-wave half-mode SIW using SSPP structure is presented in [START_REF] Structure | Slow-Wave Half-Mode Substrate Integrated Waveguide Using Spoof Surface[END_REF], Figure 1-14. The measured results show that an insertion loss of 1.02 dB is obtained at 12 GHz meanwhile a wideband relative bandwidth of 66.67 % (return loss greater than 10 dB) can be found (from 8 to 16 GHz). A significant reduction of 50 % in both longitudinal and lateral dimensions is also achieved as compared to the SIW one providing an excellent slow-wave effect. In this thesis, as mentioned previously, the slow-wave concept will be considered to reduce the circuit dimension and will be presented more in details in Chapter 4 and Chapter 5.

Air-Filled SIW overview

As the operating frequency of dielectric-based circuits is on the rise, the existence of the dielectric material in the propagating medium causes undesirable high dielectric losses. Also, the dielectric filling inside the waveguide reduces the average power handling capability of the conventional SIW in comparison with the corresponding air-filled waveguides [START_REF] Bayat-Makou | Contactless Air-Filled Substrate Integrated Waveguide[END_REF]. Therefore, the possibility to reduce the SIW dielectric losses become one of the hot topics for performance improvement of SIW-based circuits, especially in PCB technology.

A considered solution to reduce the SIW dielectric losses is to provide the air propagation medium for the SIW waveguide to create an AF-SIW, in which the dielectric material between the lateral walls must be engraved. This technique is not possible for single-layered SIW but realizable in multi-layered SIW structure. In 2014, a multi-layer PCB-based SIW structure containing an air cut in the middle section has been introduced for the first time by Belenguer et al. [START_REF] Belenguer | Novel empty substrate integrated waveguide for high-performance microwave integrated circuits[END_REF] with only computational analysis of the attenuation constant and a cut-off frequency of the AF-SIW. This structure is illustrated in Figure 123456789101112131415. After this first publication, numerous works have been reported for the development of AF-SIW, which can be used for different applications such as power divider [START_REF] Parment | Air-filled substrate integrated waveguide for low-loss and high power-handling millimeterwave substrate integrated circuits[END_REF], [START_REF] Parment | Air-to-Dielectric-Filled Two-Hole Substrate-Integrated Waveguide Directional Coupler[END_REF], couplers [START_REF] Parment | Broadband directional Moreno coupler for high-performance air-filled SIW-based Substrate Integrated Systems[END_REF], phase shifters [START_REF] Nguyen | Slab Air-Filled Substrate Integrated Waveguide[END_REF], [START_REF] Parment | Double Dielectric Slab-Loaded Air-Filled SIW Phase Shifters for High-Performance Millimeter-Wave Integration[END_REF], filters [START_REF] Martin | High performance air-filled substrate integrated waveguide filter post-process tuning using capacitive post[END_REF]- [START_REF] Tomassoni | A novel filter based on a dual-mode air-filled substrate integrated waveguide cavity resonator[END_REF], antennas [START_REF] Van Den Brande | Highly Efficient Impulse-Radio Ultra-Wideband Cavity-Backed Slot Antenna in Stacked Air-Filled Substrate Integrated Waveguide Technology[END_REF]- [START_REF] Parment | Millimetrewave air-filled substrate integrated waveguide slot array antenna[END_REF], and humidity sensors [START_REF] Ndoye | Air-filled substrate integrated cavity resonator for humidity sensing[END_REF], [START_REF] Tuho | Miniaturized Humidity Sensor Based on a Partially Air-Filled Slow-Wave SIW Resonator[END_REF], etc.

The AF-SIW concept was also used for this thesis as mentioned previously. A detailed description of this technique will be introduced in Chapter 3, Chapter 4 and Chapter 5 for mm-wave applications in E-band or at 28 GHz.

In mm-wave frequency band: towards a platform choice

It is worth mentioning that the mm-wave frequency spectrum has recently become the crucial concern of many research and development projects due to its potential characteristics for mobile communication networks and 5G applications. In this context, the use of PCB technologies to fabricate the mm-wave circuits is restricted due to its insufficient manufacturing accuracy and reliability [START_REF] Coonrod | Understanding Circuit Material Performance Concerns for PCBs at Millimeter-Wave Frequencies[END_REF]. On the other hand, when a complete integration of the systems on chip is required, the possibility of current integrated technologies is limited. This limitation is not only due to the relatively poor performance of the passive circuits in integrated technologies but also due to the large surface area occupied for these passive circuits, leading to prohibitive costs [89]. Thus, intermediate platforms need to be considered essentially. These ones called interposers allow realizing high-quality passive devices thanks to more appropriate dimensions (such as highthickness and low-loss substrates) and more flexibility in the design as compared to other integrated technologies. Moreover, it makes possible the 3D connection of active chips such as CMOS/BiCMOS, GaAS dies through interposer vias and solder bumps from chip to PCB technology [89]. Generally, 3D integration for microelectronic systems reduces the interconnect length, wiring delay, and system size, while enhancing functionality by heterogeneous integration, and passive electrical performance.

Over the last decades, numerous types of interposers have been studied and developed for mm-wave 3D integration such as silicon [150], [START_REF] Ho | High RF performance TSV silicon carrier for high frequency application[END_REF], glass [START_REF] Sukumaran | Low-cost thin glass interposers as a superior alternative to silicon and organic interposers for packaging of 3-D ICs[END_REF]- [START_REF] Brusberg | Photonic system-in-package technologies using thin glass substrates[END_REF] organic interposers [START_REF] Usman | Interposer Technologies for High-Performance Applications[END_REF], [START_REF] Oi | Development of new 2.5D package with novel integrated organic interposer substrate with ultra-fine wiring and high density bumps[END_REF], metallic nanowire membrane (MnM) interposers [START_REF] Pelegrini | Interposer based on metallic-nanowire-membrane (MnM) for mm-wave applications[END_REF]- [START_REF] Serrano | Slow-wave microstrip line on nanowire-based alumina membrane[END_REF], benzocyclobutene (BCB) interposers [START_REF] Grimault-Jacquin | Characteristics of Coplanar Waveguide of Small Cross Section on BCB with Coplanar Ground to Conductor-Backed Plane Interconnection[END_REF] and carbon nanotube (CNT) interposers [15], [START_REF] Franck | A bulk equivalent model of carbonnanotube arrays : Application to the design of novel antennas[END_REF]- [START_REF] Philippe | Nanostructures de carbone dédiées aux interconnexions hautes fréquences[END_REF]. Due to its outstanding characteristics compared to the other interposers such as excellent electrical and thermal conductivity, CNT has recently attracted a lot of attention and has become an interesting candidate for designing the mm-wave circuits.

Therefore, in this thesis, in the framework of the ANR project TRICOT, CNT will be considered as particular materials to design and develop a new 3D integration technology and concept dedicated to future applications in mm-wave interconnects and circuits, especially E-band. In the meantime, efforts will be put also to expand the possibilities offered by more conventional PCB multi-layered technologies at the limits of mm-waves, at 28 GHz.

Conclusion

The context for this thesis was introduced in the beginning, which emphasizes the important role of multi-beam antenna systems for mm-wave applications, especially for 5G mobile communication networks. The beam-forming technique, which has the ability of providing unique patterns for beam switching or steering, has become the core technology in the rapidly development of this antenna system. Therefore, an overview of four common categories of BFNs was also presented. Among them, BM has a fundamental role because of its outstanding characteristics that makes it the first choice to realize this work. An overview concerning the techniques utilized to design and fabricate BM was also introduced, in RF and mm-wave frequency bands. In fact, the SIW technology has demonstrated its possibility to become a pertinent choice for BM design due to its attractive features such as high Q factor, high power capability, low-loss, reduced weight, and no susceptibility to electromagnetic interference or wide instantaneous bandwidth features. Hence, in this thesis, SIW technology is considered as the core technology to design our circuits and systems in both 28-GHz and E-band.

A short description of SIW technology, as well as miniaturization techniques and low-loss air-filled technology were also introduced in this chapter. These techniques will be considered in this thesis. In Chapter 3, for mm-wave E-band, an AF extremely low-loss SIW with the use of CNT as metallic walls will be studied. Then, at 28 GHz, an AF extremely low-loss SIW using slow-wave effect created by CNT forest for size miniaturization will be detailed in Chapter 4. Finally, a PAF low-loss SIW using slowwave effect created by blind via holes will be presented in Chapter 5.

Before that, it is important to understand the CNT technology that will be introduced comprehensively in Chapter 2.

Chapter 2. Carbon nanotube overview

Carbon nanotubes (CNTs) have been known as the most researched and studied material in 20 th century. Whereas the first observation of CNTs was made in 1952 by two Soviet scientists L.V. Radushkevich and V.M. Lukyanovich [1], CNTs were officially discovered 39 years after by S. Iijima when synthesizing fullerenes by using arc discharge technique in 1991 [2]. Since that, CNTs have been researched in various fields, for examples in display technology [3], solar energy harvesting [4], [5], or even in drug delivery [6]. Besides, CNTs are considered as a concurrent material to metal on many applications in micro-/nano-electronics, spintronics, optics as well as material science, mechanical and biological fields due to their high conductivity, physical strength, high aspect ratio and lightness [7], [8].

Therefore, in this chapter, a summary of essential background of CNTs in the scope of the thesis will be given. In section 2.1, some CNT properties are briefly presented. The growth techniques employed by the laboratory CINTRA-Singapore, who is in charge of the device fabrication in the framework of the French ANR TRICOT project, are described in section 2.2. Then, CNT electromagnetic modeling for full-wave simulation is introduced in section 2.3. Finally, some electronic applications using CNTs are detailed in section 2.4.

Carbon nanotube properties

Physics of carbon nanotubes

Carbon nanotubes can be categorized into two types: single-wall carbon nanotubes (SWCNTs) and multi-wall carbon nanotubes (MWCNTs) [7].

Single-wall carbon nanotubes

SWCNTs can be scrutinized as a monolayer hexagonal lattice of carbon atoms composed of a single long wrapped graphene sheet, with a diameter ranging from 1 to several nm depending on the growth mechanism [9]. They can be illustrated by a chiral vector 𝐶 ⃗ corresponding to the direction to which the graphene sheet is rolled up. A couple of indices (𝑛 and 𝑚 which are integers) defines the chiral vector 𝐶 ⃗ = 𝑛𝑎 ⃗ + 𝑚𝑎 ⃗ which along two directions (𝑎 ⃗ and 𝑎 ⃗, respectively) in the honeycomb crystal lattice of graphene (Figure 2-1). The smallest theoretical SWCNT identified so far has a 0.47-nm diameter [10] (chirality of (𝑛, 𝑚)=(6,0)), and the SWCNT diameter is calculated by [7]:

𝐷 = √ × 𝑏 × √𝑚 + 𝑚 • 𝑛 + 𝑛
(2-1) with 𝑏=0.142 nm is the distance between two consecutive carbon atoms.

Depending on the relationship between 𝑛 and 𝑚, three configurations of the CNT can be defined leading to two particular behaviors (metallic or semiconductor):

 If 𝑚 = 𝑛, the nanotube has a "armchair" type structure: metallic  If 𝑚 = 0, the nanotube has a "zig-zag" type structure: semiconductor  In all other cases, the nanotube is "chiral": semiconductor Theoretically, by controlling the chirality of CNTs, the nature of CNTs can be defined [11]- [13]. However, currently, this chirality is not perfect controlled due to the growth mechanisms. 

Multi-wall carbon nanotubes

The multi-wall carbon nanotube (MWCNT) consists of several imbricated rolled up sheets of graphene (shells) which interweave one inside the other like a Russian doll (Figure 2-2) [15]. The diameter of these CNTs usually ranges between 10 and 100 nm with an interspace between the adjacent shells equal to the Van der Waals length (𝑑 = 0.34 𝑛𝑚). It must be noted that the internal carbon nanotubes have not only different sizes but also their own chirality. In a MWCNT, the inner tube diameter is about half the outer one [7], (i.e. 𝐷 2 ⁄ and 𝐷 ,) and the number of shells 𝑝 can be obtained for a minimum outer diameter of 3 nm by:

𝑝 = 1 + 𝑖𝑛𝑡 (2-2)
For example, 15 shells are obtained for a 20-nm diameter. Besides, a MWCNT, which has more than three walls, has a high possibility to be conductive. Indeed, it was proven that if only one wall in a MWCNT is metallic, the entire MWCNT is metallic [7], [17]. Moreover, among the three categories of chirality: "zigzag", "armchair" and "chiral", the "armchair" configuration is always metallic. Hence, if these three configurations appear equally in a MWCNT, then each wall has a possibility to be metallic of 1/3.

Intrinsic properties of carbon nanotubes 2.1.2.1 Electrical properties

As described in [7], the CNT conduction is quantized, leading to electron moves through discrete conduction channels. Depending on the value of mean free path (MFP) and the length of the conductor, this conduction is either ballistic or diffusive. The MFP is the average distance, which is travelled by a moving particle before successive colliding to another particle. When the length of a conductor is smaller than the value of MFP, the electron transport is ballistic, otherwise it is diffusive [7].

In CNTs, the electrons move at a speed that is almost equal to the speed of light (3.10 m/s), leading to the MFP determined in [18]:

𝑀𝐹𝑃 = √ (2-3)
with 𝜎 and 𝜎 are the variances of the on-site energy 𝐸 and 𝑉 is the nearest-neighbor tight-binding parameter (𝑉= -2.7 eV [19]), and 𝑟 is the CNT radius.

The MFP can be considered approximately as proportional to the radius 𝑟 of CNT and therefore to its diameter 𝐷. For a CNT of diameter 1 nm, the MFP is 1 µm, leading to the following equation:

𝑀𝐹𝑃 ≈ 1000𝐷 (2-4) As described in [20], a long MFP ranging from 1 to 25 µm could be found in CNTs. Meanwhile in bulk material, the electron transport is diffusive (Figure 2-3), thus the electron is able to propagate in all directions and consequently MFP is extremely low (about 38 nm in gold and about 40 nm in copper) as compared to the case of CNTs. The MFP value is bigger for MWCNT than for SWCNT due to the relationship between MFP and tube diameter as shown in (2)(3)(4). In [20], for a MWCNT, a 25-µm MFP was found.

Due to the high value of MFP in carbon nanotubes compared to bulk materials, the usual electrical conductivity of SWCNT is 10 𝑆. 𝑚 and can reach up to 10 𝑆. 𝑚 for MWCNT, which is much higher than copper and gold [22]. Moreover, a maximum current density greater than 10 A/cm² can be obtained in carbon nanotubes [23]. Thermal conductivity (W/mK) 385 5800 [24] 3000 [25] Mean free path (nm) @ 300 K 40 >1000 >25000 

Thermal properties

Carbon-based materials (diamonds and graphite) possess an excellent thermal conductivity compared to any known material at moderate temperature [7], which is the case too, for carbon nanotubes. While thermal conductivity depends on the movement of electrons to conduct heat in metals, the CNTs thermal conduction is provided thanks to the vibration of the covalent bonds holding the carbon atoms together [28]; the atoms themselves are wiggling around and transmitting the heat through the CNTs. The excellent strength of the carbon bond helps transmit this vibration throughout the nanotube, leading to an excellent thermal conductivity. A very high room-temperature thermal conductivity in carbon nanotubes ranging from 1750 to 5800 W/mK [25], [29], [30] was obtained, as compared to other materials such as silicon (84 W/mK), gold (318 W/mK) and copper (400 W/mK), leading to high potentialities in terms of heat dissipation [31].

Mechanical properties

As discussed previously, CNTs are based on rolled-up sheets of a monolayer hexagonal lattice of carbon atoms, in which each atom is connected to the others through a strong chemical covalent 𝑠𝑝 bond [7]. Hence, as shown in [32], CNTs are the strongest and toughest materials yet discovered in term of tensile strength and elastic modulus due to this strong bond. This bond is even stronger than the 𝑠𝑝 bond found in diamond, one of the hardest materials. In [33], a tensile strength of 63 GPa was obtained for a MWCNT. Although the strength of individual CNT shells is extremely high, weak shear interactions between adjacent shells, tubes, bundles, and matrix material lead to a significant reduction in the effective strength of multiwall carbon nanotubes and carbon nanotube bundles down to only a few GPa [34]. This limitation has been recently addressed and effectively increases the strength of these materials to ≈ 60 GPa for multiwall carbon nanotube and ≈17 GPa for double-walled carbon nanotube bundles [34].

Besides, CNT possesses a good property of elasticity: it returns to its original structure without damaging after taking an external force [35], [36]. A CNT is able to be bended up to an angle greater than 45° [35], [37] without breaking (Figure 234). A MWCNT has a capacity to bend up to an angle of 110° without permanent damage [38]. Nevertheless, they can buckle under very high compressive, torsional, or bending stress [39]. It must be noted that the electrical performance of CNTs is affected by bending them. From top to bottom: CNT bended at 0, 30, 45 and 60°.

Carbon nanotubes fabrication

Three main methods to realize the CNT synthesis can be found in the literature. Firstly, the arc discharge method was used in 1991. It is the most used for CNTs production due to its simplicity to launch [2].

Secondly, the laser ablation (or laser vaporization) was discovered in 1995 [41], where a high power pulsed laser was use to vaporize a target of metal-graphite composite under high temperature and controlled pressure.

Thirdly, the chemical vapor deposition (CVD) was developed for CNTs growth. Due to a better control in growth and good understanding of the CVD process, the catalyst CVD has been widely considered in research groups to synthesize CNTs. Since 1993 [42], a lot of methods have been proposed to improve the purity and the direction, size, diameter control of the CNTs: thermal CVD (TCVD) [43], plasma enhanced CVD (PECVD) oxygen assisted [44], water assisted [45], microwave plasma-enhanced (MPECVD) [46], radio frequency plasma-enhanced (RF-CVD) [47], or hot-filament CVD (HFCVD) [48]. In Table 2 From this table, it can be noted that a higher CNT purity can be obtained by arc discharge or laser ablation as compared to CVD techniques. Nevertheless, those methods do not allow obtaining a vertical alignment. Hence, due to several reasons (lower process temperature, high production availability for equipment tools in microelectronics, lower cost and ease of scale-up), and since vertically aligned CNTs are expected in the framework of this ANR project, the CVD methods will be considered. This technique allows a good growth flexibility in terms of parameters control, various usable substrates, CNTs forms and direction [27]. This technique also enables the realization of the various patterns that we require. Prior to our collaboration with CINTRA/NTU, TCVD and PECVD had been compared in terms of CNT growth characteristics, by the team that is composed by Yap Chin Chong, Li Hong, Dunlin Tan and Chow Wei Leong, and directed by Prof. Tay Beng Kang. Advantages and drawbacks observed by this group are summarized in Table 2-3 [27]. Due to the purity of CNTs in acceptable or even high quality, repeatable CNT growth via thermal CVD was proposed. The detailed method could be found in the thesis of C. Brun [27].

SWCNTs MWCNTs

Thermal CVD In the next part of this chapter, an explanation of CNT modeling used for DC and high frequency electronics application will be described. Two main concepts will be considered: analytical and electromagnetic modeling.



Carbon nanotube modeling for electronics applications

In this section, analytical and electromagnetic models of carbon nanotubes for millimeter-wave electronics applications proposed in [27] are presented. In the first part, the analytical model of carbon nanotubes in DC and RF will be introduced, allowing to develop a circuit model that can be integrated for example in ADS in order to design CNT-based RF components. The second part will present the electromagnetic model of CNTs that can be considered as an equivalent 3D bulk material in HFSS Ansys Simulation. This equivalent material developed in [8], which allows designing complicated CNT-based passive devices in HFSS such as waveguides, couplers, phase shifters, Butler matrix, etc. Particularly, in this PhD work, this model is very helpful to demonstrate the possibility of using CNTs to perform slow-wave effect that will be introduced in the Chapter 4.

Analytical modeling of CNTs for DC applications

In DC, both SWCNTs and MWCNTs can be modeled by an electrical resistance composed of three resistances in series that contribute to the total resistance: the contact resistance 𝑅 , the quantum resistance 𝑅 and the distributed nanotube resistance 𝑅 . The DC circuit schematic of carbon nanotube is shown in Figure 2345. 

Contact resistance 𝑹 𝑪

The contact resistance 𝑅 is the resistance between the CNTs and materials in contact with them. Generally, this contact occurs between the metal layer and carbon nanotube, leading to a contact resistance 𝑅 ranging from tenths of kΩ and few MΩ [49]- [54]. In [55], the strongly dependence of the contact resistance on the contact surface and the diameter of the carbon nanotube was demonstrated. As shown in Figure 23456, the greater the CNT diameter, the lower contact resistance. Besides, the catalyst materials and its thickness also play an important role in the change of contact resistance value [27]. Finally, depending on the choice of metals (such as copper, silver, gold) which connect to the CNTs, the contact resistance between carbon nanotubes and metal is modified [35].

