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Introduction

The twentieth one century is so-called a technological epoch with jump-dropping progress and innovation in science. The emergence of the wireless network could be one of the most visible. The wireless communication has appeared in almost all electronic devices, not only for daily life applications such as multimedia, high-data-rate communication, detecting sensors, security, but also in industrial applications, including automotive radar, smart automobile, or other health-related applications and personal assistance services. With the ever-increasing demand of consumers in electronic markets, the needs urge a telecommunication system more performant while guaranteeing a low cost, high reliability and quick production. As a result, this rapid development has induced big challenges for researchers.

Thanks to its sustainable advantages of communication systems size and extended bandwidth, the radiofrequency band ranging from 3 GHz to 300 GHz is considered for a wide variety of applications, and more and more applications are being oriented toward the mm-wave frequency band. Indeed, the relative bandwidth is more or less proportional to the operating frequency in current wireless systems, making the mm-wave band attractive for high-speed data transmissions. Nevertheless, atmospheric attenuation increases with frequency, limiting communications applications at mm-wave to point-to-point communications, such as the HDMI standard in the 60-GHz range for short-range high-data-transfer rates, or the back-hauling for 5G mobile networks.

Besides, even for future communication standards technologies such as 5G, low radiofrequency bands are still considered with interest for communications and other Internet of Things applications such as low-power sensor networks, harvesting energy circuits and RFID applications. Most of electronic devices working at lower frequencies usually possess low losses. Especially, the fabrication process to implement these circuits is relatively cheaper than other ones at higher frequencies. However, the bulky dimension of passive devices at lower frequencies is presented as the major disadvantage. Hence, numerous techniques for size miniaturization have been studied and developed over the past decades.

In this context, efficient passive RF technologies must be considered for these radiofrequency applications. Among them, the substrate integrated waveguide (SIW) has been studied for about twenty years, generating a wide interest, in particular due to its low-loss properties. Moreover, the SIW structure offers a low-profile, good isolation and planar structure allowing the integration of complete systems in standard PCB technology, based on efficient antennas, filters, and other passive components. Especially in the antenna arrays, the SIW cavity aids to obtain a low mutual coupling between antenna elements. As a result, this technology has not only been widely studied by researchers but has also been considered for mass production in the industry.

The main drawback of the SIW technology, which is especially highlighted at low frequency, concerns the large dimensions of the components. Thus, miniaturization techniques devoted to these structures become one of the current circuit development trends. Within this context, different design techniques were proposed such as the folded SIW, the ridge SIW, and slow-wave SIW (SW-SIW). Several topologies have been proposed since 2014 concerning the SW-SIW, one of them being studied at Université Grenoble Alpes and consisting in a SIW loaded by internal blind metallized vias. This original topology permits to reduce the area by 60% as compared to classic waveguide designed at the same frequency. This SW-SIW topology was first applied for the design of filters, couplers, and crossovers.

Based on these previous results, the objective of this PhD thesis was to demonstrate the interest of the SW-SIW technology developed at Université Grenoble Alpes for the miniaturization of antennas and for the design of new sensor devices for humidity detecting. Hence, based on this roadmap, both research topics were studied, leading to the outline proposed as follows for this PhD thesis.

In the first chapter, an introduction of the theory for transmission line and rectangular waveguide is made. Then the substrate integrated waveguide (SIW) structure is presented. It also provides an historical background on SIW technology, which is the basis of this work. Existing miniaturization techniques are then detailed in this chapter. Finally, some passive devices based on SW-SIW are presented. It allows demonstrating ever-increasing researcher's interests concerning this novel technology in recent years.

The second chapter concentrates on the development of elementary antennas and antenna arrays based on SW-SIW topology. Firstly, the historical advancement of different antennas is presented. After that, a short discussion is carried out to illustrate the use of cavity backed SIW antennas. To highlight the great interest of slow-wave topology at a frequency below 30 GHz, the backed cavity SIW antenna (CBSA) and arrays with feeding microstrip lines are first proposed and tested. Then, to have a good electric shield, CBSA arrays based on SW-SIW are proposed. A large size reduction is obtained in comparison with SIW antenna arrays, while maintaining good performance.

The third chapter is dedicated to the presentation of novel humidity sensors based on slow-wave and air-filled SIW technology. First, a brief history and a classification of humidity sensors is made herein, showing the main advantages of humidity sensors based on SIW technology and also the limitations concerning their size and sensitivity. The design methodology of slow-wave air-filled SIW sensors is then presented through a theoretical analysis. After that, these analytical results are validated by humidity measurements performed in LCIS Laboratory in Valence, France. In addition, miniature sensors based on slot resonators are investigated in this chapter. Their performance is compared to other sensors in literature.

Finally, a general conclusion summarizes the main results obtained in the framework of this PhD thesis and some prospects are suggested.

Transmission Lines and Substrate Integrated Waveguides

Telecommunication applications have overgrown in recent years, which cover in a radiofrequency spectrum from several MHz to a few THz. The use of electromagnetic waves does not indeed stop at the database transmission between broadcast stations, but it could be found in many mobile devices supporting wireless connection such as Wi-Fi, GPS, and Bluetooth. In these devices, the radio-frequency front-end takes an essential role in a radio transmission channel. Thus the numerous requirement concerning device features, technologies and realization cost are sharply increasing. Especially, size reduction has been one of the mandatory demands for the technological breakthrough, to have the smallest system with high performance. Numerous passive microwave circuits such as transmission lines, filters, crossovers, and antennas have been investigated in the last years, to not only enhance their electric performance but also to get low-profile components.

In this chapter, after a brief introduction of fundamental electromagnetic equations, we will remind the notions of transmission lines, based on electrical models, and traditional rectangular waveguide (RWG). Then, the historical development of a substrate integrated waveguide (SIW) and its applications will be presented in order to take an overview of the advantages of SIW technology versus the other ones. While possessing the considerable assets, the main drawback of passive components based on SIW structure is related to their large footprints. Consequently, various miniaturization techniques have been developed and will be described here. Among the already existing solutions for size miniaturization, we will have a particular interest in slow-wave SIW topology because of its compatibility with Printed-circuit-Board (PCB) standard process for realization. Moreover, the circuit performances are also improved in comparison with its counterparts. Hence, the slow-wave technique will be reported in this chapter, as the first step toward inserting this work of the thesis into its context.

1.1

Historical background

Maxwell's equations

Maxwell's equations are considered as one of the most significant theoretical achievement of physics in the 19th century. The discovery of electromagnetic-waves is a stepping stone for the development of transmission systems since then. The historical advent of these equations will be briefly presented below.

To describe the electromagnetism theory, Maxwell used the twenty different equations of twenty variables. In 1881, Olivier Heaviside (1850-1925) reduced Maxwell's equations number from twenty to four equations by the application of vector analysis [1].

Indeed, the equations (1-1) and (1)(2)(3) represented that the electric field can be generated either by static charges, or by the variation of magnetic field. Also, as shown in the expression (1)(2)(3)(4), the magnetic field is also generated by conduction current or displacement current (varying of electric field according to time). Equation (1-2) is different from equation (1-1) since there are no magnetic charges.

Gauss's Law:

𝑑𝑖𝑣 (𝐸 ⃗ ) = 𝜌 𝜀 0

(1-1)

Gauss's law for magnetism 𝑑𝑖𝑣 (𝐵 ⃗ ) = 0 With the birth of Maxwell's equations, the existence of radio-waves was then demonstrated by Heinrich Hertz in the late 1880s [2]. In his experimental design, an oscillator spark was made, allowing spreading the electromagnetic waves to a looped wire, which was placed several yards from this oscillator. After Maxwell and Hertz, the next scientist who continued with the discovery of electromagnetic waves, was Guglielmo Marconi [3]. In 1895, the first transmission of telegraph message between two antennas spaced one mile from each other was realized. Later, he proved that it was possible to do a transatlantic communication link from England to Newfoundland through electromagnetic waves. Therefore, the radio-transmission became a spoken word more practical and favorite. Many applications based on electromagnetic-waves were developed and more and more rapidly increased. 

Guided transmission of electromagnetic waves

Historical development

In the historical development of passive microwave components, three well-known structures have been considered to allow the guided transmission of electromagnetic waves: hollow waveguides, coaxial cables and parallel-wires.

The RWG (see Figure 1-2(a)) possesses a high power handling, and very low losses that are only due to the conductivity of the metallic walls. In common with coaxial topology (Figure 1-2 (b)), RWG provides an excellent electromagnetic shielding with adjacent structures through the encirclement of the metallic walls. Nonetheless, the disadvantage of this waveguide structure is heavyweight, large dimension and prohibitive manufacturing cost encountered when designing complex circuitry, which slackens the evolution of microwave circuit [5].

Then, the coaxial cable was designed to be smaller than the waveguide structure at the same frequency and more flexible. A relatively good quality factor can be obtained in a coaxial allowing it to be used in high Q applications [6]. However, its physical tolerance is crucial because of some problems of physical size and dielectric material, while coaxial cable fabrication process, may lead to electromagnetic problems. For these reasons, manufacturers have been improving process controls so that the finished cable can meet the highest standards [7]. As a result, it made them still challenging to manufacture and more expensive as frequency increases.

As illustrated in Figure 1-2 (c), the two-wire parallel cable is very easy to manufacture. This configuration permits readily to connect many elements together but usually is bounded by dimensional symmetry [8], which can produce some disturbances, losses, and unsuitable radiation in microwave systems, leading to use it for frequencies far lower than 1 GHz. The propagation modes are very different between the coaxial cable (and other twowire structures) and the RWG. For the first structures, a Transverse Electro-Magnetic (TEM) mode exists, which cannot exist for RWG since only one conductor is considered. This TEM mode is considered as an electromagnetic field pattern of radiation measured in a plane perpendicular to the propagation direction where only traversal electric and magnetic fields are present. In particular, this mode permits to carry energy at any frequency. The other modes like transverse electric (TE) and transverse magnetic (TM) modes are generated when the working band of the cables is pushed towards a higher frequency. Since RWG only allows TE and TM modes, wave propagation below TE or TM cut-off frequencies cannot exist.

With the rapid growth of the integrated circuits, the planar transmission lines, namely microstrip line (MS), coplanar waveguide (CPW) and strip line, were introduced and began to be developed during the 1950's [9]- [11]. Their apparition was one of the truly great milestones in the science. As a result, a significant development of many passive component based on these transmission lines was carried out, permitting to design more complex and performant microwave circuits.

Planar transmission lines

In 1952, the apparition of the planar transmission lines allowed a huge development of passive components [9]- [11]. The first microstrip line was proposed by a group of engineers from Federal Communication Research Laboratories [10]. As shown in Figure 1-3(a), the microstrip line consists of one dielectric substrate covered by two metallic strips: one face fulfilled by a thin metal layer, and the other face connected with a conducting strip. Thanks to many advantages such as a compact size, a low cost and ease to manufacture, the microstrip line rapidly took more and more attention in research and in industry domains [9]. To clearly understand the basic principle of the microstrip line, the evolution is described in Figure 1234. For a reference point, Figure 1-4(a) presents the parallel-wire structure with the electric field distribution existing between two separated conductors in parallel-wires. Theoretically, as indicated in Figure 1-4(b), if an infinite metallic ground is placed between two conductors and if only upper conductor is present above this infinite ground plane, the electric field in this configuration is similar to the one of a two-wire cable. As compared to the parallel-wire structure, microstrip line is well-suitable with the current printed circuit process. The field distribution of microstrip line is indicated in Figure 1-4(c). A quasi-TEM mode can be obtained when the dielectric thickness is far smaller than the wavelength. Hence, at radiofrequency, almost the entire field is concentrated in the region underneath the strip conductor and relatively uniform in between this strip and the ground plane, even if a fringing effect can be noticed. Microstrip [10] Similarly the strip line has been considered as an evolution of coaxial cable [10], which offers a low-loss characteristic and high electric performance. The cross-section of the standard coaxial cable is illustrated in Figure 1-5(a). Other forms of coaxial cables can be presented, such as square coaxial in Figure 1-5(b) and rectangular coaxial in Figure 1-5(c), even if they are not usually considered in practice. . It can be noticed that the strip line configuration (Figure 1-5(d)) is similar to the rectangular coaxial configuration (Figure 1-5(c)) when the side walls are extended to infinity. This strip line topology permits to have the advantages of original coaxial and to be suited with printed circuit technique. An very good shielding is obtained thanks to both top and bottom outer metallic planes and a TEM mode can be propagated.

A few years later, the coplanar waveguide (CPW) was proposed by Cheng. P Wen in 1969 [11] by considering three metallic tapes located at the same interface of the dielectric face and separated by a close gap: two metallic ground planes and one center conducting strip, . The CPW topology has been widely developed until now. In comparison with microstrip line, the characteristic impedance of CPW is relatively independent with the thickness of the dielectric substrate, but depends on the width of the center strip and the gaps. By adding a metallic layer on the opposite dielectric face, as represented in Figure 1-3(c) a Grounded Coplanar Waveguide (CPWG) can be obtained [12]. This structure permits ease connection between passive components and shunt external elements such as active components or shunt capacitances while guarantying an excellent electric isolation thanks to the surrounding adjacent ground. It offers more flexibility than microstrip for circuit designer; nonetheless, narrow slots are sometimes not technologically feasible. 

Telegraphist model of a transmission line

Primary parameters

A transmission line can be described by four electrical parameters, also known as the primary parameters. These parameters permit to translate the behavior of a transmission line via the electric linear quantities such as the linear resistance 𝑅 𝑙 (Ω.m -1 ), inductance 𝐿 𝑙 (H.m - 1 ), capacitance 𝐶 𝑙 (F.m -1 ), and conductance 𝐺 𝑙 (S.m -1 ) [13], as a telegraphist model shown in Figure 123456. Indeed, the series parameters 𝑅 𝑙 (Ω.m -1 ) and 𝐿 𝑙 (H.m -1 ) describe the conductive loss due to Ohm effect and the flux of magnetic field due to the current in the conductor. The parameters put in parallel, 𝐶 𝑙 and 𝐺 𝑙 , correspond to the capacitive effect existing between the ground and signal strip and to the losses induced by the currents in the non-perfect dielectric insulator, respectively. Therefore, a finite length of transmission line can be constructed by cascading an infinite series of the infinitesimal elements, as represented in Figure 123456.

Secondary parameters

In general, the behavior of a transmission line can be represented through the four electrical parameters. From the equivalent circuit detailed above, the secondary parameters such as characteristic impedance 𝑍 𝑐 (Ω) and propagation constant 𝛾 (m -1 ) are extracted by the expressions (1)(2)(3)(4)(5) and (1)(2)(3)(4)(5)(6). In the solution of a general transmission line, they can be written under the complex form, as shown in [13]. For example, the propagation constant 𝛾 is decomposed in a real part 𝛼 and an imaginary part 𝛽. The real part 𝛼, namely attenuation constant, represents the total losses into the transmission line including the conductive losses and the dielectric losses; the imaginary part 𝛽 is a phase constant, allowing the calculation of the electrical length.

In many practical cases, the losses of the transmission line are relatively small thanks to the use of the good conductive metals as Silver or Copper and the high-quality dielectric substrate. These conditions, i.e. 𝑅 𝑙 ≪ 𝑗 𝐿 𝑙 𝜔 and 𝐺 𝑙 ≪ 𝑗 𝐶 𝑙 𝜔, lead to the expressions (1-7), (1)(2)(3)(4)(5)(6)(7)(8), (1)(2)(3)(4)(5)(6)(7)(8)(9) and (1-10) corresponding to 𝑍 𝑐 , 𝛼, 𝛽 and 𝑣 𝜑 , respectively. These expressions are more practical to realize fast calculations in circuit design flow.

Quality factor and dispersion diagram

To estimate the quality of a transmission line, only the attenuation constant 𝛼 based on the losses can be discussed. The limitation of this consideration is the dependence of 𝛼 according to the length of the transmission line. In practice, most designs are based on a given electrical length, with as instance quarter-wavelength of half-wavelength transmission lines in filters, couplers, power dividers, etc…, hence the losses must be expressed versus electrical length. To overcome this short-coming, the quality factor 𝑄 of the transmission line as illustrated in expression (1-11) can be considered [14]. With the consideration of the electrical length, this dimensionless parameter 𝑄 is more relevant than the attenuation constant.

As mentioned above, the quasi TEM can exist in a general transmission line case with some considerations concerning the wavelength. Hence, the electromagnetic wave can propagate along the transmission line for any frequency, or concretely, there is no cut-off frequency. This point is illustrated by the dispersion diagram. In this case, the relation of 

𝑍 𝑐 = √ 𝑅 𝑙 + 𝑗 𝐿 𝑙 𝜔 𝐺 𝑙 + 𝑗 𝐶 𝑙 𝜔 (1-5) 𝛾 = √(𝑅 𝑙 + 𝑗 𝐿 𝑙 𝜔)(𝐺 𝑙 + 𝑗 𝐶 𝑙 𝜔) = 𝛼 + 𝑗𝛽 (1-6) 𝑍 𝑐 = √ 𝐿 𝑙 𝐶 𝑙 (1-7) 𝛼 = 1 2 𝑅 𝑙 𝑍 𝑐 + 1 2 𝐺 𝑙 𝑍 𝑐

𝑄 = 𝛽 2𝛼

(1-11)

dispersion is a linear function of 𝛽 according to the frequency 𝜔, as given in (1)(2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12). It can be seen that the phase constant 𝛽 is proportional to the frequency 𝜔 with a constant light speed 𝑐 0 , as illustrated in Figure 1234567. 

Hollow Metallic Waveguide

Historical background of metallic waveguide

In 1893, a first guiding structure in the form of a cylindrical tube [17]- [19] was proposed by Joseph John Thomson. Shortly after that, in 1897, first mathematical analyses of electromagnetic waves in the metal cylinder were investigated and published by Lord Rayleigh [16]. In particular, he demonstrated that such waves were able to exist with specific mode TE, or TM, or both, in a hollow conducting cylinder and that a cut-off frequency corresponding to each propagative mode could be defined.

In the 1930's, several works on the waveguide concept [19] were carried out. In particular, it was demonstrated that electromagnetic waves were able to propagate into a dielectric substrate. In 1937, based on experimental result, theory of hollow metallic waveguide related to both its propagation mode and formulation of cut-off frequency was proposed [20]. Then, the use of waveguide was developed during Second World War for military radar applications, and then rapidly became used in the 1960s for commercial applications such as signal transmission in telephone network and television program [17].

General principles

The term waveguide refers to any structure allowing electromagnetic waves transmission between endpoints, as for example the hollow metallic pipe, RWG, but also dielectric waveguide like optical fiber. The main form of waveguide considered in RF and mm-waves applications is the rectangular one. Depending on the specific requirement of the telecommunication system, its form could be straight, bent or coupled with another one to form various passive devices (Figure 12345678). The RWG is set by its width W and its height H [13]. The full mode of the waveguide is obtained through solving Maxwell's Equation directly applied for the instance of the RWG. Each mode of the waveguide corresponds to the 𝛽 = 𝜔 𝑐 0

(1-12) 0 combination of two integers m and n, which depict the variation field in two direction x and y, respectively. The cut-off frequency of each mode is called 𝑓 𝑐 𝑚,𝑛 (1-13), as shown in Figure 1-10. The mode with the lowest cut-off frequency is called dominant mode. For instance, if we consider a waveguide width 𝑊 longer than height 𝐻, the lowest cut-off frequency occurs for TE10 mode with 𝑚 = 1 and 𝑛 = 0. The field distribution for the lower order modes (TE10 and TE11) is shown in Figure 123456789. It can be shown that only TE and TM mode can exist in the waveguide with 𝑚, 𝑛 > 1 while the TEM mode is not supported to propagate into this device type. In particular, the working frequency of RWG of TE and TM modes can be defined through the dispersion diagram (Figure 1-10). Below cut-off frequencies 𝜔 𝑐 of RWG, wave propagation cannot occur.

A wave propagating inside such a waveguide is characterized by its phase constant 𝛽 and angular frequency 𝜔. Two important concepts in electromagnetic waves must be also defined:

𝑓 𝑐 𝑚,𝑛 = 𝑐 0 2𝜋 √ ( 𝑚𝜋 𝑊 ) 2 + ( 𝑛𝜋 𝐻 ) 2 (1-13)
-the phase velocity 𝑣 𝑝 -the group velocity 𝑣 𝑔

The phase velocity 𝑣 𝑝 corresponds to the velocity at which an observer should travel along the waveguide in order to keep in state with this wave. The group velocity 𝑣 𝑔 corresponds to the velocity at which the energy or information propagates In a rectangular waveguide the phase constant 𝛽, phase velocity 𝑣 𝑝 and group velocity 𝑣 𝑔 are given by Whereas 𝑣 𝑝 = 𝑣 𝑔 for non-dispersive TEM propagating structures, it can be noticed that, in rectangular waveguide, with the presence of the dispersive TE and TM mode, the phase and group velocities greatly differ close to the cut-off frequency 𝜔 𝑐 , as given in (1)(2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17) and (1)(2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18).

𝑣 𝑝 = 𝜔 𝛽

(1-14) 

𝑣 𝑔 = 𝜕𝜔 𝜕𝛽 (1-15) 𝛽 = √( 𝜔 𝑐 0 ) 2 -( 𝜔 𝑐 𝑐 0 ) 2 (1-16) 𝑣 𝑝 = 𝜔 𝛽 = 𝑐 0 √ 1 -( 𝜔 𝑐 𝜔 ) 2 (1-17) 𝑣 𝑔 = 𝜕𝜔 𝜕𝛽 = 𝑐 0 √ 1 -( 𝜔 𝑐 𝜔 ) 2 (1-18)

Technological context and integration of rectangular waveguides

Due to the large dimension and heavyweight, the majority of applications based on the metallic hollow waveguide structure is mainly considered for high-power handling needs or very low-loss applications (such as satellite, radio-astronomy and radar) in the electronic device market at frequency spectrum beyond 10 GHz.

The development of monolithic microwave integrated circuits (MMIC) was made possible thanks to low-profile transmission lines such as microstrip, coplanar waveguide, and stripe lines. Indeed, even if their electrical performance is poor as compared to RWG one, these planar transmission lines are an excellent solution to simplify the fabrication process, hence, providing low-cost fabrication as compared to hollow waveguides. Many planar integrated circuits including passive and active components were presented and tested after then as for example in [21]- [23], allowing demonstrating the considerable interest of planar line structures for mm-wave monolithic integrated circuits.

At the beginning of the 21 st century, the combination of the advantages from both technologies (RWG and low-profile transmission lines) was studied, leading to a novel guided structure, the substrate integrated waveguide (SIW), as seen in Figure 1-11. The SIW rapidly became a pertinent solution for microwave circuits design because it combines the advantages of both hollow waveguide (in terms of electromagnetic immunity, and performance) and lowprofile planar structures (in terms of weight, and ease of integration with other planar passive circuits through PCB standard process). The interest in SIW technology is booming in the two-decade years, as shown by the significantly increasing number of scientific publications, special sessions, and workshops at international conferences [24]- [35], as shown in Figure 1-12. A lot of other passive circuits based on SIW topology such as filters, couplers and cavity back SIW antennas were also demonstrated as for example in [25]- [30]. With the rapid technological advancement combined with novel demands for ecology, intelligent and wearable wireless system, the new class of SIW components using the eco-friendly materials such as textiles, paper and plastic were proposed, fabricated and tested in recent years [31]- [33]. 

Substrate Integrated Waveguide

SIW propagation mode

SIW is a RWG-like structure realized in low-profile technology such as PCB with two metallized layers. The top and bottom metal layers allow obtaining the top and bottom walls whereas two rows of conducting metallic vias embedded in the dielectric substrate correspond to the lateral walls of the waveguide structure [35]( see Figure 1 -13). In this way, standard processing techniques can be considered, offering an economic advantage in comparison with classical RWG. Since the electric side walls of SIW structure are formed by two parallel via arrays, the current flow cannot travel along the lateral walls. Hence, contrarily to RWG, only TE mode can be propagated into SIW with the vertical electric current density on the side walls [36].

The working frequency range of SIW structure is usually calculated via the cut-off frequency in single mode operation, which permits having a low dispersion. The cut-off frequency corresponding to TEm0 modes can be described via equivalent RWG width 𝑊 𝑒𝑓𝑓 , as shown in (1)(2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19). 𝑊 𝑒𝑓𝑓 corresponds to the width of a classical RWG having the same electrical characteristics as the SIW structure having a real width 𝑊 (which will be detailed below).

Where 𝜀 𝑟 corresponds to dielectric constant of the substrate. And the dominant mode TE10 with 𝑚 = 1 is written in (1-20):

The second mode TE20 appears at 2• 𝑓 10 . Hence, the first-mode bandwidth is bounded by 𝑓 𝑐 10 and 2• 𝑓 𝑐 10 . In a practical manner, the operating frequency band of the TE10 mode is then considered in between 1.2• 𝑓 𝑐 10 and 1.8• 𝑓 𝑐 10 .

Many articles treated the analysis and modeling of SIW components in the last decade [37]- [40]. By using the dispersion properties extracted from the Boundary Integral-Resonant Mode Expansion (BI-RME) method combined with the Floquet's theorem [37], an empirical formula linking the effective width 𝑊 𝑒𝑓𝑓 of a traditional waveguide and the real width 𝑊 of SIW structure having the same characteristics was obtained, as shown in . This relation allows having an initial dimensioning for the design of SIW components, without using fullwave analysis tools.