𝑅 (𝐿 > 𝑀𝐹𝑃) = 𝑅 × (2-7) 𝑅 (𝐿 > 𝑀𝐹𝑃) = 𝑅 × (2-8) where 𝐿
is the length of CNT and 𝑀𝐹𝑃 is the CNT mean free path. Typically, for a 20-µm SWCNT, the 𝑅 can be calculated as 129 kΩ [57].

From (2-7) and (2-8), and since the MFP depends on the purity of the CNT, the presence of defects in the CNT increases its distributed resistance 𝑅 .

Different results from the literature have been summarized in [58], as illustrated in Figure 234567. 

Analytical modeling of CNTs for RF applications 2.3.2.1 Modeling of single-wall carbon nanotube

As demonstrated in [59], a metallic SWCNT can be described as a micro-strip line composed of a single tube above a ground plane. Hence, a transmission line electrical model can be considered to model the propagation in a carbon nanotube, as shown in Figure 2345678. This circuit is composed by one lumped component (the quantum resistance 𝑅 ) and five distributed components (the scattering-induced resistance or distributed CNT resistance 𝑅 , the kinetic and magnetic inductances 𝐿 and 𝐿 and the quantum and electrostatic capacitances 𝐶 and 𝐶 ) [17], [59]:  The value of magnetic inductance 𝐿 and electrostatic capacitance 𝐶 can be calculated by the following equations:

𝐑 𝐂𝐍𝐓 𝐂 𝐄𝐒 𝐿 = 𝑎𝑟𝑐𝑜𝑠ℎ = ln( + -1) (2-9) 𝐶 = ( ) = ( ) (2-10)
where 𝑎 is the CNT radius, 𝑑 is the distance between the CNT and the ground plane (𝑑 > 𝑎), 𝐿 is the CNT length, 𝜀 is the vacuum permittivity and 𝜇 is the vacuum permeability.  The distributed CNT resistance 𝑅 and the quantum resistance 𝑅 have been already detailed on the DC model section (section 2.3.1). For this equivalent distributed circuit model, the equations for 𝑅 and 𝑅 remain the same.  The kinetic inductance 𝐿 and the quantum capacitances 𝐶 have been studied

in [59]- [62], leading to the following equations for one channel of conduction:

𝐶 / = 𝑒 𝐷(𝜇) = ≈ 193 𝑎𝐹/𝜇𝑚 (2-11) 𝐿 / = ≈ 8 𝑛𝐻/𝜇𝑚 (2-12)
where ℎ is the Planck's constant; 𝑒 is the elementary electron charge; 𝑣 is the Fermi's velocity (9.10 m/s) and 𝐷(µ) is the density of states at the Fermi energy of metallic CNTs. Since two conducting channels exist in a SWCNT, the 𝐿 / inductance must be multiplied by 1/2 to obtain the total kinetic inductance per unit length and the 𝐶 / capacitance must be multiplied by 2 [7] to obtain the total quantum capacitance per unit length, as:

𝐶 / = ≈ 319 𝑎𝐹/𝜇𝑚 (2-13) 𝐿 / = ≈ 3.3 𝑛𝐻/𝜇𝑚 (2-14)

Modeling of multi-wall carbon nanotube

Based on several rolled up sheets of graphene, a MWCNT can be modeled as multiple SWCNT transmission lines in parallel. Each shell shield its adjacent shells from each other so there is coupling effect only between adjacent shells [17]. Therefore, on the MWCNT circuit modeling, shells are connected at the MWCNT terminus and the MWCNT can be modeled by the schematic illustrated on Figure 2 As shown in Figure 23456789, each shell of the MWCNT was modeled by one transmission line. Since each shell has a different diameter, the value of each component of the model is different for all shells. Finally, two "coupling" effects between adjacent shells 𝑖 and 𝑖 + 1 (the coupling capacitance 𝐶 and the tunneling conductance 𝐺 ) and a mutual inductance 𝑀 between adjacent shells 𝑖 and 𝑗 can be calculated as [17], [17]:

𝐶 = ( * ) × 𝐿 (2-15) 𝐺 = 𝜎 × 𝜋 × 𝐷 (2-16) 𝑀 = (𝑙𝑛 -1 + ) (2-17)
where 𝜎 is the tunneling conductivity ranging from no tunneling effect (𝜎 = 0) to the measurement value of 0.3 (µΩ. 𝑐𝑚 ) [17], 𝜀 is the vacuum permittivity, 𝜇 is the vacuum permeability, 𝐿 is the CNT shell length, 𝐷 and 𝐷 are the diameters of shells 𝑖 and 𝑗, respectively and 𝑑 is the distance between two adjacent shells (0.34 nm).

Modeling of a bundle of CNTs

In this PhD work, carbon nanotubes are always considered in a bundle structure (both SWCNTs and MWCNTs). Thus, to facilitate the modeling process of CNT bundle, all CNTs are considered as identical (same length and diameter). This assumption is not exact in realty, as illustrated in Figure 2-10 showing a SEM picture of a MWCNT bundle grown by PECVD process at CINTRA. Nevertheless, in a first approximation, and for modeling simplicity, the length and distance between carbon nanotubes can be considered approximately identical. Based on this assumptions (identical length and diameter), the electrical components of CNT bundle can be calculated as follow: the series elements in the transmission line circuit such as the resistances and inductances are divided by the number of CNTs whereas the parallel components such as the capacitances are multiplied by the number of CNTs. From (2-5) to (2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14), the value of each component of CNT bundle is calculated by the following equations:

𝑅 = × × (2-18) 𝑅 = 𝑅 × = × × × (2-19) 𝐿 = × 𝐿 × × (2-20) 𝐶 = × 𝐿 × 𝑁 × 𝑁 (2-21) 𝐶 = ( ) × 𝐿 × 𝑁 (2-22)
For a SWCNT bundle, two conducting channels exist (𝑁 = 2). For a MWCNT bundle, the number of conducting channels for each MWCNT is obtained by: 𝑁 / = ∑ 𝑁 / (2-23) In order to simply the model of MWCNT bundle, the coupling effects between shells are neglected [63]- [65]. To calculate the number of CNTs in a bundle, we use the following equation [66]:

𝑁 = 𝑛 × 𝑛 × ( )² (2-23)
where:

-𝑛 is the filling factor of the original bundle shape ranging between 0 and 1; -𝑛 is the CNT density factor calculated by dividing the space area occupied by a defined number of CNTs (using the surface of CNTs) by the total area, this value also ranges from 0 to 1; -𝑑 is the bundle diameter and 𝑑 is the average carbon nanotube diameter in the bundle.

Discussion about analytical modeling

The analytical model presented above was developed by XLIM laboratory (Limoges, France) [27]. It was based on numerous worldwide experimental measurements and was built from the physical behaviors of CNTs: quantum paths, inductive and capacitive coupling, contact resistance… This theoretical analysis served to recent researches (essentially performed at XLIM laboratory, Limoges, France) as an element of comparison to validate the electromagnetic modeling that is presented in the next section.

Electromagnetic modeling of CNTs RF applications

In order to predict the electromagnetic behavior of CNTs, a 3-D model was developed by XLIM [8] for electromagnetic analysis on software such as Ansys HFSS or CST Microwave Studio. This model aimed to obtain in particular an equivalent material with the behavior of an artificial material containing the CNT properties.

Single wall carbon nanotube electromagnetic modeling

Based on [67], a metallic SWCNT with radius 𝑎 less than 3.39 nm was modeled by considering an empty tube with an infinitely thin wall provided with a complex surface conductivity similar to a Drude conductivity (see . This complex surface conductivity is frequency dependent:

𝜎 , (𝜔) ≅ -𝑗 ( ) (2-24)
where ℎ is the reduced Planck's constant (1,06.10 𝑚 .kg/s), 𝑒 is the elementary electron charge, 𝑣 is the Fermi's velocity (9,71.10 m/s), 𝜈 = 1/𝜏 is the frequency of relaxation ((3. 10 ) Hz) and 𝜔 is the angular frequency. By considering this surface conductivity on the CNT surface as an impedance boundary, simulations of a SWCNT were performed at XLIM laboratory by C. Brun [26] by using the HFSS software and compared to the analytical model. Figure 2-12 shows the HFSS configuration with a carbon nanotube placed in parallel above a ground plane at the distance of ℎ in order to obtain a transmission line structure. 

Bundle of single wall carbon nanotubes electromagnetic modeling

Bundle of CNTs have already been considered at high frequency to overcome issues such as high impedance and poor efficiency [7], [59], [67], [69]- [77]. Several types of bundle modeling were introduced in the Ph.D. thesis of C. Brun [27]. However, we will only detail in this manuscript the one that was finally chosen for our designs. Therefore, in this section, only the bundle with an unlimited number of SWCNTs will be introduced. This kind of bundle can be considered as a bulk equivalent model that is very helpful to design complicated passive circuits at high frequency such as waveguides, couplers, phase-shifters, Butler matrices, etc. Besides, with the help of this equivalent model, the possibility of using CNTs to perform slow-wave effect will be introduced in the next chapters.

This bulk equivalent model was developed in the PhD thesis of P. Franck (PhD at XLIM laboratory, University of Limoges in collaboration with the UMI CINTRA, NTU Singapore) [68]. The purpose of this model is to reduce the exponential computing time during a complete 3-D electromagnetic simulation, on software similar to HFSS, of an unlimited number of SWCNTs in parallel. We recall here the principle as well as the formulas linked to this equivalent model. This model is the main model used during this thesis to perform HFSS simulations as we said previously. The principle of this bulk equivalent model is illustrated in Figure 2 In this model, a bundle of SWCNTs having the same dimension in term of diameter and length was considered. These SWCNTs were vertically aligned and equally spaced by considering the model presented in [67], [79] for each of these nanotubes. Hence, the CNTs were assimilated as hollow cylinders with complex conductivity 𝜎 , (𝜔) ≅ -𝑗 ( ) as already mentioned in the section 2.3.3.1.

Then, an equivalent model of bulk nanowire (NW) was derived from the empty SWCNT by assuming that the NW has the same size as the empty cylinder and respecting the same distributed Ohm's law, leading to the following equation linking the conductivities of both structures:

𝜎 , (𝑧, 𝜔) = 𝜎 , (𝑧, 𝜔) × (2-25)
where 𝑃 and 𝑆 are the perimeter and the area of the cross-section of the SWCNT, respectively.

Finally, an equivalent bulk model from a bundle of several equivalent bulk nanowires was derived by assuming a homogeneous distribution of the NWs in the bundle as shown in Figure 2 This equivalent bulk material was modeled by an anisotropic effective bulk conductivity 𝜎 of the bundle of equivalent bulk NWs:

𝜎 ( ) = 𝜎 0 0 0 𝜎 0 0 0 𝜎 (2-26)
where 𝜎 and 𝜎 are the transverse conductivities of the equivalent material that can be neglected and 𝜎 is the anisotropic conductivity along the axis of NWs, here the z-axis. Finally, in the particular case of a bundle of CNTs in the air, it was demonstrated that the anisotropic effective bulk conductivity 𝜎 can be given by:

𝜎 ( ) = 𝜎 , 𝐷 𝜁(𝑢) 0 0 0 0 0 0 0 0 1 (2-27)
where 𝜎 , = is the linear conductivity over a single SWCNT; 𝐷 corresponds to 2 * 10 NW/𝑚 ; 𝜁(𝑢) = and 𝑢 = 𝜔𝜏 = = .

The main advantage of this method is low computing resource requirement necessary to model a bundle of thousands (or much more) SWCNTs. However, there are also some limitations: only homogeneous bundle of CNTs can be modeled, meaning all carbon nanotubes have the same diameter and length; only single-wall are modeled; and CNTs need to be aligned [68].

In order to integrate this model into HFSS to design CNT-based electronic structures, the anisotropic complex conductivity must be transformed into a combination of a relative permittivity 𝜀 = and a loss tangent 𝑡𝑎𝑛𝛿 = " . To process, several equations must be used as follow: (2-34)

𝜀 = 𝜀 + 𝑗𝜀 " = 𝐾𝜀 -𝑗 ( 

Discussion about electromagnetic modeling and choice for CNT topology

In section 2.3, the CNT modeling developed by XLIM with two approaches, analytical and electromagnetic, was presented to model SWCNTs, MWCNTs and bundle of CNTs. A good agreement between the two models was demonstrated for a SWCNT. A specific approach for bundles was presented and validated on bundles of SWCNTs. Electromagnetic modeling of single MWCNTs, and of bundles of MWCNTs, is still under investigation at CINTRA, Singapore; the lack of accuracy is certainly due to the difficulty of modeling tunneling effect between the numerous shells of the MWCNTs.

Moreover, as mentioned in the technological fabrication part, section 2.2, bundles, or forest, of SWCNTs are denser than bundles, or forest, of MWCNTs, which may compensate for the higher resistance of SWCNTs.

For both reasons (fabrication and modeling), the choice was made between the partners of the TRICOT project, to focus on SWCNTs. The available electromagnetic model of SWCNTs bundle, or forest, paves the way to design the CNT-based devices for various high frequency applications. Particularly, this equivalent bulk model plays an important role for designing the slow-wave passive circuits at high frequency, as the purpose of this PhD thesis that will be presented more in detail in the next chapters.

Before presenting in depth the main core of this PhD design work, in Chapter 3, Chapter 4 and Chapter 5, some state-of-the-art applications based on CNTs are presented in the last section.

Examples of application of CNTs in electronics

Since the first discovery of CNTs by S. Iijima in 1991, the carbon nanotubes have been considered in many applications for low and high frequency electronics such as in transistors, gas sensors, waveguides, antennas, interconnection, etc. On the next paragraphs, some applications will be introduced in order to illustrate various possibilities of using the CNT as an electronic material.

Transistors

Based on Moore's law predicting the transistors miniaturization, and since semiconductive properties can exist for CNTs, numerous studies have been proposed to achieve CNT-based transistors [80]. Among them, the researches have widely focused on the field effect transistor based on CNTs (CNTFETs) [81]- [85]. An ON current exhibited by CNTFETs has been demonstrated that it is 20-30 times higher than the one exhibited by Si MOSFETs [86]- [88].

Gas sensors

Recently, the gas sensors based on carbon nanotubes have been widely developed. Compared to existing technologies, the CNT-based gas sensors allow obtaining ultracompact devices, which are effective at room temperature, with a low power consumption, a very fast response time, a low recovery time (few seconds) and a good stability [89]. They also show a good versatility (i.e., they can be used for several gases such as NO2 and NH3) and finally, relatively low fabrication costs can be reached [90], [91].

Waveguides

The first CNT-based waveguide was designed and developed by M. Cometto [92] based on the concept of substrate integrated waveguide (SIW). This considered air-filled waveguide is composed of lateral walls made of CNT bundle instead of metallic vias and assembled with top and bottom metallic plates. In order to excite this waveguide, a CNT bump was placed at the extremity of the two signal lines of the CPW in/out accesses. The waveguide structure is described in Figure 2345678910111213141516. Based on these first results, new CNT-based waveguides have been designed in the framework of TRICOT ANR project. In particular, CNT-based waveguides considering coupling slots and CPW access lines will be presented in this PhD manuscript. A detailed study will be proposed in Chapter 3.

Antennas

During the last decade, many researches involved in developing antennas based on carbon nanotubes have been proposed. For example, an innovative patch antenna was designed by using the CNT inks to replace the metal [93], [94]. In [95], in order to form the antenna, a vertically aligned bundle of CNTs grown on a flexible substrate and included it in a composite polymer was considered. CNTs were also used in antenna as loads or conductors as CNTs can be metallic [96]- [98]. Other applications relying on the ink-jet printing of CNT-loaded conductive ink were done to fabricate diverse RF circuits [99], [100]. Some more work was done on CNT antennas at higher frequencies, making use of the quantum effects of the CNTs to design millimeter wave resonant antennas [101].

Interconnections

As defined in Figure 2-17, two main levels of interconnections are defined in integrated circuits regarding to their size, their length and their purpose. The level 1 consists of all "chip-to-chip packaging" interconnects such as wire bonding, flip-chips or via holes which are used to connect the chip to its package. Meanwhile, the level 0 is the back-end-of-line interconnections, which is composed of all smaller interconnections than the first level. They are usually located into the integrated circuits themselves. In addition, in literature, numerous researches have been studied to demonstrate the possibility of using CNTs for both levels of interconnections, such as [22], [102], [103] for level 0 or [104]- [106] for level 1. 

Other applications

As indicated previously, due to their high thermal conductivity, CNTs can be considered as a good candidate to replace metal-based coolers in thermal management. Indeed, by using a thick layer of carbon nanotubes, a lighter cooler than copper-based one can be achieved with a better performance [108].

CNTs were recently used to fabricate an on-chip random number generator, which is useful to many cryptography and communication processes [109].

The use of CNTs for demodulation and narrow-band amplifiers was also demonstrated in [110], [111].

Finally, MWCNTs were employed as an electromechanical switch NEMS [112]. The advantage of using CNT-based switch is the low switching time (few nanoseconds) compared to other classical approaches. Moreover, a lower switch capacitance can be reached, and consequently decrease the switch response. However, most of the devices showed failures with high power tests. Thus, reliability of the CNT-based switches needs to be much more investigated [112].

Conclusion

In this second chapter, we have presented the physical properties of carbon nanotubes. Due to their outstanding properties as compared to other materials, CNTs could be considered as a potential material for next-generation electronics applications in order to replace classical metal-based structures. A wide number of electronics applications based on CNTs has been reported: field effect transistors, antennas, interconnections or promising low-loss waveguides as studied in the framework of this PhD thesis.

Four main methods to grow CNTs for electronics applications were also described in this chapter: arc discharge, laser ablation, and thermal CVD and PECVD method. Thermal CVD and PECVD are the only methods enabling vertical alignments. Thus, thermal CVD was chosen in the framework of the TRICOT ANR Project due to several main reasons: low process temperature, repeatability, excellent knowledge by the laboratory in charge of the fabrication (CINTRA, Singapore) and ease of scale-up. Even if a lower CNT purity is obtained by CVD method than by arc discharge or laser ablation, the values for CNT purity are superior to 75% that is totally acceptable. Also, bundles of SWCNTs grown through thermal CVD present interestingly high densities up to 10 𝑚 . Two analytical and electromagnetic modeling of CNTs performed at XLIM laboratory, Limoges, France, were also described in this chapter. Since a very good agreement between the analytical model of a bundle of SWCNTs and a bulk model of the same bundle was obtained, it was decided to consider this bulk model to design and optimize the microwave structures developed in the next chapters in electromagnetic simulations.

Chapter 3. Potentialities of CNT as metallic walls for Air-Filled SIW (AF-SIW) in E-band In the previous chapter, we considered some characteristics of CNT as well as its applications in electronic systems. Therefore, in this chapter, an Air-Filled SIW (AF-SIW) based on CNT technology used to design the elementary blocks of a Butler Matrix (BM) in band E (71-86 GHz) will be investigated and introduced. As we know, the SIW concept is based on the realization of a waveguide embedded inside a substrate by using for instance a standard PCB technology. This is achieved by using double-faced metallized substrates, and vias arranged in two parallel lines to define the lateral walls of the waveguide. Based on this basic concept, to obtain CNT-based AF-SIW, the lateral metallic-via walls of rectangular waveguides will be replaced by CNTs walls transferred to the top or bottom metallic layer by flip-chip technique. The design rules as well as the fabrication process of these structures will be detailed in this chapter.

Review on the electromagnetic model for CNT simulation

Considering CNTs in vacuum or in air, the model developed by XLIM/CINTRA, our collaborators in the TRICOT ANR project, and presented in detail so far in Chapter 2, is reminded in equation (3-1):

𝜎 (𝑧) = 0 0 0 0 0 0 0 0 𝜎 (𝑞, 𝜔) (3-1) 
with 𝜎 (𝑞, 𝜔) = 𝐷 * * * * ( )

(3-2)
This EM model represents an artificial material having vertical conductivity 𝜎 (𝑞, 𝜔) aligned along z-axis, which can be created by using Ansoft HFSS in order to perform simulations.

Fixed parameters are 𝑒 ≈ 1.602 * 10 𝐶, the elementary charge; ℎ ≈ 6.626 * 10 𝐽. 𝑠, the Plank constant; 𝑣 = 9.71 * 10 𝑚/𝑠 , the Fermi velocity in CNTs; 𝜈 = 𝜏 , the relaxation frequency with 𝜏 ≈ 3 * 10 𝑠.

Variable parameters are 𝜔, the angular frequency, and the density of CNTs, that may fluctuate depending on the process used for the CNTs growth. On the basis of CINTRA experience, 𝐷 = 2 * 10 per 𝑚 has been chosen for simulation. At 78.5 GHz, mid-E-band frequency, this leads to 𝜎 (𝑞, 𝜔) = 1.01*10 S/m.

CNT-based AF-SIW waveguide

General view of the proposed AF-SIW

The choice was made to feed this CNT-based AF-SIW through CPW-to-SIW transitions. Due to energy transfer conditions through this transition, silicon-based wafer for CNT was not an accurate choice, so that a PCB-based substrate was considered. As a matter of fact, an exploded view of investigated CNT-based AF-SIW waveguide structure, together with its access lines, is presented in Figure 3-1. This waveguide consists of three layers: (i) a bottom metallic layer etched on a dielectric substrate ROGERS RT Duroid 5880 (with a thickness of 0.127 mm and a relative dielectric permittivity of 2.2) where the feeding lines and matching slots are defined, (ii) the CNT walls transferred on the bottom metallic layer by using flip-chip process to form the lateral wall of the waveguide, and (iii) the top metallic cover layer. Notice that to avoid the appearance of substrate modes [1], [2] within the E-band, a thin bottom substrate thickness (0.127 mm) is considered. In order to feed this waveguide, an optimized and developed transition was designed and simulated based on the coplanar waveguide (CPW) transition design in [3]. It should be noticed that, for this SIW waveguide, the electrical energy is contained in the air inside the waveguide, therefore a direct transition from a CPW access line on Duroid substrate (in which the electrical energy is essentially contained inside the substrate) to the waveguide is tricky. An intermediate path, via a grounded-CPW (GCPW) in the air, is therefore needed to ensure a smoother transition. The top metallic cover will also serve as a ground plan for the GCPW access line. A detailed description of the transition used for our waveguide will be presented in the next section and in order to compare the performance, the state-of-the-art of transitions from transmission line to SIW will be also introduced.

Transmission line-to-SIW transitions -state of the art

High performance transition between planar transmission lines and SIW is the key circuit building element for the integrated applications of SIW. Several transitions from transmission line to SIW were investigated over the last years. They can be roughly divided into single-layered substrate or multi-layered substrate applications. Multi-layered connections can be typically used in circuits involving a multi-layered fabrication process such as LTCC [4]. Dual-layered SIW transitions to microstrip [5] or CPW technology [6] have been also successfully proposed, but multi-layered SIW circuit implementations often experience alignment issues.

Therefore, the vast majority of recently published transitions from transmission line to SIW have been investigated as single-layered circuits including connection to microstrip [7], [8], grounded CPW [3], [9]- [13], regular CPW [14]- [17], and coplanar strip-line [18]. A transition involving a slot-line was also presented within a SIW magic-T structure for mixer application [19]. Figure 3-2 and Figure 3-3 illustrate some different types of transitions.

Figure 3-2 (a) illustrates a SIW-based bandpass filter based on LTCC technology and this filter operates around 35 GHz [4]. By using the multilayered microstrip-to-SIW transition for coupling the first resonator, the filter size and losses could be reduced additionally compared to a classical shunt-inductance-coupled filter in MS technology. Another multilayered ultra-wideband CPW-to-SIW transition using an elevated-CPW section is presented in Figure 3-2 (b) [6]. The elevated-CPW is used to attain a gradual mode matching and to achieve the consequent wide bandwidth. The measurement results show 70% fractional bandwidth at 10 dB return loss and 0.9 dB insertion loss from 19 to 40 GHz (the operating frequency is 30 GHz). Several kinds of single-layered connections between planar transmission lines and SIW are introduced in Figure 3-3. A transition from microstrip to SIW within the same dielectric substrate is presented in Figure 3-3 (a). The experiments at 28 GHz show that a relative bandwidth of 12% with a 20-dB return loss can be obtained with an in-band insertion loss better than 0.3 dB [7]. The first back-to-back transition structure from CPW to SIW integrated on the same substrate layer was proposed by Dominic Deslandes and Ke Wu in 2001 [14] as illustrated in Figure 3-3 (b). This transition is based on the 90° bend coupling slot in the terminal of CPW. The length of each CPW bend slot is approximately 𝜆/4 and ended with a short circuit. With this kind of transition, a 7%bandwidth was obtained with a 15-dB return loss and a measured insertion loss better than 3.2 dB in the entire band. After this first study of CPW-to-SIW transition, numerous works were developed to improve the performance of this kind of transition. For example, in [3] and in [15], by using the triangular-shaped coupling slot, a very large relative bandwidth of 80% for 20-dB return loss is obtained, with a maximum insertion loss of only 0.4 dB and 0.3 dB, respectively. These two transitions are illustrated in Figure 3-3 (f) and Figure 3-3 (c), respectively. Another kind of transition from planar transmission line to SIW is presented in Figure 3-3 (e). This transition is based on a current probe used to transfer power between two dissimilar transmission lines [9]. The experiments at 28 GHz show that a relative bandwidth of 10% for 20-dB return loss can be easily obtained with an insertion loss lower than 0.73 dB over the bandwidth of interest. In order to compare the performance of difference types of TLine-to-SIW transition, a summary in terms of operating frequency, bandwidth and maximum insertion loss is presented in Table 3-1.

Ref Type of transition Layer

Operating Frequency (GHz) Relative Bandwidth regarding matching Maximum Insertion Loss (dB) [6] CPW-to-SIW Multi 30 70% at 10-dB 0.9 [7] Microstrip-to-SIW Single 28 12% at 20-dB 0.3 [9] GCPW-to-SIW current probe Single 28 10% at 20-dB 0.73 [12] GCPW-to-SIW coupling slot Single 50 30% at 20-dB 0.5 [3] GCPW-to-SIW triangle slot Single 13 80% at 20-dB 0.4 [14] CPW As shown in Table 3-1, the transitions in form of triangle coupling slot exhibit a wider bandwidth (about 80%) than the other ones and achieved a significantly low insertion loss of less than 0.4 dB. Thus, this kind of coupling slot was chosen for our CNTbased AF-SIW, which will be presented more in details in the next section.

Proposed CNT-based AF-SIW transition

As mentioned previously, a CPW-to-GCPW-to-SIW transition is considered for our CNT-based AF-SIW as presented in Figure 3-1. This transition is mainly based on the

(e) (f) (g) (h) (a) (b) (c) (d)
quarter-wavelength triangle coupling slot introduced in [3], but a slightly more complex geometry was adopted in order to achieve better results for the whole E-band frequency.

The detailed view of this transition is illustrated in Figure 34. The broadband transition geometry is established by two angles 𝜃 and 𝜃 as well as the taper lengths 𝑙 and 𝑙 . These dimensions are crucial factors to achieve a very good matching. Also, the distance 𝑝 between the end of the transition and the CNT lateral wall is defined. The physical dimensions of the CPW and GCPW are also given: 𝑊 , 𝑊 , 𝑑, 𝑊 , 𝑊 . For the starting point, 𝑙 should be equal to a quarter-wavelength at the center frequency of the E-band (0.95 mm at 78.5 Hz). Numerous parametric analysis perform with full-wave simulations concluded to an outer angle 𝜃 around 35°, meanwhile the typical value for 𝜃 is around 40°. The optimized dimensions of the transitions are as follows: 𝑙 = 0.62 mm, 𝑙 = 0.15 mm, 𝜃 = 35°, 𝜃 = 38°, 𝑝 = 0.25 mm.

Concerning the CPW and GCPW dimensions, a 50-Ω characteristic impedance needs to be obtained. Let us notice that these dimensions were also optimized in compliance with the standard 100-um pitch for measurements with GSG pads. Thus, the optimized dimensions are as follows: 𝑊 = 78 um, 𝑊 = 10 um, 𝑑 = 150 um, 𝑊 = 480 um, 𝑊 = 25 um. By using this transition, the simulated return loss is better than 15 dB in the entire E-band. Meanwhile, the maximum simulated insertion loss is better than 0.5 dB over the E-band and occurs at 86 GHz. These results allow us to believe in a suitable access line for our circuits. The detailed simulation results will be introduced in the next part.

Design and simulation results of the CNT-based AF-SIW

In order to ach ieve a first cut-off frequency of 52 GHz for the E-band operation, the waveguide width 𝑊 is calculated as 2.8 mm by using the following equation:

𝑓 = × × √ (3-4)
where 𝑓 is the first cut-off frequency, 𝑐 is the light velocity in vacuum, and 𝜀 is the relative permittivity of waveguide dielectric, in this case 𝜀 = 1 because the waveguide is filled with air. The height of the CNT walls ℎ is chosen at 200 µm, that is an easily reachable height at CINTRA, Singapore for future realization. First simulations were carried out by focusing on the width of the CNT walls. In order to evaluate the impact of the CNT lateral walls width (𝑊 ) on the waveguide performance, a variation of the width between 0.1 mm and 1 mm was applied in simulation. The simulation results which are obtained with a 9-mm long air-filled waveguide including access lines (𝐿 ), 0.2-mm height (ℎ ) and 2.8-mm width (𝑊 ), are shown in Figure 3456. As shown in Figure 3456, the width of the lateral wall has a very small impact on the insertion loss, even for a small wall thickness (0.1 mm). The results are also comparable with the ones obtained with a perfect electrically conducting wall (PEC) Hence, CNTs can be used instead of metallic walls for the realization of waveguides without affecting the transmission even if 𝜎 (𝑞, 𝜔) = 1.01*10 S/m. This is due to the preferential axial conduction in CNTs while transversal conduction has been neglected.

𝑊 𝑊 𝐿

This will have to be confirmed further by measurements. In addition, it allows us to select the value of CNT-wall width, which is compatible with the fabrication process requirements without any constraint regarding its impact.

The extraction of the propagation constant will be performed through a deembedding algorithm [20] requiring sets of S-parameters for different lengths of waveguides. Ideally, the extraction should be done using two different waveguides whose electrical length differs from 90 degrees at the center frequency [21]. However, for losses estimation a longer phase difference should be necessary to raise the power loss level way above the measurement uncertainty. For these reasons, five different lengths of the investigated waveguide were implemented following the rule given by (3)(4)(5), where 𝐿 = 1.4 mm stands for the waveguide length of the shorter feature ("Thru") and Δ𝐿 = 0.9 mm is close to a quarter of guided wavelength at center frequency. The simulated results obtained for different lengths of investigated waveguides are illustrated in Figure 34567.

𝐿 = 𝐿 + 𝑖 * Δ𝐿 , 0 ≤ 𝑖 ≤ 4 (3-5) As presented in Figure 3-7, the simulated return loss is better than 15 dB in the entire E-band for all structures. Meanwhile, the maximum simulated insertion loss is better than 0.6 dB over the E-band and occurs at 86 GHz.

In order to validate the de-embedding algorithm used to extract the attenuation constant as well as the quality factor of the investigated waveguides [20], simulated results with MATLAB code are presented in Figure 345678, where two different lengths of waveguides ("𝐿 =Thru" and "𝐿 ") were chosen for this extraction. The quality factor at 1.5*𝑓 = 80 GHz is about 400, meanwhile the maximum attenuation constant is around 0.015 dB/mm over the entire E-band. 

Fabrication process

In this section, the description of the fabrication process considered by CINTRA laboratory in Singapore to manufacture the CNT-based AF-SIW waveguides is introduced, following their recommendations. This fabrication process is composed of three steps: bottom layer definition, top layer definition and waveguide definition by flipchip bonding from top layer toward the bottom layer. The general layout overview is firstly introduced.

Layout overview

Top view of layout for all fabricated structures including waveguides and calibration kits, to be fabricated on a wafer of 4-inches diameter, are illustrated in Figure 3456789. Two different values of the width of CNT walls will be considered: 1 mm and 1.5 mm in order to adapt the fabrication process requirements and also to compare the waveguide performance. The waveguides having CNT lateral wall of 1 mm are placed on the left side of this wafer, whereas the waveguides of 1.5-mm-CNT wall are placed on the right side. Those two widths are for mechanical stability comparison. 

Bottom layer 3.3.2.1 CNTs preparation

The CNTs will be fully grown on a Silicon wafer and after the growth, a gold layer of 120 nm by using E-beam evaporation will be deposited on top of the CNTs. The geometry of this structure is illustrated on Figure 3 

Bottom layer definition

After the growth of CNTs, the next step is the preparation of the bottom layer. This layer could be fabricated by the following stages:

 A cleaned ROGERS substrate (RT Duroid 5880 with a thickness of 0.127 mm and a relative dielectric permittivity of 2.2) is used to prepare the bottom part of AF-SIW.  Negative photoresist is spun onto the wafer and the wafer is put into oven and softbaked afterwards.  The wafer is inserted into mask aligner and aligned regarding the Bottom mask.  After using UV light to polymerize resist, mask is removed and resist is developed.  After development, gold is deposition through e-beam evaporation with a thickness of 1000 nm.  Negative resist is removed and bottom is defined.

The whole process of the bottom layer definition is illustrated in Figure 3-11 and Figure 3-12 presents the mask used during the photolithography process. 

CNT transfer on bottom layer

After the fabrication of bottom layer, the next step consists in transferring the CNTs, which were already prepared (see Figure 3-10), on the bottom layer by using flipchip bonding. In order to carry out this step, a particular adhesive material called SAC305 is considered to efficiently stick the CNT on the bottom layer. A summary of this step is presented below:

 The photolithography CNT mask (as illustrated in Figure 3-13) is used to deposit the SAC305 on the bottom layer through e-beam evaporation with a thickness of 1000 nm. This step will be done in one shot on the whole bottom with a process similar to the one on Figure 3-11. This step is usually performed by evaporating SAC305 through a simple shadow mask but a photolithography mask guarantees more uniformity in the process than a shadow one.  CNTs transferring is carried out by flip-chip bonding process by using "the principle of the sandwich", which means that the SAC305 will make contact between two gold layers instead of one gold layer and the CNTs. This principle will be presented in Figure 3-14 and Figure 3-15.  During the flip-chip bonding process, the bottom will be heated at 260° for 2min30s as the melting point of SAC305 is around 217°. The force applied on the whole wafer is around 60 N.  After the flip-chip bonding process, the silicon wafer will be pulled away the CNT and the CNT transferring process is finished.  After CNT transfer, the bottom wafer will be diced into unit devices.  Finally, a thin layer of gold (120 nm) will be sputtered on top of the CNTs to protect it from potential damage (see Figure 3-16), by using a shadow mask similar to the CNT mask. The mask is necessary as it prevents gold from deposition inside the CPW gap and waveguide slots of the bottom layer. Also a shadow mask is mandatory instead of the photolithography CNT mask as CNTs cannot be put in contact with any material. 

Top/cover layer definition

The process to define the top layer is similar to the one used for the bottom layer as illustrated in Figure 3-17. However, the wafer used for top layer is made of silicon instead of ROGER substrate. The photolithography Cover mask is also presented in Figure 3-18. After definition, the cover wafer will be diced into unit devices in order to process the final step. 

Waveguide definition by flip-chip process from cover towards bottom layer

Finally, the CNT-based AF-SIW waveguide manufacturing is completed by flipchip bonding process from the cover layer towards the bottom layer. This step could be detailed as follows:

 On the cover layer of unit device, SAC305 with thickness of 1000 nm will be evaporated through the photolithography CNT mask (see . This is possible as the latter is symmetrical as long as only one device is considered. Using the photolithography method with CNT mask instead its shadow mask counterpart enables better precision in the process.  Flip-chip bonding from cover towards bottom layer (see , in presence of spacers not to crash CNTs.  Once again, the device will be heated at 260° for 2min30s. This is the same SAC305 with a melting point around 217°. The force applied on the unit device is around 40 N. 

Measurement results

The first measurement process was carried on at CINTRA laboratory-Singapore for the CNT-based AF-SIW named "L2". Figure 3-21 illustrates the general view of the investigated waveguide after CNTs transfer on bottom layer. As shown in Figure 3-21, it is obvious that a delamination is observed between the CNT wall and the bottom layer, which can lead to a bad behavior of this waveguide with much bottom leakage. In order to check the waveguide performance and investigate where unexpected results could come from, three measurement configurations were taken into account:

 Measurement with the presence of CNT wall (the one delaminated) and with the top cover: w/CNT w/cover  Measurement with the presence of CNT wall (the one delaminated) and without the top cover: w/CNT wo/cover  Measurement without the CNT and without the top cover, on another 𝐿 device, just before the CNT transfer. That means that only the 1000 nm of SAC305 act as a "wall": wo/CNT wo/cover The relevant measurement results of these configurations are presented in Figure 3-22. The simulation results of the second configuration was also convened for comparison purpose (no delamination has been considered during simulation). The measurement results illustrated in Figure 3-22 demonstrates, at first sight, an opened waveguide structure behavior. Nevertheless, a deep insight leads to the following observations: the results are not so much different between waveguides 'w/CNT w/cover' and 'w/CNT wo/cover' (red and green curves). In both cases, a cut-off frequency of ~50 GHz may be observed. In parallel, no cut-off frequency is visible in the framework of 'wo/CNT wo/cover' measurements: this proves that the CNT wall acts as a metallic wall.

For the two cases with CNTs, it can be observed that the presence of cover has some influence regarding loss. In the "waveguide bandwidth", losses are increasing with frequency when no cover is present, that is not the case in the presence of cover that prevent from top leakage if cover contact with CNT wall is perfect. By the way, it seems mes_w/CNT_w/cover mes_w/CNT_wo/cover mes_wo/CNT_wo/cover sim_w/CNT_wo/cover difficult to explain if the encountered losses come from delamination part at the bottom or from a bad contact with the cover on top, or both.

To better clarify, a simulation 'w/CNT wo/cover' was also performed to be compared with measurements in almost similar conditions (leading to a comparison between black and green curves, green curve with delamination, black curve without delamination). Increasing loss with frequencies, but without a clear cut-off frequency this time, was observed in simulation. Having the cut-off frequency observation apart, this let us think that during the 'w/CNT w/cover' measurements there exist some contacts between the CNT walls and the top cover even if this contact is not perfect everywhere.

As a conclusion, there exist bad contacts between the CNT wall and the bottom layer because of delamination part, which obviously provides huge bottom leakage during propagation. There certainly exist some contacts between CNTs and cover but nothing can be proven concerning the quality of this contact: some top leakage may also come from this part. Hence, it is important to improve techniques to transfer CNTs in order to have a better contact between CNT walls and metalized substrate and cover. Further simulations considering delamination should be provided to better investigate the behavior.

CNT-based AF-SIW 3-dB coupler

Recently, the couplers have been recognized as essential building blocks in microwave and mm-wave circuits which can operate different functions depending on the application [22]- [25]. In some cases, they can be used to split an input signal into two waves with a certain power ratio between them while affecting one of the two by a certain amount of phase shift. This function is particularly effective for realizing mixers [26], [27], phase shifters [28], [29] and antenna feeding networks [21], [24], [29], [30]. In addition, the couplers are also used to extract a small fraction of a travelling signal along a waveguide, thus providing information about its amplitude and phase [32]. It is important that this extraction could be directional, in the sense that the coupler will be able to differentiate between two opposite travelling directions. The main application of such a component is the measurement of scattering parameters. Couplers are therefore a critical component of any vector network analyzer (VNA) [32].

As the SIW technology provides a good platform for carrying relatively highpower signals while avoiding parasitic coupling, it has been extensively studied to design the couplers and to improve its performance. Indeed, several kinds of SIW couplers used for antenna feeding network were surreptitiously introduced in Chapter 1, section 1.3.4, when dealing with Butler matrices. They will be detailed in this section in order to compare with the proposed couplers in terms of performance.

Generally, most of SIW couplers are based on one of two different topologies: the slot-based and the ring-shaped couplers. As illustrated in Figure 3-23, the slot-based couplers are based on coupled modes travelling in adjacent waveguides through apertures, either performed in the waveguide broad [33], [34] or side [35] walls. The ring-shaped couplers are based on the well-known ring shaped (or rat-race) couplers and it was first applied in SIW in 2006 [36] but was introduced as early as in 1947 by Tyrrell [37] in conventional rectangular waveguide. The power distribution in this case is caused by a specific standing-wave pattern along the ring. wall aperture [34], (b) side-wall aperture (short-slot) [35] and (c) ring-shaped [36].

Thanks to its simple formulation and wide use in antenna feeding networks, the short-slot topology was selected in this PhD to design the SIW-based couplers. The detailed description of this topology will be introduced in the next section.

Short-slot coupler principle of operation and theory

The short-slot coupler topology was first demonstrated by Riblet based on the waveguide technology in 1952 [38] along with its theoretical description and then it was widely used in a lot of different rectangular waveguide based applications. Since 2005, this topology of coupler has been extensively designed. For instance, SIW 90° hybrid couplers based short-slot structure are reported in [35], [24], [25], [39]- [43].