Where 𝑑 is the diameter of metallic vias, 𝑝 is their longitudinal spacing (as shown in Figure 1-13), 𝑊 and 𝑊 𝑒𝑓𝑓 are the width of SIW waveguide and of equivalent RWG, respectively. In 2005, the leakage characteristics of SIW based on a numerical multimode calibration procedure was studied, leading to a new approximation of the equivalent width 𝑊 𝑒𝑓𝑓 [36]:

After having some physical parameters of the SIW waveguide, full-mode analysis can be carried out through simulation softwares.

𝑓 𝑚0 = 𝑐 0 . 𝑚 2. 𝑊 𝑒𝑓𝑓 . √ 𝜀 𝑟 (1-19) 𝑓 10 = 𝑐 0 2. 𝑊 𝑒𝑓𝑓√ 𝜀 𝑟 (1-20) 𝑊 𝑒𝑓𝑓 = 𝑊 - 𝑑 2 0.95𝑝 (1-21) 𝑊 𝑒𝑓𝑓 = 𝑊 -1.08 𝑑 2 𝑝 + 0.1 𝑑 2 𝑊 (1-22)

Losses considerations

The losses existing in SIW structures are due to three major mechanisms: conductor losses, dielectric losses and radiation losses. Since SIW structure is filled with a dielectric medium, an appropriate choice of dielectric materials and conductor thickness must be done to minimize the first two loss mechanisms. The behavior of the conductor in SIW is similar to those of the RWG. It is found that the conductor losses can be significantly reduced by increasing the dielectric substrate thickness, because the conductor attenuation constant is inversely proportional with the substrate height [41]. Besides, the dielectric losses depend on the loss tangent of the dielectric material but also on its dielectric constant and on the substrate height. In practice, a relatively low-dielectric constant substrate is considered with very low dielectric losses. Moreover, these dielectrics possess good thermal stability and thin metallic surface roughness, which will be taken into consideration for the SIW design [42]- [43]. In a microwave system, radiation and leakage induce both losses and interferences. In a SIW structure, these radiation and leakage can be restrained as far as possible by appropriately calculating the dimensions of lateral vias rows. These electrical side walls are generally built through two different configurations of either cylindrical vias or with long slot trenches [44], as shown in Figure 1-14. The two rows of metallic vias can be considered as complete metallic walls for TEmn modes. The diameter of cylindrical vias 𝑑 and the spacing 𝑝 between them is put forward in [45]- [47], to ensure that the radiation losses remain at a very low level so that the SIW can be modelled by a traditional RWG. The rules depicted in , should be satisfied in the design of SIWs.

Where 𝜆 𝑔 is the waveguide wavelength. 

Examples of applications of substrate integrated waveguide

The integration of the rectangular waveguide in a thin substrate brings out an important reduction of cost fabrication so that numerous attempts have been proposed since early 2000's. The first patent of dielectric filled waveguide was deposited in 1994 [48]. Another US patent was published for the case of waveguide using Low Temperature Co-fire 𝑑 < 𝜆 𝑔 5

(1-23)

𝑝 ≤ 2𝑑

1-24)
Ceramics (LTCC) Processing [49]. In 1998, a preliminary high-gain antenna array in V-band adopting SIW technology was reported [50], as a laminated waveguide using SIW topology, which achieved a good performance [51], as show in Figure 123456789101112131415. Since the early 2000's, SIW technologies have been extensively developed. The primary researches were focused on design consideration, and performance analysis of SIW waveguide. SIW technology must be compatible with classical planar and low-profile transmission lines such as microstrip and CPW. Hence, a huge effort has been done on the development of transitions between these classical transmission lines and SIW. In 2001, a first transition from microstrip to SIW fully integrated on the same substrate [52] was proposed. This transition operated at the 28 GHz working frequency, with an effective bandwidth of 12% and a 20 dB return loss. In 2010, an analytical equation of tapered microstrip-to-SIW transition was proposed [53]. Numerous other transitions have been proposed in the literature: CPW-to-SIW [54], multilayer Microstrip-to-SIW [53], CPW-to-Air-filled SIW [START_REF] Martin | Air-Filled SIW interconnections for high performance millimeter-wave circuit and system prototyping and assembly[END_REF]. Some examples of Microstrip-to-waveguide and Coplanar-to-waveguide transition are given in Figure 1-16. Furthermore, the development of these tapered transitions opened the possibility of manufacturing not only PCB circuits but also monolithic microwave integrated circuits (MMIC) as for example in [START_REF] Bertrand | Substrate Integrated Waveguides for mm-wave Functionalized Silicon Interposer[END_REF]. (b) Coplanar-to-Air-filled Waveguide [START_REF] Martin | Air-Filled SIW interconnections for high performance millimeter-wave circuit and system prototyping and assembly[END_REF] and (c) Multilayer Microstrip-to-Waveguide [55].

Concerning circuit level, most of the classical microwave circuits have been implemented in SIW technology. Among them, filters have been widely explored and reported, with several topologies such as rectangular cavities using metalized post in [START_REF] Deslandes | Single-substrate integration technique of planar circuits and waveguide filters[END_REF]- [START_REF] Mostrah | C-Band Inductive Post SIW alumina filter for a Space Application. Experimental analysis of the thermal behavior[END_REF], compact filters based on SIW circular cavity [START_REF] Tang | Optimal design of compact millimeter-wave SIW circular cavity filters[END_REF]- [START_REF] Potelon | Design of a Substrate Integrated Waveguide (SIW) Filter Using a Novel Topology of Coupling[END_REF] (see Figure 1-17(a)), surface mountable planar narrow bandpass filter [START_REF] Choi | A V-band planar narrow bandpass filter using a new type integrated waveguide transition[END_REF], or multi-layer SIW structures [START_REF] Garreau | Ultra-compact X-band SIW filter in LTCC technology using high permittivity substrate for a space application[END_REF]. We could also mention some other SIW passives circuits such as 3, 6 and 10 dB SIW couplers [START_REF] Djerafi | Super-Compact Substrate Integrated Waveguide Cruciform Directional Coupler[END_REF]- [START_REF] Doghri | Substrate Integrated Waveguide Directional Couplers for Compact Three-Dimensional Integrated Circuits[END_REF] (see Figure 1-17(c)), planar SIW diplexers [START_REF] He | A Planar Magic-T Using Substrate Integrated Circuits Concept[END_REF]- [START_REF] Hao | Planar diplexer for microwave integrated circuits[END_REF], circulator [START_REF] Orazio | Substrate-Integrated-Waveguide Circulators Suitable for Millimeter-Wave Integration[END_REF] (see Figure 1-17(b)), six-or eight-port junctions [START_REF] Moldovan | W-band multiport substrate-integrated waveguide circuits[END_REF]- [START_REF] Xu | A new six-port junction based on substrate integrated waveguide technology[END_REF].

The advantage of SIW technology has been also demonstrated for easy integration of several active elements in the passive SIW components and interconnects, since it permits to inherit the high performance of SIW structure such as low loss, high isolation and compact size with low-cost fabrication techniques [START_REF] Cassivi | Low cost microwave oscillator using substrate integrated waveguide cavity[END_REF]. By placing a SIW resonator in the feedback path between input and output node of the amplifier circuit, a SIW oscillator was obtained [START_REF] Cassivi | Low cost microwave oscillator using substrate integrated waveguide cavity[END_REF]. Another oscillator working at 35 GHz based on Gunn diode was proposed in [START_REF] Zhong | Ka-Band Substrate IntegratedWaveguide Gunn Oscillator[END_REF]. A single-balanced diode mixer was presented in [START_REF] Li | 24-GHz Frequency-Modulation Continuous-Wave Radar Front-End System-on-Substrate[END_REF] for automotive radar System-on-package front-end at 24 GHz. In [START_REF] He | Suppression of Second and Third Harmonics Using lambda/4 Low-Impedance Substrate Integrated Waveguide Bias Line in Power Amplifier[END_REF], a SIW Amplifier circuit for suppression second and third harmonics was demonstrated (see Figure 1234567891011121314151617.

It is known that the antenna is one of the most important components of communication systems. Nonetheless, antenna elements cannot be conveniently integrated onchip because their dimension is considerable or sometimes the required performance such as gain, efficiency, radiation beam direction, isolation with others passive components cannot be achieved. Numerous SIW antennas topologies have been reported in the literature for RF and mm-wave applications. Let us notice for example, that in RF, the multifunctional antennas, multimode and multiband antennas received significant attention in various communication systems due to their advantage of frequency and radiation pattern selectivity. However, they suffer from low gain and low radiation efficiency. Thus the SIW ring slot antennas with multiband, multimode characteristics were proposed [START_REF] Guan | Compact SIW Annular Ring Slot Antenna With Multiband Multimode Characteristics[END_REF]. They allow peak gains of 5.4 dBi at 4.7 GHz, 9.1 dBi at 7.8 GHz, and 10.4 dBi at 9.4 GHz with radiation efficiency of 67%, 84%, and 66%, respectively. Furthermore, having a high quality factor Q, the cavity-backed antenna possesses a narrow bandwidth. At 10 GHz, to enhance the bandwidth, a semi-closed SIW antenna with U-shaped slot and rectangular slot was proposed in [30]. A fractional bandwidth of 43.2% covering the frequency range 7.8~12.1 GHz was obtained. For localization and tracking of the firefighter in rescue operations, a wearable SIW antenna using textile materials was also developed in the RF frequency range. Its performance and stability of flexible being detailed in [START_REF] Moro | Wearable textile antenna in substrate integrated waveguide technology[END_REF]- [START_REF] Lemey | SIW textile antennas as a novel technology for UWB RFID tags[END_REF].

At mm-wave frequencies for radar, astronomy and imaging systems, the SIW technology can be a good candidate since simple antennas having slight weight, low profile, and good radiation pattern can be developed. Different topologies of antennas were developed such as horn [START_REF] Wang | Dielectric Loaded Substrate Integrated Waveguide (SIW) H-Plane Horn Antennas[END_REF]- [START_REF] Mallahzadeh | Wideband H-Plane Horn Antenna Based on Ridge Substrate Integrated Waveguide (RSIW)[END_REF] and Vivaldi [START_REF] Puskely | High-Gain Dielectric-Loaded Vivaldi Antenna for a -Band Applications[END_REF] antennas for wideband mm-wave applications. In [START_REF] Chen | Low-Cost High Gain Planar Antenna Array for 60-GHz Band Applications[END_REF], a slot SIW antenna array was also presented for 60-GHz band applications, as described in Figure 1-18. The proposed antenna consists of one compact SIW 12-way power divider and 12 radiating SIW elementary antennas. Consequently, a high performance was obtained with a measured gain of about 22 dBi and a side lobe suppression of 25 dB. In 2013, a novel SIW structure of leaky-wave antenna was also studied and experimented in [START_REF] Martinez-Ros | Efficient Analysis and Design of Novel SIW Leaky-Wave Antenna[END_REF]. In the design proposed in [START_REF] Martinez-Ros | Frequency scanning leaky wave antenna for positioning and identification of RFID tags[END_REF], a leaky-wave antenna showing the capability to frequency scan the main beam in the radio frequency identification (RFID) band from 2.4 GHz to 2.5 GHz was proposed. Besides the advancement of SIW antenna array, some feeding networks were developed, including compact wide band power divider [START_REF] Kazemi | A new compact wide band 8-way SIW power divider at Xband[END_REF]- [START_REF] Pasian | Substrate-Integrated-Waveguide E-Plane 3-dB Power-Divider/Combiner Based on Resistive Layers[END_REF], butler matrices for side lobes suppression for mm-waves application [START_REF] Lian | Compact Substrate-Integrated 4x8 Butler Matrix With Sidelobe Suppression for Millimeter-Wave Multibeam Application[END_REF]- [START_REF] Zhong | Miniaturized SIW Multibeam Antenna Array Fed by Dual-Layer 8 #x00D7; 8 Butler Matrix[END_REF] and new design of phase shifter based on air-filled technology [START_REF] Parment | Double Dielectric Slab-Loaded Air-Filled SIW Phase Shifters for High-Performance Millimeter-Wave Integration[END_REF], etc. Some microwave devices based on classical SIW waveguide are illustrated in Figure 123456789101112131415161718. [START_REF] Orazio | Substrate-Integrated-Waveguide Circulators Suitable for Millimeter-Wave Integration[END_REF], (c) Three-dimension SIW directional coupler [START_REF] Doghri | Substrate Integrated Waveguide Directional Couplers for Compact Three-Dimensional Integrated Circuits[END_REF], (d) Six-port junction based on SIW technology [START_REF] Xu | A new six-port junction based on substrate integrated waveguide technology[END_REF], (e) SIW Gunn Oscillator in Ka-Band [START_REF] Zhong | Ka-Band Substrate IntegratedWaveguide Gunn Oscillator[END_REF] and (f) SIW Amplifier circuit for second and third harmonics suppression [START_REF] He | Suppression of Second and Third Harmonics Using lambda/4 Low-Impedance Substrate Integrated Waveguide Bias Line in Power Amplifier[END_REF]. 

Miniaturization techniques 1.3.1 Introduction

SIW is regarded as a promising and potential technology for designing and developing RF/mm-wave systems since it offers many advantages such as good isolation, low leakage as compared to the conventional transmission lines. However, the inherent drawback of the SIW devices is their large size. With the ever-growing evolution of new standards of communication devices in the past few years, the size miniaturization of microwave components is needed. The next section briefly presents some of the techniques that have been developed so far, allowing achieving size reduction for classical transmission lines and SIWs.

Miniaturization techniques for planar transmission lines

High-permittivity substrates

A first approach allowing miniaturizing microwave circuits consists in using high-permittivity substrates. Thus, a low propagation velocity 𝑣 𝜑 and hence a small wavelength is obtained, as shown by equation where 𝜀 𝑟𝑒𝑓𝑓 is the relative effective permittivity of the transmission line, 𝑐 0 is the speed light, and 𝑣 𝜑 is the propagation velocity of a TEM mode.

Indeed, since the wavelength is inversely proportional to the root of the relative permittivity of the dielectric, thus the higher the permittivity, the shorter the transmission line. In particular, high-permittivity ceramic substrates can be used for application in microwave and mm-wave frequencies. For example in 1991, a parallel plate bandpass filter deposited on a ceramic substrate was demonstrated [START_REF] Winter | High-dielectric constant stripline band-pass filters[END_REF]. The higher permittivity and low loss tangent (𝜀 𝑟 = 90, 𝑡𝑎𝑛𝛿 = 0.0009) of these ceramic substrates lead to huge surface miniaturization for multilayer X-band filter [START_REF] Garreau | Ultra-compact X-band SIW filter in LTCC technology using high permittivity substrate for a space application[END_REF] or C-band microstrip filter [START_REF] Clavet | Miniature UHF-Band microstrip filter based on a high-permittivity ceramic material[END_REF]. However, since the characteristic impedance is inversely proportional to 𝜀 𝑟 , the realization of high-characteristicimpedance transmission lines can be an issue. Furthermore, even if these materials are extremely interesting in terms of dielectric losses and size reduction, they are not low-cost and they are fragile. As a result, this technique can be carried out in some specific applications like space application or military systems, but is not suited for general purpose circuits.

Loaded transmission lines

A second approach that can be considered for transmission lines miniaturization consists in modifying linear capacitance (𝐶 𝑙 ) and/or linear inductance (𝐿 𝑙 ), leading to the modification of propagation velocity (see Equation (1.10)). These modifications can be obtained for example by loading the transmission line with lumped components such as surface mounted device (SMD) capacitors [START_REF] Issa | Miniaturized DBR filter: Formulation and performances improvement[END_REF]. It can be also obtained by loading the transmission line with stubs as proposed in [START_REF] Akra | Full Study of the Parallel-Coupled Stub-Loaded Resonator: Synthesis Method in a Narrow Band With an Extended Optimal Rejection Bandwidth[END_REF] for the design of a parallel-coupled resonator filter. In [START_REF] Tan | A miniaturized dual-mode ring bandpass filter with a new perturbation[END_REF], a bandpass filter was designed by loading a traditional ring resonator by

𝑣 𝜑 = 𝑐 0 √ 𝜀 𝑟𝑒𝑓𝑓 (1-25)
butterfly open-circuited stubs, as shown in Figure 1-20(a). These stubs are equivalent to a capacitance C loading the transmission line whose value depends on the stub size. This technique was also applied to the case of Wilkinson power divider, as described in Figure 1-20(c), (d). The surface area occupied by first divider using capacitive stub loading was reduced to 47% as compared to the conventional Wilkinson power divider [START_REF] Wu | Microstrip power divider with capacitive stubs loading for miniaturisation and harmonic suppression[END_REF]. The slow-wave coplanar waveguide S-CPW is another possibility to obtain the miniaturization effect by introducing periodic variations all along the transmission line [START_REF] Franc | A Lossy Circuit Model Based on Physical Interpretation for Integrated Shielded Slow-Wave CMOS Coplanar Waveguide Structures[END_REF]. In that case, metallic strips are orthogonally placed under the CPW strips, leading to a distributed capacitive effect. Hence the linear capacitance is increased, leading to a decrease of both the propagation velocity and the wavelength: this corresponds to a slow-wave effect. These transmission lines allow concentrating the electric field in between the floating ribbons and the CPW strips. It is appropriate and mainly used in CMOS/Bi-CMOS technology since it allows minimizing losses in the lossy silicon substrate in which the electric field is almost null.

The methods described above deal about the addition of capacitive effect to reduce the light speed. As presented in [START_REF] Hoefer | Equivalent Series Inductivity of a Narrow Transverse Slit in Microstrip[END_REF]- [START_REF] Gorur | Characteristics of periodically loaded CPW structures[END_REF] (see Figure 1-21), the linear inductance can also be periodically modified by engraving the central strip with a lot of periodic slots. Each narrow slot on the transmission line leads to a local concentration of the magnetic field. It is introduced through the inductance element exhibited in the equivalent circuit scheme [START_REF] Hoefer | Equivalent Series Inductivity of a Narrow Transverse Slit in Microstrip[END_REF]. The dimensions of the ribbons and narrow slots are used to determinate the value of these local inductive. Several coplanar waveguide resonator etching slots were made in [START_REF] Gorur | Characteristics of periodically loaded CPW structures[END_REF] with different geometry configurations. However, the main drawback of this technique concerns dimensions of slots etched in the ribbon of high characteristic impedance. The small slots require a high precision in manufacturing process, thus leading to high fabrication costs. In addition, slots increase the current path, thus affecting the losses. From the limitation of loss and fabrication process, this technique is rarely found in the literature. 

Meandered transmission lines

Another solution that can be considered is the modification of the geometry of the structure by folding the strips. In reality, the transmission line length could be slightly adjusted to compensate for the coupling effect introduced by the meanders. In reference [START_REF] Clavet | Miniature UHF-Band microstrip filter based on a high-permittivity ceramic material[END_REF]- [START_REF] Best | A discussion on the significance of geometry in determining the resonant behavior of fractal and other non-Euclidean wire antennas[END_REF], the authors propose a miniature wire-monopole antenna acting as a half-wave resonator. The wire-monopole becomes more compact through using the Koch fractal meanders. The original form of the monopole is simply a straight microstrip line. To minimize the antenna size, the first and second iterations were proposed, as shown in Figure 1-22. It leaded to a length reduction of 40% and 60%, respectively, in comparison with a straight microstrip line. Others geometries of monopole antenna like rectangular, helix and triangular were also proposed (Figure 1-22). This technique can be improved by loading the meandered microstrip line with parallel stubs [START_REF] Eccleston | Shunt-Loaded Fractal-Meandered Microstrip[END_REF], as shown in Figure 1-23. A 70% miniaturization can be obtained with nonuniform and two level of uniform loading (see Figure 1-23(d)). As a result, a compact bandstop filter constructed by this last meandered microstrip loop was realized, occupying 11% of the area of a filter using straight microstrip alone or 57% of the area of the filter using secondorder fractal meanders. Other structures such as a meandered rat-race coupler was proposed in [START_REF] Awida | Compact rat-race hybrid coupler using meander space-filling curves[END_REF], leading to a size reduction of 80%. Even if the idea is very simple in terms of concept, these structures require great efforts of analysis and optimization in order to appropriately model the entire circuit. 

Miniaturization Techniques for SIW Components Introduction

One intrinsic and major drawback of the SIW is their huge size as compared to planar transmission lines. However, as previously said, the transmission lines possess an important radiation leakage at higher frequencies, leading to possible strong electromagnetic coupling with other passive components in integrated circuits. Thanks to the advantages of SIW technology, such as good electric shielding and low losses, SIW circuits have still taken more and more attention for the research activities in recent years. Hence, the size miniaturization became one of the hot topics of performance improvement of SIW. The next section is dedicated to present some techniques to reduce the dimension of SIW structures.

Ridge SIW

The ridge waveguide was proposed as a first solution in order to reduce the cumbersome dimension of the classic waveguide. The structure of the ridge waveguide is quite similar to the rectangular wave with one or two ridges adding on its broad walls. 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 electric walls and the blind vias for ridge support. As depicted in Figure 1-24, the cut-off frequency of the ridge waveguide is refined through two physical parameters: the width of ridge 𝑠 and the gap 𝑑. In [START_REF] Cohn | Properties of Ridge Wave Guide[END_REF], 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. In [START_REF] Bozzi | Broadband and compact ridge substrate-integrated waveguides[END_REF]- [START_REF] Li | Propagation and band broadening effect of planar ridged substrate-integrated waveguide (rsiw)[END_REF], investigation of ridge SIW was developed. In particular, the optimization of the mono-mode bandwidth of ridge waveguide was studied: about 40% of bandwidth improvement was obtained, leading to a mono-mode bandwidth of 37%. Recently, a novel SIW humidity sensor based on ridge SIW waveguide combined with quarter-mode technique was presented in [START_REF] Jones | Miniaturized Quarter-Mode Substrate Integrated Cavity Resonators for Humidity Sensing[END_REF]. The occupied surface of this sensor is only 20% of the whole surface of the classic SIW sensor.

Folded SIW

The idea is to bend the waveguide in order to reduce its lateral dimension. The first folded rectangular waveguide was introduced in [START_REF] Barrow | Hollow Pipes of Relatively Small Dimensions[END_REF]. By extending the wave path via septum inserted inside the waveguide, it provides a lower operating frequency in comparison for the same width of a standard waveguide. The folded waveguide in SIW technology was proposed in 2004. This solution is particularly adequate to the SIW structure whose height is much smaller than its width. As depicted in Figure 1-25, the transversely folded SIW (FSIW) can be classified into two main categories, depending on the way in which they are bent: T-type and C-type.

In 2004, a folded waveguide using C-type configuration (Figure 1-25(b)) was proposed [START_REF] Kim | A partial H-plane waveguide as a new type of compact waveguide[END_REF] for the first time. After that, a 2-layered T-type FSIW was also proposed in 2005. From the technology point-of-view, the T-shaped configuration has the advantage to possess symmetrical electric fields in the vertical plane according to propagation direction inside rectangular SIW. However, both structures must be realized in a multilayer substrate, thus increasing fabrication costs. The interest of the FSIW solution for size miniaturization is proved by the development of many passive SIW components based on this concept in the last decade. A SIW filter [START_REF] Kim | A partial H-plane waveguide as a new type of compact waveguide[END_REF] and a slot antenna [START_REF] Izquierdo | Slot antenna on C type compact substrate integrated waveguide[END_REF] using 2-layered C-type FSIW were early presented. In 2008, an accurate analysis of FSIW on electromagnetic parameters like the propagation constant, the cut-off frequency was proposed, as well as some formula to calculate gap width between two wings of FSIW [START_REF] Che | Analysis and Experiments of Compact Folded Substrate-Integrated Waveguide[END_REF]. An excellent agreement was observed between the approximate calculations and the results obtained by HFSS simulations. One year later, a miniaturized bandpass filter was made by fully stacked vertical double-folded SIW resonators with LTCC technology [START_REF] Chien | Miniaturized Bandpass Filters With Double-Folded Substrate Integrated Waveguide Resonators in LTCC[END_REF]. At the same time, a hybrid ring coupler based on T-shaped FSIW was proposed in [START_REF] Ding | Miniaturized hybrid ring circuits using T-type folded substrate integrated waveguide (TFSIW)[END_REF]. In [START_REF] Nguyen-Trong | Variational Analysis of Folded Substrate-Integrated Waveguides[END_REF], it was demonstrated that the behavior of C-type FSIW structure is quite similar to the propagation of the conventional SIW. Therefore, almost investigations of FSIW only focus on C-shaped geometry. An ultra-compact quadric-FSIW using C-type FSIW configuration was illustrated in [START_REF] Zhang | Quadri-folded Substrate Integrated waveguide cavity and its miniaturized bandpass filter applications[END_REF], in which a significant surface reduction of about 89% of SIW cavity was achieved. For C-type configuration, the miniaturization ratio directly depends on the number of bends, as instance an ultra-compact dual-band filter using quadruple FSIW was presented in [START_REF] Shen | Miniaturized Dual-Band Substrate Integrated Waveguide Filter With Controllable Bandwidths[END_REF], where two-band are mainly contributed by the excited mode TE10 et TE30, respectively. In 2018, a novel wide-band half-mode FSIW filter was published [START_REF] Huang | Ultra-Wideband Ridged Half-Mode Folded Substrate-Integrated Waveguide Filters[END_REF]. By combining C-type FSIW structure and half-mode technique, this solution leaded to a surface reduction of 50%. Theoretically, the fundamental mode in a rectangular waveguide at symmetry plane along propagation direction is equivalent to the presence of a magnetic wall. Hence, the dominant mode in the HM waveguide is like one half of the TE10 mode of the full SIW, leading to the same cut-off frequency. However, the main difference between the two structures concerns the electromagnetic coupling with the other circuits in a complete integrated system. The SIW provides an excellent electromagnetic shielding while strong radiation was found in HMSIW due to leakage loss in one side of the waveguide. This technique was successfully used in the design of power dividers [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] and filters [START_REF] Gong | Novel Compact Bandpass Filter Based on Folded Half Mode Substrate Integrated Waveguide Cavities[END_REF]- [START_REF] Moscato | Quarter-Mode Cavity Filters in Substrate Integrated Waveguide Technology[END_REF]. Nonetheless, the primary application of HM solution aims to antenna design [START_REF] Dashti | Development of Low-Profile Patch and Semi-Circular SIW Cavity Hybrid Antennas[END_REF]- [START_REF] Caytan | Half-Mode Substrate-Integrated-Waveguide Cavity-Backed Slot Antenna on Cork Substrate[END_REF] since they can simultaneously take benefit of the radiation leakage and size reduction. Recently, quart-mode circuits were developed for humidity sensors [START_REF] Jones | Miniaturized Quarter-Mode Substrate Integrated Cavity Resonators for Humidity Sensing[END_REF] and antenna applications [START_REF] Jin | Quarter-Mode Substrate Integrated Waveguide and Its Application to Antennas Design[END_REF]- [START_REF] Agneessens | Coupled Eighth-Mode Substrate Integrated Waveguide Antenna: Small and Wideband With High-Body Antenna Isolation[END_REF]. This new solution permits to divide the surface of SIW cavity by four while maintaining good performance. 