Basically, the operation principle of short-slot coupler depends on the interference of two propagating modes: 𝑇𝐸 and 𝑇𝐸 . The schematic of this topology in SIW implementation form is illustrated in Figure 3-24 [32]. In order to provide the required interference, a larger waveguide is inserted between four waveguide accesses. For practical reasons, the access waveguides are operating in their mono-mode frequency band, carrying only a propagating 𝑇𝐸 . However, both 𝑇𝐸 and 𝑇𝐸 modes can propagate in the enlarged middle zone and provide the power division functionality. Therefore, equal power division, and 90° of phase difference between the output ports at the central frequency is required, along with low return loss and high isolation for the largest relative bandwidth. The geometric parameters defining this device are denoted as 𝑊 , 𝑊 , 𝑊, 𝐿 and 𝐿 . The frequency of operation defines the access waveguide width 𝑊 for mono-mode operation. The waveguide separation wall defined by 𝑊 is not a critical parameter, an arrangement of one or two via holes is sufficient to avoid unwanted coupling. The fundamental parameters responsible for the interference phenomenon are those defining the center region size, namely 𝐿 and 𝑊. An analysis of the scattering matrix based on even-odd mode analysis is presented in [35]. By considering both the interference pattern required for the power division and the minimization of return loss, they obtained design equations for 𝑊 and 𝐿, given by (3)(4)(5)(6) and (3)(4)(5)(6)(7), respectively. In these equations, |𝑆 | refers to the coupled power to the opposite port, 𝑘 is the free space wavenumber at the operating frequency and 𝑛 is a positive integer. The secondary parameter 𝐿 is tuned by full-wave simulation in HFSS in order to obtain the best results.

𝑊 = [ ( ) | |][ ( ) | |] | |[ ( ) | |] (3-6) 𝐿 = ( ) (3-7)

Coupler design

In this part, a CNT-based AF-SIW 3-dB coupler based on the short-slot topology is introduced. As we discussed previously, in order to obtain CNT-based AF-SIW, the lateral metallic-via walls of rectangular waveguides will be replaced by CNT walls which could be transferred to the top or bottom metallic layer by flip-chip technique. The implementation form of this coupler is illustrated in Figure 3-25, the geometric parameters defining this device are 𝑊 , 𝑊, 𝐿 and 𝐿′ which have the same function as presented in Figure 3-24. The width of the CNT-lateral walls 𝑊 was chosen at least 1 mm for the fabrication process and measurement. The numerical values obtained for 𝑛 = 1, 2, 3 are shown in Table 3-2. In fact, 𝑛 should be as small as possible for area reduction, since 𝑊 and 𝐿 are increasing with 𝑛. For 𝑛 ≥ 2 the width 𝑊 is greater than 5.87 mm, which leads to the possible propagation of 𝑇𝐸 mode at the operating frequency, therefore 𝑛 = 1 was selected. In order to locate approximately in the center of the mono-mode, 𝑊 was calculated as 2.8 mm for a cut-off frequency 𝑓 = 52 GHz, as the waveguides of section 3.2.4. Thus, the second mode starts to propagate above 100 GHz.

n

Simulation results

After optimization by implementing the coupler in HFSS with full-wave simulation, the final geometric parameters obtained for 3-dB coupler are 𝑊 = 2.8 𝑚𝑚, 𝑊 = 4.92 𝑚𝑚, 𝐿 = 3.6 𝑚𝑚 and 𝐿 = 2 𝑚𝑚. The value of 𝑊 is relatively close to the theory value, but 𝐿 is much larger than its initial value. This is mainly related to the nonnegligible influence of the evanescent 𝑇𝐸 mode for short-slot topology as mentioned in [35], [44]. The optimized responses are illustrated in Figure 3-26 and the E-field distributed inside this coupler is also presented in Figure 3 Generally, the simulated return loss as well as isolation are greater than 20 dB over the entire E-band (71)(72)(73)(74)(75)(76)(77)(78)(79)(80)(81)(82)(83)(84)(85)(86). At the center frequency of 78.5 GHz, the insertion loss is about 0.1 dB justifying the interest for this low-loss technology. In terms of unbalance between the through port and coupled port, it is less than 0.63° in phase over the entire Eband and remains less than 1 dB between 73 and 86 GHz in amplitude (1.4 dB at 71 GHz). In order to evaluate our coupler, a performance comparison is proposed in Table 3-3 between this investigated coupler and the existing couplers in literature designed for mm-wave applications. The reference, year/type, central frequency, bandwidth, insertion loss, amplitude imbalance and phase imbalance at the central frequency, are listed. 
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CNT-based AF-SIW crossover

The crossover, or also called 0-dB coupler, is used to convey all input power to the diametrically opposite port (coupled port). The short-slot topology presented in section 3.5.1 could be also used to design the crossover. The geometric parameters as well as the simulation results of CNT-based AF-SIW crossover will be introduced in the next sections.

Design

As we said previously, the short-slot topology can be used to design the crossover, therefore the same design equations will be used to set the initial geometric dimension for this crossover, but in this time the amplitude of the transmission coefficient 𝑆 must be equal to 1 (instead of 1/√2 for the 3dB-coupler). In that case, design equations can be reduced to (3)(4)(5)(6)(7)(8)(9)(10) and (3)(4)(5)(6)(7)(8)(9)(10)(11).

𝑊 = 0.5𝜆 ( )( ) *
(3-10)

𝐿 = 0.5𝜆 ( )( ) * (3-11)
The calculated dimensions for 𝑛 = 1, 2, 3 are given in Table 3-4. Once again both 𝑊 and 𝐿 are increasing with 𝑛. In this case, 𝑛 = 3 was chosen as starting point for the optimization because these devices were first dedicated to be an elementary block of a Butler Matrix, in which longer crossover makes the design and realization of the phase shifter easier (as explained in [35]). Moreover, the access waveguide width 𝑊 was fixed at the same value as the 3-dB coupler. 

Simulation results

After optimization by implementing the coupler in HFSS with full-wave simulation, the final geometric parameters obtained for crossover are 𝑊 = 5.19 𝑚𝑚, 𝐿 = 7.69 𝑚𝑚 and the optimized value for the narrower region 𝐿 was found at 5.19 mm. An illustration of the simulated crossover is given in Figure 3-28 and the E-field distributed inside this coupler is presented in Figure 3 At the center frequency of 78.5 GHz, an insertion loss of 0.05 dB is predicted while return loss remains higher than 15 dB over the entire band from 71 to 86 GHz. Finally, isolation of both ports 2 and 4 is better than 15 dB between 70 and 88 GHz, and better than 35 at 78.5 GHz.

Once again, a performance comparison with the mm-wave crossovers of the literature is proposed in 

CNT-based AF-SIW Butler matrix

Design

By combining the previous results of coupler and crossover on Keysight ADS and optimizing the electrical length of the phase shifters, a first simulation schematic for the BM is established and illustrated in Figure 3-30. In this experiment, the phase shifter physical length was considered as the same value of crossovers, only the electrical lengths of phase shifters were optimized in order to obtain 45° or 0° differences as compared with the output phase of crossover. The full-wave simulation of this Butler matrix was not carried out in HFSS due to the enormous simulation time. Moreover, in this time of preparing this manuscript, we have not yet had the accurate measurement results for these investigated waveguides to compare with the simulation one due to the fabrication process, so it is not worth realizing a full-wave simulation of this Butler matrix. However, the ADS simulation results of this Butler matrix allows us to observe and analyze its performance. These results are presented in the next section (see Figure 3 

Simulation results

The simulation results of the investigated BM are illustrated in amplitude and phase in Figure 3-31. Due to the symmetry of the BM, only port 1 and port 2 were excited. A matching and an isolation between input ports greater than 15 dB for both excitations can be expected. Focusing on a restricted frequency band from 76 to 86 GHz, the inputoutput transmission for excitation on port 1 is 6.7±0.7 dB with a maximum phase error of 1.8° while for excitation on port 2 it is 6.4±1.2 dB with a maximum phase error of 3.7°. 

General schematic

Conclusion

In this chapter, a detailed description of AF-SIW waveguides based on CNT technology was investigated and presented. In order to obtain a good performance, a CPWto-GCPW-to-SIW transition mainly based on the quarter-wavelength triangle coupling slot was considered for our CNT-based AF-SIW. Indeed, by using this transition, a simulated return loss better than 15 dB in the entire E-band is expected. Meanwhile, the maximum simulated insertion loss is better than 0.5 dB over the E-band. These results allow us to believe in a good transition for our circuits. The detailed design rules of this transition were also introduced in this part. Concerning the expected loss, 0.015 dB/mm of attenuation constant is expected due to the uni-axial conductivity of the CNTs.

Still in terms of simulated devices, the CNT technology used to design the AF-SIW waveguide was also applied to the design of a 0-dB and a 3-dB couplers both based on the short-slot topology. The simulated S-parameters demonstrated that a good performance can be expected for these couplers. In general, the return loss is greater than 15 dB over the 71-86 GHz frequency range for both couplers. At the center frequency of 78.5 GHz, the insertion loss is around 0.1 dB for the 3-dB coupler and 0.05 dB for the crossover, justifying the interest for this low-loss technology. In terms of unbalance for the 3-dB coupler, it is less than 0.63° in phase over the entire E-band and remains less than 1 dB between 73 and 86 GHz in magnitude (1.4 dB at 71 GHz). By combining these couplers with the optimized phase shifter for the design of a Butler matrix in ADS, a simulation was also achieved, leading to an input-output transmission of 6.7±0.7 dB (respectively 6.4±1.2 dB) for excitation on port 1 (respectively, on port 2), with a maximum phase error of 1.8° (respectively, 3.7°). However, the simulation results need to be checked with the future measurement.

Finally, in terms of fabrication and measurements, the fabrication process of the CNT-based AF-SIW circuits developed by CINTRA laboratory was presented in this chapter. Technology constraints are huge. Especially, transferring CNT towards a flexible substrate as the RT Duroid 5880 with a thickness of 0.127 mm is tricky. First results showed some partial delamination of CNT layer from substrate preventing from a good contact with bottom plate and leading to bottom leakage. Technological realization is the challenge for this part of the thesis. And this is unavoidable as AF-SIW excitation assumes energy transfer from substrate to air. Only low-permittivity substrates enable that. And only flexible substrates present such low-permittivity, with more Teflon as a constitutive material. Another excitation, bump feeding, is studied by our XLIM partner in the framework of the TRICOT project. It consists of having a bundle of CNT at the end of a CPW. This assumes to master the contact between the bundle and the cover that is another challenge as well.

In order to benefit from the technological efforts brought to master CNT transfer towards flexible substrates, another idea emerged concerning the possibilities to use CNT as slow-wave material instead of walls. In that case, technological steps should be less compelling. This is the purpose of Chapter 4.

Chapter 4. CNT for slow wave effect in Air-Filled Slow-Wave SIW (AF-SW-SIW) at 28 GHz

In the previous chapter, we have already presented the possibility of using CNT as metallic walls for the design of AF-SIW circuits in E-band. Now, in this chapter, another usage of CNT will be investigated to demonstrate the slow-wave effect, which is applied to existing air-filled SIW topologies at 28 GHz, showing not only interesting miniaturization capabilities but also the ultra-low losses without any change in the principle of operation. The detailed description as well as the design rules of this topology will be introduced completely in this chapter. 4-1 summarizes all the dimensions of the waveguide. The latter consists of four layers: layer 1 and layer 3 were made of PCB technology, while layer 2, a special adhesive layer (EM-827), enables to assembly layers 1 and 3 together, thus forming the bottom part of an air-filled SIW waveguide (lateral wall of metallic holes and the metallic bottom). Meanwhile, layer 4 is considered as the metallic top cover for the waveguide. It is made of PCB technology, covered with a CNT forest in the center, which will perform slow-wave effect. Layer 4 can be defined by using the same fabrication process of CNT, which was introduced in the previous chapter with flip-chip technology. Finally, with the help of screws, an AF-SW-SIW could be fabricated. This layer is metallized with 9-µm thin layer of copper and finished with 1-µm thin layer of gold.

The detailed parameters of investigated waveguide are presented in Figure 4-2. The ROGER 4003 substrate with 𝜀 = 3.55 and ℎ = ℎ = 508 µm has been chosen to make the layers 1 and 3 which are metallized by a 17-µm thin layer of copper and finished with 1-µm thin layer of gold. The diameter of metallic holes, 𝑑, equals 0.2 mm and the center-to-center distance, 𝑠, between two consecutive holes equals 0.4 mm. In order to form the layer 4, the CNT forest could be transferred on the silicon substrate or ROGER substrate depending on the manufacturer. However, with the experiences achieved when fabricating CNT which was presented in chapter 3, the ROGER RT 5880 substrate could be considered for this mission. The height of this substrate does not influence on the waveguide performance. The adhesive layer of EM-827 that was applied to stick layers 1 and 3 together, is about 60-µm thick. An important factor of any slowwave topology is slow-wave factor, which is, in our case, depending on the height of the CNT forest. In this work, three values of the height of CNT forest (200 µm, 300 µm and 400 µm) were considered to perform the slow-wave effect. The theoretical calculation for the design of this waveguide as well as the simulation and measurement results will be presented in the following parts. 

Slow-wave analysis

As we mentioned previously, three values of CNT forest thicknesses were considered for the slow-wave effect. Thus, in this section, a theoretical calculation of slowwave factor depending on these values will be presented. Figure 4-3 illustrates the crosssection view of the investigated waveguides with and without CNT forest. The slow-wave factor can be estimated by the following expression [1]:

𝑆𝑊𝐹 ≈ (4-1)
where ℎ refers to the total height of the air zone inside the waveguide and can be calculated by ℎ = ℎ + ℎ + ℎ = 589 µ𝑚 and ℎ is the CNT forest thickness. In order to compare structures with and without CNT, a simple AF-SIW will be realized as well. For both AF-SW-SIWs and AF-SIW, an operating frequency at 28 GHz will be considered, so that 20 GHz seems to be the good choice as a cut-off frequency. We calculate the width of the reference air-filled waveguide (𝑊 ) equal to 7.01 mm. As compared to this value, and depending on the height of CNT forest, the width of the AF-SW-SIW (𝑊 ) could be reduced due to the slow-wave effect leading to the efficient miniaturization of the waveguide dimensions. Table 4-2 presents the theoretical calculation of slow-wave factor, based on the approximated formula (4-1), as well as 𝑊 obtained with three different values of CNT forest thickness. Around 43.5 % reduction in width has been obtained with a 400-µm CNT thickness. As SWF will also impact the desired length of the waveguide with the same percentage, this should enable to save 68% of surface on the PCB at the end.

Due to the fabrication process requirements, the distance between the sidewall of CNT forest and the ROGER substrate (Layer 3) 𝑑 must be at least 1 mm. In order to study the electrical performance of the investigated waveguides, different simulation strategies were adopted. As for most non-TEM waveguides, the relevant parameter is the propagation constant 𝛾 = 𝛼 + 𝑗𝛽. An ideal slow-wave structure would be able to increase dramatically the phase constant 𝛽 while limiting the increase in the attenuation 𝛼 [1]. Due to its advantages compared to other simulation methods, the eigen-mode solver in HFSS was considered as a straight-forward strategy to explore the propagation constants of these waveguides. As described in [2], [3], closed periodic waveguides can be analyzed through their unit-cell only. In order to obtain the propagation constant, an equivalent resonator is defined with specific boundary condition, as illustrated in Figure 4-4. More accurately, the propagation term 𝑒 is replaced by a phase shift 𝑒 between two opposite faces of the unit-cell. This is imposed by applying "Master" and "Slave" boundaries. Technically, the field on the slave boundary 𝑬 𝒔 should be a delayed version of that on the master boundary 𝑬 𝒎 . The output data of the solver is a frequency at which the boundary conditions are satisfied, that is for which 𝛽 = 𝜑/𝑠. Then, by varying 𝜑 between 0 and a maximum angle of 𝜋, a curve of dispersion 𝛽(𝑓) can be directly obtained. In reality, the output frequency 𝑓 is a complex value, the real part being the physical resonance frequency while the imaginary part expresses dissipation in the resonator (and thus attenuation). The following equations are implemented to recover the attenuation constant from this complex frequency:

𝑓 = 𝑅𝑒(𝑓 ) (4-2) 𝛼 = ( ) (4-3) 
where,

𝑣 = 2𝜋 ( ) (4-4) 
is the group velocity. From (4-3) and (4-4), the attenuation constant 𝛼 can be described as follows:

𝛼 = 𝐼𝑚(𝑓 ) (4-5) 
Figure 4-5 illustrates unit-cell of the investigated waveguide that we used for eigen-mode simulation in this thesis work. The simulation results of the phase constant 𝛽, the attenuation constant 𝛼, the quality factor 𝑄 and the slow-wave factor 𝑆𝑊𝐹 will be presented in Figure 4 As we mentioned previously, an efficient slow-wave structure would be able to increase dramatically the phase constant 𝛽 while limiting the increase in the attenuation ). Be careful however that the attenuation constant values are to be considered with caution (model validity to be confirmed). For examples, at the operating frequency of 28 GHz, the phase constant 𝛽 equals to 410 rad/m when there is no slow-wave effect and increases to 502 rad/m, 581 rad/m, and 702 rad/m, corresponding to the CNT forest thickness of 200 µm, 300 µm and 400 µm, respectively. This raise in 𝛽 is accompanied with a slight increase in term of attenuation 𝛼, where its value equals to 0.003 dB/mm for non-slow-wave waveguide and grows up to 0.004 dB/mm, 0.0045 dB/mm and 0.0069 dB/mm for 200-µm, 300-µm and 400-µm CNT forest thicknesses, respectively. These values of 𝛼 indicate the ultra-low loss of CNT, leading to the extremely low loss waveguides. Thanks to the very small value of attenuation 𝛼, a high amount of quality factor can be achieved. Indeed, as illustrated in Figure 4-6 (c), a quality factor of 442 is still obtained for a 400-µm CNT forest thickness at operating frequency of 28 GHz.

Finally, as presented in Figure 4-6 (d), the simulated slow-wave factors are almost similar to its theoretical values, given by formula (4.1) from [1]. Differences will be justified in next section. Table 4-3 summarizes all simulation results obtained by using Eigen-mode solver in terms of the phase constant 𝛽, the attenuation constant 𝛼, the quality factor 𝑄 and the slow-wave factor 𝑆𝑊𝐹 at operating frequency of 28 GHz. Be careful that attenuation constant is thoughtlessly low and should be comforted by more accurate full-wave simulations leading to more reasonable quality factors. Concerning phase constant and slow-wave factors, results are meaningful. CNT 

Electric and magnetic field distribution

As already known, a separation of electric and magnetic field in a waveguide establishes the slow-wave effect and therefore can slows down its phase velocity. Hence, in this section, a distribution of electric and magnetic fields confined inside the investigated waveguide will be illustrated.

As shown in Figure 4-7, the electrical field is mainly concentrated in the air zone limited by the top of CNT forest and upper metallic layer, meanwhile the magnetic field fills the entire region showing the aforementioned physical separation. Anyway, even if the E-field is confined inside the defined zone between the CNT forest and top metallic layer, there is still a small amount of electric field going to the zone between the sidewall of CNT forest and ROGER substrate which is define by parameter 𝑑 in Figure 4-3. This leads to a slight decrease in the slow-wave effect and that explains why the simulated slow-wave factor is less than the theoretical one.

Feeding structures

Once again, due to its high performance, a GCPW-CPW transition using triangular coupling slot that was presented in section 3.2.3 will be considered as a feeding line for this CNT-based AF-SW-SIW. A detailed view of the proposed transition is presented in Figure 4 The broadband transition geometry is established by two angles 𝜃 and 𝜃 as well as the taper length 𝑙 and 𝑙 . These dimensions are crucial factors to achieve a very good matching. Also, the distance 𝑝 between the end of the transition and the lateral wall is also defined. The physical dimension of the CPW and GCPW are also given: 𝑊 , 𝑊 , 𝑑 , 𝑊 , 𝑊 .

For the starting point 𝑙 should be equal to a quarter-wavelength at the center frequency and varies depending on the CNT forest thickness. Then the value of 𝑙 , 𝜃 and 𝜃 were optimized to obtain the best waveguide performance. The detailed values of these parameters will be presented in Table 4-4 corresponding to three different values of CNT forest thicknesses.

Concerning the CPW and GCPW dimensions, a 50-Ω characteristic impedance needs to be obtained and these dimensions were also optimized in compliance with the standard of connector End Launch 1492-02A-8 by SouthWest Microwaves for measurements. Thus, the optimized dimensions are given here: 𝑊 = 1320 𝜇𝑚, 𝑊 = 120 𝜇𝑚, 𝑑 = 200 𝜇𝑚, 𝑊 = 940 𝜇𝑚, 𝑊 = 310 𝜇𝑚. It is worth reminding that the distance between the side-wall of CNT forest and the ROGER substrate (Layer 3), 𝑑 , must be at least 1 mm due to the manufacture requirements. 

CNT

Simulation results

As presented previously in Chapter 3, in this part we considered the same deembedding algorithm [4] to perform the extraction of the propagation constant which can be used for both simulated and measured results enabling to de-embed the transitions to waveguide. This requires sets of S-parameters for different lengths of waveguides. Ideally, the extraction should be done using two different waveguides whose electrical length differs from 90° at the center frequency [5]. However, for losses estimation a longer phase difference should be necessary to raise the power loss level that is above the measurement uncertainty. For these reasons, eight different lengths of the investigated waveguides (200 µm, 300 µm and 400 µm of CNT forest height) were implemented following the rule given by (4)(5)(6), where 𝐿 = 0.8 mm stands for the waveguide length of the shorter feature ("Thru") and Δ𝐿 is close to a quarter of guided wavelength at center frequency which is depending on the CNT forest height. Therefore, the attenuation constant can be estimated In order to remove the effect of the transition loss on the waveguide performance, as aforementioned, the de-embedding method presented in [4] was considered. After applying the method on the shortest and the longest lengths of waveguides, the performance of the waveguide (corresponding to a length L7-L0) has been presented in Figure 4 The results presented so far on Figure 4-12, Figure 4-13 and Figure 4-14, were reconducted for a couple of waveguides in order to extract the phase and attenuation constants that are presented on Figure 4-15. The expected extremely low value for the attenuation constant requires huge accuracy during simulation with extremely rude conditions for convergence. For time duration reasons, simulations were performed with a ∆𝑆 condition of 0.005, no more. In addition, a waveguide of length 𝐿 (see equation 4-6) had to be simulated for precision purpose. Shorter waveguides were not enabling enough sensitivity in the simulations results in order to extract an accurate value for the attenuation constant. Remaining error may lead to some uncertainties concerning the value of the attenuation constant because of the precision required. Table 4-5 summarizes the waveguide electrical performance at the operating frequency of 28 GHz as a function of CNT forest height. These results allow us to believe in an extremely low-loss waveguide for our applications at 28 GHz. Be careful anyway that the axial conductivity approximation that enables so low loss has to be validated through the future measurements after CNT transfer. 

CNT

Measurement results of empty waveguides before CNT transfer

For the future heights of CNTs, empty waveguides were measured in order to validate the fixation process by screwing, and the transition capabilities. The measured Sparameters of "200-µm CNT height" empty waveguides are presented on Figure 4-17 When comparing with Figure 4-9, which were concerning the simulation of the expected final waveguides with CNTs, a deteriorated matching can be observed, as well as a shifted cut-off frequency towards higher frequencies. This is expected as the waveguide is able to work under slow-wave effect and not empty. In addition, insertion losses of about 4.8 dB, instead of 1.5 dB at 28 GHz, cannot be due to mismatch only but also the contact with connectors inherently deteriorates the transition. The signal-to-ground coupling at the connectors also contributes to the degradation of the insertion losses.

De-embedding technique has been applied and the corresponding electrical parameters for empty waveguides are plotted on Figure 4-18, compared with simulated ones. As a summary, Table 4-6 compares the former measured and simulated empty waveguides electrical performance at the frequency of 30 GHz for the 200-µm transferred CNT forest heights. These results are extremely encouraging in terms of design capabilities before CNT transfer as the cut-off frequency, and phase constant fit very accurately. Attenuation constant is incredibly sensitive to connection repeatability and measurement incertitude. Also incertitude due to VNA only is already as high as 100% with expected losses equal to about 0.05 dB/mm [6], while losses as low as 0.008 dB/mm are simulated. Anyway, very low loss is expected as the attenuation constant varies around 0.01 dB/mm at 28 GHz and 0.05 dB/mm at 32 GHz. CNT transfer is at the present under realization at CINTRA laboratory. 

CNT-based AF-SW-SIW 3-dB coupler

In this part, an AF-SW-SIW 3-dB coupler which is based on the short-slot coupler topology and the waveguide structure presented in section 4.1 will be introduced. Only the slow-wave effect performed by a 200-µm height of CNT forest will be studied.

Design

The implementation form of this 3-dB coupler is illustrated in Figure 4-19, the geometric parameters defining this device are denoted as 𝑊 , 𝑊, 𝐿 and 𝐿′. 𝑊 is the width of the access waveguide for monomode operation, while 𝑊 and 𝐿 are defining the center region size [7]. 𝑊 = 1 𝑚𝑚 is defined as a gap between the edge of CNT forest and the edge of the ROGER substrate, this gap allows a safety waveguide assembly that prevents an unexpected harm on CNT forest. For 200-𝜇𝑚 height of CNT forest, the width of the access waveguide 𝑊 equals 5.69 mm. The initial dimensions given by design equations were 𝑊 = 10.85 mm and 𝐿 = 8.29 mm. After optimization by implementing the coupler in HFSS with full-wave simulation, the optimized dimensions for real structure were obtained and are given in the second row of 

Simulation results without access lines

Figure 4-20 presents the optimized responses of the investigated 3-dB coupler with the optimized dimensions introduced in the previous part. This coupler was simulated without its access lines in order to evaluate its intrinsic performance in this section. The E-field distributed inside this coupler is also illustrated in Figure 4 As shown in Figure 4-20, matching as well as isolation are greater than 20 dB over the 24-32 GHz range. At the center frequency of 28 GHz, the insertion losses are around 0.2 dB justifying the interest for this low-loss technology. In terms of unbalance, it is less than 1.5° in phase over the 24-32 GHz and remains less than 1 dB in amplitude between 25.5 and 31.8 GHz (0.08 dB at 28 GHz). As shown in Figure 4-23, matching as well as isolation are greater than 15 dB over the 22.5-30.5 GHz range. At the center frequency of 28 GHz, the insertion losses are around 1.35 dB. These losses are due to the transition towards the access lines and the access lines themselves and could be removed further by using the de-embedding technique. In terms of unbalance, it is less than 1° in phase over the 24-31 GHz range and remains less than 1 dB between 23.7 and 30.7 GHz in amplitude (0.02 dB at 28 GHz).

Comparison with SIW 3-dB coupler state-of-the-art in RF frequency band

In order to evaluate our coupler, a comparison in term of electrical performance will be carried out between this investigated coupler and the existing couplers in the literature which were designed for RF applications. This performance summary will be introduced in * Simulation results

Table 4-8. The reference, year/type, central frequency, bandwidth, insertion loss, amplitude imbalance, phase imbalance and compactness are compared. The insertion loss, the phase and the amplitude imbalance are taken at the central frequency whereas the relative BW is considered for frequencies where the return loss is better than 10 dB.

Ref

Year Our short-slot 3-dB coupler results in state-of-the-art insertion loss, amplitude and phase imbalance, equal to 0.1 dB, 0.08 dB and 1°, respectively. The relative bandwidth and phase imbalance remain very competitive with the state-of-the-art while the coupler shows strong compactness with a surface equaling 0.97x1.54 𝜆², where 𝜆 is the guided wavelength at working frequency.

CNT-based AF-SW-SIW crossover

In this part, an AF-SW-SIW crossover which is based on the short-slot coupler topology and the waveguide structure presented in section 4.1 will be introduced. Only the slow-wave effect performed by a 200-µm height of CNT forest will be studied.

Design

The procedure used to design the AF-SW-SIW crossover does not differ so much from that of the 3-dB coupler. The implementation form of this crossover is the same one used for the 3-dB coupler which is illustrated in Figure 4-19. The initial dimensions given by design equations are 𝑊 = 10.98 mm and 𝐿 = 16.66 mm. After optimization by implementing the crossover in HFSS with full-wave simulation, the optimized dimensions for the real structure were obtained and are given in Table 4 

Simulation results without access lines

Figure 4-25 presents the response of the investigated crossover obtained through the optimized dimensions introduced in the previous part. This crossover was first simulated without its access lines in order to evaluate its intrinsic performance. The distributed E-field inside this crossover is also illustrated in Figure 4 As shown in Figure 4-28, matching as well as isolation are greater than 15 dB over the 25-30 GHz range. At the center frequency of 28 GHz, the insertion losses are around 1.34 dB. These losses are due to the reflection that occurs at the transition of the access lines and could be removed further by using the de-embedding technique. transfer were performed showing the expected higher cut-off frequency as well as extremely low-loss. The measurements are extremely sensitive to the VNA remaining incertitude after calibration, and to the repeatability of the contacts. The reached accuracy did not enable us to measure the expected extremely low-loss 0.007 dB/mm; by the way they proved an attenuation below 0.1 dB/mm which is already interesting.

Furthermore, the CNT-based AF-SW-SIW technology was also applied to the design of 0-dB and 3-dB couplers, based on the same concept of the short-slot topology. The simulated S-parameters demonstrated that good performance could be expected for these couplers. In general, the return loss is greater than 15 dB over the 25-31 GHz frequency range for both couplers. At the center frequency of 28 GHz, the insertion loss is around 0.2 dB for the 3-dB coupler and 0.1 dB for the crossover, justifying the interest for this low-loss technology. In terms of unbalance for the 3-dB coupler, it is less than 1.5° in phase over the 24-32 GHz and remains less than 1 dB between 25.5 and 31.8 GHz in magnitude (0.08 dB at 28 GHz).

Finally, a comparison in terms of performance between our couplers and the existing ones that were designed for RF applications was also presented in this chapter, underlying their better compactness while keeping similar electrical performance.

The detailed parameters of the investigated waveguide are presented in Figure 5-2 and summarized in Table 5-1. Both Layer 1 and Layer 4 have the same thickness of 508 µm while Layer 2 is 203-µm thick in order to obtain a quasi-identical slow-wave factor with the CNT-based AF-SW-SIW presented in Chapter 4. The slow-wave analysis of this investigated waveguide will be introduced in the next section. The adhesive Layer 3 has a thickness of 60 µm. All of the Rogers substrates are metallized by a 17-µm thickness of gold.

As shown in Figure 5-2, the lateral via holes are connected between bottom metal 4 and top metal 1 layers to forms a SIW waveguide. To limit loss leakage of the SIW, the conditions 𝑝 ≤ 2𝑑 and 𝑑 < 𝜆 /5 should be satisfied [1]- [2], where 𝜆 is the guided wavelength in the SIW, 𝑑 is the diameter of lateral via holes and 𝑝 is the center-tocenter spacing between two consecutive lateral via holes. In this work, 𝑑 and 𝑝 are set to 0.2 mm and 0.4 mm, respectively. Then, the internal via holes diameter and height are called 𝑑 and ℎ , respectively. These internal via holes shall be covered by copper lands due to the fabrication process requirement. The diameter and thickness of these lands are denoted as 𝑑 and ℎ , respectively. After optimization, the dimensions of internal via holes and copper lands are as follow: 𝑑 = 0.15 𝑚𝑚, ℎ = 0.508 𝑚𝑚, 𝑑 = 0.54 𝑚𝑚 and ℎ = 0.017 𝑚𝑚. 

Slow-wave analysis

In this section, a theoretical calculation of slow-wave factor corresponding to the waveguide design dimensions introduced in the previous section are presented. Figure 5-3 illustrates the cross-section view of the investigated waveguides with and without the presence of internal via holes. The slow-wave factor can be estimated in a first approximation by the following expression [3]:

AIR 𝑑 𝑑 𝑑 ℎ ℎ 𝑆𝑢𝑏2 ℎ 𝑆𝑢𝑏4 ℎ 𝑆𝑢𝑏3 ℎ 𝑡𝑜𝑡𝑎𝑙 ℎ ℎ ℎ 𝑎𝑖𝑟 𝑆𝑊𝐹 ≈ (5-1)
where ℎ refers to the total height of the air zone inside the waveguide and can be calculated by ℎ = ℎ + ℎ + ℎ + ℎ = 792 µ𝑚, leading to an estimated slow-wave factor (𝑆𝑊𝐹 ) of around 1.72. As illustrated in Figure 5-3, the lateral dimension of the SW-SIW is then reduced by the 𝑆𝑊𝐹 ratio as compared to classical SIW counterpart.

For an operating frequency of 28 GHz, a cut-off frequency of 20 GHz can be considered, so we can calculate the width of the waveguide (𝑊 ) (without slowwave effect) equal to 7.01 mm. Then, with the presence of internal via holes, this width can be reduced leading to an efficient miniaturization on the transverse waveguide dimension. Around 43.5 % reduction in width has been obtained. As SWF will also impact the desired length of the waveguide with the same percentage, this should enable to save 68% of surface on the PCB at the end, exactly as for the CNTs. It will be shown that the SWF for PCB-based technology will be a little bit higher in practice (1.84 instead of 1.71, leading to higher surface saving by the end (almost 76%). In order to study the electrical performance of the investigated waveguides, the Eigen-mode solver in HFSS was considered as a straight-forward strategy to explore the waveguide propagation constants [4], [5]. This method was already introduced in Chapter 4. In order to compare this PCB-based PAF-SW-SIW waveguide with the CNT-based AF-SW-SIW waveguide, the simulation results of the phase constant 𝛽, the attenuation constant 𝛼, the quality factor 𝑄 and the slow-wave factor 𝑆𝑊𝐹 will be presented in Figure 5 As illustrated in Figure 5-4 (b), the higher slow-wave factor, the higher the attenuation constant 𝛼. Be careful first that the values for attenuation constant were obtained through Eigen-mode simulation and the following analysis is certainly more qualitative than quantitative. Indeed, whereas 𝛼 equals 0.003 dB/mm for the non-slowwave AF-SIW at 28 GHz, it raises up to 0.013 dB/mm when the slow-wave effect is performed by the internal via holes. This attenuation is much larger than the value achieved by using the 400-µm-height of CNT forest to establish the slow-wave effect, which is about 0.0069 dB/mm. It is mainly due to the dielectric losses inside the Rogers substrate and conductive losses distributed inside the internal via holes and in the surface of copper lands. Anyway, let us remember that for the CNT-based SW-AF-SIW an equivalent model of the CNT forest was considered for these simulations; this equivalent model has to be confirmed by future experiments.

The huge difference in attenuation values therefore leads to the huge difference in quality factor. Indeed, while a high amount of quality factor around 442 seems to be obtained with CNT-based AF-SW-SIW, this value is only 251 for the PCB-based PAF-SW-SIW. Table 5-2 summaries all simulation results obtained by using Eigen-mode solver in terms of phase constant 𝛽, attenuation constant 𝛼, quality factor 𝑄 and slow-wave factor 𝑆𝑊𝐹 at 28 GHz for AF-SIW, PCB-based PAF-SW-SIW and CNT-based AF-SW-SIW. By using this transition, the simulated return loss is better than 15 dB from 21.8 GHz to 37.5 GHz leading to an efficient relative bandwidth of 56%. Meanwhile, the simulated insertion loss is 1.1 dB obtained at 28 GHz. These results allow us to believe in a good access line for our circuits. The detailed simulation results will be introduced in the section 5.1.3.

Equivalent model for PCB-based PAF-SW-SIW circuits

Because of the high complexity of the slow-wave structure, simulations of larger circuits such as 3-dB couplers and crossovers require a large amount of memory, computing power and a lot of time. Hence, an alternative approach needs to be considered to solve this issue. In this section, an equivalent model is introduced for the PCB-based PAF-SW-SIW in order to reduce simulation time while maintaining the same performance accuracy.

Methodology for model creation

As introduced in [7], the blind metallized via holes in the waveguide can be removed and their absence can be compensated by an increase in either permittivity or permeability of an equivalent substrate (see Model 1 in Figure 567). In practice, let's assume that a certain velocity reduction is achieved by the insertion of a uniform blind via holes distribution. This velocity reduction has to be modelled in the equivalent waveguide by an increase of the product of 𝜀 𝑟 𝑒𝑓𝑓 and 𝜇 𝑟 𝑒𝑓𝑓 . In order to retrieve the good phase velocity, the slow-wave factor can be for example absorbed in the permittivity by putting 𝜀 𝑟 𝑒𝑓𝑓 _1 = 𝑆𝑊𝐹 * 𝜀 . In the meantime, the permeability remains 𝜇 = 1. However, this equivalent model can be only applied for the homogeneous substrate where there is no presence of the air zone. Hence, in our case, this equivalent model probably will not be correct. In order to check our assumption, a comparison in terms of phase constant 𝛽 between the real structure and the Model 1 is performed by using Eigenmode solver in HFSS. With the 𝑆𝑊𝐹 = 1.843 shown in section 5.1.1.2 and 𝜀 = 1 for air-filled substrate, the equivalent permittivity for Model 1 can be found as 𝜀 𝑟 𝑒𝑓𝑓 _1 = 𝑆𝑊𝐹 = 3.396. After optimization to obtain the same cut-off frequency of 20 GHz, the As shown in Figure 5678, there is a huge difference in shape of phase constant 𝛽 between the real structure and Model 1, which proves our assumption that the model may not be useable was correct. Therefore, it is necessary to find out another model for our structure, which can provide a similar trend in phase constant curve as compared to the real structure. A proposed model named as Model 2, as presented in Figure 5-7 (c), can be considered as a new equivalent model for our structure. In this model, the presence of internal via holes will be replaced by an equivalent medium having its permittivity and permeability called 𝜀 𝑟 𝑒𝑓𝑓 _2 and 𝜇 𝑟 𝑒𝑓𝑓 _2 , respectively. The height of this equivalent medium is the same value with the total height of blind via holes and copper lands. Meanwhile, the air zone inside the real structure is conserved in the proposed model. Now, the question is: "How can we find the value of 𝜀 𝑟 𝑒𝑓𝑓 _2 ?". Up to now, there is no equation to find this value but we can do it manually with the help of Eigen-mode solver in HFSS. As discussed before, the blind via holes can be removed and their absence can be compensated by an increase in either permittivity or permeability of an equivalent medium. For simplicity, the permeability of equivalent medium is set to 1. Now, we will tune the value of 𝜀 𝑟 𝑒𝑓𝑓 _2 until we find the same cut-off frequency as that of real structure. For example, with the waveguide presented in Figure 567(a) which has a SWF of 1.843, a value of 𝜀 𝑟 𝑒𝑓𝑓 _2 can be found as 13 after optimization. A comparison in term of phase constant 𝛽 between the real structure and Model 2 with its equivalent permittivity of 13 is presented in Figure 56789.

As shown in Figure 5-9, a good agreement is obtained in term of phase constant 𝛽 between the real structure and Model 2. That allows us to have a strong confidence in this model. Let us notice that, by considering this proposed model, the TE-mode cut-off frequency 𝑓 remains unchanged while the dispersive effect can be observed with Model 2, as for the real structure. In order to create a relationship between the SWF and the value of 𝜀 𝑟 𝑒𝑓𝑓 _2 , several waveguides having different SWFs are considered for this mission. It is worth to notice that these waveguides have the same dimension in the height of air zone and in the total height of blind via holes and copper lands, only the width of waveguide and the diameter of blind via holes and copper lands are changed to obtain the identical cut-off frequency of 20 GHz. The same method was applied to find the optimized value of 𝜀 𝑟 𝑒𝑓𝑓 _2 . Table 5-4 summarizes all the parameters of investigated waveguides and the optimized value of 𝜀 𝑟 𝑒𝑓𝑓 _2 corresponding to each waveguide. A comparison in terms of phase constants 𝛽 between the real structure and Model 2 in each waveguide is also presented in Figure 5 

Model validation

The use of the equivalent model is first validated in the context of a straightforward section of PAF-SW-SIW. For simplicity, a waveguide without the access lines will be considered for the validation. Both waveguides have the same cut-off frequency of 20 GHz and the same length of 7.2 mm as well as the same width of 4 mm. The wave port is chosen to feed these waveguides. Figure 5-12 presents the HFSS full-wave simulation results in terms of S-parameters and the phase of the transmission coefficient ∠𝑆 for both equivalent model and real structure.

As shown in Figure 5-12, a good agreement is obtained between the model and the real structure. They follow a very similar form whether in S-parameters or in phase of the transmission coefficient ∠𝑆 . A maximum deviation of 13.8° is observed at 28 GHz over a total electrical length of about 375°. This deviation is mainly due to the dispersion between 𝛽 and 𝛽 which occurs when building the equivalent model. Anyway, these values of deviation are acceptable for such equivalent model.

As a general rule, because of dispersion, as long as the simulations of the real structure might be performed, the preference will be given to real case. The relevance of this model in coupler and crossover design will be further shown in the next parts. 

Simulation results

In this section, the simulation results of several investigated waveguides with its access lines and its transitions are presented. These results are compared with the ones obtained by the equivalent model, which was validated in the previous section. Three lengths of investigated waveguide was chosen for comparison: 𝜆/2, 3𝜆/4 and 5𝜆/2 and its simulation results will be illustrated in Figure 5 Generally, a good agreement is obtained in waveguide performance between the equivalent model and the real structure. They present a very similar form whether in S-parameters or in transmission coefficient phase ∠𝑆 . As shown in Figure 5-13, a deviation of 26.83° is observed at 28 GHz for the 𝜆/2-length waveguide. Meanwhile, this value is found at 31 06° and 69.69° for the 3𝜆/4-length waveguide and 5𝜆/2-length waveguide, respectively. It is clear that these deviation increase along with the increase of waveguide length.

A first comment has to be made at that time: the value of 𝜀 _ could be rematched in order to better fit the phase deviation. However, in that case, the cut-off frequency would be modified between real case and model. The choice was made to accept an error in phase, explained by the difficulty to finely model the frequency dispersion, while keeping exactly the same cut-off frequency. For sure, the further from the cut-off frequency, the less accurate will be the results in terms of frequency positioning. This could be improved further by adding dispersion in the model. By the way, this model is already very useful in order to optimize parametric simulations as for the couplers simulations presented later on in this chapter.