Slow-wave concept

In a general manner, the slow-wave factor (𝑆𝑊𝐹) can be expressed by the ratio between light speed 𝑐 0 in vacuum and phase velocity 𝑣 𝑝 in the considered waveguide [15], as given by (1-26), corresponding to a 𝑆𝑊𝐹 greater than 1.

However, by considering this first 𝑆𝑊𝐹 definition, each waveguide structure being realized in dielectric material greater than 1 would be considered as a slow-wave structure. In these cases, another formula (1-27) is preferred to define the slow-wave factor [15]. This novel 𝑆𝑊𝐹 is defined by the ratio between the phase velocity 𝑣 𝑝 𝑟𝑒𝑓 into the conventional waveguide and the phase velocity 𝑣 𝑝 the of slow-wave structure achieved through additional geometry and materials modifications.

Consequently, this slow-wave factor 𝑆𝑊𝐹 can be simplified, as given in .

𝑆𝑊𝐹 = 𝑐 0 𝑣 𝑝 = 𝜆 0 𝜆 = 𝛽 𝛽 0 = √ 𝜀 𝑟𝑒𝑓𝑓 (1-26) 𝑆𝑊𝐹 = 𝑣 𝑝 𝑟𝑒𝑓 𝑣 𝑝 = 𝜆 𝑟𝑒𝑓 𝜆 = 𝛽 𝛽 𝑟𝑒𝑓 (1-27)
To bring an efficient reduction size, some techniques need important structural modifications [START_REF] Niembro-Martín | Slow-Wave Substrate Integrated Waveguide[END_REF]- [START_REF] Guan | Hybrid Spoof Surface Plasmon Polariton and Substrate Integrated Waveguide Transmission Line and Its Application in Filter[END_REF], other ones have to sacrifice advantages of SIW such as low loss and good isolation [START_REF] Zhou | Slow-wave substrate integrated waveguide with partially polyline loading[END_REF]- [START_REF] Yang | Dual bandpass filter based on hybrid spoof surface plasmon polariton and substrate integrated waveguide structure[END_REF]. The first SIW based on slow-wave concept, as shown in Figure 1-27(a), was introduced in 2014 [START_REF] Niembro-Martín | Slow-Wave Substrate Integrated Waveguide[END_REF]. In this structure, the slow-wave phenomenon is obtained by adding in the inner of the SIW waveguide a blind vias array only connected to the bottom metallized layer. These vias allow concentrating the electric field in between the top metallized layer and the top of the blind vias whereas the magnetic field remains present in the wall volume of the SIW. This spatial separation of E and H fields is a characteristic phenomenon of slow-wave structures, leading to slow down the phase velocity. In [START_REF] Zhou | Slow-wave substrate integrated waveguide with partially polyline loading[END_REF]- [START_REF] Jin | Slow-Wave Propagation Properties of Substrate Integrated Waveguide Based on Anisotropic Artificial Material[END_REF], the proposed solutions are based on etching of the top metallized cover. This solution presents the drawback of inducing leakage (see Figure 1-27(b)). These potential techniques provide a miniaturization of surface dimension of about 65%. In a general manner, in electromagnetic waves, the slow-wave effect is usually related to the storage of electrical or magnetic energy in a part of the space. It can also be said that this phenomenon corresponds to the separation of the fields E and H. It allows obtaining cut-off frequency and phase velocity of the SW-SIW (for Slow-Wave SIW) significantly reduced compared to the equivalent classical SIW operating at the same working frequency.

In [15], the slow-wave effect was illustrated by a theoretical study comparing two waveguides: a reference waveguide 𝑊𝐺 𝑟𝑒𝑓 , and a slow-wave waveguide 𝑊𝐺 𝑠𝑤 consisting of a periodic structure along the propagation direction. Indeed, by applying the theorem of periodic structures to calculate the time-average power flow in the pass bands into the waveguide structures 𝑊𝐺 𝑟𝑒𝑓 and 𝑊𝐺 𝑠𝑤 , the author demonstrated that the 𝑆𝑊𝐹 can be defined through the ratio of stored energies (either electric energies or magnetic ones), as defined in (1-30)

𝑆𝑊𝐹 = 𝑣 𝑝 𝑟𝑒𝑓 𝑣 𝑝 = √ 𝜀 𝑠𝑤_𝑟𝑒𝑓𝑓 √ 𝜀 𝑟𝑒𝑓 (1-28) 𝜀 𝑠𝑤_𝑟𝑒𝑓𝑓 = 𝜀 𝑟𝑒𝑓𝑓 • 𝑆𝑊𝐹 2 (1-29)
Another formulation of the 𝑆𝑊𝐹 highlighted that the 𝑆𝑊𝐹 can be derived as a ratio of dielectric attenuations [15].

Finally, for the slow-wave structure shown in Figure 1-27(a), by taking into consideration waveguide geometries, it was demonstrated that the 𝑆𝑊𝐹 can be described as the ratio between occupied volume of electric and magnetic fields where 𝑉 𝑒 and 𝑉 𝑚 correspond to the volume of electric and magnetic field in a waveguide unit-cell.

Let us notice that the SW-SIW topology considered in [15] is the same as the one used in this PhD thesis for the design of antennas in Chapter 2, and is similar to the one used for the design of humidity sensors in Chapter 3.

Conclusion

A short historical background of electromagnetism was given in the beginning of this chapter. The appearance and development of waveguide structures and hollow waveguide were introduced. In addition, the definitions relating to their propagation characteristics were also reminded. It was explained that the telecommunication systems can become more performant by using SIW technology since it permits to integrate all planar components in a PCB or in a monolithic microwave integrated circuit with higher quality factors than classical transmission lines like microstrip. A part of this chapter was dedicated to the presentation of the SIW concept. After that a review on various SIW miniaturization techniques was carried out. Some of them are based on manipulating the cross sections of the synthesized waveguide, such as RSIW and FSIW. Others are based on symmetry configurations, such as HMSIW and QMSIW. Recently, several slow-wave SIWs were reported, based on the slow-wave concept, offering high-miniaturization factors up to 70 or 80%. Nevertheless, this miniaturization is obtained at the expense of losses. The SW-SIW considering internal blind via holes, initially proposed by Niembro [START_REF] Niembro-Martín | Slow-Wave Substrate Integrated Waveguide[END_REF], will be studied in the framework of this PhD thesis manuscript in order to demonstrate its interest for miniaturized antennas and sensors applications.

𝑆𝑊𝐹 = 𝑊 𝑒_𝑠𝑤 𝑊 𝑒_𝑟𝑒𝑓 = 𝑊 𝑚_𝑠𝑤 𝑊 𝑚_𝑟𝑒𝑓 (1-30) 𝑆𝑊𝐹 = 𝛼 𝑑_𝑠𝑤 𝛼 𝑑_𝑟𝑒𝑓 (1-31) 𝑆𝑊𝐹 = √ 𝑉 𝑚 𝑉 𝑒 (1-32)

Design of Square Slot Antenna Based On Slow-Wave Substrate Integrated Waveguide

Introduction

State of art of SIW antennas

As compared to the bulky rectangular waveguide technology which cannot be easily integrated in classical Printed-Circuit-Board (PCB) or microelectronics technologies, the Substrate Integrated Waveguide (SIW) is a technique allowing creating an integrated circuit, as well as a platform to integrate all passive and active components with antennas modules into a dielectric substrate. A trade-off between their size and electrical performance generally defines their low cost and consequently their commercial success. The first slots antenna array using SIW technology was introduced in [1], as shown in Figure 2-1(a). This antenna is obtained by etching the longitudinal slots on the top metal of a SIW. In addition, the feeding network based on microstrip power divider is integrated on the same substrate. An enhancement of wide-angle scanning of this antenna was obtained with inclined longitudinal slots [2] (Figure 2 To own the existing advantages of the SIW structure, furthermore, the design and the optimization of the cavity backed SIW antennas are relatively straightforward. Thus they received particular attention by the researchers in recent years. The first one was proposed in 2008 in [12]. However, the cavity backed SIW antenna possesses a narrow bandwidth (1.3%). Some techniques presented in [13]- [18] allow enhancing the antenna bandwidth (up to 8%). For instance, in [17]- [19], a shorted via hole is inserted in a patch of SIW cavity (Figure 2-2 (c)) in order to both increase the antenna bandwidth and obtain a circular polarization. In [17], [18] and [20]- [21], arrays based on cavity backed SIW antennas were proposed in order to improve the gain of the overall antenna. 

Size miniaturization of cavity backed SIW antennas

With the rapid developments in telecommunication and ever-increasing demands of consumers in electronic device markets, it is mandatory to work towards antennas miniaturization while guaranteeing their low-cost, reliability and ease of fabrication with a standard PCB process [22]. For the future systems, the implementation of entire transceivers on a single chip is an essential key for the evolution because it is not only aimed for reducing the components costs but also make them more and more compact. In that context, the large size and bulky structure of antennas at low microwave frequencies is becoming a big issue. The challenge is to improve their integration, while maintaining their high performance characteristics. Several techniques have been proposed for highly efficient size miniaturization of low-profile antennas. For instance, in [23] a slot antenna was obtained by embedding a shorting conducting strip inside an annular slot (Figure 2-3(a)), allowing increasing the electrical path of surface current associated with the annular slot. Hence, a size reduction of 65% as compared to conventional annular slot antenna was achieved at 1.43 GHz at the expense of the impedance bandwidth (1.9%) and peak gain (0.5 dB). In [24], the antenna inductance was increased by adding a series of inductors distributed along the antenna aperture, allowing reducing the size by 20% while maintaining the impedance bandwidth of the slot antenna (2.4%) as compared to the antenna without inductive load. The drawback of slot antennas is their inherent bidirectional radiation pattern and relatively low gain (lower than 1.7 dB). For many telecommunication applications, directive antennas with high gain are necessary to compensate signals deteriorating and losing due to the problems of multipath and interferences in the wave propagation between base stations.

Recently, SIW cavity-backed slot antennas (CBSA) were analytically and experimentally studied, and more and more put into practice, since they demonstrate advantages such as low profile, small size and ease of integration with planar passive circuits in standard PCB technology. Moreover, the CBSA potentially own a significant gain with an unidirectional radiation pattern. Besides, this SIW structure also offers a low mutual coupling between antenna elements when forming an array since the backed SIW cavity aids to suppress surface wave effects. Beside of having the potential advantages above, in order to become a promising candidate [25]- [27] for the design and mass production of circuits operating below microwave, the main drawback of the SIW technology concerns the large dimensions of the obtained circuits as compared to microstrip ones. In order to eliminate this shortcoming, different techniques were considered for the CBSA design. By using the haft mode principle [28]- [29], the surface area of the SIW antenna can be reduced by nearly 50% without weakening its performance (Figure 2-3 (b)), the considered modes being TE120 and/or TE210. Thanks to good latter ideas with a half mode technique, quarter-mode SIW antenna has also been developed and measured, as shown in [30]- [31] leading to about 75% miniaturization (Figure 23). The performance of this type of antenna is depending on the width of substrate defined from the cutting plane to the edge of the lateral side of substrate. For instance, in [32] a CBSA is excited with a negative-order resonance working below the waveguide cutoff frequency of SIW cavity (Figure 23). It offers an alternative solution for antenna size miniaturization. Finally, the use of ridged SIW [33] or T-Type Folded SIW (TFSIW) [34] allows reducing by about 50% and 40%, respectively, the surface area of SIW antennas. Another way to miniaturize the total waveguide surface of SIW structures consists in developing topologies of slow-wave SIW (SW-SIW) [36]- [START_REF] Jin | Slow-Wave Propagation Properties of Substrate Integrated Waveguide Based on Anisotropic Artificial Material[END_REF]. Based on [36], a first SW-SIW cross-slot antenna was demonstrated in [37], the excitation mode of the antenna being the same mode TE110 excited in the SIW cavity, with a reduction of 34% in comparison with its SIW counterpart and a moderate gain of 3 dB.

In order to further improve the antenna size reduction and gain, a novel slow-wave CBSA (SW-CBSA) exited by the TE100 mode is developed and investigated in this chapter. The aim of this study is to demonstrate an antenna reduction without dramatically reducing the gain as compared to its SIW counterpart. Moreover, as proposed in [19], an inductive via hole asymmetrically inserted into the patch surface will be considered, leading to both a circular polarization and an increase of the impedance bandwidth. Finally, the performance of a first SW-CBSA array based on elementary CBSA will be presented.

Interest of cavity backed SIW Antenna

To explain the choice and interest of the cavity backed SIW antenna during this work, a comparison between the slot SIW antenna and a classical patch antenna is carried out. Patch antennas are considered in the literature as directive antennas with high gain and low sides lobes thanks to the use of a large ground plane. Also, they are widely used in communication systems and RF applications. However, the mutual coupling of the patch with other devices in a planar circuit or between themselves into a network of antennas is quite significant. The presence of this coupling usually leads to modify the antenna behavior such as its return loss or gain. To reduce these issues, some techniques were proposed in [41]- [45]. For example, in [42], an isolation enhancement from 12 to 26 dB was obtained by inserting parallel coupled line resonators between the patch antennas (Figure 2-4(a)), leading to a gain improvement of 1.25 dB. In [43], an asymmetric loop resonator provided isolation greater than 30 dB in a dual-band at 3.4 and 4.2 GHz, respectively (Figure 234). An electromagnetic bandgap (EBG) structure (Figure 234)) was proposed and optimized in [45], allowing obtaining an isolation of 30 dB in the -10 dB impedance bandwidth at 5 GHz. Thus, solutions exist to obtain high isolation between patch antennas but a non-negligible time of design and optimization is required. Hence, the cavity backed SIW antenna appears as a simple solution to efficiently reduce the electromagnetic couplings with the other devices without requiring extra steps of optimization. To describe this, the electromagnetic analysis of two kinds of antennas is proposed, a classical patch antenna and a cavity backed SIW antenna, respectively. Figure 2-5 describes both antennas in two different configurations, without or with two near metallic strips of distance 𝑥 𝑑𝑖𝑠 . The goal is to investigate the impact of metallic strips located in their vicinity. The edge-to-edge distance 𝑥 𝑑𝑖𝑠 from the antennas to the metallic strips is the same in both cases. For the patch antenna, as shown in Figure 2-6(a), the return loss of the patch antenna strongly deteriorates with the presence of the metallic strips. Furthermore, the resonance frequency shifts about 310 MHz, corresponding to 2.7% at 11.5 GHz. On the contrary, the SIW antenna provides the proper electrical shielding thanks to inserting the SIW walls. As a result, the impedance matching of the SIW antenna is almost unchanged, as shown in Figure 2-7(b). As observed in Figure 2-6(b), the gain of patch antennas is dramatically decreased about 1.8 dB when the distance between two metallic bars and the antenna is 0.5 mm. In contrary, the CBSA exhibits a good electric shielding with the metallic bars. There are the reasons why the gain of CBSA is slightly changed against the strong deterioration of gain in the patch. The extra-isolation of CBSA antennas as compared to patch ones can be also verified by placing two antennas of the same type in face-to-face configuration, as shown in Figure 2345678. The distance from edge to edge between the two antennas is 1 mm, corresponding to 0.037𝜆 0 . As presented in Figure 2-8 (a), the electric field lines show a coupling between the patches, leading to a poor isolation of about -7 dB at 11.5 GHz, as shown in Figure 2-9(a). A lower coupling is observed for the CBSA antennas (Figure 2-8 (b)), leading to an improved isolation that is better than -11 dB in the worst case (Figure 2-9 (b)).Thanks to the inherent advantages such as high gain, directive radiation pattern, low side lobes, good electrical shielding and ease of fabrication with the PCB process, the CBSA was chosen during this work for miniaturization. 

2.2

Circular-polarized slow-wave cavity backed SIW antenna

Description of SW-CBSA

In this section, a backed SIW cavity antenna designed by considering the slow-wave effect described in [36] is proposed. It was called SW-CBSA. For Slow-wave CBSA, the antenna topology is described in Figure 2-10. The working frequency was fixed to 11.5 GHz. The SW-CBSA requires a two layers substrate whom the characteristic is given in Table 2-1 . Rogers RO4003 substrate was used for the two layers (relative dielectric constant of 3.55, loss tangent 0.0027 and thicknesses h1 = 0.813 mm and h3 = 0.203 mm, respectively); they were stuck by using an adhesive prepreg layer Rogers 4450F (relative dielectric constant of 3.52, loss tangent 0.004 and thickness h2 = 0.102 mm). The proposed SW-SIW antenna mainly consists of: (i) a backed SW-SIW cavity with a shorted via and excited patch and (ii) a slow-wave microstrip feeding line (with characteristic impedance equal to 50 Ω). The antenna impedance matching is obtained thanks to slots designed in the bottom side of the antenna (with Wgap = 0.3 mm). Lateral via holes are connected between bottom metal 1 and top metal 2 layers to form a SIW backed cavity, as shown in Figure 2-10. To limit loss leakage of the SIW cavity, the conditions 𝑝 ≤ 2𝑑 and 𝑑 < 𝜆 𝑔 /5 should be satisfied [25]- [26], where 𝜆 𝑔 is guided wavelength in the SIW cavity, 𝑑 is diameter of vias holes and p is the center-to-center spacing between two adjacent vias holes. A square ring slot is etched in the top metal 2 layer (Figure 2-10 (a)). Then, by inserting a matrix of internal blind metallized via holes connected to the bottom metal 1 layer, as shown in Figure 2-10 (c) and (d), a slow-wave effect is achieved, which permits to efficiently reduce the SIW cavity size. This slow-wave phenomenon is highlighted in Figure 2-11. The electromagnetic field distribution shows that the electric field is mainly concentrated in between the top metal layer 2 and the top of blind via holes. The magnetic field flows in the whole cavity all around these metallized internal via holes. Hence electric and magnetic fields are separated in the via holes volume, since no electrical field occurs in this volume. This physical separation of electric and magnetic fields is at the origin of the slow-wave effect [36]. By adding more metallized internal via holes into the SIW cavity, the slow-wave effect can be strengthen since the electric field is stopped by the via holes. The higher the slow-wave effect, the smaller the size of the SIW cavity, but also the higher the losses [15] (Figure 2-12(a)). Indeed, the conductive losses rapidly increase versus the number of blind via holes, while the dielectric losses remain unchanged, as shown in Figure 2-12 (b). Hence a trade-off exists between miniaturization and electrical performance. For a first proof-of-concept, an array of 5×5 internal blind via holes was chosen. This configuration allows obtaining a compact antenna, with a surface area about 50% smaller as compared to its SIW counterpart, and a quality factor of about 250 against 438 for SIW antenna. Finally, an inductive metalized via hole connected between the patch (located on metal 2) and the back-side (metal 1) of the SIW cavity was added. It allows both generating a circular polarization, and increasing the impedance bandwidth, as explained below.

A slow-wave microstrip line (SW-MS) was considered (see Figure 234567891011121314) for the 50 Ω microstrip feeding line of the antenna, since the electric field in the SW-CBSA is mainly concentrated in between the top of the internal vias and the top metal layer. The SW-MS consists of a MS line with metallized blind via holes connected to the signal strip. Thus, the electric field in the SW-MS is mainly concentrated in between the bottom of the internal vias and the ground plane, as shown in Figure 234567891011121314). Let us notice that, as compared to [47] in which the blind vias where connected to the ground plane, the SW-MS used in the SW-CBSA configuration considers blind vias connected to the signal strip. However, the resulting electromagnetic fields are comparable, leading to almost the same slow-wave effect. The SW-MS width equals 𝑊 𝑆𝑊-𝑀𝑆 = 1.25 mm (as compared to a classical MS width 𝑊 𝑀𝑆 = 2.4 mm. For comparison, the S-parameter of the SW-MS and classical MS are shown in Figure 2-13 for a line length of 31 mm. A better matching is obtained for the MS as compared to the SW-MS. Nevertheless, in both cases, a return loss better than 16 dB was obtained at the operating frequency of 11.5 GHz. One can notice that the SW-MS induces an insertion loss (0.35 dB) higher than the MS (0.16 dB). 

Mode analysis into a cavity backed SIW antenna

Before than showing the SW-CBSA behavior, and to understand every detail of the existing modes in the SW-CBSA, a CBSA with and without a shorted via between top and bottom metallization of the cavity is firstly simulated and discussed in Figure 2345678910111213141516.

The fundamental mode TE110 of the CBSA without a shorted via was calculated as the working mode of the rectangular SIW cavity, whose dimension has been presented in [48], while the square ring slot was chosen to only excite the first mode TE100. It is clear that the electric field distribution in the cavity of the CBSA is substantiality similar to the one of the TE100 mode inside microstrip patch antenna, as shown in Figure 2-16(b). Therefore, the frequency (2-1) of first-operating mode existing in CBSA can be deduced using the expression [49]. In this expression, the calculation (2-2) of the relative effective permittivity 𝜀 𝑟𝑒𝑓𝑓 is given in [50].

𝑓 0 = 𝑐 0 2(𝐿 𝑖𝑛𝑡 + 𝐿 𝑒𝑥𝑡 ) × √ 1 + 𝜀 𝑟𝑒𝑓𝑓 2 • 𝜀 𝑟𝑒𝑓𝑓 (2-1)
where 𝐿 𝑖𝑛𝑡 and 𝐿 𝑒𝑥𝑡 are the inner and outer square lengths of the square ring slot, 𝑎 is the width of the square ring (𝑎 = 𝐿 𝑒𝑥𝑡 -𝐿 𝑖𝑛𝑡 ), 𝑐 0 is the light velocity in vacuum and 𝜀 𝑟𝑒𝑓𝑓 is the relative effective permittivity, respectively. By considering the slot dimension: 𝐿 𝑖𝑛𝑡 = 5. Then, as proposed in [19], we added an inductive metallized via hole inserted into the patch surface that brings out the simultaneous excitation of two patch hybrid modes. The first one is located at a low frequency 𝑓 𝑟1 with a field distribution similar to that of the TE100 mode. The second mode located at a higher frequency 𝑓 𝑟2 is generated through the inserted via hole, exhibiting the slightly deformed field distribution of the TE100 mode with a phase difference of 90°. It can be seen that the two zero potential planes corresponding to two different frequencies (𝑓 𝑟1 = 11.3 GHz and 𝑓 𝑟2 = 11.6 GHz) are almost orthogonal and form a phase difference of 90° each other (Figure 2345678910111213141516)). The combination of the two excited degenerated modes in the interesting frequency band permits to enlarge the impedance bandwidth and create a circular polarization, as shown in Figure 2-17. The simulated bandwidth (return loss > 10dB) of CBSA with shorted via is 5.1% as compared to 1.2% without inductive via. A maximum gain of about 5 dBic from 11.42 GHz to 11.52 GHz can be achieved with a circular polarization. 

Analysis of the SW-CBSA

While the proposed CBSA shows good performance in terms of gain, circular polarization, and low mutual coupling with the adjacent circuits, it remains a relatively large structure. To reduce its size, the slow-wave topology was introduced in the CBSA antenna design [36]. A 5×5 internal metallized vias matrix is uniformly distributed in the SIW cavity to obtain the miniaturization. Hence, relative effective dielectric constant inside the SW-SIW cavity 𝜀 𝑟 𝑒𝑓𝑓 can be estimated by [36]:

where 𝜀 𝑟𝑒𝑓𝑓 is the relative effective permittivity between the top of the blind via holes and the air. This parameter can be calculated via the expression given in (2-2). Then the relative effective dielectric constant between the top of blind via holes and the upper metal 2 is also obtained. From (2-1), the working frequency of SW-CBSA can be written as (2-4) and (2)(3)(4)(5).