In the case of real structure, for the three cases, a return loss greater than 20 dB was obtained over the frequency range of about 9 GHz (22-31 GHz) leading to an efficient relative bandwidth of 32% whereas the maximum insertion loss was found at 1.25 dB for the longest waveguide i.e 5𝜆/2-length waveguide. It is worth to notice that this insertion loss is composed of the losses occurring in the CPW access line and in the transition. Therefore, in order to remove these effects, the de-embedding method is necessary.

By considering the de-embedding method presented in [8] with two different lengths of waveguides (the shortest 𝜆/2-length and the longest 5𝜆/2-length), the phase constant 𝛽 can be compared for the PAF-SW-SIW real and modeled structures, as shown in Figure 5-16. Concerning the attenuation constants, the comparison between the real simulations and the simulations taking the model into account is not consistent since this model does not integrate adequately the losses. This will have to be added in a future study. Nevertheless, it can be noted that the attenuation constant for the real simulation is lower than 0.015 dB/mm for the PCB-based PAF-SW-SIW. In comparison, concerning the CNT-based waveguide, the attenuation constant 𝛼 is expected to be 0.004 dB/mm at 28 GHz, far lower than the PCB-based waveguide. But let us remember that the CNT-based model must be considered with caution since no validation has been done up to now. The comparison in terms of the phase constant 𝛽 and the attenuation constant 𝛼 between CNT-based AF-SW-SIW and PCB-based PAF-SW-SIW is presented in 

PCB-based PAF-SW-SIW 3-dB coupler

In this section, a PAF-SW-SIW 3-dB coupler, based on the short-slot coupler topology and the waveguide structure presented in section 5.1.1, is introduced. In order to reduce the simulation time, the equivalent model presented in section 5.1.2 is considered to optimize the coupler parameters. Then, considering technological fabrication constraints, the values are slightly readjusted. A comparison of simulation results between the model (best results after optimization) and the real structure are also illustrated in this section.

Design

The implementation design of this 3-dB coupler is illustrated in Figure 5-18, the geometric parameters defining this device are denoted as 𝑊 , 𝑊, 𝐿 and 𝐿′, where 𝑊 is the width of the access waveguide for mono-mode operation, while 𝑊 and 𝐿 are defining the center region size [9]. For our PCB-based PAF-SW-SIW, the width of the access waveguide 𝑊 equals to 4 mm. As shown in Figure 5-19, the matching as well as the isolation are greater than 15 dB over the 25.5-32 GHz range. At the center frequency of 28 GHz, the insertion losses is around 0.2 dB justifying the interest for this low-loss technology. In terms of unbalance, it is less than 1.5° in phase over the 24.8-32 GHz and remains less than 1 dB between 25.5 and 30.5 GHz in amplitude (0.05 dB at 28 GHz). A good agreement between the simulation results of real structure and equivalent model is also observed in Figure 5-19. The slight shift in amplitude imbalance is once again due to the deviation between 𝛽 and 𝛽 which occurs when building the equivalent model. technique. In terms of amplitude imbalance, it remains less than 1 dB between 25 and 30 GHz in amplitude (0.05 dB at 28 GHz) leading to a 1-dB amplitude imbalance bandwidth around 17.85%. Meanwhile, the phase variation is limited to ± 3° in 28% bandwidth (from 24 to 32 GHz).

Simulation results without access lines

In order to prove the efficiency of the equivalent model, the simulation times for the design of the 3-dB coupler with and without the use of equivalent model are given in * No lower ∆𝑆 enabled to finish simulations on the basis of our 128 Gbytes of RAM. Table 5-6. We do not comment that time the frequency shift observed between real case and model. Same comments as in section 5.1.3 would be considered. Anyway, with complex structures, it may be expected a better accuracy while saving computational time. * No lower ∆𝑆 enabled to finish simulations on the basis of our 128 Gbytes of RAM.

Table 5-6. Simulation time obtained for the 3-dB coupler with different configurations.

Comparison with SIW 3-dB coupler state-of-the-art in RF frequency band

In order to evaluate our coupler, a comparison in terms of performance is carried out between this investigated coupler and the existing couplers in literature designed for the RF applications. This performance summary is proposed in Table 5-7. The reference, year/type, central frequency, bandwidth, insertion loss, amplitude imbalance and phase imbalance are listed. The insertion loss, the phase and the amplitude imbalance are taken at the central frequency whereas the relative BW is considered for frequencies where the return loss is better than 10 dB. Our PCB-based short-slot 3-dB coupler results in lowest phase and amplitude imbalance as compared to the state-of-the-art, equal to 0.4 dB and 0.05 dB, respectively. Meanwhile, the relative bandwidth and insertion loss remain very competitive with the state-of-the-art while the coupler shows strong compactness with a surface equaling 0.96x1.53 𝜆², where 𝜆 is the guided wavelength at working frequency. These simulation results have to be confirmed by experimental results.

PCB-based PAF-SW-SIW crossover

In this part, a PCB-based PAF-SW-SIW crossover, based on the short-slot coupler topology and the waveguide structure presented in section 5.1.1.4, is introduced. In order to reduce the simulation time, the equivalent model presented in section 5.1.2 is also considered to optimize the crossover parameters leading after readjustment to consider technological constraints to the real structure. Finally, a comparison of simulation results between the model dimensions after parametric optimization and the real structure is also proposed.

Design

The procedure used to design the PCB-based PAF-SW-SIW crossover is not much different from that of the 3-dB coupler. The implementation form of this crossover is the same one used for 3-dB coupler, which is illustrated in Figure 5-18. The initial dimensions given by design equations are 𝑊 = 7.76 𝑚𝑚 and 𝐿 = 10.98 𝑚𝑚. After optimization by implementing the crossover in HFSS with full-wave simulation, the optimized dimensions for real structure were obtained and are given in Table 5 

Simulation results without access lines

Figure 5-23 presents the optimized responses of the investigated crossover with the optimized dimensions introduced in the previous part. This crossover was simulated without its access lines in order to evaluate its intrinsic performance in this section. The E-fields distributed inside this crossover is also illustrated in Figure 5-24. As shown in Figure 5-26, the matching (𝑆 ) is better than 10 dB over the 22-30.2 GHz range giving a relative bandwidth of 29.3%. Meanwhile, the isolation between port 1 and port 4 (𝑆 ) and the direct transmission (𝑆 ) are greater than 10 dB from 22 to 30.2 GHz and from 24 to 30 GHz, respectively. At the center frequency of 28 GHz, the insertion loss is around 1.4 dB and is mainly due to the transition of the access lines and will be removed by using the de-embedding technique. Furthermore, the PCB-based PAF-SW-SIW technology was also applied for the design of 3-dB coupler and crossover based on the short-slot topology with the same concept. The simulated S-parameters demonstrated that a good performance was expected for these couplers. In general, the simulated return loss is better than 15 dB over the 25-30 GHz frequency range for both couplers. At the center frequency of 28 GHz, the insertion loss is around 0.2 dB for the 3-dB coupler and 0.28 dB for the crossover, justifying the interest for this low-loss technology. In terms of unbalance for the 3-dB coupler, it is less than 1.5° in phase over the 24.8-32 GHz and remains less than 1 dB between 25.5 and 30.5 GHz in magnitude (0.05 dB at 28 GHz). A comparison in terms of performance between our couplers and the existing ones which were designed for RF applications was also presented in this chapter.

Finally, in order to reduce the simulation time when simulating the full structure of proposed waveguides or couplers in HFSS, an equivalent model was investigated, leading to a good agreement with real structure in term of simulation results while reducing simulation time efficiently.

Conclusion

The work introduced in this PhD thesis was mainly concentrated in two directions. The first one involved in considering a CNT technology to design AF-SIW circuits for mm-wave applications in E-band (71)(72)(73)(74)(75)(76)(77)(78)(79)(80)(81)(82)(83)(84)(85)(86). The second direction concerned the utilization of the slow-wave concept for the miniaturization of AF-SIW circuits designed for the RF applications based on both conventional PCB and CNT technologies. In both subjects, the proposed structures were detailed, then theoretical analyses were developed, and simulation and measurement results were presented. The retro-simulations were also realized when needed, which permitted to validate the proposed structures.

In the first chapter, the context for this thesis was introduced, which emphasizes the important role of multi-beam antenna systems for mm-wave applications, especially for 5G mobile communication networks. The beam-forming technique, which has the ability of providing unique patterns for beam switching or steering, has become the core technology in the rapidly development of this antenna system. Therefore, an overview of four common categories of BFNs was also presented. Among them, BM was proved to be particularly attracting. An overview concerning the techniques utilized to design and fabricate BM was also introduced, in RF and mm-wave frequency bands. In fact, the SIW technology has demonstrated its possibility to become a pertinent choice for BM design due to high Q factor, high power capability, low-loss, reduced weight, and no susceptibility to electromagnetic interference or wide instantaneous bandwidth features. Hence, a short description of SIW technology, as well as miniaturization techniques and low-loss air-filled technology were also introduced in this chapter.

The second chapter introduced in detail the physical properties of carbon nanotubes. Some state-of-the-art electronics applications based on CNTs: field effect transistors, antennas, interconnections or promising no-loss waveguides were presented. In particular, waveguides were one of our main goal to study during this PhD thesis. Three main methods to grow CNTs for electronics applications were also described in this chapter: arc discharge, laser ablation, thermal CVD and PECVD method. Thermal CVD and PECVD are the only methods enabling vertical alignments. The choice of thermal CVD in the framework of this PhD work was justified even if a lower CNT purity is obtained with this technique as compared to arc discharge or laser ablation. Also, bundles of single wall CNTs (SWCNTs) grown through thermal CVD present interestingly high densities up to 10 𝑚 . The analytical and electromagnetic bulk modeling of CNTs performed by XLIM laboratory, Limoges, FR, was also detailed in this chapter. Thanks to the bulk model, the CNT-based devices are designed more easily, and with accuracy. In practice, a bundle of CNTs, or a CNTs forest, is modeled as a bulk material of unique axial conductivity (not so high, about 0.8-1 MS/m, but only vertical, which considerably limits the resistive loss). Hence, the bulk model was then considered for the design and optimization of the electromagnetic circuits in the framework of this PhD in chapters 3 and 4.

The third chapter was then focused on a detailed description of AF-SIW waveguide based on CNT technology. In order to obtain a good performance, a CPW-to-GCPW-to-SIW transition mainly based on the quarter-wavelength triangle coupling slot was considered. Indeed, by using this transition, a simulated return loss better than 15 dB in the entire E-band is expected. Meanwhile, the maximum simulated insertion loss is better than 0.5 dB over the E-band. These results allow us to believe in a good transition for our circuits. The detailed design rules of this transition were also introduced in this part. Furthermore, the CNT technology used to design the AF-SIW waveguide was also applied to the design of 0-dB and 3-dB couplers based on the short-slot topology with the same concept. The simulated S-parameters demonstrated that a good performance can be expected for these couplers. In general, the return loss is greater than 15 dB over the 71-86 GHz frequency range for both couplers. At the center frequency of 78.5 GHz, the insertion loss is around 0.1 dB for the 3-dB coupler and 0.05 dB for the crossover, justifying the interest for this low-loss technology. In terms of unbalance for the 3-dB coupler, it is less than 0.63° in phase over the entire E-band and remains less than 1 dB between 73 and 86 GHz in magnitude (1.4 dB at 71 GHz). By combining these couplers with the optimized phase shifter for the design of Butler Matrix in ADS, a simulation was also achieved, leading to an input-output transmission of 6.7±0.7 dB (respectively 6.4 ± 1.2 dB) for excitation on port 1 (respectively, on port 2), with a maximum phase error of 1.8° (respectively, 3.7°). In addition, the fabrication process of the CNT-based AF-SIW circuits developed by CINTRA laboratory was also presented in this chapter. First measurements results were also provided showing the existence of the targeted cut-off frequency for waveguides but with 10-dB of insertion loss due to delamination process and bad contact between the CNT wall and the bottom plate of the waveguide. Further investigations are actually made at CINTRA to improve process. It is expected that some solutions concerning delamination can be proposed to overcome the insertion loss issues on CNT-based AF-SIW.

In the fourth chapter, a detailed description of AF-SW-SIW waveguides based on CNT technology designed at 28 GHz for RF applications was investigated and presented. An important feature for all slow-wave topologies is the slow-wave factor that is, in our case, depending on the height of the CNT forest. In this work, three heights of CNT forest (200 µm, 300 µm and 400 µm) were considered. Based on the theoretical calculations, the width of the CNT-based AF-SW-SIW waveguides could be reduced due to the slow-wave effect leading to an efficient miniaturization on the waveguide dimensions (around 43.5 % in width, and 43.5 % in length with the 400-µm CNT forest height leading to about 68% of surface reduction). In order to reach sensitivity in measurements through matched transitions, a CPW-to-GCPW-to-SIW transition, mainly based on the quarter-wavelength triangle coupling slot, was also optimized. Indeed, by using this transition, a matching better than 15 dB was obtained over the 24-36 GHz range for all structures, leading to a large relative bandwidth of 43%. The fabricated devices are currently under CNT-transfer process at CINTRA. Some pre-process measurements on empty waveguides before CNT transfer were performed showing the expected higher cut-off frequency as well as extremely low-loss. The measurements are extremely sensitive to the VNA remaining incertitude after calibration, and to the repeatability of the contacts. The reached accuracy did not enable us to measure the expected extremely low loss; by the way, they proved an attenuation below 0.1 dB/mm, which is already interesting. Furthermore, the CNT-based AF-SW-SIW technology was also applied to the design of 0-dB and 3-dB couplers, based on the same concept of the short-slot topology. The simulated S-parameters demonstrated that good performance could be expected for these couplers. In general, the return loss is better than 15 dB over the 25-31 GHz frequency range for both couplers. At the center frequency of 28 GHz, the insertion loss is around 0.2 dB for the 3-dB coupler and 0.1 dB for the crossover, justifying the interest for this low-loss technology. In terms of unbalance for the 3-dB coupler, it is less than 1.5° in phase over the 24-32 GHz and remains less than 1 dB between 25.5 and 31.8 GHz in magnitude (0.08 dB at 28 GHz). A comparison in terms of performance between these couplers and the existing ones designed for RF applications was also presented in this chapter, underlying their better compactness while keeping similar electrical performance. We hope that some measurements results concerning the CNT-based AF-SW-SIW will be provided soon, proving the expected slow wave factor and the extremely low loss. CNT transfer should be operative no later than January 2021.

Finally, the last chapter was dedicated to the detailed description of PAF-SW-SIW waveguide based on conventional PCB technology designed at 28 GHz for RF applications. By inserting internal blind via holes inside an air-filled SIW waveguide, a good slow-wave factor and low-loss structure could be obtained. Hence, a compact structure can be obtained as compared to the AFSIW while maintaining a quite low insertion loss. Indeed, the simulation results allow obtaining a slow-wave factor of 1.84 with an expected attenuation constant of 0.01 dB/mm by using this PAF-SW-SIW. A CPW-to-GCPW-to-SIW transition mainly based on the quarter-wavelength triangle coupling slot was also considered for our PCB-based PAF-SW-SIW structures. Actually, by using this transition, a simulated return loss greater than 20 dB was obtained over the frequency range of about 9 GHz (22-31 GHz) leading to an efficient relative bandwidth of 32.14 %. Furthermore, the PCB-based PAF-SW-SIW technology was also applied for the design of 3-dB coupler and crossover based on the short-slot topology with the same concept. The simulated S-parameters demonstrated that a good performance was expected for these couplers. In general, the simulated return loss is better than 15 dB over the 25-30 GHz frequency range for both couplers. At the center frequency of 28 GHz, the insertion loss is around 0.2 dB for the 3-dB coupler and 0.28 dB for the crossover. Even if the lossy substrate surrounding the rows and columns of blind via holes deteriorates slightly the attenuation constant due to a small penetration of electric field, losses are still low, justifying the interest for this slow-wave technology. In terms of unbalance for the 3-dB coupler, it is less than 1.5° in phase over the 24.8-32 GHz and remains less than 1 dB between 25.5 and 30.5 GHz in magnitude (0.05 dB at 28 GHz). A comparison in terms of performance between our couplers and the existing ones which were designed for RF applications was also presented in this chapter. Finally, in order to reduce the simulation time when optimizing the full structure of proposed couplers through parametric analysis in HFSS, an equivalent model was investigated and proposed, leading to a good agreement with real structure in term of simulation results while reducing optimization time efficiently. It is expected that measurement results (concerning waveguides electrical characteristics, 3-dB coupler and crossover de-embedded S-parameters) will be provided by the PhD defense in order to validate the proposed concept.
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 1 Figure 1-1. (a) Rotman lens [14], (b) Blass matrix [10], (c) Nolen matrix [12] and (d) Butler matrix [15].

Figure 1 - 2 .

 12 Figure 1-2. Working principle of conventional 4x4 BM.

Figure 1 - 3 .

 13 Figure 1-3. Butler matrixes based on single-layered microstrip in RF frequency band:(a)[31], (b)[32], (c)[35], (d)[37], (e)[44], (f)[45], (g)[46].

Figure 1 - 4 .

 14 Figure 1-4. Butler matrixes based on multi-layered microstrip in RF frequency band:(a)[21], (b)[22], (c)[24], (d)[28], (e)[34], (f)[36], (g)[40], (h)[42].
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 15 Figure 1-5. Butler matrixes based on SIW technology in RF frequency band: (a) [76], (b) [79], (c) [78], (d) [57], (e) [59].

Figure 1 - 6 .

 16 Figure 1-6. Butler matrixes based on microstrip in mm-wave frequency band: (a) [27], (b) [30], (c) [29].
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 1 Figure 1-7.

Figure 1 - 7 .

 17 Figure 1-7. Butler Matrixes based on SIW in mm-wave frequency band: (a) [60], (b) [61], (c) [72], (d) [73], (e) [75].

Figure 1 - 8 .

 18 Figure 1-8. SIW geometry [90].

Figure 1 - 9 .

 19 Figure 1-9. (a) Single and (b) double ridge rectangular waveguide cross-section [95].

Figure 1 -

 1 Figure 1-10. (a) Transition from microstrip to SIW based on Ridge SIW [96] and (b) Ridge waveguide with the connection of the blind via holes for band-gap removal [97].

Figure 1 -

 1 Figure 1-11. (a) Folded rectangular waveguide as introduced by W. L. Barrow [101], (b) Folded SIW in C shape and (c) in T shape [104].
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 1 Figure 1-12. (a) Electric field distributed in HMSIW and SIW [116], (b) Quarter-mode resonant cavity filter [121], (c) Quarter-and height-mode filter [122], (d) HMSIW cavity-backed slot antenna on cork substrate [124], (e) Quarter-mode SIW antenna [125] and (f) HMSIW 3-dB coupler [119].
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 1 Figure 1-13. (a) Slow-wave SIW with blind via insertion [126], (b) Slow-wave SIW with partially polyline loading [127] and (c) Slow-wave SIW based on anisotropic artificial materials [128].

Figure 1 - 14 .

 114 Figure 1-14. Configuration of HMSIW-SPP [132].
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 1 Figure 1-15. Air-filled SIW structure and its application on 19-GHz filter [134].
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 2 Figure 2-1. (a) Definition of the chirality vector 𝐶 ⃗ on a graphene sheet structure. (b) Three different configurations of CNTs: "A" conductive armchair, "B" semi-conductive zig-zag, and "C" semi-conductive random chiral [14].
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 2 Figure 2-2. A multi-wall carbon nanotube [16].

Figure 2 -

 2 Figure 2-3. a) Diffusive electron conduction in a 3-D material and b) Anisotropic ballistic transport of the electron in 1-D material as CNT [21].

Figure 2 - 4 .

 24 Figure 2-4. Structure of bending nanotubes calculated by Rochefort et al.[40] 

  High CNTs quality  Dense CNT bundle (up to 10 𝑚 )  Long CNTs (up to mm with super growth and up to 350 µm with normal growth)  Small patterns (5 µm)  Acceptable quality of CNTs  Lower CNT density (up to 10 𝑚 )  Long CNTs (up to 1,7 mm with super growth and up to 350 µm with normal growth)  Big diameters (from 50 to 350 nm)  Small patterns (5 µm) Plasma enhanced CVD Under investigation by other groups  Low CNTs quality  Low CNTs density (up to 10 𝑚 )  Short CNTs (up to 30 µm)  Big diameters (from 50 to 350 nm)  Small patterns (5 µm)

Figure 2 - 5 .

 25 Figure 2-5. Schematic circuit in DC of a carbon nanotube [27].

Figure 2 - 6 .

 26 Figure 2-6. Contact resistance in function of the CNT diameter [55].

Figure 2 - 7 .

 27 Figure 2-7. Resistance at room temperature of a SWCNT as a function of its length measured by several laboratories [58].

Figure 2 - 8 .