Equation (2-5) can be considered to determinate the first resonance, which operates with the TE100 mode of patch. In theory, a resonance frequency is found at 11.32 Hz with the inner and outer of the square ring slot length of 𝐿 𝑖𝑛𝑡 = 4.32 mm and 𝐿 𝑒𝑥𝑡 = 5.7 mm, and the substrate layers heights h1 = 813 µm, hp = 50 µm and h = 1.118 mm, respectively. This calculated resonance frequency is similar to the lower frequency obtained by the electromagnetic simulation. The electric field being concentrated in the upper of the waveguide, hence, this capacitive effect can be simply modified by changing the via height h1 and/or the number of vias [36] and/or the cooper ring diameter on the top of the metalized blind vias. In order to be comfortable with the fabrication process, a copper pad of thickness hp = 50 µm and diameter 600 µm was considered on top of the metallized blind via holes. For the typical case presented below, the period between the internal blind vias (as referred in Figure 2 In Figure 2-18(a) reveals the effect of the copper ring diameter on the S11-parameter of the SW-CBSA. The larger the copper ring diameter (𝑑 𝑝 ), the greater the SW effect and thus the lower the resonance frequency. The phenomenon is also illustrated in the case of SW-SIW [36].The shorted via technique was presented in the previous section for CBSA. The two resonance frequencies of the hybrid mode TE100 are also obtained in the SW-CBSA structure, as shown in Figure 2-18(b). First frequency is located at f1 = 11.3 GHz and the second one at f2 = 11.6 GHz, respectively. The inductive via position xvia = 500 µm, yvia = 200 µm in relation to the patch center and internal square ring dimension Lint = 4.32 mm are selected so that the resonance frequencies of two hybrid modes are close together around the working frequency of 11.5 GHz.

In Figure 2-18(b), the first resonance is slightly modified while the second one strongly shifted to the higher frequency by moving the inductive via hole toward microstrip feedline side. This can be explained by the CBSA field distribution presented in Figure 2345678910111213141516). Indeed, the lower resonance frequency is excited with the principle mode TE100. As a result, it is only slightly influenced by the shorted via holes position but strongly affected by the patch dimension Lint. The higher resonance frequency is only generated by the inductive

𝜀 𝑟 𝑒𝑓𝑓 _ 𝑆𝑊 = 𝜀 𝑟 𝑒𝑓𝑓 . ( ℎ ℎ -ℎ 1 -ℎ 𝑝 ) (2-3) 𝑓 0_𝑆𝑊 = 𝑐 0 2(𝐿 𝑖𝑛𝑡 + 𝐿 𝑒𝑥𝑡 ) • √ 1 + 𝜀 𝑟 𝑒𝑓𝑓 _𝑆𝑊 2 • 𝜀 𝑟 𝑒𝑓𝑓 _𝑆𝑊
(2-4)

𝑓 0_𝑆𝑊 = 𝑐 0 2(𝐿 𝑖𝑛𝑡 + 𝐿 𝑒𝑥𝑡 ) • √ 1 + 𝜀 𝑟 𝑒𝑓𝑓 2 • 𝜀 𝑟 𝑒𝑓𝑓 - (ℎ 1 + ℎ 𝑝 )/ℎ 2 • 𝜀 𝑟 𝑒𝑓𝑓 (2-5)
via inserted inside the SW-SIW cavity. The field distribution of the higher frequency is similar to that of the TE100 mode of the first resonant frequency, with a phase difference of 90°. Hence, the higher frequency is extremely sensitive to the via-position yvia, as shown in 

Experimental results of the SW-CBSA

This section provides the experimental results of the fabricated circular-polarized SW-CBSA in order to validate our design. The dimensions of the optimized and fabricated SW-SIW antenna are given in Table 2- Firstly, we note that by inserting asymmetrically a shorted via hole into the patch surface, the impedance bandwidth is enlarged. The measured impedance bandwidth for a return loss better than 10 dB reaches 280 MHz, from 11.62 GHz to 11.9 GHz, which is twice as much as compared to the one without inductive via hole. Secondly, the resonant frequency shift of 300 MHz between simulated and measured results was studied. Many hypotheses were considered, such as a deterioration of substrate and prepreg (permittivity, thickness, roughness) and a dimension modification of via holes and pads. Possible problems occurring in circuit manufacturing process are the copper ring thickness and diameter modifications. This was verified by cutting out the circuit and making a polishing for optical inspection. Measurements were achieved in an anechoic chamber with an ANRITSU 37369A VNA. Firstly, the SW-CBSA was measured in the two different planes φ = 0° and φ = 90° in order to determinate its absolute gain. Then the measured axial ratio (AR) can be extracted by an electromagnetic software. Finally, the gain of the SW-CBSA in dBic can be found by using its relation with the absolute gain and the AR value, as explained in [51]. The measured gain of the linear-polarized antenna is equal to 5.7 dBi for 𝜃 = 180°, as compared to 5.4 dBi expected in the simulation. Performance of our proposed antenna is evaluated by making a comparison between conventional SIW antenna and SW-SIW with and without an inductive via hole, as shown in Table 2-3. It can be seen that the three antennas provide a similar performance in terms of gain and directivity. However, thanks to the slow-wave effect by inserting the blinded via holes into a cavity, a meaningful cavity dimension reduction of 47% is obtained. Moreover, a significant bandwidth enhancement and a circular polarization are obtained by inserting the inductive via hole. 

Comparison to the literature

In comparison with different techniques of antennas miniaturization, as shown in Table 2-4, the topology in [35] allows highly reducing the antenna dimension, but the gain is reduced. By using the half-mode technique [28]- [29], a size miniaturization of 50% is achieved as compared to its classical full-mode SIW counterpart, and a gain similar to that obtained with our antenna is measured, as shown in Table 2-4. However, the use of the half-mode technique with the higher mode TE210 and/or TE120 leads to a larger size as compared to our design. The quarter mode antenna [30]- [31] seems to be an interesting solution since this open structure provides both an efficient size reduction with a high gain as compared to others solutions. In comparison with the quarter-mode antenna in [30], our SW-CBSA exhibits a smaller surface with a higher gain in the fundamental mode. In addition, a circular polarization is also realized here.

The design carried out in this section results from a compromise between gain and compactness. The compactness could be improved by considering the half-mode or quarter-mode techniques. This way of miniaturization was not evaluated in that chapter but it will be considered in Chapter 3 for humidity sensor application. Besides, by comparing our antenna to the other circular-polarized and miniaturized antennas [20]- [53], we obtain an efficient antenna in terms of gain and miniaturization.

The performance of our SW-CBSA is also compared with other circular-polarized SIW antennas in literature, as shown in Table 2-4. The circular-polarized SIW antenna in [19] exhibits a high gain of 7.8 dBic with a moderate 3-dB AR bandwidth (2.35%), at the expense of a large dimension as compared to other topologies. By using the half-mode technique [20], a compact structure was obtained with a moderate 3-dB AR bandwidth (2.3%). A broadband dual circularly polarized SIW antenna was realized in [54] with a gain of 4.7 dBic. A wide 3-dB AR bandwidth of 11.2% was also obtained by inserting two open-stubs and defected ground structures (DGSs). 

1.2% N/A No

However, its size is quite important. By comparison with the circular-polarized SIW antennas in Table 2-4, the main advantage of our proposed antenna is its compactness, with a gain comparable to the other compact topologies. In the contrary, the 3-dB AR bandwidth of the SW-CBSA antenna remains small (0.5%). Several miniature antennas is also represented in Figure 2-27 to make the comparison with our work. In the next section, a cavity backed SW-SIW antenna array is designed by considering four cavity backed SW-SIW antennas with a slow-wave Microstrip (SW-MS) power divider.

Power divider based on Slow-wave Microstrip lines (SW-MS)

In order to design the SW-CBSA antenna array, a power divider [55] based on slowwave microstrip line (SW-MS) [47] was designed. As discussed above, each SW-CBSA antenna was carried out to be matched to the load impedance of 50 Ω. Thus the use of a quarter-wavelength impedance transformer having a characteristic impedance of 70 Ω is mandatory, as shown in Figure 2-28(a). In our final design (see Figure 2-28(b)), in order to take advantage of the slow-wave technology, we considered SW-MS topology (see Figure 234567891011121314) to achieve the 50 Ω characteristic impedance transmission lines. Indeed, by considering these SW-MS [47], it allows obtaining thinner signal strips since an increased capacitive effect appears for the slowwave structure as compared to the classical one. Moreover, this slow-wave topology is required to appropriately feed the SW-CBSA in which the electric field already remains in between the top of the vias and the metallization facing each other. To have a constructive interference between the elementary antennas and to reduce side lobes of the antenna array, the distance from center-to-center between the SW-CBSA should be close to a haft-wavelength in free space (𝜆 0 /2) [55], corresponding to 14 mm. From electromagnetic simulations carried out in CST, it was shown that this value was not optimal in terms of gain and side-lobe level of the array. In order to have a lower side-lobe level greater and a higher gain, the spacing between the SW-CBSA was optimized. An optimum value of 18 mm was considered, which corresponds to 0.66𝜆 0 . This value was taken into consideration for the design of the 1:4 power divider.

As shown in Figure 2-29, this topology offers a large bandwidth of about 2.8 GHz, from 9.6 GHz to 12.5 GHz for a return loss higher than10dB. At the operating resonance frequency, a return loss of 14.7 dB and an additional insertion loss of 1.6 dB (|𝑆 21 | = -7.6 dB) are obtained.

Design and measurements of SW-CBSA array

The first antenna array based on the SW-CBSA is investigated and measured in this section. For the antenna array design (see Figure 2-30), the four antenna elements are placed at each of the power divider outputs. The dimensions of elementary antennas are the same as the SW-CBSA (except for 𝐿 𝑖𝑛𝑡 = 4.25 mm, 𝐿 𝑖𝑛𝑡 = 5.6 mm, 𝑤 𝑔𝑎𝑝 = 0.5 mm, 𝑦 1 = 1.5 mm and 𝑦 2 = 2.8 mm). The optimized simulated result of this array is given in Figure 2-31 and compared to the measured results. As highlighted in Figure 2-31, a copper ring thickness ℎ 𝑝 = 35 µm (instead of 50 µm as initially considered) allows obtaining a good agreement between measurement and simulation results. The measured bandwidth for a return loss higher than 10 dB for the antenna array is about 500 MHz, between 11.6 GHz and 12.1 GHz. This is lightly larger than that predicted in simulation. ). In the yz plane the maximum realized gain is found at the same radiation angle of 197°. In the xz plane, it can be seen that the radiation pattern is slightly shifted with the measured peak gain of 11 dBi, which is consistent with the expected array gain since the measured peak gain for a single CBSA w/o the inductive via is about of 5.7 dBi. Besides, the expected gain in the simulation is 10.8 dBi. The difference of 0.2 dB between measured and calculated gain can be due to metallic mounting system inside the anechoic chamber and the calibrated antenna. A very low fontback-to-ratio (FBTR) higher than 15 dB is observed in the two cases. Hence, a good agreement was obtained between measurement and simulation results for the single SW-CBSA and for the antennas array, allowing validating the slow-wave concept in terms of performance and ease of fabrication with a standard PCB process.

Cavity backed SW-SIW antennas array with SIW and SW-SIW power dividers

As mentioned above, the SIW structures offer a better electric shielding as compared to traditional planar structure. It allows efficiently avoiding the mutual coupling between the antennas and the adjacent circuits. In section 2.2.7, the SW-CBSA array was designed with a SW-MS power-divider. However, the power divider was not completely shielded due to the unexpected couplings occurring in the feeding network. Therefore, SW-CBSA array fed by SIW and SW-SIW power dividers are investigated in the next sections. Two kinds of SIW power dividers are considered: (i) a SIW power divider and (ii) a SW-SIW power divider.

Design of SIW and SW-SIW power dividers dBi dBi

In order to design the two 1:4 power dividers, SIW and SW-SIW must be designed to operate at 11.5 GHz. Classical formulas for SIW [26] and SW-SIW [36] were considered. In both cases, the PCB stack is the same as proposed in Figure 2-10 and Table 2-1. The two Rogers RO4003 substrate layers of thicknesses h1 = 0.813 mm and h3 = 0.203 mm is stuck by using an adhesive layer prepreg Roger 4450F of thickness h2 = 0.102 mm. A TE10 cut-off frequency at 8.7 GHz was considered to get an operating frequency equal to 11.5 GHz. By extracting the phase constant β through the Eigenmode solver of CST, the waveguides widths were determined. Figure 2-33 shows the extracted phase constants βSW-SIW and βSIW versus frequency.

To achieve the cut-off frequency of 8.7 GHz, the width of the waveguides are WSIW = 9.2 mm for the SIW and WSW-SIW = 5 mm for the SW-SIW, respectively. The dimensions of the SW-SIW are as follows: via diameter d = 400 µm, pad diameter dp = 600 µm and period s = 1 mm. The number of metallized blind vias is equal to 5. The width of the SIW is much smaller, leading to a lateral miniaturization of 45%. Moreover, as illustrated in Figure 2-33, at 11.5 GHz, the phase constant βSW-SIW is about 1.75 times βSIW, leading to a longitudinal miniaturization of 43%. Finally, a surface miniaturization of about 70% was obtained. By considering the same width WSIW = WSW-SIW = 5 mm, one can notice that the cut-off frequency of the classical SIW would be about 1.8 times higher as compared to its SW-SIW counterpart, highlighting once again the interest of slow-wave structures. 

Design of the G-CPW tapering sections

The 1:4 power dividers require tapering sections to connect from one side the connectors (to the coaxial cables and the VNA) to the other side the waveguides. These tapering sections consider a broadband transition from a Ground coplanar Waveguide (G-CPW) to the integrated waveguide. The G-CPW configuration was chosen thanks to its higher flexibility, in terms of numbers of optimizable parameters, as compared to microstrip lines. Moreover, with the presence of the ground plane, the vertical electric field is present in the G-CPW section allowing easily establishing the first mode in the SIW. Furthermore, to suppress the unwanted propagation modes, via holes were inserted to connect bottom and top grounds. In Figure 2-34, a configuration of G-CPW to SW-SIW transition is illustrated with the partial transparency of the top metal. For the G-CPW to SW-SIW tapering section, metallized blind via holes were also considered in the G-CPW part in order to avoid the discontinuity of electric field between the transmission line and the waveguide. Table 2345gives the values of the slow-wave tapering section parameters. The initial length Ltaper of the taper was set to quarter-wavelength at the operating frequency of 11.5 GHz, corresponding to 3.5 mm. Then an optimization of this parameter was carried out to improve the return loss.

A similar tapering section was designed in SIW technology without internal blind vias. 

Results of SIW and SW-SIW transitions

For measurement convenience, connectors 1092-03A-6 from Southwest Microwave Company (0-40 GHz) were considered to connect the coaxial cables (from the VNA) to the PCB. A TRL calibration kit was designed for calibration purposes, as shown in Figure 2 For SW-SIW, the return loss is better than 18 dB in a frequency range between 10-16 GHz. The simulated insertion loss of SW-SIW is about 0.4 dB, which is 2 times more than those in SIW. The measured insertion loss is 0.56 dB for SW-SIW for a length equal to 10.6 mm, leading to an attenuation constant equal to 0.05 dB/mm (see Figure 2-39). Hence, the quality factor of the SW-MS line is about 262 versus 309 found in the classic microstrip. Higher losses occur in SW-SIW due to the conductive losses by inserting of the blind via holes and also the dielectric losses by confining electric field into a thin lossy substrate. For a given electrical length (𝜆 𝑔 ) the dimension of SW-SIW is 57.24 mm 2 , which occupies 27.6% of the surface of SIW (about 207 mm 2 ). 

SIW and SW-SIW power dividers

Four power dividers were designed and characterized (a 1:2 and a 1:4 power divider for both topologies SIW and SW-SIW, respectively). ). These two power dividers were carried out to measure their electric performance. In the next part, the 1x4 SW-CBSA antenna arrays will be realized with the aid of a compact "bended" 1:4 slow-wave power divider. A 65% miniaturization of the array surface will be presented in section 2.3.6.2. Figure 2-42 and Figure 2-43 give the S-parameters of the 1:2 and 1:4 power dividers in SIW and SW-SIW topologies, respectively. The transmission coefficients are equal to -3.53 dB and -6.8 dB at 11.5 GHz, for 1:2 and 1:4 SIW power dividers, respectively. This corresponds to an insertion loss of 0.53 dB and 0.8 dB, respectively. Insertion loss of the SW-SIW power dividers is 1.1 dB (1:2) and 1.9 dB (1:4), respectively. The electric performance of the four power dividers is compared in Table 2-7. For both SW-SIW power dividers, the measured return loss is better than 14 dB at the operating frequency of 11.5 GHz and a very wide 10 dB bandwidth is achieved. A rather good agreement between simulation and measurement results is obtained. 

Elementary SW-CBSA fed by SW-SIW

In this section, a linear elementary SW-CBSA fed by a SW-SIW structure (see Figure 2-44) is proposed for future integration in the antenna arrays. The dimensions of the antenna are given in 2-5. The resonance frequency of this antenna is defined by the dimension of the patch region. Two slots are added between SW-CBSA and SW-SIW waveguide to minimize the return loss, as shown in Figure 2-44(a). The transition between G-CPW and SW-SIW is not modified. The initial width of patch Lint = 4.8 mm was calculated for an operating frequency at 11.5 GHz. A full-mode simulation in CST was performed to optimize the return loss at 11.5 GHz, leading to Lint = 4.5 mm. The 10-dB return loss of SW-CBSA ranges from 11.39 GHz to 11.6 GHz, as shown in Figure 2-45, leading to a 1.8% bandwidth. A frequency shifting of 220 MHz is observed between simulation and measurement results. In order to check the PCB stack of this second fabrication process, a cross-section view was carried out by a cut and mechanical polishing. It was observed that the copper land of the blind vias was lower than expected (~530 µm instead of 600 µm). By taking into account this value, a retro-simulation was carried out leading to the measured shift of 200 MHz, as shown in Figure 2 

Results of the CBSA arrays fed by SIW or SW-SIW 1×2 antenna arrays

Before presenting the results of the 1×4 antenna arrays, two 1×2 SW-CBSA arrays fed by SW-SIW are shown in Figure 2-47. Figure 2-47 (a) illustrates a "bended" form of the "normal" antenna given in Figure 2-47 (b). In comparison with the SIW based CBSA (not illustrated here), the "normal" and "bended" SW-SIW antennas allow obtaining a miniaturization of 28% and 46%, respectively. Besides, the S11 parameters remain similar for both "normal" and "bended" antenna arrays. A simulated gain of 8 dB is achieved in both cases. It demonstrates that the good electrical shielding thanks to the use of SW-SIW technology allows keeping the same electromagnetic behavior of the antenna arrays while bending. Finally, let us notice that the bending of the power divider considering classical SIW is not possible due to the large dimension of these waveguides and SIW antennas. The bended 1×2 SW-CBSA array was fabricated and measured. As shown in Figure 2-48, once again, a resonance frequency shift of 0.22 GHz towards high frequencies was observed. A good agreement between the retro-simulation and the measurement demonstrates the strong effect of copper land diameter and height on resonance frequency. Moreover, the arrays provide a large 10-dB return loss bandwidth of 2.8% at center frequency of 11.7 GHz, versus 1.8% for the simple SW-CBSA.

The radiation patterns of the 1×2 SW-CBSA array are depicted in Figure 2-49. A good agreement between simulation and measurement results can be observed in both planes for the main lobe, even if a little difference in the measured radiation patterns can be noticed for 𝜑 close to 165°. In terms of gain, the 1×2 array offers a maximum gain of 7.7 dBi, which is close to the value predicted by simulation (7.97 dBi). It can be seen that the measured side-lobe levels are not as important as those found in simulation, which can be due to the measurement disturbances in the anechoic chamber. As shown in Figure 2-53, the 1×4 SW-CBSA array provides a measured gain of 10.8 dBi, which is 0.5 dB lower than the simulation. As shown in Figure 2-53, for the plane φ = 0°, the measured radiation pattern is tilted by 10° due to mounting system alignment. In the plane φ = 90°, a destructive interference is observed in the radiation pattern between 160° and 180°. This issue is probably due to the presence of metallic mounting system for the measurement in the anechoic chamber. 

Comparison of the fabricated CBSA arrays

The performance of three SW-CBSA arrays designed in this chapter is given in Table 2-9. In terms of gain (measured and simulated), the CBSA array based on classical SIW allows obtaining slightly better results than its SW-SIW counterpart. The measured gains of the arrays are always smaller than those predicted in simulation, which can be probably due to measurement setup disturbances (such as undesired reflections on metallic parts). In addition, it should be noted that the SIW array exhibits a large bandwidth of 3.6% at the operating frequency as compared to the SW-CBSA arrays. However, in terms of dimensions, the SIW array has a huge dimension as compared to the two CBSA arrays using the slow-wave topologies (SW-MS or SW-SIW). 

Conclusion

In this chapter, a novel cavity backed SIW using a slow-wave effect was proposed for miniaturization purpose. Thanks to the slow-wave concept, it allows miniaturizing the antenna cavity surface by 47%. Then, by adding an inductive via hole in the patch region, it was verified that a circular polarization can be achieved. For both SIW and SW-SIW based CBSAs a similar gain was achieved (about 5 dBi). Then, several antenna arrays were investigated and tested. Among them, three 1×4 antenna arrays were designed and compared: a SW-CBSA array considering a SW-MS feeding network, a SW-CBSA array considering a SW-SIW feeding network, and a classical CBSA array considering a SIW feeding network. The two SW-CBSA arrays leaded to very interesting results. Indeed, even if the measured gain is a little bit smaller than for the classical CBSA array (0.4 dB less), very compact antenna arrays are obtained (about 65% smaller as compared to the classical SIW array counterpart). When comparing both SW-SIW based antenna arrays, one can notice that the slow-wave microstrip feeding network is less complicated for design and optimization but offers less electromagnetic shielding immunity than the one considering the SW-SIW feeding network. Finally, a rather good agreement between simulation and the measurement results was obtained after taking into account the real dimensions of the fabricated circuits.

Humidity Sensors Based On Slow-Wave

Substrate Integrated Waveguide

Introduction

State of art of humidity sensors

The evaluation and control of ambient air is of great interest whether for personal, medical, or industrial applications. Among the typical parameters to be measured, we may mention temperature, humidity, gas, and volatile particles. In this chapter, the focus will be placed on humidity sensors. Among the different criteria studied to develop performing humidity sensors, one can mention the sensitivity, time response, dynamic range, stability, robustness, low hysteresis and low cost [3].

In 1938, an electrolytic humidity sensor based on lithium chloride (LiCl) was developed [1]. Widely used in radiosondes and medical systems until the 1970s [2], the principle of these sensors was based on the conductivity modification due to the absorption of water molecules. Due to the low performance in terms of time response and high humidity detection, other humidity sensors have been developed. Next, the impedance-sensitive type humidity sensors based on the conductance [4]- [6] or capacitance [7]- [8] have been particularly studied. In [9], the humidity sensors were categorized into three classes based upon their fabrication technologies: ceramic, organic polymers film and semiconductor. In comparison with other technologies, the ceramic-type humidity sensors possess the great advantages to function at high temperature. Besides, a mechanical strength, fast response, low recovery time and small hysteresis are also exhibited by these sensors. The complex process is carried out in ceramic technology to have a porous sensing layer, which, however, results in high manufacturing costs. Furthermore, most of the sensing devices mentioned above often utilized their electric characteristics such as resistance or capacitance at low frequency. At high frequency, as published in [10] and [11], humidity sensors have been proposed by measuring a resonance frequency shift. Sensor [8] In 2005, microwave humidity sensors using the low-cost PCB process were studied. In Figure 3-2(a), first humidity sensors based on the SIW cavity operating at microwave frequencies are depicted [12]. The principle is based on a PCB SIW cavity drilled by air holes. Thus, the resonance frequency of the cavity depends on both PCB substrate permittivity and air permittivity. Since the air exhibits a permittivity that is modified versus the relative humidity (RH), a shift of the resonance frequency can be observed for resonating structures. For these structures, the sensitivity can be defined as:

where Δ𝑓 𝑟 is the resonance frequency shift and Δ𝑅𝐻 (%) corresponds to the maximum considered relative humidity change (in %), respectively.

A relative sensitivity can also be defined in order to take into account the working frequency:

𝑆 𝑓 𝑟 = |Δ𝑓 𝑟 | |Δ𝑅𝐻 (%) | , [𝐻𝑧/𝑅𝐻%] (3-1)
where 𝑓 𝑟0 is the working resonance frequency (in general for the minimal considered 𝑅𝐻).

In [12], a maximum sensitivity of 101 kHz/RH% for a humidity range of 0-80% was obtained, with a high quality factor of about 300 at the working frequency of 3.6 GHz. Furthermore, the size of the SIW cavity based sensors can be significantly reduced by using the quarter-mode and ridge cavity [13]. A size miniaturization of 86% in comparison with the conventional full-mode SIW sensors was obtained in [13], but at the price of a low sensitivity of 30.7 kHz/RH%. In [14], a humidity sensor using SIW interferometer was proposed (see Figure 3-2(b)). In this paper, its analytical model according to the variation of humidity was presented, allowing predicting the resonance frequency shift versus humidity. The measured results showed a sensor sensitivity of 142 kHz/RH% in the humidity range from 20 to 70%. [12], (b) SIW interferometer [14] and (c) CSRR resonator using GO film [16] The SIW structures offer low-cost, easy manufacture, high quality factor, ultra-low humidity hysteresis and suitable integration with the other planar circuits, even if the moderate sensitivity of these sensors need to be improved. Until now, most of the humidity sensors based on PCB technology have used sensitive material by putting on the resonant circuit surface a sensing film. This sensing layer allows considerably increasing the detection capability. For example, thanks to excellent molecular absorption capacity, black phosphorus (BP) was utilized in the field of microwave humidity detection [15]. An experiment result showed a humidity sensitivity of 198 kHz/RH%. In [16], a compact Complementary Split Ring Resonator (CSRR) sensor using graphene oxide (GO) as a sensing layer was proposed. This technique leads to a high sensitivity up to 772 kHz/RH% in the humidity range from 11.3% to 84.3% and 3.45 MHz/RH% in the high humidity range (> 84.3%). In order to get low-cost sensors, an air-filled SIW sensor working at 7.6 GHz was carried out in [17]. The latter utilizes the standard process and no need to add sensing material. The very high sensitivity of 1.21 MHz/RH% was achieved for a humidity range between 20-85%. Hence, the sensitivity of the air-filled SIW sensors is very high as compared to the other humidity sensors without or with sensing materials existing in the literature. However, their large size is a disadvantage. For specific applications of humidity detection implemented on the human body, a high flexibility and softness substrate for conformable wearing can be required: for this purpose, in [18], a cotton-based humidity sensor operating at a frequency of 38 GHz was studied, providing to a high sensing resolution of 26 MHz/RH%.

𝑆 𝑓 𝑟 _% = |Δ𝑓 𝑟 |/𝑓 𝑟0 |Δ𝑅𝐻 (%) | , [%/𝑅𝐻%] (3-2)

Motivation of humidity sensor miniaturizations

One of the most popular environment sensors types is the humidity detector. However, the widespread use of sensitive material in the devices increases the cost and complexity in the fabrication process. In addition, the bulky size and humidity sensing capability are usually the drawbacks of existing sensors [1]- [20].

Thanks to a low cost and a high electrical performance, Substrate integrated waveguide (SIW) technology is attracting more and more attention in sensing applications. Thus, a polyvalent detector based on N-coupled integrated resonators was proposed and realized in [21] to allow simultaneously measuring multi-parameters such as temperature, pressure and humidity by using the sensitive dielectric materials into the SIW cavity. To enhance the sensitivity ability of the SIW resonator, a thin film of black phosphorus was inserted inside a folded slot inducing a humidity sensitivity of 198 kHz/RH% [15]. Without the use of sensitive materials, a humidity sensitivity of 1.21 MHz/RH% was achieved by using the air-filled SIW cavity [17]. Besides that, the main drawback of the SIW technology concerns the large size of the obtained circuits.

In order to eliminate the mentioned shortcoming, different techniques were considered such as the use of CSSR-SIW structure [16] and quarter-mode SIW [13]. In [13], a size reduction of 86.2% in comparison with SIW conventional structure was obtained by considering both ridge and quarter-mode effects. However, a sensor sensitivity of 30.7 kHz/RH% much lower as compared to the other passive microwave solutions, was obtained. Multi-Sensor base on SIW cavity [21] In this chapter, two miniature humidity sensors will be presented: the first one based on a Partially Air-Filled SW-SIW (PAF-SW-SIW) resonator and the second one based on a Slow-Wave Complementary Whirlwind Slot Resonator (SW-CWSR). The first solution offers a compact and high-sensitive sensor based on slow-wave and air-filled technologies. Especially, it does not require any extra sensitive material. Since the concentration of the electric field is carried out on top of the blind vias, where only humid air is present, it allows either significantly increasing the humidity detecting capability as compared to conventional passive SIW sensors [12]- [13] or significantly decreasing the surface area of the sensor as compared to the fully Air-Filled SIW (AF-SIW) [17]. To realize a wireless detecting component, sensing antennas based on PAF-SW-SIW are also investigated and tested, demonstrating a high gain and a similar performance as compared to the PAF-SW-SIW resonator. By using the quarter-mode principle, a PAF-SW-SIW based antenna allows a size reduction of 75% as compared to the latter one. Therefore, the first solution for the design of the humidity sensor is considered as a good solution in terms of sensitivity and circuit size. However, the cost of PAF-SW-SIW manufacturing is relatively expensive due to the complexity as compared to the conventional SIW one considering a PCB technology with only one substrate layer. Hence, a second solution of humidity sensor was studied. It focusses on the size miniaturization using only one PCB substrate layer. This humidity sensor is based on the CWSR. In comparison with the CSRR resonator in [16], the CWSR sensor exhibits a size reduction of 47%, which is much smaller than the SIW humidity sensors presented in literature. In contrary, the weak sensitivity of these sensors should be improved.

3.2

Humidity sensors based on partially air-filled SW-SIW structure

Methodology of humidity sensor design

The first humidity sensor based on a SIW resonator was proposed in 2015 [12]. The detection principle is based on a frequency shift due to the permittivity variation of the air holes inserted into the SIW cavity. Their sensitivity depends on the sensing region where the electric field appears; thus, a lot of vias holes are realized in the total surface of the cavity (see Figure 3-2(a)). However, the sensitivity of the first SIW humidity sensors is limited at 101 kHz/%RH. To enhance the capacity of detection, an AF-SIW resonator [17] (Figure 3-3(b)) was proposed with the theoretical model through the cavity perturbation method. This AF-SIW resonator allows increasing the sensitivity of passive SIW devices without sensitive materials. In this case, air is used as a sensing dielectric inducing also a high quality factor. However, as a result of air filled solution, the device size increases as compared to other passive microwave sensors [13]- [16]. In this work, a new partially air-filled slow-wave SIW (PAF-SW-SIW) sensor is studied to solve simultaneously the size problem without substantially degrading the sensitivity.

Analytical model of PAF-SIW humidity sensors

To clearly explain the methodology of humidity sensor design, three topologies of SIW are presented in Figure 34(a) an Air-Filled SIW (AF-SIW), (b) a Partially Air-Filled SIW (PAF-SIW), and (c) a Partially Air-Filled SW-SIW (PAF-SW-SIW). In Figure 34, the lower and upper parts of the inside SIW cavity are a RO4003 substrate and an air region, respectively. This structure is considered as an intermediate step to understand how the size of PAF-SW-SIW sensors is reduced while the sensitivity mostly remains comparable to the AF-SIW sensors [17].

As described in [12], to analyse the modification on the resonant frequency, a perturbation method was used. The frequency of the undisturbed SIW resonator is given by:

𝑓 0 = 𝑐 0 2π √ 𝜀 𝑟 𝑒𝑓𝑓 √ ( 𝑚𝜋 𝑊 𝑒𝑓𝑓 ) 2 + 𝑛𝜋 𝐿 𝑒𝑓𝑓 ) 2 (3-3)
where 𝑐 0 and 𝜀 𝑟 𝑒𝑓𝑓 are the light speed in vacuum and the relative effective permittivity of the substrate inside the SIW cavity, respectively. 𝑚 and 𝑛 indicate the number of variations in the standing wave in the x and y direction, respectively. 𝐿 𝑒𝑓𝑓 and 𝑊 𝑒𝑓𝑓 are the effective length and the width of the SIW resonator with:

where 𝑑 and 𝑝 are the via holes diameter of the lateral walls of the SIW, and the center-to-center distance between them, respectively. The well-known conditions 𝑑 < 𝜆 𝑔 /5

and 𝑝 ≤ 2𝑑 must be respected for the SIW cavity to ensure a negligible level of energy leakage [26]. Under the moisture variation of the environment, the expression of the normalized resonance frequency shift into the cavity due to the disturbance dielectric Δ𝜀 is given in [23]:

where 𝐸 0 is the undisturbed electric field of the PAF-SIW resonator, 𝜔 0 and 𝜔 1 are the frequencies of undisturbed and disturbed SIW resonators, respectively. The solution of the voluminous integral (3-5) was detailed in [23], leading to the following expression of

𝐿 𝑒𝑓𝑓 = 𝐿 - 𝑑 0.95 * 𝑝 ; 𝑊 𝑒𝑓𝑓 = 𝑊 - 𝑑 0.95 * 𝑝 (3-4) 𝜔 1 -𝜔 0 𝜔 0 = -∭ Δ𝜀 𝑟 𝑒𝑓𝑓 |𝐸 0 | ̅̅̅̅ 2 𝑑𝑣 ∭ 2𝜀 𝑟 𝑒𝑓𝑓 |𝐸 0 | ̅̅̅̅2 𝑑𝑣 (3-5)
frequency shift when the same width and length (𝑊 = 𝐿) are considered for the of the SIW cavity. In this relation, 𝛿 represent the air-filling surface inside the SIW cavity:

Since the air-filled area in the fully AF-SIW is equal to the total surface of the SIW cavity, thus 𝛿 = 𝑊. Hence, the normalized resonance frequency shift can be defined by: where Δ𝜀 𝑟 𝑒𝑓𝑓 = 𝜀 𝑟 𝑒𝑓𝑓 (𝑅𝐻) -𝜀 𝑟 𝑒𝑓𝑓0 .

In the case of the fully AF-SIW resonator, 𝜀 𝑟 𝑒𝑓𝑓0 = 𝜀 𝑟 𝑎𝑖𝑟0 = 1 and Δ𝜀 𝑟 𝑒𝑓𝑓 = Δ𝜀 𝑟 𝑎𝑖𝑟 since the air is considered as the sensing dielectric material. Thus, as given in (3)(4)(5)(6)(7)(8), the normalized resonance frequency shift is equal to Δ𝜀 𝑎𝑖𝑟 /2:

In the case of PAF-SIW, the original dielectric is a mixture between the RO4003 substrate and the sensing dielectric (air), as shown in Figure 345. Since the electric field inside the SIW cavity is orthogonal to the surface of the air and the RO4003 substrate, the relative effective permittivity 𝜀 𝑟 𝑒𝑓𝑓 [24] of the PAF-SIW can be calculated by: Since the resonance frequency is inversely proportional to the effective dielectric constant, increasing the relative humidity reduces the resonance frequency. Thus, the

𝜔 1 -𝜔 0 𝜔 0 | 𝑃𝐴𝐹-𝑆𝐼𝑊 = -Δ𝜀 𝑟 𝑒𝑓𝑓 (2𝜋𝛿 + 𝑊𝑠𝑖𝑛 ( 2𝜋𝛿 𝑊 )) 2 8𝑊 2 𝜋 2 𝜀 𝑟 𝑒𝑓𝑓0 (3-6) 𝜔 1 -𝜔 0 𝜔 0 | 𝑃𝐴𝐹-𝑆𝐼𝑊 = -Δ𝜀 𝑟 𝑒𝑓𝑓 2𝜀 𝑟 𝑒𝑓𝑓0 (3-7) | 𝜔 1 -𝜔 0 𝜔 0 | 𝑃𝐴𝐹-𝑆𝐼𝑊 | = | -Δ𝜀 𝑟 𝑎𝑖𝑟 2𝜀 𝑟 𝑎𝑖𝑟0 | = Δ𝜀 𝑟 𝑎𝑖𝑟 2 (3-8) 𝜀 𝑟 𝑒𝑓𝑓 = 𝜀 𝑟 𝑎𝑖𝑟 • 𝜀 𝑟 𝑠𝑢𝑏 𝜀 𝑟 𝑎𝑖𝑟 + (ℎ -ℎ 1 ) 𝜀 𝑟 𝑎𝑖𝑟 -𝜀 𝑟 𝑠𝑢𝑏 ℎ (3-9)
frequency shift can be exploited as a moisture sensor. For the AF-SIW humidity sensor [17], a resonance frequency shift of 50 MHz at the resonance frequency 𝑓 0 = 7.65 GHz was obtained when HR was varied between 20% and 80%. These humidity boundaries were considered in our study since they are achievable with both characterization benches that were available. Hence, to evaluate the air permittivity variation versus moisture, we simulated electromagnetically [25] the AF-SIW sensor in order to obtain both minimum and maximum resonance frequencies achieved with 20% and 80% of humidity rate [17]. By this way, we obtained an estimation of the relative permittivity variation versus moisture: Δ𝜀 𝑟 𝑎𝑖𝑟 was estimated to 1.3% for HR varying between 20% and 80%.

Next, in order to compare our PAF-SIW sensor to the AF-SIW one, we consider this relative permittivity variation Δ𝜀 𝑟 𝑎𝑖𝑟 of 1.3%. Form (3-3)and (3-7), the sensitivity and the size of the partially air-filled cavity are calculated, as shown in Figure 3-6. In this example, the PAF-SIW cavity was optimized at the operating frequency of 5.8 GHz in Eigen mode of CST studio [25].. By using the perturbation method, the results obtained by analytical formulas are in a good agreement with those obtained by EM simulation.

It can be predicted that the more substrate present in the cavity, the more size reduction but also the less sensitivity of the sensor against the variation of environment humidity, as plotted in Figure 3456. Indeed, for the PAF-SIW structure (Figure 3-7(a)), the electric field is present both in RO4003 substrate, which is not humidity-dependent, and in the air. The maximum sensor sensitivity is reached in the case of the fully AF-SIW resonator since the electric field is only present in a humid air volume. Thus, it is necessary to concentrate all electric field in the area of humid air for the PAF-SIW resonator. Hence, as proposed in Figure 3-4(c), by inserting internal metallized blind vias into the lower part (RO4003 substrate) of the PAF-SW-SIW cavity, the electric field is captured by the top of the metallic blind vias, as shown in Figure 3-7(b). In that case, the electric field distribution is quite only present in the air-filled volume, leading to a similar configuration to the one with AF-SIW case for the electrical field. Consequently, PAF-SW-SIW sensor allows obtaining a similar humidity sensing performance as compared to the fully AF-SIW sensor. For the measurement of sensor sensitivity, the humid air should be correctly present in SIW cavity. Thus, crossing empty holes of diameter 2 mm were drilled in the cover layer of the cavity (Figure 34). The diameter 𝑑 𝑣 of blind via holes and copper land 𝑑 𝑝𝑎𝑑 are 0.4 and 1.2 mm, respectively. The center-to-center distance between them is about 1.6 mm Figure 34). Moreover, the total surface of the SIW cavity was also filled by blind via holes for the different ℎ 1 /ℎ ratios As shown in Chapter 2 for SW-SIW based antennas, the magnetic field flows around the metallic vias and remains present in the whole cavity (see Figure 34567). The separation of electric and magnetic fields in the bottom volume of the cavity induces a slow-wave phenomenon. For a ratio ℎ 1 /ℎ = 0.8, the surface size of the PAF-SW-SIW is decreased by more than 40% as compared to its PAF-SIW counterpart, as shown in Figure 345678. Therefore, the new PAF-SW-SIW structure is a good solution for miniaturized sensor size and having a high humidity sensing ability without sensitive materials.

Analytical model of PAF-SW-SIW humidity sensors

Let us remember that in [15], a slow-wave factor in the SW-SIW waveguide was calculated by taking into account volumetric considerations of magnetic and electric fields present inside the SW-SIW structure:

where 𝑉 𝑚 and 𝑉 𝑒 are the volume occupied by the electric and magnetic fields present inside the structure. As proposed in [15], as a first approximation, it is considered that the electric field is only present between the top of the blind vias and the upper metallization of the cavity, neglecting the fringing field. Therefore, the slow-wave factor 𝑆𝑊𝐹 is defined by: where ℎ, ℎ 1 and ℎ 𝑝𝑎𝑑 are the total height of the substrates stack between the top and bottom metal layers of the SIW, the height of the lower substrate in which the blind vias are made, and the thickness of copper lands, respectively, as shown in Figure 3456789.

Figure 3-10 shows the amplitude of the electric field 𝐸, in the SW-SIW for different ratios ℎ 1 /ℎ. The measurement point of the electric field inside the SIW cavity is shown in Figure 3456789. It can be seen that the electric field between the copper lands in the upper substrate is quite important, thus the electric field in this space cannot be neglected. Thus, instead of using (3)(4)(5)(6)(7)(8)(9)(10)(11), a new equation of the slow-wave factor 𝑆𝑊𝐹 is proposed (3-12) since it better describes the presence of electric fields inside of the SW-SIW sensor: 

𝑆𝑊𝐹 = ℎ ℎ -ℎ 1 -ℎ 𝑝𝑎𝑑 (3-11) 𝑆𝑊𝐹 = √ 𝜀 𝑟 𝑒𝑓𝑓 𝜀 𝑟 𝑎𝑖𝑟 = ℎ ℎ -ℎ 1 (3-12)
Then, the relative effective permittivity of the PAF-SW-SIW resonator can be expressed as: And finally, the resonance frequency of the PAF-SW-SIW resonator is expressed as:

Since 𝑊 𝑒𝑓𝑓 = 𝐿 𝑒𝑓𝑓 in the PAF-SW-SIW resonator, the expression (3-14) of the resonance frequency for the TE101 mode can be derived as: The hypothesis of the absence of fringing effect is always considered to calculate the sensitivity of the PAF-SW-SIW resonator since the electric field is mainly concentrated in the air region. Thus: with:

where 𝜀 𝑟 𝑎𝑖𝑟0 = 1 corresponds to the relative permittivity of air without humidity ratio.

When neglecting the fringing field, the volumetric integral of the electric field is the same in numerator and denominator of (3)(4)(5) . Thus, the normalized resonance frequency shift of this PAF-SW-SIW resonator is equal to Δ𝜀 𝑟 𝑎𝑖𝑟 /2, which is similar to the fully AF-SIW case:

𝜀 𝑟 𝑒𝑓𝑓 = 𝑆𝑊𝐹 2 𝜀 𝑟 𝑎𝑖𝑟 = ( ℎ ℎ-ℎ 1 ) 2 𝜀 𝑟 𝑎𝑖𝑟 . (3-13) 𝑓 0 𝑃𝐴𝐹-𝑆𝑊-𝑆𝑊 = 𝑐 0 2π ℎ ℎ-ℎ 1 √ 𝜀 𝑟 𝑎𝑖𝑟 √ ( 𝑚𝜋 𝑊 𝑒𝑓𝑓 ) 2 + ( 𝑛𝜋 𝐿 𝑒𝑓𝑓 ) 2 . (3-14) 𝑓 0 𝑃𝐴𝐹-𝑆𝑊-𝑆𝐼𝑊 = 𝑐 0 ℎ ℎ-ℎ 1 √ 2𝜀 𝑟 𝑎𝑖𝑟 • 1 𝑊 𝑒𝑓𝑓 . (3-15) Δ𝜀 𝑟 𝑒𝑓𝑓 = Δ𝜀 𝑟 𝑎𝑖𝑟 = 𝜀 𝑟 𝑎𝑖𝑟 (𝑅𝐻) -𝜀 𝑟 𝑎𝑖𝑟0 , (3-16) 
𝜀 𝑟 𝑒𝑓𝑓 = 𝜀 𝑟 𝑎𝑖𝑟 , (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17) The comparison between the electromagnetic simulation and theoretical calculation of the normalized resonance frequency shift (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)) and 𝑆𝑊𝐹 (3-12) is presented in Figure 3-11.

It can be seen that the results of 𝑆𝑊𝐹 extracted by the theoretical formula (3)(4)(5)(6)(7)(8)(9)(10)(11)(12) are very close to those obtained by EM simulation. As the thickness ratio ℎ 1 /ℎ increases, a stronger slow-wave effect is created. It must be observed that the higher the ℎ 1 /ℎ ratio, the higher the difference between the simulated SWF and the calculated one. For instance, for ℎ 1 /ℎ = 0.8, a relative shift SWF of about 3.5% is observed, leading to a normalized frequency shift ∆𝑓/𝑓 0 of 1.71%. This is mainly due to the fact that, even if the electric field is mainly concentrated in the upper air cavity between the blind vias and the top metal layer, a small quantity of fringing field passes through the top of ℎ 1 . The fringing effect is more important when ℎ 2 is small as compared to ℎ 1 , leading to a smaller SWF in simulation as compared to equation (3)(4)(5)(6)(7)(8)(9)(10)(11)(12). By the same way, the calculated sensitivity is constant versus ℎ 1 /ℎ ratio whereas it slightly decreases in reality. A normalized frequency shift varying between 0.59% and 0.64% is obtained for the PAF-SW-SIW corresponding to a shift of about 570 kHz/RH% and 616 kHz/RH%, respectively. These values are relatively close to the one of the fully AF-SIW at 5.8 GHz (628 kHz/RH%). 

Comparison of sensitivity and size of three topologies

In order to highlight the interest of the PAF-SW-SIW sensor, an electromagnetic parametric study comparing performance in terms of humidity sensitivity and surface areas was carried out for the three proposed topologies at the same operating frequency of 5.8 GHz. Figure 3-12 gives a comparison of cavity surface areas between PAF-SIW without slow-wave effect (PAF-SIW in dotted lines) and with slow-wave effect (PAF-SW-SIW in straight lines). It can be predicted that the size of SIW cavities does not depend on the total thickness ℎ of the

| 𝜔 1 -𝜔 0 𝜔 0 | 𝑃𝐴𝐹-𝑆𝑊-𝑆𝐼𝑊 | = | -Δ𝜀 𝑟 𝑎𝑖𝑟 2𝜀 𝑟 𝑎𝑖𝑟0 | = Δ𝜀 𝑟 𝑎𝑖𝑟 2 . (3-18)
sensor, but on the thickness ratio ℎ 1 /ℎ. In the case of SW-SIW structure, the higher the ratio ℎ 1 /ℎ , the stronger the slow-wave effect. For a given ratio ℎ 1 /ℎ, the PAF-SW-SIW structure leads to smaller sizes as compared to the PAF-SIW structure. For a ratio ℎ 1 /ℎ equal to 0.8, the PAF-SW-SIW exhibits a size reduction of 45% and 74% in comparison with the PAF-SIW and the conventional fully AF-SIW resonator [17], respectively. The sensitivity study of the three air-filled topologies is given in Figure 3-13. The sensitivity of the PAF-SIW decreases with ℎ 1 /ℎ. Even if a small size of SIW cavity can be obtained without blind via holes, the PAF-SIW sensor exhibits a small sensitivity since the electric field is present both in the air and in the substrate. In contrary, the PAF-SW-SIW structure exhibits sensitivity almost equal to the PAF-SIW even for a strong slow-wave effect. The performance of the three structures is summed up in Table 3-1. In conclusion, the performance of the PAF-SW-SIW is similar to that of the AF-SIW whereas it size is almost divided by four. The performance of the PAF-SIW is much smaller than the two other structures, with a size that is almost twice the size of the PAF-SW-SIW. Hence, the PAF-SW-SIW structure leads high size reduction without sacrificing performance. 

Quality factor study

To better detect the humidity variation, it is necessary to measure the resonance frequency variation with high precision. The higher the quality factor of the resonator, the sharper the frequency peak, leading to a more accurate measurement of the resonance frequency shift. Thus the study of the quality factor of the PAF-SW-SIW is carried out in this section. The quality factor of the latter structure is compared with those of three humidity sensors based on SIW technology: (case 1) the PAF-SIW, (case 2) the AF-SIW with a total thickness ℎ 2 , and (case 3) the AF-SIW with a total thickness ℎ, respectively, as shown in Figure 3-14. As shown in Figure 3-15, the PAF-SW-SIW resonator provides a better quality factor than the conventional PAF-SIW when the total thickness ℎ and the ratio ℎ 1 /ℎ are high. For example, with a ratio ℎ 1 /ℎ equal to 0.8, the Q-factor of PAF-SW-SIW resonator is higher than that of PAF-SIW when the total thickness ℎ is greater than 0.7 mm. Thus, PAF-SW-SIW sensor is very interesting with a high 𝑆𝑊𝐹 since it allows improving the quality factor in comparison with the PAF-SIW. In addition, a high size reduction is simultaneously performed with the high 𝑆𝑊𝐹, as already shown in Figure 3-12. Besides, to enhance the Q-factor, a thick ℎ must be considered while taking the same ratio of size miniaturization. To better understand these results, an EM study on the losses origin of the two structures is proposed below. Figure 3-16 compares the losses in the PAF-SIW and PAF-SW-SIW resonators. As shown in Figure 3-16(a), when the ratio ℎ 1 /ℎ is low (ℎ 1 / ℎ = 0.4), whatever the height ℎ considered, the total losses in the slow-wave structure are greater than those in the SIW. In contrast, when the slow-wave effect is strong (i.e ℎ 1 /ℎ = 0.8), the losses in slow-wave structures are reduced as compared to those in conventional SIWs. This can be explained by Figure 3-16(b). Indeed, for ℎ 1 /ℎ = 0.8, the dielectric losses are reduced for the PAF-SW-SIW as compared to the PAF-SIW. This is due to the concentration of the electric field in the air-filled zone of the PAF-SW-SIW resonator. Concerning the metallic losses, when the slow-wave effect increases, the conductive losses in the slow-wave resonator increase due to the proximity effect. However, the reduction in dielectric losses is greater than the increase in conductive losses. Indeed, for a ℎ 1 /ℎ ratio of 0.8 and a total thickness ℎ of 0.8 mm, a 40% reduction in dielectric losses is observed, compared to an increase of 6% in conductive losses. In conclusion, in addition to a surface reduction (as already shown in Figure 3-12) and a good sensitivity (Figure 3-13), the mix of slow-wave and air-filled technologies allow reducing the dissipated losses of the humidity sensor to have a better quality factor. When the air thickness ℎ 2 is smaller than 0.8 mm, it is possible to obtain a higher quality factor for the PAF-SW-SIW as compared to the AF-SIW. This is achievable for a ratio ℎ 1 /ℎ ≥ 0.5, leading to a high miniaturization of the PAF-SW-SIW. For the PAF-SW-SIW sensors, the quality factor curve exhibits a maximum. Thus, to maximize the quality factor of the PAF-SW-SIW resonator, the air thickness ℎ 2 and the ratio ℎ 1 /ℎ must be carefully chosen to optimize the SW sensor in terms of size, sensitivity and quality factor. The optimization results from a trade-off.