 28 Figure 2-8. Equivalent distributed circuit model of a metallic SWCNT [17].

  -9[17].

Figure 2 - 9 .

 29 Figure 2-9. Equivalent distributed circuit model of an MWCNT with p shells based on RLC transmission line model. 𝑅 is the imperfect contact resistance between the MWCNT and the material in contact [17]. Only the outermost shell has electrostatic capacitance 𝐶 with the ground.
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 2 Figure 2-10. MWCNT bundle grown by PECVD technique et CINTRA [27].

Figure 2 -

 2 Figure 2-11. Using the tight-binding theory, a SWCNT can be approximated as a hollow cylinder with the complex conductivity 𝜎 [68].

Figure 2 -

 2 Figure 2-12. Circular CNT in a transmission line configuration for HFSS simulation [27]. Two SWCNT were simulated and compared with the analytical and with the EM model, leading to a very good agreement up to 300 GHz as shown in Figure 2-13.

Figure 2 -

 2 Figure 2-13. S-parameters of a 10-µm and 20-µm length of SWCNT in transmission line configuration simulated by C. Brun [27].
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 2 Figure 2-14. Schematic illustration of the bulk equivalent model [78].

  -15. 
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 2 Figure 2-15. Cross-sectional cut of a hexagonal array of NWs [68].

  2-28) 𝜎 = 𝜎 + 𝑗𝜎 "
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 2 Figure 2-16. CNT-based waveguide with CNT walls are in red [92].

Figure 2 - 17 .

 217 Figure 2-17. Level 1 and level 0 of interconnection in integrated circuits [107].
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 31 Figure 3-1. Exploded 3D-view of CNT-based AF-SIW with its transitions and access lines.

(

  iii) Top layer (metallic cover) (ii) CNT layer (lateral wall of SIW waveguide) (i) Bottom layer (access line, coupling slot, metallic plan of SIW waveguide) (b) Top view (a) 3D View (c) Cross-section view Probe Probe

Figure 3 - 2 .

 32 Figure 3-2. Multi-layered connections between planar transmission lines and SIW as given in: (a) [4] ; (b) [6].

Figure 3 - 3 .

 33 Figure 3-3. Single-layered connection between planar transmission lines and SIW: (a) Microstrip tapered transition in [7], (b) Coplanar slot transition in [14], (c) Back-to-back CPW-to-SIW transition in [15], (d) Inverted CPW-to-SIW interconnect in [16], (e) GCPW-to-SIW current probe in [9], (f) GCPW-to-SIW triangle coupling slot in [3], (g) Coplanar Strip-line to SIW transition in [18], (h) Slot-line to SIW transition in [19].
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 34 Figure 3-4. Schematic view of broadband transition for CNT-based AF-SIW.

Figure 3 - 5 .

 35 Figure 3-5. Top view of investigated CNT-based AF-SIW.

Figure 3 - 6 .

 36 Figure 3-6. Performance comparison in term of S-parameters of investigated CNT-based AF-SIW with two different values of CNT-wall width (𝑊 = 0.1 𝑚𝑚 and 𝑊 = 1 𝑚𝑚).
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 37 Figure 3-7. Simulated S-parameters of the different waveguides with transitions and CPW/GCPW access line fabricated for E-band.
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 38 Figure 3-8. Waveguide performance vs. frequency: a) phase constant, (b) attenuation constant, (c) Q-factor and d) effective permittivity after de-embedding technique from MATLAB (𝐿 -𝐿 ).
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 39 Figure 3-9. Layout of the CNT-based AF-SIW waveguides and calibration kits.
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 310 Figure 3-10. CNTs preparation.

Figure 3 -Figure 3 - 12 .

 3312 Figure 3-11. Bottom layer definition.
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 3 Figure 3-13. The photolithography CNT mask.

Figure 3 - 14 .

 314 Figure 3-14. Diagram of CNT transferring on ROGER substrate.
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 3 Figure 3-15. Flip-chip bonding process.
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 316 Figure 3-16. Sputtering of gold through a shadow mask to cover the CNT.
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 3 Figure 3-17. Top/cover layer definition .

Figure 3 -

 3 Figure 3-18. The photolithography Cover mask.

CNTs

  Cleaned silicon wafer is ready for photolithographyNegative photoresist is spun onto waferWafer is put into oven and softbakedWafer is put into mask aligner and aligned with the cover mask UV lights selectively transform photoresist through the maskResist is developedGold is deposited by using e-beam evaporation to form the cover Cover is defined

Figure 3 - 19 .

 319 Figure 3-19. Cover layer after SAC305 deposition.

Figure 3 - 20 .

 320 Figure 3-20. Waveguide definition.
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 3 Figure 3-21. General view of CNT-based AF-SIW after CNTs transfer on bottom layer.

Figure 3 - 22 .

 322 Figure 3-22. Measurement results for three measurement configurations.

Figure 3 - 23 .

 323 Figure 3-23. Three examples of existing SIW coupling topologies for coupler design: (a) broad-
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 3 Figure 3-24. Topology of short-slot coupler in SIW technology [32].

Figure 3 - 25 .

 325 Figure 3-25. Topology of short-slot AFSIW coupler based on CNT technology. By considering the case where |𝑆 | = 1/√2, design equations (3-6) and (3-7) reduce to (3-8) and (3-9), where 𝜆 is the free-space wavelength at 78.5 GHz considering the substrate dielectric constant 𝜀 . In our case 𝜀 = 1 because the waveguide is filled with air.
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 3 Figure 3-26. Simulated S-parameters of the optimized CNT-based 3-dB coupler in AF-SIW technology.
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 3 Figure 3-27. E-field distribution inside the investigated 3-dB coupler.
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 3 Figure 3-28. Simulated S-parameters of the optimized AF-SIW crossover in CNT technology.

Figure 3 -

 3 Figure 3-29. E-field distribution inside the investigated 3-dB crossover.
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 330 Figure 3-30. Simulation schematic of investigated BM by using Advanced Design System (ADS).

Figure 3 -

 3 Figure 3-31. Simulated S-parameters in amplitude with (a) excitation on port 1 and (b) excitation on port 2. (c) Phase difference according to the input ports.

4. 1

 1 Figure4-1 illustrates the structure of the CNT-based AF-SW-SIW waveguide that was designed and simulated. Table4-1 summarizes all the dimensions of the waveguide. The latter consists of four layers: layer 1 and layer 3 were made of PCB technology, while layer 2, a special adhesive layer (EM-827), enables to assembly layers 1 and 3 together, thus forming the bottom part of an air-filled SIW waveguide (lateral wall of metallic holes and the metallic bottom). Meanwhile, layer 4 is considered as the metallic top cover for the waveguide. It is made of PCB technology, covered with a CNT forest in the center, which will perform slow-wave effect. Layer 4 can be defined by using the same fabrication process of CNT, which was introduced in the previous chapter with flip-chip technology. Finally, with the help of screws, an AF-SW-SIW could be fabricated. This layer is metallized with 9-µm thin layer of copper and finished with 1-µm thin layer of gold.The detailed parameters of investigated waveguide are presented in Figure4-2. The ROGER 4003 substrate with 𝜀 = 3.55 and ℎ = ℎ = 508 µm has been chosen to make the layers 1 and 3 which are metallized by a 17-µm thin layer of copper and finished with 1-µm thin layer of gold. The diameter of metallic holes, 𝑑, equals 0.2 mm and the center-to-center distance, 𝑠, between two consecutive holes equals 0.4 mm. In order to form the layer 4, the CNT forest could be transferred on the silicon substrate or ROGER substrate depending on the manufacturer. However, with the experiences achieved when fabricating CNT which was presented in chapter 3, the ROGER RT 5880 substrate could be considered for this mission. The height of this substrate does not influence on the waveguide performance. The adhesive layer of EM-827 that was applied to stick layers 1 and 3 together, is about 60-µm thick. An important factor of any slowwave topology is slow-wave factor, which is, in our case, depending on the height of the CNT forest. In this work, three values of the height of CNT forest (200 µm, 300 µm and 400 µm) were considered to perform the slow-wave effect. The theoretical calculation for the design of this waveguide as well as the simulation and measurement results will be presented in the following parts.

Figure 4 - 1 .

 41 Figure 4-1. Schematic view of the CNT-based AF-SW-SIW in PCB technology.

Figure 4 - 2 .

 42 Figure 4-2. Detailed structure of the CNT-based AF-SW-SIW waveguide.Layer Substrate 𝒉 𝑺𝒖𝒃 (µm) 𝜺 𝒓 𝒕𝒂𝒏𝜹 Metallized Layer 1 ROGER 4003 508 3.55 0.0027 17-µm of copper+1-µm of gold 2 EM-827 (Prepreg) 60 3.6 0.028 No metallized layer 3 ROGER 4003 508 3.55 0.0027 17-µm of copper+1-µm of gold 4 ROGER RT 5880 127 2.2 0.0004 9-µm of copper+1-µm of gold

Figure 4 - 3 .

 43 Figure 4-3. Cross-section view of investigated waveguides with and without presence of CNT forest. 𝒉 𝑪𝑵𝑻 (µm) w/o 200 300 400 SWF 1 1.23 1.43 1.77 𝑾 𝑨𝑭 𝑺𝑾 𝑺𝑰𝑾 (mm) 7.01 5.69 4.9 3.96

Figure 4 - 4 .

 44 Figure 4-4. Principle of the eigen-mode simulation: a) periodic waveguide and b) equivalent resonant unit-cell [1].

  Figure 4-5 illustrates unit-cell of the investigated waveguide that we used for eigen-mode simulation in this thesis work. The simulation results of the phase constant 𝛽, the attenuation constant 𝛼, the quality factor 𝑄 and the slow-wave factor 𝑆𝑊𝐹 will be presented in Figure 4-6 corresponding to three different values of CNT forest thickness. The forest model is the same as presented in Chapter 2.

Figure 4 - 5 .

 45 Figure 4-5. Unit-cell of the investigated waveguide.

  It is obviously demonstrated in our investigated waveguides as illustrated in Figure 4-6.a) and b

Figure 4 - 6 .

 46 Figure 4-6. Waveguide, simulated through Eigen mode method, performance vs. frequency: a) phase constant, (b) attenuation constant, (c) Q-factor and d) slow-wave factor. Parametric study as a function of CNT forest height.

Figure 4 - 7 .

 47 Figure 4-7. Electric and magnetic distribution in AF-SW-SIW waveguide at operating frequency of 28 GHz.

Figure 4 - 8 .

 48 Figure 4-8. Detailed view of the broadband transition for CNT-based PAF-SWSIW.

Figure 4 - 9 .

 49 Figure 4-9. Simulated S-parameters of different lengths of waveguides with 200-𝜇𝑚-height CNT forest with its transitions and CPW/GCPW access lines.

Figure 4 -

 4 Figure 4-10. Simulated S-parameters of different lengths of waveguides with 300-𝜇𝑚-height CNT forest with its transitions and CPW/GCPW access lines.

Figure 4 -

 4 Figure 4-11. Simulated S-parameters of different lengths of waveguides with 400-𝜇𝑚-height CNT forest with its transitions and CPW/GCPW access lines.

  -12, Figure 4-13 and Figure 4-14 for the three heights of CNT forest.

Figure 4 -

 4 Figure 4-12. Simulated waveguide performance after de-embedding of L7 with L0 for a 200-µmheight of CNT forest.

Figure 4 - 13 .

 413 Figure 4-13. Simulated waveguide performance after de-embedding of L7 with L0 for a 300-µmheight of CNT forest.

Figure 4 - 14 .

 414 Figure 4-14. Simulated waveguide performance after de-embedding of L7 with L0 for a 400-µmheight of CNT forest.

Figure 4 -

 4 Figure 4-15. Simulated, full-wave, waveguides performance vs. frequency, after transition deembedding after de-embedding of L10 with L1: a) phase constant, b) attenuation constant. Parametric study as a function of CNT forest height.

Figure 4 -

 4 Figure 4-16 presents the layout of some different lengths of CNT-based AF-SW-SIW waveguides designed with three different values of CNT forest thickness (200 µm, 300 µm and 400 µm). This layout consists of two main parts: the bottom part (see Figure 4-16 (a)), containing layer 1, layer 2 and layer 3 of investigated waveguides, and will be sent and fabricated at CIRLY, Lyon, France. Meanwhile the top part (see Figure 4-16 (b))will be sent to Singapore on which the CNTs will be transferred by our collaborator: CINTRA laboratory. The process of CNT transfer is identical with the one presented in Chapter 3. The TRL calibration kit was also added in the bottom part.

Figure 4 - 16 .

 416 Figure 4-16. Layout sent to PCB provider, CIRLY, Lyon area, France: (a) bottom part, layers 1, 2 and 3. (b) top part to be covered with CNT, layer 4.
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 4 Figure 4-17. Measured S-parameters of different lengths of empty waveguides designed for future 200-𝜇𝑚-height transferred CNT forest with its transitions and CPW/GCPW access lines.

Figure 4 -

 4 Figure 4-18. Empty waveguides performance vs. frequency. Measurements with transition deembedding of L7 with L1 compared with simulations with transition de-embedding of L10 with L1. a) phase constant, b) attenuation constant.

Figure 4 -

 4 Figure 4-19. 3-dB coupler in CNT-based AF-SW-SIW technology.

  Figure4-20 presents the optimized responses of the investigated 3-dB coupler with the optimized dimensions introduced in the previous part. This coupler was simulated without its access lines in order to evaluate its intrinsic performance in this section. The E-field distributed inside this coupler is also illustrated in Figure4-21.

Figure 4 -

 4 Figure 4-20. Simulated S-parameters of the optimized 3-dB coupler without its access lines in CNT-based AF-SW-SIW technology.

Figure 4 -

 4 Figure 4-21. E-field distribution inside the 3-dB coupler without its access lines in CNT-based AF-SW-SIW technology.

Figure 4 -

 4 Figure 4-24. E-field distribution inside the 3-dB coupler with its access lines in CNT-based AF-SW-SIW technology.

  Figure4-25 presents the response of the investigated crossover obtained through the optimized dimensions introduced in the previous part. This crossover was first simulated without its access lines in order to evaluate its intrinsic performance. The distributed E-field inside this crossover is also illustrated in Figure4-26.

Figure 4 -

 4 Figure 4-25. Simulated S-parameters of the optimized crossover without its access lines in CNT-based AF-SW-SIW technology.As shown in Figure4-25, matching as well as isolation are greater than 15 dB over the 25-31 GHz range. At the center frequency of 28 GHz, the insertion losses are around 0.1 dB justifying the interest for this low-loss technology.
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 4 Figure 4-26. E-field distribution inside the crossover without its access lines in CNT-based AF-SW-SIW technology.

4. 3 . 3 Figure 4 - 27 .

 33427 Figure 4-27. Crossover with its access lines in CNT-based AF-SW-SIW technology.

Figure 4 -

 4 Figure 4-28. Simulated S-parameters of the optimized crossover with its access lines in CNTbased AF-SW-SIW technology.
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 4 Figure 4-29. E-field distribution inside the crossover with its access lines in CNT-based AF-SW-SIW technology.
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 52 Figure 5-2. Detailed structure of PCB-based PAF-SW-SIW waveguide.

Figure 5 - 3 .

 53 Figure 5-3.Cross-section view of investigated waveguides with and without presence of internal via holes.

Figure 5 - 4 .

 54 Figure 5-4. Waveguide performance vs. frequency: a) phase constant, (b) attenuation constant, (c) Q-factor and d) slow-wave factor.

Figure 5 - 7 .

 57 Figure 5-7. From real structure to equivalent model.

  _ is around 2.8. Figure5-8 presents the phase constants 𝛽 of these two structures.

Figure 5 - 8 .

 58 Figure 5-8. Comparison in phase constant 𝛽 between the real structure and Model 1.

Figure 5 - 9 .

 59 Figure 5-9. Comparison in phase constant 𝛽 between the real structure and Model 2.

Figure 5 - 10 .

 510 Figure 5-10. Comparison in phase constant 𝛽 between the real structure and proposed model for each investigated waveguide.

Figure 5 - 12 .

 512 Figure 5-12. Comparison in waveguide performance between equivalent model and real structure.

- 13 ,

 13 Figure 5-14 and Figure 5-15, respectively.

Figure 5 - 13 .

 513 Figure 5-13. Comparison in waveguide performance between the equivalent model and the real structure for investigated waveguide of 𝜆/2 length.

Figure 5 - 14 .

 514 Figure 5-14. Comparison in waveguide performance between the equivalent model and the real structure for investigated waveguide of 3𝜆/4 length.

Figure 5 - 15 .

 515 Figure 5-15. Comparison in waveguide performance between the equivalent model and the real structure for investigated waveguide of 5𝜆/2 length.

Figure 5 -

 5 Figure 5-16. Extracted values of propagation constant of real structure and equivalent model after de-embedding technique of 5𝜆/2-length with 𝜆/2-length.

  Figure 5-17.

Figure 5 - 17 .

 517 Figure 5-17. Extracted values of propagation constant of PCB-based PAF-SW-SIW and CNTbased AF-SW-SIW after de-embedding technique from MATLAB.

Figure 5 -

 5 Figure 5-18. Geometrical parameter of the 3-dB coupler in PCB-based PAF-SW-SIW technology. The initial dimensions were obtained by using the design equations (3-8) and (3-9), leading to 𝑊 = 7.35 𝑚𝑚 and 𝐿 = 4.75 𝑚𝑚. The same choice of solution order 𝑛 = 1 was done in SW-SIW. After optimization by implementing the coupler in HFSS with fullwave simulation parametric analysis with model, the dimensions for real structure are given in Table 5-5. W (mm) L (mm) L' (mm)

Figure 5 -

 5 Figure5-19 presents the optimized responses of the investigated 3-dB coupler with the optimized dimensions introduced in the previous part by comparing the EM simulations of the real structure and the one considering the proposed model. This coupler was simulated without access lines in order to evaluate first its intrinsic performance. The E-field distributed inside this coupler is also illustrated in Figure5-20.
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 5 Figure 5-19. Simulated S-parameters of the optimized 3-dB Coupler in PCB-based PAF-SW-SIW technology.

Figure 5 -

 5 Figure 5-20. E-field distribution inside 3-dB Coupler in PCB-based PAF-SW-SIW technology.

Figure 5 -

 5 Figure 5-25. PCB-based PAF-SW-SIW crossover with its access lines.

Figure 5 -

 5 Figure 5-26. Simulated S-parameters of the optimized crossover in PCB-based PAF-SW-SIW technology with its access lines.

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 -

 1 1. Summary of State-of-the-art MS-based BM in RF frequency band.

		Year /Type	Frequency (GHz)	Size (𝝀 × 𝝀) (mm×mm)	BW (GHz) (%)	Avg. (dB) Trans.Coeff	Max (dB) Amp.Imb	Max (°) Phase.Imb	Layers
	[44]	2007 (4x4)	0.915	99x108 (0.49x0.54)	10.7 (0.89-0.99)	-8.6	±1.1	±7.5	single
	[45]	2010 (4x4)	1	70x70 (0.35x0.35)	NA	-8.3	±0.9	±8	single
	[28]	2010 (8x8)	2.2	160x100 (2.16x1.35)	56 (1.6-2.8)	-10.1	±2.2	±20.7	multi
	[22]	2010 (4x4)	3	NA	113 (1.12-4.5)	-7.1	±0.9	±10	multi
	[31]	2011 (4x4)	5	86.5x95.3 (2.65x2.92)	20 (4.5-5.5)	-7.5	±1.5	±10	single
	[40]	2011 (8x8)	3	130x100 (2.39x1.83)	33 (2.5-3.5)	-7.2	±0.45	±7.5	multi
	[21]	2013 (8x8)	5	150x150 (4x4)	10 (4.7-5.2)	-13.2	±1.5	±12	multi
	[32]	2013 (4x4)	2.4	85x75 (1.3x1.15)	14 (2.2-2.5)	-7.3	±0.7	±5	single
	[34]	2013 (4x4)	2.5	81.65x71.56 (1.17x1.02)	47 (1.96-3.15)	-7.1	±1	±6	multi
	[33]	2014 (8x8)	4.3	150x150 (4x4)	23.2 (3.7-4.7)	-14.2	±2	±15	multi
	[46]	2014 (4x4)	6	NA	20.1 (5.4-6.6)	-7.24	±0.4	±0.9	single
	[35]	2014 (4x4)	2.4	NA	16.7 (2.2-2.6)	-8.2	±1.5	±2.1	single
	[24]	2016 (8x8)	3	170x145 (1.4x1.2)	33 (2-4)	-10.1	±0.5	±10	multi
	[36]	2017 (4x4)	0.97	76x39 (0.42x0.22)	14.4 (0.92-1.06)	-7.31	±1.2	±6.85	multi
	[37]	2018 (4x4)	2.4	137.6x140 (2.07x2.11)	16.7 (2.2-2.6)	-7.7	±1.2	±9.3	single
	[42]	2020 (4x4)	9	NA	60(5-12)	-9.1	±1.5	±8	multi

Table 1 -

 1 2. Let us notice that due to large lateral dimensions of the SIWs, only frequencies above about 10 GHz are addressed in this technology.