Figure 3-18 shows the total losses in the PAF-SW-SIW resonator normalized to the total losses in the AF-SIW resonator having the same ℎ 2 thickness. For a small ℎ 1 /ℎ ratio (i.e. ℎ 1 /ℎ ≤ 0.4), the total losses in the slow-wave structure are greater than its AF-SIW counterpart. In that case, while the conductive losses in the walls are about 35% smaller for the SW-SIW, the blind via holes induce additional conductive losses increasing with their height ℎ 1 (see . Note that, to achieve the same working frequency (5.8 GHz) for each PAF-SW-SIW cavity, the number of blind vias is not constant since the cavity size depends on the 𝑆𝑊𝐹 and thus on the ℎ 1 /ℎ ratio (as depicted in Figure 3-19(a)). Hence, when ℎ 1 /ℎ increases, both SIW width and number of blind vias significantly decrease. Therefore, relative conductive losses in the metallic walls of the PAF-SW-SIW resonator decrease in comparison with the AF-SIW when ℎ 1 /ℎ increases.

In conclusion, in terms of Q-factor, the PAF-SW-SIW can be competitive with the AF-SIW having the same air-filled height ℎ 2 when this thickness ℎ 2 remains smaller than ℎ 1 and when a high slow-wave factor is targeted (ℎ 1 /ℎ ≥ 0.5). In that case, a miniaturization up to 74% is obtained as compared to the AF-SIW. In addition, the PAF-SW-SIW and AF-SIW structures show comparable sensitivities (from 0.34% to 0.32% for a ratio ℎ 1 /ℎ ranging from 0.2 to 0.8 for PAF-SW-SIW as compared to 0.35% for AF-SIW, as shown in Figure 345678910111213). Note also that the proposed PAF-SW-SIW technology makes it possible to offer a solution for detecting gas by inserting sensing materials inside an empty and small area. Thanks to the high SIW thickness ℎ, the AF-SIW quality factor is always much higher the one exhibited by the PAF-SW-SIW structure. Indeed, as already stated, the presence of blind vias in the PAF-SW-SIW induces additional conductive losses leading to total losses in the slow-wave structure much higher than its AF-SIW counterpart, as shown in Figure 3 In conclusion, the main advantage of the PAF-SW-SIW sensor related to the AF-SIW with the same total thickness is a strong size reduction, while the sensitivity remains almost comparable, and the Q-factor is decreased.

Design rules

Based on the previous results, the design rules can be defined for a given size miniaturization goal, i.e. a given thickness ratio of ℎ 1 /ℎ with a good sensitivity and quality factor. Let us notice that design rules must consider the available technology stack-ups.

The sensitivity of the PAF-SW-SIW structure is relatively stable and almost unmodified versus the slow-wave effect, with a value that is comparable to that exhibited by its AF-SIW counterpart. Therefore, the design rules of the PAF-SW-SIW structure only concentrate on the choice of the air thickness ℎ 2 and the total thickness ℎ of circuits to obtain a better quality factor.

Firstly, we consider the available dielectric substrates and standard thicknesses for a given ratio of ℎ 1 /ℎ. The ratio of ℎ 1 /ℎ is set at 0.8, resulting from a trade-off between size reduction and 𝑄-factor. Once the thickness ratio of ℎ 1 /ℎ is defined, a first condition of the total thickness ℎ > 0.4 mm can be obtained in the first comparison of the quality factor, as shown in Figure 3-15. At the same time, the slow-wave structure exhibits a better quality factor in comparison with those of the AF-SIW with the same air thickness ℎ 2 . The second condition of air thickness ℎ 2 must be respected: ℎ 2 < 0.7 mm, as shown in Figure 3-17. Since ℎ 2 /ℎ is about 0.2, the total thickness ℎ of the dielectric substrate must be less than 3.5 mm. Hence, the total thickness ℎ must range between 0.4 mm and 3.5 mm, allowing determining the limitation of a thickness ℎ 1 between 0.32 mm and 3.2 mm and those of ℎ 2 between 0.08 mm and 0.7 mm. Hence, depending on the substrates availability, the thickness combination of ℎ 1 and ℎ 2 can be obtained by respecting the above-mentioned conditions. However, in the point of view of air-filled technology, and due to technological constraints, the air thickness ℎ 2 cannot go down to 0.2 mm, leading to the thickness ℎ 1 greater than 0.8 mm. Finally, the thicknesses ℎ 1 and ℎ 2 were taken equal to 1.524 mm and 0.4 mm, respectively. Table 3-2 summarizes the performance in terms of sensitivity and quality factor for the PAF-SW-SIW structure with ℎ 1 = 1.524 mm and ℎ 2 = 0.4 mm (corresponding to ℎ 1 /ℎ = 0.8) as compared to the PAF-SIW and AF-SIW structures. The PAF-SW-SIW shows a trade-off between size and quality factor. Despite having a moderate quality factor in comparison with the air-filled resonator with the same total thickness ℎ, the size of PAF-SW-SIW is only 26% of the AF-SIW surface with a similar sensitivity.

Partially air-filled SW-SIW resonator design, realization and results

In this section, the humidity sensors based on the PAF-SW-SIW resonator are presented. After having detailed the stack-up of the PAF-SW-SIW, the setup considered for the relative humidity measurement at UQRT (Université de Québec à Trois-Rivières) is presented. Finally, the first comparison of simulated and measured results is made to validate the concept and design. -a Rogers 4003 substrate (Sub 1 of thickness h1 = 1.524 mm) with two metallized layers (Metal 1 and Metal 2), in which metallic via holes are drilled and connected to the bottom layer (Metal 1), -a copper layer (Metal 3 of thickness h2 = 0.4 mm) etched in order to obtain the air-filled upper part of the cavity, -a Rogers 4003 substrate (Sub 2 of thickness h3 = 0.305 mm) with a single Metal 4 layer used for covering the cavity and feeding it with a CPW.

Description of the air-filled slow-wave technology

The air-filled technology is not a standard process since air cavities must be obtained inside the PCB. In this work, the first substrate (Sub 1) with blind via holes of diameter 400 µm was realized by industrial technology. The rest of the circuit was carried out at IMEP-LAHC laboratory. Empty holes were added around the circuit to assembly the three parts of the PAF-SW-SIW by using screws.

The proposed sensor considers a matrix of 9×9 blind via holes in Sub 1. The two Rogers 4003 substrate layers have a relative dielectric constant of 3.55 and a loss tangent of 0.0027, respectively. For measurement purpose, a slow-wave CPW feeding line of 50 Ω characteristic impedance (with a width of 1.1 mm and a gap of 0.26 mm) was considered. The slow-wave effect is introduced inside SIW cavity by adding the internal metallized via holes in Sub 1 (with 𝑑 𝑣𝑖𝑎 = 400 µm, 𝑑 𝑝𝑎𝑑 = 1.2 mm and 𝑠 = 1.6 mm). To ensure the penetration of air into the SIW cavity, empty holes were also drilled in the lower and upper substrates. In the upper substrate, the diameter of air holes is 2 mm against 0.4 and 0.8 mm for the air holes in the lower substrate. Since the existence of blind vias in the lower substrate must be taken in account.

Preliminary measurement results and discussion

A. Condition of humidity measurement

The first measurement of the sensitivity of the PAF-SW-SIW device was performed at the "Laboratoire de Microsystèmes et Télécommunications" (LMST), Université de Québec à Trois-Rivières. Due to an unexpected problem with the measurement bench initially available at UQTR, an alternative measurement configuration was proposed to validate humidity sensing of the PAF-SW-SIW resonator. This measurement setup is shown in Figure 3-23, where the bench test was made with the aid of a beaker and a hot plate. These first humidity tests allowed obtaining different ranges of levels of humidity: a low humidity (around 10-20%), a medium humidity (between 30% and 60%) and a high humidity (70% to 100%).

To avoid the moisture condensation in the device cavity, the boiling beaker was not left permanently beneath the SW-SIW devices. For the average moisture, the procedure is as follows: water is placed on a hotplate set at over 100°C and once the beaker water is boiling, the beaker (the beaker alone) is placed 5 inches from the device under test (DUT). Five seconds later, the value of the resonance frequency is recorded. The same procedure was carried for the high relative humidity between 80-100%. In that case, the distance between the beaker and DUT is about 2 inches. The return loss S11 of the PAF-SW-SIW humidity sensor was measured at UQTR to evaluate the sensitivity of the PAF-SW-SIW sensor through the variation of resonance frequency versus the variation of the relative humidity. The first comparison of simulated and measured return loss 𝑆 11 of the PAF-SW-SIW structure is presented in Figure 3-25(a). Measurements are shifted at a higher frequency as compared to the simulations, with a shift of about 17.3 MHz. This can be due to the mechanical assembly of the different substrates and copper layers. Indeed, when the cover layer (Sub 2 + Metal 4) was screwed, the ℎ 2 height of air cavity can be slightly increased, leading to a measured shift towards higher frequency. Moreover, the measured return loss is lower than expected in simulations, which can be due to both the ℎ 2 height increase and to the losses induced by humidity rate (not taken into account in the simulations). 3-25(c), a resonance frequency shift of 28.4 MHz was obtained when the relative humidity varies between the low levels of humidity (10%-20%) to the high level (80%-100%). Hence, a sensitivity 𝑆 = 315 kHz/RH% was observed. By considering a permittivity of air ranging from 1 to 1.013 (Δ𝜀 𝑟_𝑎𝑖𝑟 = 1.3%), as presented in section 3.2.2, a frequency shift of 37 MHz can be obtained (see ). To have the same frequency shift in measurement, the air permittivity must be varied between 1 and 1.0099.

Hence, even if these first measurements did not show a perfect agreement between measurement and simulation results, they validated the principle of the PAF-SW-SIW structure. Then, a second measurement setup was considered, as detailed below.

Partially air-filled SW-SIW antenna (PAF-SW-SIW antenna)

In general, the major humidity sensors are based on resonant structures [12]- [17]. In order to send the detecting information, the use of a separated antenna can be required. However, this solution is not compact since two devices are independently designed, and also considered as two self-sufficient modules in the transmission channel. Recently, the sensing antenna took more attention in the design of humidity sensors [18]. It allows integrating both circuits into only one sensing antenna with sensing capability. Consequently, the cost of sensors fabrication can be significantly reduced.

In this part, we will develop sensing antennas based on the PAF-SW-SIW topology. Since the main part of the electric field is concentrated in the air-filled volume of the PAF-SW-SIW, and to reduce the cost of the proposed humidity sensors, a FR4 substrate was considered instead of the low-loss RO4003 substrate. Hence, sensing antennas were designed and fabricated in a stack-up based on FR4 substrate, thus reducing the circuits fabrication cost in a ratio two to three in comparison with those based on the RO4003 stack. The thickness of the upper and lower substrates are 0.8 mm and 1.6 mm, respectively. The thickness of 0.8 mm aids to avoid a deformation of the substrate while adding the exciting crossed-slot. The middle copper layer is completely replaced by an FR4 substrate of thickness 0.4 mm, in which metallized via holes are drilled around to create the SIW cavity. The three parts were realized independently in industry and were then assembled at laboratory with screws to obtain a good electric contact between the different layers. In this section, the PAF-SW-SIW antenna in full-mode (FM) and quarter-mode (QM) are presented and tested. A PAF-SW-SIW resonator (similar to the one presented in section 3.2.5, but in FR4 technology) was also designed and fabricated but measurements are still to be performed. about 960 µm instead of 1200 µm in the simulation. By taking this modification into account a retro simulation was carried out. Nevertheless, a frequency shift of about 60 MHz remains. The radiation measurement of the antenna was realized in the anechoic chamber. The measured and simulated radiation patterns of the FM-PAF-SW-SIW antenna are presented in the two different planes (xz and yz) in Figure 3-30. In the first plane xz (φ = 0°), the maximum realized gain (4.2 dBi) is found at the radiation angle of 180°, which is similar to the simulation. In the second plane yz (φ = 90°), it can be seen that the measured shape of the measured radiation pattern is slightly different from the simulated one. In this plane, a peak gain of 4 dBi is obtained against 4.6 dBi found in simulation. The deterioration of the antenna gain can be explained by the unintentional disturbance of measurement equipment inside the anechoic chamber. Finally, a font back to ratio (FTBR) higher than 11 dB was observed in the two cases, to alleviate the signal interferences in telecommunication. In this measurement setup, the temperature was set up at 40°C with a large variation of the relative humidity from 20% to 80% with a step of 10%. By considering a temperature of 25°, high levels of humidity (> 70%) where not achievable in this climatic room. An example of automatic regulation of both temperature and relative humidity is shown in Figure 3-32. The return loss of the antenna was extracted from the VNA when the air moisture in the room reached each relative humidity goal. As shown in Figure 3-33, a measured resonance frequency shift of 18 MHz was obtained for RH% varying from 20% to 80%. This corresponds to a relative permittivity variation of air Δ𝜀 𝑟 𝑎𝑖𝑟 = 0.62%. Hence, a measured sensitivity 𝑆 = 300 kHz/RH% was observed for this SW-SIW antenna at 40°C. . 

Quarter-mode partially air-filled SW-SIW (QM-PAF-SW-SIW) antenna

To reduce more the surface area of the proposed humidity sensors, a quarter-mode (QM-PAF-SW-SIW) antenna was designed. This antenna offers not only a good sensitivity but also a high ratio of size reduction. The surface of the novel structure occupies 25% of the previous FM-PAF-SW-SIW sensors (resonator and antenna). In comparison with the fully AF-SIW sensor at the same operating frequency, a size miniaturization of 93% is achieved. The simulated and measured radiation patterns of the QM-PAF-SW-SIW are shown in Figure 3-37. The measurement was realized in two different planes: φ = 0° and φ = 90°. In the first plane φ = 0°, the maximum gain of 2.1 dBi and 3 dBi was obtained at 180° in simulation and in measurement, respectively. Hence, a deterioration of the radiation pattern was observed in this plane. This can come from destructive interferences, which can be due to the metallic motor placed behind the QM-PAF-SW-SIW antenna. In the second plane φ = 90°, the influence of the metallic object on the antenna radiation is less important. A similar peak gain of 3.1 dBi was obtained in simulation and in measurement. The gains of the QM-PAF-SW-SIW antenna is smaller than those of the FM-PAF-SW-SIW antenna. However, its surface is smaller. In Figure 3-38, the simulated and measured return loss of the QM-PAF-SW-SIW antenna versus the variation of the relative humidity is given. By considering the air permittivity varying from 1 to 1.0062 (corresponding to a range of relative humidity between 20% and 80% at the temperature of 40°C in the climatic room), a simulated resonance frequency shift of 16.8 MHz can be expected, corresponding to a sensitivity 𝑆 = 280 kHz/RH%, which is close to the measured resonance frequency shift of 17 MHz (from 6 GHz to 6.017 GHz), leading to a sensitivity 𝑆 = 283 kHz/RH%. The overview of the humidity sensors based on slow-wave and air-filled technologies is given in Table 3-4. These developed sensors sensitivity that is comparable to the AF sensor at the same working frequency of 5.8 GHz. As expected, these structures are very compact as compared to the AF-SIW resonator. The same performance is also found in dBi dBi example the complementary split ring resonator (CSRR) [16]. This structure possesses a strong miniaturization and a low-cost fabrication with a standard PCB process. The estimated dimension of the SRR structure is about 0.0083 𝜆 0 2 , as announced in [30], which is much smaller than those of QM-PAF-SW-SIW (0.033 𝜆 0 2 ).

In the next section, we present a new sensor based on a miniature slot resonator called CSWR for Complementary Split Whirlwind Resonator. This structure can be carried out in a single PCB substrate layer with two metallization layers. In addition, a slow-wave effect can be added inside the proposed resonator to further reduce the sensor dimensions as compared to the sensor without slow-wave effect.

Design of complementary split whirlwind resonator (CSWR)

In literature, the CSRR structure is mostly presented in two basic forms: circle [31] or square [32]. In order to enhance the miniaturization, these structures can be folded. In this section, a comparison between the conventional split square resonator and the proposed sensor based on complementary split whirlwind resonator (CSWR) are shown. As shown in Figure 3-39, the configuration geometrical and the electric fields distribution of two slot resonator were presented. The two humidity sensors were designed at the same working frequency of 5.8 GHz. To easily compare the dimension between the CSWR sensor and those with the slow-wave topology, all the slot resonators were implemented in the same multilayer-substrate with a total thickness of 1.118 mm, as shown in Figure 3 The split square resonator was depicted in [32]. While the latter uses two slots, only one slot is considered for the proposed CSWR. The resonance frequency of these slot resonators is mainly due to the slot resonator length. Hence, by folding the slot resonator, it is possible to lengthen the path of the surface current, as illustrated in Figure 3-39(c). To better clarify this, the distribution of the electric field in the exciting slot is exhibited in Figure 3-39(b) and (d). In the conventional CSRR structure, the electric field is mainly present in the external square ring. In the second case, the electric field is present all along the folded whirlwind resonator. Hence, a strong size reduction of 47% is obtained in comparison with the CSRR structure at the same frequency. The occupied surface of the CSWR sensor is 2.63×2.63 mm 2 (0.0026 𝜆 0 2 ).

At the working frequency, the proposed sensor operates as a half-wavelength resonator type. Thus, its length 𝑙 𝑠𝑙𝑜𝑡 is equal to a half of wavelength 𝜆 𝑔 /2. The resonance frequency 𝑓 0 is defined as:

where 𝑐 0 is the speed of light in free space, 𝜀 𝑟𝑒𝑓𝑓 is the relative effective permittivity by considering the fringing effect in air and 𝐿 𝑠𝑙𝑜𝑡 is the average length of the slot, respectively.

The average length 𝐿 𝑠𝑙𝑜𝑡 is defined by the dotted line, as shown in Figure 3-39(c). It can be calculated as:

where 𝑤 𝑠𝑙𝑜𝑡 , 𝑎 and 𝑏 are the total width of the resonator, the width of the slot and the width of the metallic strip, respectively.

Then, the value of the relative effective permittivity 𝜀 𝑟𝑒𝑓𝑓 of the CSWR can be obtained from [50] by considering the permittivity 𝜀 𝑟 of substrate bounded between 2.2 and 3.8 and a ratio of 𝑎/ 𝜆 0 bounded between 0.0015 and 0.075, ℎ being the total height of the substrate:

By considering the optimized values of the CSWR (𝑤 𝑠𝑙𝑜𝑡 = 2.63 mm, 𝑎 = 𝑏 = 0.2 mm and ℎ = 1.118 mm), the following values are obtained:

-The average length is 𝑙 𝑠𝑙𝑜𝑡 = 18.9 mm (from Figure 3-39); -The relative effective permittivity equals 1.84 (from (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(21)(22)).

Finally, a computed resonance frequency of 5.84 GHz is obtained against 5.8 GHz with EM simulation in CST. The difference between the theoretical calculation and the simulation is very small (about 0.6%). Figure 3-41 presents the top and bottom views of the CSWR. The sensor is fed with a 50-Ω grounded CPW. The 50-Ω grounded CPW is placed in front of the whirlwind slot for matching purposes. The better return loss is found higher than 40 dB with 𝑦 𝑠𝑙𝑜𝑡 = 6.5 mm. A parametric study of the CSWR sensor is presented in Figure 3 In Figure 3-42, the return loss of the CSWR can be achieved by varying the length 𝑦 𝑠𝑙𝑜𝑡 of two slots. In addition, the working frequency of the CSWR sensor versus the variation of 𝑤 𝑠𝑙𝑜𝑡 is given in Figure 3-43. It can be seen that the width 𝑤 𝑠𝑙𝑜𝑡 of the resonator increases, the resonance frequency is shifted to the lower frequencies. A good agreement between theoretical calculation and simulation results is also obtained.

𝑓 0 = 𝑐 0 𝜆 𝑔 • √ 𝜀 𝑟𝑒𝑓𝑓 = 𝑐 0 2𝑙 𝑠𝑙𝑜𝑡 • √ 𝜀 𝑟𝑒𝑓𝑓 , (3-20) 𝑙 𝑠𝑙𝑜𝑡 = 10𝑤 𝑠𝑙𝑜𝑡 -24𝑎 -13𝑏, (3-21) 
To further reduce the dimension of the CSWR sensor, blind vias can be inserted below the whirlwind slot, as shown in Figure 3-44. It permits a size reduction of the slow-wave structure by more than 20%. However, the slow-wave structure requires a multilayer substrate to realize these circuits, leading to additional fabrication costs. 

Measurement results and discussion

The two CSWR sensors with and without the slow-wave effect were fabricated to compare their performance with those of the CSRR sensor.

For both CSWR structures, at ambient air, the measured resonance frequency is shifted as compared to simulations by about 150 MHz towards lower frequencies for the CSWR and about 80 MHz for the SW-CSWR towards higher frequencies, as shown in Figure 3-45(a) and Figure 3-46(a). These shifts are mainly due to the manufacturing uncertainties leading to modified geometrical values, as shown in Table 3-5. By taking these modifications into account, a good agreement between retro simulation and measurement results is obtained. Concerning the sensor sensitivity, only the simulation was made by taking the permittivity from 1 to 1.0062, as shown in Table 3-6 for a RH varying from 20% to 80%. Moderate resonance frequency shifts of 3.7 MHz and 2.7 MHz were obtained for the CSWR and for the SW-CSWR, respectively. This means that an enhancement of the size reduction of about 25% on the SW-CSWR was obtained at the expense of a 10% reduced sensitivity compared to the CSWR. This is due to the fact that, in the SW-CSWR, the blind vias mainly concentrate the electric field inside the substrate leading to a poor resonance frequency shift for the slow-wave structure. The performance of these devices is described in Table 3-6. Their dimension is very small in comparison with all sensors based on SIW technology (as seen in Figure 3-47), however, their sensitivity is limited. its fully AF-SIW counterpart. Besides, the PAF-SW-SIW resonator in quarter mode was also proposed. Its dimension is comparable with the sensing device in [13]. However, the sensitivity of the proposed sensors is nine times higher. The QM-PAF-SW-SIW can work as a sensing antenna with a moderate gain of 3.1 dBi, which means no need to adding the antenna modules in the transmission channel. The CSWRs was studied in this work because of their tiny dimension, low cost and easy fabrication. 

Conclusion

In this chapter, humidity sensors based on air-filled and slow-wave technologies were presented. To achieve a strong miniaturization and a high detecting capability at the same time, slow-wave effect was considered to obtain a partially Air-Filled SW-SIW-based sensor (PAF-SW-SIW). Therefore, three configurations of humidity sensor (AF-SIW resonator, PAF-SIW resonator, and PAF-SW-SIW resonator) were compared. This study illustrates that the quality factor of the PAF-SW-SIW sensor can be also improved by choosing an appropriate thickness ratio ℎ 1 /ℎ and the total thickness ℎ. In fact, the dimension of the PAF-SW-SIW resonator was reduced by 74% in comparison with its standard SIW counterpart. A measured resonant frequency of 5.78 GHz was obtained with a slight frequency shift of 17.3 MHz between the simulation and the measurement. In simulation, a sensitivity of 311 kHz/RH% was expected, which is similar to those of the AF-SIW at the same operating frequency. The measured sensitivity of 315 kHz/RH% was obtained.

Then, since a communication link must exist to obtain information from the sensor, it can be appropriate to develop an antenna-sensor for future implementation of the wireless data transmission. Hence, an antenna-sensor based on a full-mode and a quarter-mode cavity was designed in the PAF-SW-SIW technology at the frequency of 5.8 GHz. The first sensing antenna in full mode permits to have a better gain of 4 dBi instead of 3 dBi found in the QM-PAF-SW-SIW. Nevertheless, the latter antenna offers a small dimension of 87 mm 2 , which is only equivalent to a quarter of PAF-SW-SIW in full-mode. A size miniaturization of 93% was obtained, as compared to the AF-SIW in [17]. The sensitivity measurement of these sensors was implemented at LCIS (Grenoble-INP, Valence) inside a climatic room with automatic regulation of the temperature and the relative humidity. This bench test permits to measure the frequency shift of sensors with the relative humidity range from 20% to 80%. A measured sensitivity of 283 kHz/RH% was obtained, as compared to 280 kHz/RH% in simulation. Thereby, the air-filled slow-wave structures exhibit good performance in terms of dimension and sensitivity. The main drawback of these structures concerns the important cost of circuit manufacturing due to the use of a multilayer process. Thus, anotherhumidity sensor based on the slot resonator was investigated. The size of the CSWR sensor is about of 0.0026𝜆 0 2 , which is much smaller than QM-PAF-SW-SIW sensor (0.033𝜆 0 2 ). The surface of this sensor can be further reduced by more than 21% by using the slow-wave concept. However, this solution leads to increased fabrication costs. Moreover, the CSWR possesses a very low sensitivity in comparison with AF-SW-SIW sensors.

Finally, this work proposes some solutions to miniaturize the dimension of the sensing device, with a trade-off between performance and size.

General Conclusion and Prospects

The work achieved in this PhD thesis was mainly oriented in two directions. The first one relies on the utilization of the slow-wave concept for the miniaturization of antennas and antenna arrays. The second direction concerns the development of humidity sensors based on both air filled and slow wave SIW technologies. In both topics, the proposed topologies were detailed, then theoretical analyses were developed, and simulation and measurement results were carried out, with retro-simulations when needed, which permitted to validate the proposed concepts by proofs of concept.

In the first chapter of this thesis, a global review of the rectangular waveguide and SIW waveguide was introduced. It allows not only espying the advantages of the traditional waveguide but also their drawbacks. From that, the invention of SIW structure aids to reduce these drawbacks such as size, weight and difficulty of manufacturing and integration. Until now, the SIW structure is considered as a promising candidate, which permits to realize most of the passive devices in RF. Numerous miniaturization techniques were also described in this chapter in order to compare with the considered slow-wave topology in terms of size reduction and performance.

The second chapter was intended for the implementation of square slot antennas based on slow-wave SIW. Thus, an overview of SIW based antennas was first presented. Besides, size miniaturization techniques applied for these antennas were reported. The main difference of SIW antennas with other antenna types is a good electric shielding thanks to the use of the SIW cavity. Thereby, a short discussion was carried out to compare the SIW antennas with a microstrip patch antenna. Good isolation is achieved concerning the SIW antenna when it is placed close to a metallic object or radiating element.

From that, a first SW-CBSA antenna was realized at 11.5 GHz. In order to enhance the bandwidth and obtain a circular polarization, a short-ended inductive via was added inside the patch area. An electromagnetic study was presented to explain how the circular polarization was created. The return loss and gain of these antennas were presented. A measured gain of 5 dBic was obtained for the circular polarized antenna with a miniaturization ratio of 47 % as compared to its classical SIW counterpart. A measured frequency of 11.8 GHz was obtained leading to a frequency shift of about 300 MHz between measurement and simulation, which is due to the manufacturing tolerances of via holes and copper lands.

To improve the overall gain of the antenna, antenna arrays were investigated. Thus, an antenna array using a SW-Microstrip-based power divider was first studied. For the 1x4 antenna array, a gain of 10.8 dBi was obtained. Then, since this SW-MS-based power divider is not completely shielded due to unexpected couplings occurring in the feeding network, SW-SIW-based power dividers were considered to achieve antenna arrays. Hence, a 1x4 SW-CBSA arrays fed by SW-SIW power dividers were studied and realized. The gain of 10.8 dBi was also found for this array. Concerning the dimension of 1x4 SW-CBSA arrays, a miniaturization of about 65% was obtained as compared to its classical SIW-based antenna array counterpart. A measured gain of 11.2 dBi was obtained, which is relatively similar to those of SW-CBSA arrays. It was concluded that the slow-wave microstrip feeding network is less complicated for design and optimization but offers less electromagnetic shielding immunity than the one considering the SW-SIW feeding network. Finally, a good agreement between simulation and the measurement results were obtained after taking into account the real dimensions of the fabricated circuits.

The third chapter was focused on the development of humidity sensors based on the air filled (AF) and slow-wave SIW technologies. In the first section of this chapter, various sensors using electric characteristics such as resistance, capacitance, and resonance frequency shift for humidity measurement were reported. This presentation helps the reader to get a general insight into the performance of each sensing type.

Then, based on an AF-SIW topology achieving a high detecting capability, a miniaturized sensor was proposed. To achieve high miniaturization, slow-wave concept was considered, leading to a partially Air-Filled (PAF) SW-SIW-based sensor (PAF-SW-SIW). Hence, three configurations of humidity sensor (AF-SIW resonator, PAF-SIW resonator, and PAF-SW-SIW resonator) were compared herein. The comparison permitted to demonstrate the advantages of the proposed sensor in terms of sensitivity and surface reduction as compared other ones. Note that these sensors did not use sensing materials in order to limit the fabrication costs. Furthermore, an analytical study of these sensors was proposed. A good agreement between electromagnetic simulations and theoretical formulas was obtained. A study concerning the quality factor of PAF-SW-SIW sensors was also realized, which illustrated that a good quality factor can be obtained for the PAF-SW-SIW topology in comparison with the other topologies by choosing an appropriate thickness ratio ℎ 1 /ℎ in between the considered substrate and the overall cavity height ℎ (including both substrate and air filled parts). Finally, sensors based on PAF-SW-SIW resonator were carried out, with a working frequency of 5.78 GHz. A measured return loss of 9 dB was obtained as compared to 30 dB expected in simulations. It can be due to both the air thickness ℎ 2 increase and to the losses induced by humidity rate (not taken into account in the simulations). In simulation, a sensitivity of 311 kHz/RH% was predicted, corresponding to 98 % of the one obtained with the AF-SIW proposed in the literature, with a miniaturization ratio of 74 %. A good agreement was obtained for the measured sensitivity. However, due to the limitation of the test bench, it was not possible to estimate accurately the total relative humidity range for this first sensor.

Then, since a communication link must exist to obtain information from the sensor, it can be appropriate to develop an antenna-sensor for future implementation of the wireless data transmission. Hence, an antenna-sensor based on a quarter-mode (QM) cavity was designed in the PAF-SW-SIW technology, still at the frequency of 5.8 GHz. This QM-PAF-SW-SIW antenna offers a size reduction of 75% in comparison with its PAF-SW-SIW counterpart. A good agreement between retro-simulations taking into account realized dimensions and measurement results was obtained, with a gain of 3 dBi. Then, the sensitivity was measured at LCIS (Grenoble-INP, Valence) inside a climatic room with automatic regulation of the temperature and relative humidity. The bench test allowed measuring the frequency shift of sensors with the relative humidity variation between 20% and 80%. A sensitivity of 283 kHz/RH% was measured, in very good agreement with simulations.

In the last section of the third chapter, a highly-miniaturized sensor was studied. The surface of the proposed complementary split whirlwind resonator so called CSWR sensor is about of 0.0026 𝜆 0 2 , which is much smaller than the QM-PAF-SW-SIW sensor (0.033 𝜆 0 2 ). By means of EM simulations, a sensitivity of 66 kHz/RH% was expected, which is very low as compared to AF-SIW based sensors, showing a trade-off between sensitivity and size. This sensor has to be measured to validate the proof-of-concept. Then, by using the slow-wave concept, it was shown that an additional miniaturization surface of 21 % was possible but at the expense of an even lower sensitivity.

To conclude, the proposed antenna arrays and humidity sensors based on slow wave technology exhibit a high size reduction in comparison with structures based on classical SIWs. Therefore, some prospects of this thesis work will be discussed here. Firstly, to reduce the losses and enhance the antennas gain, the PAF-SW-SIW antenna could be implemented. Secondly, it will be interesting to characterize the sensitivity of the different sensors that have been carried out (PAF-SW-SIW sensor, PAF-SW-SIW sensor-antenna, CSWR ...). From these obtained results, it will allow estimating the simulated air permittivity variation versus the relative humidity change.

Furthermore, the occupied surface of PAF-SW-SIW structure is relatively smaller as compared to the use of the AF-SIW technology. Hence, it could be envisaged to fill the cavity of sensitive material to assess performance while seeking to reasonable costs. Besides, other sensing materials for air quality detection could be considered to evaluate the relevance of these structures. Finally, due to the interest of PAF-SW-SIW structures in terms of dimensions and performance compared to classical SIWs, an EM study on an air-filled SW-SIW was realized. This study demonstrates the feasibility of the novel SIW with the use of a low-cost substrate. Besides, a quality factor more than five times higher than classical SIWs was obtained in simulation. The air-filled SW-SIWs are also considered in other technologies such as interposer technologies for mm-waves. Finally, resonant circuits requiring strong quality factors such as filters or antennas could be developed.

Abstract

The substrate integrated waveguide (SIW) technology has been known at the end of the twentieth century, drawing interest from researchers and industry due to their low loss, high power handling, electromagnetic immunity and low-cost manufacturing. However, their large dimension is considered as a major drawback for their integration into a RF system below 15 GHz. To offer a high miniaturization, the slow-wave SIW (SW-SIW) technology was proposed in 2014. Hence, during this research, a novel SIW cavity-backed antenna using the slow-wave concept (SW-CBSA) was investigated, leading to a miniaturization of 47%, and a gain of 5 dBic. Two 1x4 antenna arrays were also carried out, a first one using a slowwave microstrip-based feeding network and a second one using a SW-SIW-based one to improve electromagnetic shielding. Both antenna arrays offer good performance (with a measured gain of 10.8 dBi), and a strong size reduction (about 65%) as compared to the classical SIW-based antenna array counterpart. Then, passive microwave sensors for humidity detection were developed by combining the SW and air-filled (AF) SIW technologies. Thus, a PAF-SW-SIW resonator and a quarter-mode PAF-SW-SIW antenna were realized, leading to a surface miniaturization of 74% and 93%, respectively, as compared to AF-SIW. For the quarter-mode PAF-SW-SIW antenna, a measured sensitivity of 283 kHz/RH% was obtained. The two proposed research topics developed in this PhD thesis allow demonstrating the interest of slow-wave topology for size reduction while keeping interesting performance.

Résumé

La technologie des guides d'ondes intégrés (SIW) est connue depuis la fin du vingtième siècle, suscitant l'attention des chercheurs et du monde industriel en raison des faibles pertes d'insertion, de leur tenue en puissance, de leur immunité électromagnétique et de leur faible coût de fabrication. Cependant, ces guides sont encombrants, ce qui constitue un inconvenient majeur pour leur intégration dans un système RF en dessous de 15 GHz. Ainsi, des guides d'onde SIW à ondes lentes (SW-SIW) ont été proposés en 2014, permettant d'offrir une forte compacité. Dans les présents travaux, une antenne à cavité SIW utilisant la topologie à ondes lentes (SW-CBSA) a été développée. Elle permet d'obtenir un gain de 5 dBic avec une miniaturisation de 47% par rapport à une technologie SIW classique. Deux réseaux d'antennes 1x4 ont également été réalisés, les réseaux d'alimentation considérant pour l'un des lignes microruban à ondes lentes, et pour l'autre des guides SIW à ondes lentes afin d'améliorer le blindage électromagnétique. Les deux réseaux d'antennes offrent de bonnes performances avec un gain mesuré de 10.8 dBi et une réduction de taille d'environ 65% par rapport au réseau d'antennes conçu en technologie SIW classique. Ensuite, des capteurs d'humidité ont été développés en combinant l'effet d'ondes lentes à des résonateurs SIW partiellement remplis d'air (PAF-SW-SIW). Ainsi, deux capteurs ont été proposés, un résonateur et une antenne quart mode PAF-SW-SIW permettant d'obtenir des réductions de surface de 74% et 93% par rapport aux structures équivalentes réalisées en technologie SIW remplie complètement d'air (AF-SIW). Pour l'antenne PAF-SW-SIW, une sensibilité de 283 kHz/RH% a été mesurée. Les deux études présentées dans ce travail de thèse ont permis de montrer l'intérêt de la topologie à ondes lentes pour réaliser des structures compactes tout en conservant des performances intéressantes.
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 11 Figure 1-1: Heinrich Hertz's Wireless Experiment (1887): (a) Conceptual Schematic of Hertz's Experiment and (b)More Detailed Schematic of Hertz's Experiment[4] 
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 12 Figure 1-2: Three structures of signal transmission existing in microwave systems: (a) rectangular waveguide RWG (b) Coaxial cable and (c) parallel-wires
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 13 Figure 1-3: Popular planar transmission used in microwave systems: (a) microstrip (b) Strip line and (c) Grounded Coplanar waveguide (CPWG)
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 14 Figure 1-4: Evolution of Microstrip line: (a) two-wire line (b) single-wire above ground (with image) and (c)Microstrip[10] 
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 15 Figure 1-5: Evolution of Flat-Strip Line: (a) Coaxial Cable (b) Square Line and (c) Rectangular Line and (d) StripLine[10] 
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 16 Figure 1-6: Telegraphist model of a transmission line[13] 
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 17 Figure 1-7: Dispersion diagram of a TEM transmission line[15] 
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 18 Figure 1-8: Collection of standard waveguide component[17] 
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 19 Figure 1-9: Field lines for some modes of a RWG: (a) TE10 mode and (b) TE11 mode (solid lines for electric field,dashed line for magnetic field)[13] 
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 110 Figure 1-10: Example of dispersion diagram of hollow rectangular waveguide[15] 
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 111112 Figure 1-11: Configuration of SIW structure[15] 
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 113 Figure 1-13: Geometry of a Substrate Integrated Waveguide (SIW) [35].
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 114 Figure 1-14: Metalized via and long slot arrays for creating equivalent electric side walls with: (a) cylindrical via arrays [35], (b) long slot trenches [44]
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 1 Figure 1-15: (a) High-gain SIW antenna array in V-band [50] and (b) Laminated waveguide using SIW topology [51].
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 116 Figure 1-16: Geometrical views of different transition types: (a) Coplanar-to-SIW Waveguide Taper [54] (b) Coplanar-to-Air-filled Waveguide [56] and (c) Multilayer Microstrip-to-Waveguide [55].
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 117 Figure 1-17: Description of some microwaves devices in SIW technology for microwave applications: (a) SIW circular cavity filters [60], (b) SIW Circulators for Millimeter-Wave frequency [70], (c) Three-dimension SIW directional coupler [66], (d) Six-port junction based on SIW technology[START_REF] Xu | A new six-port junction based on substrate integrated waveguide technology[END_REF], (e) SIW Gunn Oscillator in Ka-Band[START_REF] Zhong | Ka-Band Substrate IntegratedWaveguide Gunn Oscillator[END_REF] and (f) SIW Amplifier circuit for second and third harmonics suppression[START_REF] He | Suppression of Second and Third Harmonics Using lambda/4 Low-Impedance Substrate Integrated Waveguide Bias Line in Power Amplifier[END_REF].
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 118 Figure 1-18: Examples of the different antennas based on SIW technology: (a) Dielectric Loaded SIW H-Plane Horn Antennas [80], (b) Planar Antenna Array for 60-GHz Band Applications [84] and (c) Low-Profile Millimeter-Wave SIW Cavity-Backed Dual-Band Circularly Polarized Antenna [93].
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 11 Figure 1-19: (a) Stripline bandpass filter [94], (b) Compact multilayer SIW filter for space applications [95] and (c)C-band microstrip filter[START_REF] Clavet | Miniature UHF-Band microstrip filter based on a high-permittivity ceramic material[END_REF] 
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 1 Figure 1-21: (a) Narrow transverse slit in Microstrip [102] and (b) Interdigital capacitor and slot-loaded CPW resonator [103]
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 122123 Figure 1-22: Geometry configurations of the various monopole antenna configurations [104]
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 1 Figure 1-24: (a), (b) Single and double ridge rectangular waveguide and (c) SIW ridge waveguide
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 1 Figure 1-25: (a) Folded rectangular waveguide as introduced by W. L. Barrow [111], (b) Folded SIW in C and (c) and T shapes [117].
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 1 Figure 1-26: (a) Geometry description of HMSIW waveguide [122], (b) HMSIW 3dB coupler [122], (c) Quart-mode SIW antenna [135] and (d) HMSIW designed on cork substrate [136].
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 1 Figure 1-27: (a) Slow-wave SIW with blind vias [138], (b) Slow-wave SIW with partially polyline loading [140] and (c) Slow-wave SIW based on Anisotropic Artificial Material [141].
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 21 Figure 2-1: (a) Slots SIW antenna array [1] (b) Wide-Beam SIW-Slot Antenna [2], (c) Low-sidelobe Circularly Polarized Antenna Array [3] and (d) Compact SIW Slot Antenna with low back lobe

  -1(c)). A circularly polarized radiation can then be achieved by use of square patches added on opposite of these radiating slots [3] (Figure 2-1 (b)). In [4], an example of SIW antenna considering comb-shaped chokes of quarter-wavelength on the antenna bottom surface allows reducing the low back lobe. Many other kinds of antennas have been studied in SIW technology such as leaky-wave antennas [5]-[6], horn antennas [7]-[9] (Figure 2-2 (a)) and Vivaldi antennas [10]-[11] (Figure 2-2(b)).
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 22 Figure 2-2: (a) Horn SIW antenna [9], (b) Vivaldi SIW antenna[10] and (c) Circular polarization SIW antenna array[17] 

Figure 2 - 3 :

 23 Figure 2-3: Some techniques for size miniaturization of antenna: (a) Slot antenna using shorting conducting strip [23], (b) HM-SIW antenna [28], (c) Quarter-mode SIW antenna [30] and (d) Miniaturized SIW Slot AntennasBased on Negative Order Resonance[32] 
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 2 Figure 2-4: (a) Antenna Array Using Parallel Coupled-line Resonator [42], (b) Dual Band Antenna Array using Asymmetric Loop Resonator [43] and (c) Patch Antenna Array with Fractal EBG Structure [44]
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 25 Figure 2-5: Configuration of (a)-(b) Patch antennas without and with metallic bars and (c)-(d) Cavity backed SIW antennas without and with metallic bars
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 26 Figure 2-6: Patch antennas: (a) Return loss S11 and (b) Gain of patch antenna
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 2 Figure 2-9: S-parameter of antennas in face-to-face configuration: (a) Patch antennas, and (b) CBSA

Figure 2 - 10 :

 210 Figure 2-10: Geometrical description of SW-SIW antenna: (a) Top view of the proposed antenna, (b) Bottom view of the proposed antenna, (c) 3-dimensional view of new SW-SIW antenna design and (d) Cross sectional view.
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 2 Figure 2-11: Electric field distribution inside the cavity at 11.54 GHz (a) Electric filed (b) Magnetic field.
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 2 Figure 2-12: (a) Surface miniaturization (normalized to SIW surface) and Quality Factor of SW-SIW cavity, (b) Conductive and Dielectric Losses according to number of blind via holes.
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 2 Figure 2-13: S-parameter of MS and SW-MS lines for a line length of 31 mm

  8 mm, 𝐿 𝑒𝑥𝑡 = 6.2 mm and the characteristics of the substrate 𝜀 𝑟 = 3.55 and ℎ = 1.118 mm, the calculated working frequency 𝑓 0 = 𝑓 𝑟1 of the antenna without inductive via equals 11 GHz, as revealed in Figure 2-15 . This frequency is close to the lower frequency 𝑓 𝑟 = 11.5 GHz obtained by the electromagnetic simulation, corresponding to a difference of about 4%.
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 215 Figure 2-15: Bandwidth of the SIW antenna with and without inductive via hole
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 2 Figure 2-16: CBSA: (a) 3D view of the SIW antenna with the shorted via hole. Electric field distribution inside (b) the CBSA without shorted via hole (𝑓 =11.5 GHz). Electric field distribution inside the CBSA with shorted via hole (c) at 𝑓 =11.3 GHz and (d) at 11.6 GHz.
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 2 Figure 2-17: Gain, axial ratio and return loss of CBSA with shorted via holes.

  -10) is 𝑠 = 1 mm. Simulation results are presented Figure 2-18.
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 2 18(b). Nevertheless, as shown in Figure2-18(c), the two resonance frequencies depend on the patch dimensions. For instance, the via position and square ring slot dimension must be appropriately optimized to obtain two resonance frequencies that are close together, providing a large bandwidth and a circular polarization. The electric field distribution of the proposed antenna at operating frequency and with different phases is described in Figure2-19. It shows the antenna polarization. A rotation of a zero potential plane goes around from left to right corresponding a Right-hand circular polarization (RHCP). Similarly, the Left-hand circular polarization (LHCP) can be achieved when the shorted vias hole is mirrored within the center line of SIW cavity.

Figure 2 - 18 :

 218 Figure 2-18: Return loss of SW-CBSA according to the diameter variation of (a) the copper ring plated over top of blind via holes dp, (b) the position of the via yvia and (c) the patch surface dimension lint. s = 1 mm, xvia = 500 µm, d = 0.4 mm, Lext = 5.7 mm.
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 219 Figure 2-19: Electric field distribution inside the cavity at 11.54 GHz (a) θ=0° (b) θ=45° (c) θ=90° and (d) θ=135°

2 .

 2 The simulated and measured return are shown in Figure 2-20.
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 2202 Figure 2-20: Comparison between simulated and measured reflection coefficient of SW-SIW antenna with shorted via holeFigure2-20 also gives a comparison of the bandwidth between two SW-SIW antennas with (w) and without (w/o) the inductive via hole. Firstly, we note that by inserting asymmetrically a shorted via hole into the patch surface, the impedance bandwidth is enlarged. The measured impedance bandwidth for a return loss better than 10 dB reaches 280 MHz, from 11.62 GHz to 11.9 GHz, which is twice as much as compared to the one without inductive via hole. Secondly, the resonant frequency shift of 300 MHz between simulated and measured results was studied. Many hypotheses were considered, such as a deterioration of substrate and prepreg (permittivity, thickness, roughness) and a dimension modification of via holes and pads. Possible problems occurring in circuit manufacturing process are the copper ring thickness and diameter modifications. This was verified by cutting out the circuit and making a polishing for optical inspection. Figure 2-21 shows a crosssection view of the cut stacked PCB. The measured thickness and diameter of the copper ring are 35 µm and 567 µm, respectively. A retro-simulation by taking into account these values is, also shown in Figure 2-20, leading to a good agreement.
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 2212 Figure 2-21: Cross-section view (Photograph) of internal metallized via holesFigure 2-22 compares the gain and axial ratio of the SW-SIW antenna between simulations and measurements.Measurements were achieved in an anechoic chamber with an ANRITSU 37369A VNA. Firstly, the SW-CBSA was measured in the two different planes φ = 0° and φ = 90° in order to determinate its absolute gain. Then the measured axial ratio (AR) can be extracted by an electromagnetic software. Finally, the gain of the SW-CBSA in dBic can be found by using its relation with the absolute gain and the AR value, as explained in[51]. Figure 2-22 shows a maximum axial ratio of the SW-SIW antenna of about 1.6 dB at 11.8 GHz with an axial ratio below 3 dB from 11.77 GHz to 11.83 GHz. Hence, a 60-MHz bandwidth is obtained for the circular-polarization, corresponding to a relative bandwidth of 0.5 %. Let us notice that the maximum simulated gain achieved in this circular-polarization bandwidth is 4.9 dBic at 11.8 GHz. The radiation patterns of the proposed antenna in two different cutting planes φ = 0° and φ = 90° are shown in Figure 2-23. The measured main beams of antenna radiation pattern in both case are in good agreement with simulation. A maximum gain of 4.8 dBic is obtained for ϕ = -180°, as shown in Figure 2-23 (b). However, its side lobes are different in comparison with the simulated ones; this side lobes gain difference between measurements and simulations is probably due to undesired reflections in the anechoic chamber. The top and bottom view of fabricated SIW and SW-SIW with inductive via was shown in Figure 2-24.
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 222 Figure 2-22: Comparison between simulated and measured gain and axial ratio of SW-SIW antenna
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 224225 Figure 2-24: Photo of the SIW antenna and the SW-SIW with inductive via (a) Top view and (b) Bottom view

Figure 2 - 27 :

 227 Figure 2-27: Comparison between different miniature antennas in Table2-4

Figure 2 - 28 :

 228 Figure 2-28: Configuration of power divider based on (a) classical microstrip lines and (b) slow-wave microstrip lines By considering classical microstrip lines the 50 Ω and 70 Ω characteristic impedance microstrip lines have signal widths of 2.4 mm and 1.25 mm, respectively (see Figure 2-28(a)).
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 2 Figure 2-29: 1:4 power divider: (a) Simulated Return Loss and (b) Top view
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 230 Figure 2-30: Geometry of the proposed SW-CBSA antenna array (a) Top view of the top layer (b) Bottom layer (c) 3D dimensional-view and (d) Photo of SW-CBSA antenna array The simulated and measured radiation pattern of the proposed SW-CBSA array at 11.95 GHz is shown in mulated and measured return los

Figure 2 -

 2 Figure 2-32 for two planes (yz: φ = 90° and xz: φ = 0°). In the yz plane the maximum realized gain is found at the same radiation angle of 197°. In the xz plane, it can be seen that the radiation pattern is slightly shifted with the measured peak gain of 11 dBi, which is consistent with the expected array gain since the measured peak gain for a single CBSA w/o the inductive via is about of 5.7 dBi. Besides, the expected gain in the simulation is 10.8 dBi. The difference of 0.2 dB between measured and calculated gain can be due to metallic mounting system inside the anechoic chamber and the calibrated antenna. A very low fontback-to-ratio (FBTR) higher than 15 dB is observed in the two cases.
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 231 Figure 2-31: Comparison between simulated and measured return los
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 232 Figure 2-32: Comparison between simulated and measured radiation pattern: (a) Radiation pattern for 𝜑 = 0°, (b) Radiation pattern for 𝜑 = 90° at frequency of 11.95 GHz
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 233 Figure 2-33: Extracted phase constant in SIW and SW-SIW technologies
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 234 Figure 2-34: Top view of a transition G-CPW to SW-SIW waveguide

Figure 2 -

 2 35 shows the top view of the G-CPW to SIW waveguide, and Table2-6 gives the values of the tapering section parameters.
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 235 Figure 2-35: Top view of a transition G-CPW to SIW waveguide

  -36 and Figure 2-37. The S-parameters of the SIW are given in Figure 2-38. A return loss better than 15 dB was measured from 10 GHz to 14.5 GHz. The measured insertion loss is about 0.48 dB versus 0.2 dB in simulation (at 11.5 GHz) for a length equal to 21.6 mm, leading to a measured attenuation constant equal to 0.022 dB/mm.
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 2 Figure 2-36: TRL calibration kit of SIW structures: (a) Through, (b) Line and (c) Reflect

Figure 2 -

 2 Figure 2-37: TRL calibration kit of SW-SIW structures. Bottom view of: (a) Through, (b) Line, (c) Reflect and (d) Top view of a SW-SIW with the tapering sections.