	(a)	(b)
		(c)
	(d)	(e)

Table 1 -

 1 2. Summary of the State-of-the-art SIW-based BM in RF frequency band.

	(*) the results of the BM are simulated but the entire antenna system was fabricated and measured
	1.3.4 Butler Matrix design overview for mm-wave applications in
	MS-line and SIW technology
	1.3.4.1 MS-line technology

  -3. 

	REF	Year /Type	Freq. (GHz)	Size (𝝀 × 𝝀) (mm×mm)	BW (GHz) (%)	Avg. (dB) Trans.Coeff	Max (dB) Amp.Imb	Max (°) Phase.Imb	Layers
	[75]	2010 (4x4)	60	27.1x17.8 (5.42x3.56)	31.7 (48-67)	-8.2	±1.5	±17	single
	[80]*	2012 (4x4)	77	31.5x28.5 (8.09x7.31)	12.3 (72-81.5)	-6.7	±0.3	±4	single
	[58]*	2015 (4x4)	60	14.98x17.75 (3x3.55)	11.67 (57-64)	-7	±1.5	±14	single
	[60]*	2016 (4x4)	30	61.9x27.4 (6.19x2.74)	13.3 (28-32)	-6.8	±1	±10	single
	[61]*	2016 (4x4)	30	110x42.5 (11.03x4.25)**	13.3 (28-32)	-6.75	±0.7	±7	single
	[63]*	2017 (4x8)	38	NA	10.5 (36-40)	-10.8	±0.8	±5	multi
	[65]*	2017 (8x8)	29.5	101.7x40.68 (10.4x4.6)	10.17 (28-31)	-11	NA	±15	multi
	[62]*	2017 (4x4)	60	NA	33.3 (50-70)	-8.2	±1	±5	multi
	[70]*	2017 (4x4)	94	NA	2.13 (93-95)	-7.2	±0.3	±5	multi
	[72]*	2017 (4x4)	60	150x150 (30x30)	23.33 (54.68)	-7.5	±1.4	±9	multi
	[73]*	2018 (4x4)	30	165x45 (16.5x4.5)	14.29 (28-32)	-7	±2	±18	multi
		Table 1-3. Summary of the State-of-the-art SIW-based BM in mm-wave frequency band.	

Table a )

 a b)2-1 presents the main CNTs properties versus copper, showing that CNTs could be a very promising conductive material for next generation of electronics applications.

		Copper	SWCNT	MWCNT
	Max. current density (A/𝒄𝒎 𝟐 )	10	10 [23]	10 [23]

Table 2 -

 2 1. Comparison of general properties between carbon nanotubes and gold[27].

  -2, arc discharge, laser ablation, TCVD and PECVD techniques are compared with their pros and cons.

	Method Process difficulty	Process	Quality of	CNT homogeneity
			temperature	growth	and its parameters
					 Random length
	Arc discharge	Easy and repeatable High temperature	3700 ℃	CNT purity > 90 %	 Random diameter  No vertically aligned CNTs  No possible
					patterned
					 Random length
	Laser ablation	Easy and repeatable Medium temperature	1300 ℃	CNT purity > 90 %	 Random diameter  No vertically aligned CNTs  No possible
					patterned
		Numerous			 SWCNTs	and
		sensitive			MWCNTs
		processing			 Very dense bundle
		parameters		Good	 Long CNTs (up to
	TCVD	(temperature, pressure, time, gas	700-900 ℃	quality (>75% of	mm)  CNT verticality by
		flow rate, catalyst,		purity)	the VDW forces
		etc)			 Quite homogeneous
					CNTs (length and
					diameter)
		Numerous			 Only MWCNTs
		sensitive			 Low dense bundle
		processing			 Short CNTs (up to 50
		parameters			µm)
	PECVD	(temperature, pressure, time, gas flow rate, catalyst, etc) + plasma requirement	550-700 ℃	Low quality	 Very good vertically aligned CNTs due to plasma  Quite homogeneous CNTs (length and diameter)

Table 2 -

 2 

2. Summary of CNT growth techniques

[27]

.

Table 2 -

 2 

3. CNT growth capabilities achieved at CINTRA/NTU

[27]

.

Table 3 -
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1. Performance comparison of different types of TLine-to-SIW transitions.

Table 3 -

 3 2. Theoretical dimensions of the interference region in AF-SIW technology for a CNTbased 3-dB coupler.

Table 3 -

 3 3. Performance summary of SIW-based couplers for mm-wave applications.

Table 3 -

 3 

4

. Theoretical dimensions of the interference region in AFSIW technology for a CNTbased crossover.

Table 3 -

 3 5. 

	REF Year/Type	Freq. (GHz)	BW (%) (GHz)	Insertion Loss (dB)	Direct Transmission (dB) Isolation	Isolation (dB)
	[35]	2010 (short-slot)	60	26.7 (51-67)	0.35	28	20
	[46]	2015 (short-slot)	60	11.7 (57-64)	0.3	18	27
	[47]	2016 (short-slot)	30	13.3 (28-32)	0.1	40	35
	[51]	2009 (central-junction)	60	15 (55-64)	0.15	35	40
	Our work [50]	2020 (short-slot)	78.5	19.1 (71-86)	0.05	40	40

Table 3 -

 3 5. Performance summary of SIW-based crossover for mm-wave applications.

Table 4 -

 4 

1. CNT-based technology parameters.

Table 4 -

 4 2. Slow-wave factor and 𝑊 estimation corresponding to three values of CNT forest thickness. The AF-SIW without CNT is represented as well as an element of comparison.

Table 4 -

 4 3. Summary investigated waveguide performance by using Eigen-mode at 28 GHz.

Table 4 -

 4 4. Optimized parameters of the broadband transition for CNT-based AF-SW-SIW.

	forest	𝒍 𝒕𝟏 (𝐦𝐦) 𝒍 𝒕𝟐 (𝐦𝐦)	𝜽 𝒕𝟏 (°)	𝜽 𝒕𝟐 (°) 𝒑(𝝁𝒎)	𝑾 𝑾𝑮
	thickness (𝝁𝒎)						(𝒎𝒎)
	200	1.6	1	40	22	0.45	5.69
	300	1.6	1	58	15	0.68	5
	400	1.5	1	71	5	0.695	4

Table 4 -

 4 6. Empty waveguide electrical characteristics at 30 GHz, extracted from L7-L1 waveguides.

Table 4 -

 4 

	7.			
		W (mm)	L (mm)	L' (mm)
	Design equations	10.85	8.29	
	Optimized real structure	11.26	8.40	4.8

Table 4 -

 4 7. Optimized dimension for the 3-dB coupler in CNT-based PAF-SWSIW technology.

Table 4 -

 4 8. Performance summary of SIW-based couplers for RF applications.

Table 4 -

 4 9. Optimized dimensions for the crossover in CNT-based AF-SW-SIW technology.

Table 5 -

 5 

1. PCB-based technology parameters.

Table 5 -

 5 

	Waveguide type	𝛃 (𝐫𝐚𝐝/𝐦)	𝛂 (𝐝𝐁/𝐦𝐦)	𝐐	𝐒𝐖𝐅	Waveguide width (mm)
	AFSIW	410	0.003	593	1	7.01
	CNT-based AF-SW-SIW	702	0.0069	442	1.71	4.0
	PCB-based PAF-SW-SIW	751	0.013	251	1.84	4.0

2. Summary of the investigated waveguide performance by using Eigen-mode simulation at 28 GHz.

  -10. 

	𝑊	(mm) 𝑑 (mm) 𝑑 (mm) SWF (at 28 GHz) Optimized 𝜀	_
	4	0.15	0.54	1.843	13
	4.11	0.2	0.5	1.735	10.5
	4.28	0.4	0.6	1.601	8.05
	4.35	0.45	0.6	1.538	7.07
	4.4	0.48	0.6	1.506	6.6

Table 5 -

 5 

4

. Correspondence between SWF and optimized 𝜀 𝑟 𝑒𝑓𝑓 _2 for investigated waveguides.

Table 5 -

 5 

	5.			
		W (mm)	L (mm)	L' (mm)
	Design equations	7.35	4.75	
	Model (𝜺 𝒓 𝒆𝒇𝒇 _𝟐 ) after optimization	7.82	5.6	3.6
	Real structure	7.75	5.6	3.6

Table 5 -

 5 

5. Calculated and optimized dimensions for the 3-dB Coupler in PCB-based PAF-SW-SIW technology.

Table 5 -

 5 7. Performance summary of SIW-based couplers for RF applications.

Table 5 -

 5 8. Calculated and optimized dimensions for the 3-dB crossover in PCB-based PAF-SW-SIW technology.

(a) (b)
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Quantum resistance 𝑹 𝑸

As discussed previously, the electron propagation in CNTs is quantized [7], leading to a limited number of discrete conducting channels for the electron conduction. Each channel only accepts one electron travelling at the same time, hence the quantum resistance 𝑅 𝑄 appears from this particular 1-D structure [27]. Besides, the electron conduction along the nanotubes is ballistic and for this kind of transport, the Landauer formula can be applied in order to estimate the current in the carbon nanotube channel [56]. By assuming no scattering and ideal contacts, the conductance of the 1-D structure can be given by 𝐺 = 𝐺 𝑁𝑇, where 𝑇 is the probability that an electron could be transmitted along the channel, 𝑁 is the number of the channels available for transport and 𝐺 is the conductance quantum (𝐺 = 2𝑒 /ℎ). With perfect contacts, when the reflection equals zero and no back scattering along the channel result in transmission probability 𝑇 = 1 [56], the conductance of the system becomes 𝐺 = 𝑁. In a SWCNT, there is only one shell with only two channels of conduction per shell. Thus 𝑁 = 2 and the conductance is 𝐺 = leading to the quantum resistance 𝑅 equals to = 6.45 𝑘Ω. More generally, the quantum resistance of a SWCNT shell is given by [27]:

(2-5)

where ℎ is the Planck's constant; 𝑒 is the elementary electron charge; 𝑁 / = 2 is the number of channels in the selected shell.

In the case of MWCNTs, the number of conducting channels for each MWCNT shell must be calculated [7], [17]. Thus, by summing up all the possible conducting channels, the value of 𝑅 can be calculated for a MWCNT. Generally, this quantum resistance is given by [27]:

(2-6)

where

and 𝑝 is the number of shells calculated with equation (2-2).

In the case of a MWCNT having a diameter of 10 nm and 8 shells, a 𝑅 equal to 0.8 kΩ is obtained. This quantum resistance is much lower than the one of a SWCNT. Nevertheless, the density of SWCNTs (up to 10 𝑚 ) is much higher (10 and 100 times) than the density of MWCNTs (up to 10 𝑚 ), which may compensate the difference in terms of total 𝑁 larger for MWCNTs than for SWCNTs and leads to an approximate value of quantum resistance. Finally, it must be reminded that for SWCNTs, tunneling effects between shells does not exist, that is also an advantage for the vertical resistance of the CNT [27].

Carbon nanotube resistance 𝑹 𝑪𝑵𝑻

Theoretically, the electron transport inside a carbon nanotube becomes diffusive when the length of the CNT is greater than its mean free path MFP (approximately 1 µm in SWCNTs and 25 µm in MWCNTs), thus leading to a resistance 𝑅 defined as follow [57]:

Simulation results with access lines

By assembling the intrinsic structure of the 3-dB coupler presented in section 4.2.2 with the feeding structures introduced in section 4.1.1.4, a complete CNT-based AF-SW-SIW 3-dB coupler can be designed and investigated. The final assembled structure is presented in Figure 4-22 whereas the optimized responses and the E-field distributed inside this coupler are illustrated in Figure 4-23 and Figure 4-24, respectively. In order to evaluate our crossover, a comparison in terms of electrical performance will be carried out between this investigated crossover and the existing ones in the literature which were designed for RF applications. This performance summary will be introduced in * Simulation results Our short-slot CNT-based AF-SW-SIW crossover results in very low loss and high relative bandwidth as compared to the state-of-the-art, while the rest of the parameters comply with the state-of the-art. The crossover shows strong compactness with a surface equaling 1.54x1.97 𝜆², where 𝜆 is the guided wavelength at working frequency.

Conclusion

In this chapter, a detailed description of AF-SW-SIW waveguides based on CNT technology was investigated and presented. An important feature for all slow-wave topologies is the slow-wave factor that is, in our case, depending on the height of the CNT forest. In this work, three heights of CNT forest (200 µm, 300 µm and 400 µm) were considered. Based on the theoretical calculations, the width of the CNT-based AF-SW-SIW waveguides could be reduced due to the slow-wave effect leading to an efficient miniaturization on the waveguide dimensions (around 43.5 % in width, and 43.5 % in length with the 400-µm CNT forest height leading to about 68% of surface reduction).

In order to reach sensitivity in measurements through matched transitions, a CPWto-GCPW-to-SIW transition, mainly based on the quarter-wavelength triangle coupling slot, was also optimized. Indeed, by using this transition, an adaptation better than 15 dB was obtained over a 24-36 GHz range for all structures, leading to a large relative bandwidth of 43%. The fabricated devices are currently under CNT-transfer process at CINTRA Singapore. Some pre-process measurements on empty waveguides before CNT Chapter 5. Partially Air-Filled Slow-Wave SIW (PAF-SW-SIW) in conventional PCB technology at 28 GHz In this chapter, a Partially Air-Filled Slow-Wave Substrate Integrated Waveguide (PAF-SW-SIW) in conventional PCB technology is introduced for RF applications at the operating frequency of 28 GHz. A compromise between low loss and compactness will be addressed by using respectively, air-filled technology and slow-wave effect. In order to challenge this technology with the one presented in Chapter 4, a comparison between this PCB-based PAF-SW-SIW and the CNT-based AF-SW-SIW will be carried out. The detailed structure of the proposed PCB-based PAF-SW-SIW waveguide is illustrated in Figure 5-1. This waveguide is a multi-layer structure made out of three Rogers RO4003 layers (named as Layer 1, Layer 2 and Layer 4) having a relative permittivity 𝜀 of 3.55 and a loss tangent 𝑡𝑎𝑛𝛿 of 0.0027. Layers 2 and 4 are stacked together by an adhesive prepreg layer (named as Layer 3) with a relative permittivity of 3.6 and a loss tangent of 0.028. Meanwhile, in order to ensure a good connection of Layer 1 with the other ones, the use of screws and nuts is necessary. The missions of the three Rogers layers are summarized as follow:

 Layer 1 defines the coplanar access lines and matching slots for feeding the proposed waveguide. The dimensions of these structures are optimized to obtain a good waveguide performance in term of matching and insertion loss.  Layer 2 defines an air zone for the proposed waveguide, which is formed by engraving the Rogers substrate with a predefined region.  Layer 4 contains a matrix of internal blind metallized via holes in order to perform the slow-wave effect, which permits to reduce efficiently the device dimensions. 

Electric and magnetic field distribution

As already known, a separation of electric and magnetic fields in a waveguide can slow down its phase velocity and therefore establishes the slow-wave effect. Hence, in this section, a distribution of electric and magnetic fields confined inside the PCB-based PAF-SW-SIW waveguide is illustrated. In order to explain the difference in terms of SWF values presented in the previous section, a distribution of electric and magnetic fields enclosed inside the CNT-based AF-SW-SIW are also convened. As discussed previously in Chapter 4, the distance between the sidewall of CNT forest and the ROGER substrate 𝑑 must be at least 1 mm due to the fabrication process requirement. This is a huge value as compared to the waveguide width, which is only 4 mm. Therefore, in the case of CNT-based AF-SW-SIW waveguide, the electric field is not only confined in the air zone limited by the CNT forest and top metal layer but also distributed in the air area defined by 𝑑 as presented in Figure 5-5 (a). Meanwhile, in PCBbased PAF-SW-SIW waveguide, the electric field is mainly concentrated in the air zone between the top metal layer and the top of blind via holes. There is only a small amount of the electric field, which penetrates the dielectric substrate through the space between two blind via holes as presented in Figure 5-5 (b). The electromagnetic field distribution presented in Figure 5-5 also shows that the magnetic field in both cases flows inside the whole waveguide structure. This physical separation of electric and magnetic fields is at the origin of the slow-wave effect [6]. Hence, the difference in the distribution of electric field inside its waveguide explains why PCB-based PAF-SW-SIW finally have a larger amount of SWF than the CNT-based AF-SW-SIW (as indicated in Table 5-2) which could not be expected by the approximated formula (5-1) that was leading to an estimated similar SWF.

Feeding structures

Once again, due to its high performance, a GCPW-CPW transition using triangular coupling slot (as presented in section 3.2.3) is considered as a feeding line for this PCB- The broadband transition geometry is established by two angles 𝜃 and 𝜃 as well as the taper length 𝑙 and 𝑙 . These dimensions are crucial factors to achieve a very good matching. The physical dimension of the CPW and GCPW are also given: 𝑊 , 𝑊 , 𝑑 , 𝑊 , 𝑊 . For the starting point, 𝑙 should be equal to a quarter-wavelength at the center frequency of the E-band (2 mm at 28 GHz). It was observed that the outer angle 𝜃 needs to be around 50°, meanwhile the typical value for 𝜃 is around 20°. The optimized dimensions of the transitions are as follows: 𝑙 = 2.2 mm, 𝑙 = 0.8 mm, 𝜃 = 60°, 𝜃 = 15°.

Concerning the CPW and GCPW dimensions, a 50-Ω characteristic impedance needs to be obtained and these dimensions must be also optimized in compliance with the standard of connector South-West End Launch 1492-02A-8 for measurements. Thus, the optimized dimensions are given as follows: 𝑊 = 1100 𝜇𝑚, 𝑊 = 120 𝜇𝑚, 𝑑 = 200 𝜇𝑚, 𝑊 = 800 𝜇𝑚, 𝑊 = 270 𝜇𝑚. The methodology to create an equivalent model can be illustrated in Figure 5-11. 

Simulation results with access line

By assembling the intrinsic structure of 3-dB coupler presented in section 5.2.2 with the feeding structures introduced in section 5.1.1.4, a completed PCB-based PAF-SW-SIW 3-dB coupler can be designed and investigated. The final assembled structure and the E-field distribution inside this 3-dB coupler are presented in Figure 5-21 whereas the optimized responses are illustrated in Figure 5-22, respectively. As shown in Figure 5-22, the matching as well as isolation is greater than 15 dB over the 24.5-31 GHz range giving a relative bandwidth of 23.2%. At the center frequency of 28 GHz, the insertion loss is around 1.4 dB (|𝑆 | = -4.4 𝑑𝐵). These losses are due to the transition of the access lines and could be removed by using the de-embedding 

Simulation results with access line

Once again, by assembling the intrinsic structure of crossover presented in section 5.3.2 with the feeding structures introduced in section 5.1.1.4, a completed PCB-based PAF-SW-SIW crossover can be designed and investigated. The final assembled structure and the E-field distribution inside this crossover are presented in Figure 5-25 whereas the optimized responses are illustrated in Figure 5-26, respectively.

Comparison with SIW crossover state-of-the-art in RF frequency band

In order to evaluate our crossover, a comparison in term of performance is carried out between this investigated crossover and the existing ones in literature which were designed for the RF applications. This performance summary is introduced in Table 5-9. The reference, year/type, central frequency, bandwidth, insertion loss, direct transmission and isolation are listed. The insertion loss, direct transmission and isolation are taken at the central frequency whereas the relative BW is considered for frequencies where the return loss is better than 10 dB. Our short-slot PCB-based PAF-SW-SIW crossover results in very low loss and high relative bandwidth as compared to the state-of-the-art, while the rest of the parameters comply with the state-of the-art. The crossover shows strong compactness with a surface equaling 1.39x1.95 𝜆², where 𝜆 is the guided wavelength at working frequency.

Conclusion

In this chapter, a detailed description of PAF-SW-SIW waveguide based on PCB technology designed at 28 GHz for RF applications was presented. By inserting internal blind via holes inside an air-filled SIW waveguide, a good slow-wave factor and low-loss structure could be obtained. Hence, a compact structure can be reached as compared to the AF-SIW while maintaining a quite low insertion loss. Indeed, the simulations results allow obtaining a slow-wave factor of 1.84 with an expected attenuation constant of 0.01 dB/mm by using this PAF-SW-SIW, leading to almost 76% of surface reduction at the end when associated to the 43.5% of reduction in width. A CPW-to-GCPW-to-SIW transition mainly based on the quarter-wavelength triangle coupling slot was also considered for our PCBbased PAF-SW-SIW structures. Actually, by using this transition, a simulated return loss greater than 20 dB was obtained over the frequency range of about 9 GHz (22)(23)(24)(25)(26)(27)(28)(29)(30)(31) leading to an efficient relative bandwidth of 32.14%. The detailed design rules of this transition were also introduced in this part.