Figure 2 - 38 :

 238 Figure 2-38: Comparison of simulated and measured S-parameters of SIW

  The 1:4 power dividers based on SIW and on SW-SIW are shown in Figure 2-40 and Figure 2-41, respectively, exhibiting a similar surface of 3960 mm² (corresponding to 3.5𝜆 0 2

Figure 2 - 4 Figure 2 -

 242 Figure 2-40: 1:4 Power Divider in SIW technology: (a) Layout, (b) Photograph
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 244 Figure 2-44: Configuration of SW-CBSA using the SW-SIW feeding: (a) Top view, (b) Bottom view and (c) 3D view

  -45. 

Figure 2 - 45 :

 245 Figure 2-45: Comparison of simulated and measured S-parameters of SW-CBSA with SW-SIW feeding
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 247 Figure 2-47: Two configurations of 1x2 antennas array (a) Bended form, (b) Normal form, and return loss comparison of 1x2 Antennas Array in two different forms
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 248 Figure 2-48: Comparison of simulated and measured S-parameters of 1x2 SW-CBSA antenna arrays
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 249 Figure 2-49: Comparison between simulated and measured radiation pattern of 1x2 antennas array: (a) Radiation pattern for 𝜑 = 90° (b) Radiation pattern for 𝜑 = 0 °1×4 antenna arraysAs indicated above, the bending of the SIW power divider is not possible due to the large dimension of SIW waveguide and SIW antenna. Consequently, the dimension of the 1×4 CBSA array based on classical SIW is quite significant in comparison with the SW-CBSA arrays fed by SW-SIW power divider, as shown in Figure2-50. The 1×4 SW-CBSA array occupies a total surface of 1866 mm 2 , leading to a miniaturization of 66% as compared to its SIW array counterpart (Figure2-50 and Figure 2-51). The surface of the novel SW-CBSA array fed by SW-SIW is comparable with the SW-CBSA fed by SW-MS power divider presented in Section 2.3. Simulated and measured S-parameters of the 1×4 SW-CBSA arrays are given in Figure 2-52. Due to the fabrication process deviation a resonance shift of 300 MHz is observed. The retro simulation shows that the resonance of arrays is nearly close to those of measurement with the real cooper land diameter of 530 µm.
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 2 Figure 2-50: SW-CBSA antenna: (a) Bottom view and (b) Top view. SIW-CBSA antenna: (c) Bottom view and (d) Top view
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 251252 Figure 2-51: Photo of the fabricated SIW and SW-SIW circuits: SW-CBSA (Left) and SIW-CBSA (Right)
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 31 Figure 3-1: (a) GO-based Resistive Humidity Sensor using flash [6] and (b) Aerogel-based Capacitive HumiditySensor[8] 
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 32 Figure 3-2: Humidity Sensor based on: (a) SIW cavity[12], (b) SIW interferometer[14] and (c) CSRR resonator using GO film[16] 
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 33 Figure 3-3: Humidity sensors: (a) Ridge Quarter-mode Resonator [13] (b) Air-filled SIW resonator [17] and (c)Multi-Sensor base on SIW cavity[21] 
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 34 Figure 3-4: Cross-section view of the three air-filled resonator structures: (a) AF-SIW Resonator, (b) PAF-SIW Resonator and (c) PAF-SW-SIW Resonator (Example with a matrix of 5x5 internal blind via holes)
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 35 Figure 3-5: Mixture of multi-dielectric substrate [24]: 𝜀 0 is permittivity of intrinsic substrate (RO4003) and 𝜀 1 is permittivity of adding dielectric (Air)
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 36 Figure 3-6: Normalized frequency shift ∆𝑓/𝑓 0 and SIW cavity size of a PAF-SIW resonator for humidity sensing application with the air permittivity variation Δ𝜀 𝑟 𝑎𝑖𝑟 = 1.3%, with 𝑑 = 0.4 mm and 𝑑 𝑝𝑎𝑑 = 1.2 mm, 𝑝 =1.6 mm, ℎ 𝑝𝑎𝑑 = 35 µm, ℎ = 1.6 mm

Figure 3 - 7 :

 37 Figure 3-7: Distribution of electric and magnetic fields: (a) PAF-SIW cavity at 5.8 GHz and (b) PAF-SW-SIW cavity with a matrix of 9x9 internal blind via holes at 5.8 GHz with 𝑑 = 0.4 mm and 𝑑 𝑝𝑎𝑑 = 1.2 mm, 𝑝 = 1.6 mm, ℎ 𝑝𝑎𝑑 = 35 µm, ℎ 1 = 1.524 mm and ℎ 2 = 0.4 mm.
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 38 Figure 3-8: Comparison of normalized frequency shift ∆𝑓/𝑓 0 and cavity size of a PAF-SIW and PAF-SW-SIW for humidity sensing application with the air permittivity variation Δ𝜀 𝑟 𝑎𝑖𝑟 = 1.3%, with 𝑑 = 0.4 mm and 𝑑 𝑝𝑎𝑑 = 1.2 mm, 𝑝 = 1.6 mm, ℎ 𝑝𝑎𝑑 = 35 µm, ℎ = 1.6 mm
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 39 Figure 3-9: Measurement point inside the cavity in 𝑧 direction for electric field

Figure 3 - 10 :

 310 Figure 3-10: Electric field at the center of SIW cavity extracted by EM simulation, 𝑑 = 0.4 mm and 𝑑 𝑝𝑎𝑑 = 1.2 mm, 𝑝 =1.6 mm, ℎ 𝑝𝑎𝑑 = 35 µm, ℎ = 1.6 mm and ℎ 1 /ℎ = 0.8.
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 311 Figure 3-11: Normalized frequency shift ∆𝑓/𝑓 0 and SWF of a PAF-SW-SIW resonator with the air permittivity variation Δ𝜀 𝑟 𝑎𝑖𝑟 = 1.3%, 𝑑 = 0.4 mm and 𝑑 𝑝𝑎𝑑 = 1.2 mm, 𝑝 =1.6 mm, ℎ 𝑝𝑎𝑑 = 35 µm, ℎ = 1.6 mm and ℎ 1 / ℎ = 0.8.
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 312 Figure 3-12: Size comparison of the three air-filled resonators structures: AF-SIW Resonator (star point), PAF-SW-SIW Resonator (straight lines) and PAF-SIW Resonator (dotted lines)

Figure 3 - 13 :

 313 Figure 3-13: Normalized frequency shift ∆𝑓/𝑓 0 comparison of the three air-filled resonators: AF-SIW Resonator (star point), PAF-SW-SIW Resonator (straight line) and PAF-SIW Resonator (dotted point) with the air permittivity variation Δ𝜀 𝑟 𝑎𝑖𝑟 = 1.3%
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 3143 Figure 3-14: Comparison the quality factor of PAF-SW-SIW cavity with three proposed humidity sensors based on SIW technology. Case 1: comparison of the PAF-SW-SIW with the PAF-SIW Figure 3-15 shows the Q-factor comparison of the two partially air-filled resonators operating at the same frequency of 5.8 GHz with the same stack.
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 315 Figure 3-15: Quality factor comparison of the two partially air-filled resonators: PAF-SW-SIW (straight line) and PAF-SIW (dotted point)

Figure 3 - 16 :

 316 Figure 3-16: Study of the losses in the PAF-SIW and the PAF-SW-SIW: (a) Total losses dissipated by period (W) with h1/h = 0.8 and h1/h = 0.4, (b) Conductive losses in the walls and dielectric losses in the dissipated substrate per period (W) with h1/h = 0.8

Case 2 :

 2 comparison of the PAF-SW-SIW with the AF-SIW of thickness 𝒉 𝟐A comparison between the quality factor of AF-SIW and PAF-SW-SIW resonators with the same air thickness ℎ 2 is given in Figure3-17.
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 317 Figure 3-17: Quality factor comparison of the two resonators: PAF-SW-SIW Resonator (straight line) and AF-SIW Resonator (dotted point) with the same thickness of air h2
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 3 Figure 3-18: Total Power dissipated in PAF-SW-SIW normalized by total power dissipated in AF-SIW according to the air thickness h2
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 3193 Figure 3-19: Power dissipated in PAF-SW-SIW normalized by total power dissipated in AF-SIW versus the air thickness ℎ 2 : (a) Walls and (b) Blind via holes

  Figure3-20 shows the comparison of the AF-SIW and PAF-SW-SIW resonators having the same total thickness ℎ. Thanks to the high SIW thickness ℎ, the AF-SIW quality factor is always much higher the one exhibited by the PAF-SW-SIW structure. Indeed, as already stated, the presence of blind vias in the PAF-SW-SIW induces additional conductive losses leading to total losses in the slow-wave structure much higher than its AF-SIW counterpart, as shown in Figure3-21.
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 320321 Figure 3-20: Quality factor comparison of the two resonators: PAF-SW-SIW Resonator (straight line) and AF-SIW Resonator (dotted point) with the same thickness of air h2

Figure 3 -

 3 Figure 3-22 shows the general exploded 3D view of the PAF-SW-SIW sensor for a 5.8 GHz operating frequency.
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 322 Figure 3-22: View of the PAF-SW-SIW resonator: (a) Three-dimensional view and (b) Cross-section view Based on Figure 3-22(b), the PAF-SW-SIW sensor can be carried out by considering three main parts:
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 3233 Figure 3-23: Measurement setup of the PAF-SW-SIW resonator at UQTR

Figure 3 - 24 :

 324 Figure 3-24: Photograph of PAF-SW-SIW and PAF-SIW sensors: (a) Top view and (b) Bottom view

Figure 3 -

 3 Figure 3-25(b) superimposes three different measurements of the SW-SIW sensor at high relative humidity (80%-100%). It allows highlighting the measurement stability. Then, as given in Figure 3-25(c), a resonance frequency shift of 28.4 MHz was obtained when the relative humidity varies between the low levels of humidity (10%-20%) to the high level (80%-100%). Hence, a sensitivity 𝑆 = 315 kHz/RH% was observed. By considering a

Figure 3 -

 3 Figure 3-26: Stack-up of the sensing antennas based on air-filled and slow-wave technologies

Figure 3 -

 3 Figure3-26 shows the cross-section view of the PAF-SW-SIW antenna. The sensing antenna is constituted of three FR4 layers. The configuration of the upper and lower substrates is similar to those presented in Figure3-22. The thickness of the upper and lower substrates are 0.8 mm and 1.6 mm, respectively. The thickness of 0.8 mm aids to avoid a deformation of the substrate while adding the exciting crossed-slot. The middle copper layer is completely replaced by an FR4 substrate of thickness 0.4 mm, in which metallized via holes are drilled around to create the SIW cavity. The three parts were realized independently in industry and were then assembled at laboratory with screws to obtain a good electric contact between the different layers. In this section, the PAF-SW-SIW antenna in full-mode (FM) and quarter-mode (QM) are presented and tested. A PAF-SW-SIW resonator (similar to the one presented in section 3.2.5, but in FR4 technology) was also designed and fabricated but measurements are still to be performed.
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 328 Figure 3-28: Photograph of the FM-SW-SIW antenna

Figure 3 - 29 :

 329 Figure 3-29: Return loss S11 of the FM-PAF-SW-SIW antenna

Figure 3 -

 3 Figure 3-31: (a) Measurement setup at LCIS (G-INP, Valence); (b) Photograph of the configuration of humidity sensors in the climatic room.

Figure 3 - 32 :

 332 Figure 3-32: Example of plot of both temperature and relative humidity automatically regulated by the measurement setup

Figure 3 -

 3 34 describes (a) the top view, (b) bottom view of the QM-PAF-SW-SIW, and (c) the electric field distribution inside the sensor. It can be seen that the quarter-mode operates in the fundamental TE110 mode since the distribution of the electric field inside the sensor corresponds to a quarter of the TE101 mode of the classic SIW cavity [29]. Figure 3-35 gives the photograph of the fabricated sensor-antenna.

Figure 3 -

 3 Figure 3-34: Three-dimensional View of QM-PAF-SW-SIW antenna: (a) Top view, (b) Bottom view and (c) Distribution of electric field in the top of blind via holes inside SIW cavity

Figure 3 -

 3 Figure 3-36 shows the comparison of the simulated and measured results of the QM-PAF-SW-SIW antenna before humidity variation (by considering 𝜀 𝑟 𝑎𝑖𝑟 equal to 1). The antenna was optimized at 5.8 GHz with return loss better than 30 dB. A measured resonance peak of 20 dB was obtained at 6 GHz. The shift of 200 MHz on the resonance frequency is mainly due to the diameter modification of the copper land from 1200 µm to 960 µm. This hypothesis was validated via a retro simulation shown in Figure 3-36. A good agreement is obtained between measurement and retro simulation results.
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 335 Figure 3-35: Photograph of the QM-PAF-SW-SIW antenna
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 336337 Figure 3-36: Return loss of the QM-PAF-SW-SIW antenna

Figure 3 -

 3 Figure 3-39: CSRR humidity sensor: (a) Geometry, (b) Distribution of electric fields. CSWR humidity sensor: (c) Geometry, (d) Distribution of electric fields

  -40. 

Figure 3 -

 3 Figure 3-40: (a) Stack-up substrate to realize the CSWR sensor without slow-wave effect and (b) Top view of CSWR sensors

Figure 3 - 41 :

 341 Figure 3-41: View of CSWR resonator: (a) Top view and (b) Bottom view

  -42 and Figure 3-43.

Figure 3 -

 3 Figure 3-42: Return Loss of the CSWR sensors according to the length of matching slots 𝑦 𝑠𝑙𝑜𝑡

Figure 3 -

 3 Figure 3-44: Stack-up substrate to realize the SW-CSWR sensors

Figure 3 -

 3 Figure 3-45: (a) Return loss comparison between simulation and measurement and (b) Simulated sensitivity of the CSWR sensors

Figure 3 - 48 :

 348 Figure 3-48: Comparison our work with other humidity sensors in literature
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Table 2 -1: Characteristics of dielectric substrates

 2 

	Substrate	Thickness (mm)	Permittivity	Loss Tangent
	RO4003	0.813 / 0.203	3.55	0.0027
	RO4450F	0.102	3.52	0.004

Table 2 -2: Dimensions of the proposed SW-SIW antenna

 2 

	Symbol	QUANTITY	Values (mm)
	Wgnd	Antenna ground dimension	19
	Wguide	Antenna SIW cavity length	6.4
	Lext	External square ring dimension	5.7
	Lint	Internal square ring dimension	4.32

Table 2 -3: Performance comparison between the SIW antenna and SW-SIW antennas with and without inductive via

 2 

	Symbol	SIW	SW-SIW without inductive via hole	SW-SIW with inductive via hole
	SIW cavity dimension (mm 2 )	8.8 x 8.8	6.4 x 6.4	6.4 x 6.4
	Measured -10 dB Bandwidth (MHz)	220	149	280
	Simulated Gain	6.6 dBi	5.4 dBi	4.9 dBic
	Measured Gain	5.5 dBi	5.7 dBi	4.8 dBic
	Polarization Type	Linear	Linear	Circular

Table 2 -4: Comparison of different CBSA Antennas Working frequency

 2 

			Size reduction (%)	Peak Gain	Cavity Surface (𝝀 𝟎 𝟐 )	Overall Surface (𝝀 𝟎 𝟐 )	-10dB |𝑺 𝟏𝟏 | bandwidth	3dB AR Bandwidth	CP
	[19] SIW								
	Cavity-Backed								
	Circular-Polarized	9.85	N/A	7.8	0.85𝜆 0 2	2.18𝜆 0 2	17%	2.35%	Yes
	Antennas (TE110								
	mode)								
	[20] CBSA using HM	28	50%	5.3dBic	0.17𝜆 0 2	N/A	12.1%	1.8%	Yes
	[28] CBSA using HM	8.7	50%	4.8 dBi	0.14𝜆 0 2	0.5𝜆 0 2	6%	1.74%	Yes
	[30] QM-SIW								
	antenna (TE101	5.2	75%	4.1 dBi 0.077𝜆 0 2	0.42𝜆 0 2	N/A	N/A	No
	mode)								
	[30] QM-SIW								
	antenna (TE102 mode and TE202	10.8	N/A	7.1 dBic 0.33𝜆 0 2	1.8𝜆 0 2	23%	2.7%	Yes
	mode)								
	[32] CBSA based								
	on negative order	7.26	N/A	4.3 dBi	0.1𝜆 0 2	N/A	2.2%	N/A	No
	resonance								
	[35] CBSA								
	utilizing metallic	2.45	65%	-2.3 dBi 0.074𝜆 0 2	N/A	0.4%	N/A	No
	strip								
	[33] Compact ridged CBSA	2.65	50%	6 dBi	0.068𝜆 0 2	0.016𝜆 0 2	0.9%	N/A	No
	[52] Dual-mode								
	Circular SIW Cavity (TE101	10	N/A	5.4dBic	0.34𝜆 0 2	0.45𝜆 0 2	2.7%	0.7%	Yes
	mode)								
	[53] Miniaturized								
	Circular Polarized TE 10-Mode SIW	1.65	75%	2.3 dBic 0.054𝜆 0 2	0.186𝜆 0 2	1.8%	0.6%	Yes
	Antenna								
	[54] Broadband								
	Dual Circularly								
	Polarized SIW	12.5	N/A	4.7dBic	0.27𝜆 0 2	0.98𝜆 0 2	16%	11.2%	Yes
	Antenna (TE202								
	mode)								
	Our work								
	SW-CBSA antenna with	11.83	47%	4.8 dBic 0.063𝜆 0 2	0.53𝜆 0 2	2.3%	0.5%	Yes
	shorted via hole								
	Our work								
	SW-CBSA antenna without	11.95	47%	5.7 dBi 0.063𝜆 0 2	0.53𝜆 0 2			
	shorted via hole								

Table 2 -5: Parameter of transition GCPW to SW-SIW waveguide

 2 

	Parameter	Wcpw	Wgap Ltaper Wtaper	W1	p	s1	d	dp
	Value (mm)	1.25	0.15	2.7	1.5	2.3	0.8	0.8 0.4 0.6

Table 2 -6: Parameter of the GCPW to SW-SIW transition

 2 

	Parameter	Wcpw	Wgap Ltaper Wtaper	W1	p	d
	Value (mm)	2.1	0.8	3.9	2.3	5.1	0.8	0.4

Table 2 -7: Performance comparison of power dividers in SIW and SW-SIW technologies at 11.5 GHz

 2 

	S21 (dB)	SIW Power divider 1:2	SIW Power divider 1:4	SW-SIW Power divider 1:2	SW-SIW Power divider 1:4
	Simulation	-3.28	-6.55	-3.38	-7.28

Measurement

-3.53 -6.8 -4.1 -7.9

Table 2 -

 2 8. The dimensions of the transition is similar to those given in Table

Table 2 -8: Dimensions of the proposed SW-CBSA antenna feeding by a SW-SIW

 2 

	Symbol	QUANTITY	Values (mm)
	Wgnd	Antenna ground dimension	19
	Lgnd	Antenna ground dimension	25.5
	Wguide	Antenna SIW cavity length	7.2
	Lext	External square ring dimension	4.49
	Lint	Internal square ring dimension	5.5
	d	Via hole diameter	0.4
	dp	Copper pad diameter	0.6
	s	Adjacent internal blind vias spacing	1
	p	Adjacent via holes spacing for lateral walls of the cavity	0.8
	hp	Copper pad thickness	0.035
	hm	Metal thickness	0.035
	wgap	Gap width of G-CPW line (Antenna)	0.2
	wms	Width of the microstrip line	0.6
	y0	Slot length of G-CPW line	0.5
	y1	Slot length of G-CPW line	1
	y2	Slot length of G-CPW line	0.6
	y3	Slot length of G-CPW line	2.2
	y4	Slot length of G-CPW line	1
	y5	Slot length of G-CPW line	4.2

Table 2 -9: Performance comparison between the three fabricated CBSA arrays

 2 

		SW-CBSA Array	CBSA Array fed	SW-CBSA Array fed by
		fed by SW-MS	by SIW power	bended SW-SIW power
		power divider	divider	divider
	Simulated Gain (dB)	11	11.9	11.3
	Measured Gain (dB)	10.8	11.2	10.8
	Dimension (mm 2 )	61.2*24.4	64.8*60.3	60.8*24.8
	Bandwidth (%)	1.73%	3.6%	2.3%

Table 3 -1: Comparison of AF-SIW, PAF-SIW and PAF-SW-SIW with h1/h = 0.8 and h = 1.6 mm with the air permittivity variation

 3 𝚫𝜺 𝒓 𝒂𝒊𝒓 = 1.3%

		AF-SIW	PAF-SIW	PAF-SW-SIW
	Frequency Shift 𝑓 (MHz)	37.7	17.4	37
	Sensitivity 𝑆 (kHz/RH%)	628	290	616
	Size 𝐷 (mm 2 )	1296	606	331

Table 3 -2: Comparison of the simulations (the air permittivity variation 𝚫𝜺 𝒓 𝒂𝒊𝒓 = 1.3%) between the PAF-SW-SIW sensor (with h1 = 1.524 mm and h2 = 0.4 mm) and the other AF-SIW sensors
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		PAF-SW-SIW	PAF-SIW	AF-SIW (ℎ 𝑆𝐼𝑊 = ℎ 2𝑆𝑊-𝑆𝐼𝑊 )	AF-SIW (ℎ 𝑆𝐼𝑊 = ℎ 𝑆𝑊-𝑆𝐼𝑊 )
	Frequency shift 𝑓 (MHz)	37	17.4	37.7	37.7
	Sensitivity S (kHz/RH%)	616	290	628	628
	Size D (mm 2 )	331	606	1296	1296
	Quality Factor Q	728	512	450	2072

Table 3 -3: Physical dimensions of the proposed FM-PAF-SW-SIW antenna
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	Parameter	DESCRIPTION	Value (mm)
	𝑤 𝑔𝑢𝑖𝑑𝑒	Antenna SIW cavity length	18.84
	𝑙 𝑠𝑙𝑜𝑡	Length of crossed-slot	24
	𝑤 𝑠𝑙𝑜𝑡	Width of crossed-slot	1
	𝑑	Internal metallized blind via hole diameter and lateral via hole diameter	0.4
	𝑑 𝑝𝑎𝑑	Copper pad diameter	1.2
	𝑠	Adjacent blind vias spacing	1.6
	𝑝	Adjacent via holes spacing	0.8
	ℎ 𝑝	Copper pad thickness	0.035
	ℎ 𝑚	Metal thickness	0.035
	𝑦 0	Slot length of G-CPW line	1
	𝑥 0	Slot length of G-CPW line	0.15
	𝑑 𝑎𝑖𝑟ℎ𝑜𝑙𝑒	Diameter of air holes (Upper substrate)	4
	𝑑 𝑎𝑖𝑟ℎ𝑜𝑙𝑒	Diameter of air holes (Lower substrate)	0.9

Table 3 -5: Modification of the dimensions of the CSWR with and without slow-wave effect
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	Devices	CSWR			SW-CSWR
	Parameter	Simulation	Measurement	Simulation	Measurement
	𝑤 𝑠𝑙𝑜𝑡	2630 µm	2770 µm	2330 µm	2415 µm
	𝑎	200 µm	285 µm	200 µm	280 µm
	𝑏	200 µm	136 µm	200 µm	130 µm
	𝑑 𝑝𝑎𝑑			600 µm	520 µm

Table 3 -6: Modification of the dimensions of the CSWR with and without slow-wave effect
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		Dimension (mm 2 )	Sensitivity f/RH% (kHz/RH%)	RFIC	Fabrication cost
	AF-SIW	1296	315	No	+
	PAF-SW-SIW resonator	331	315	No	+
	FM-PAF-SW-SIW	335	300	Yes	+
	antenna				
	QM-PAF-SW-SIW	87	280	Yes	+
	antenna				
	CSWR	6.91	61.66	No	-
	SW-CSWR	5.42	45	No	+

Full-mode partially air-filled SW-SIW (FM-PAF-SW-SIW) antenna

In Figure 3-27, the three-dimensional view of the FM-PAF-SW-SIW antenna is illustrated. A crossed-slot is inserted into the upper substrate, which permits the radiation of the antenna, as shown in Figure 3-27(a). The 50-Ω feeding line is a slow-wave CPW with a width and a gap isolation of 𝑦 0 = 1 mm and 𝑥 0 = 0.15 mm, respectively. In addition, as revealed in Figure 3-27(c), slots were used to match the characteristic impedance of the SW-SIW antenna with that of the CPW. Similarly to the PAF-SW-SIW resonator, the blind via holes were inserted inside the cavity to obtain the slow-wave effect. Finally, to get a good air circulation, air holes were made in the upper substrate (see Figure 3-27(a)) with a diameter 𝑑 𝑎𝑖𝑟ℎ𝑜𝑙𝑒 equal to 4 mm, and in the lower substrate (see Figure 3-27(b)) between the blind vias with a diameter 𝑑 𝑎𝑖𝑟ℎ𝑜𝑙𝑒 equal to 900 µm. Some geometrical parameters of the fabricated PAF-SW-SIW antenna are detailled in Figure 3-27(c). The PAF-SW-SIW antenna was designed to work at the fundamental mode TE101 of the SIW cavity. Thus, the lateral size of the SIW cavity is given by (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14). In this case, the slot length 𝑙 𝑠𝑙𝑜𝑡 is about a half-wavelength (𝜆 0 /2) at the resonance frequency. By taking into account the relative permittivity (𝜀 𝑟_𝑎𝑖𝑟 = 1) where the major electric field is present and the total thickness ℎ of the substrate, this average length of slot could be slightly different. Its calculating formula was proposed in [28]:

From relation (3)(4)(5)(6)(7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19), the estimated length of the crossed slot is about 25.9 mm. By using the full-mode simulation in CST studio, the effective length of the crossed slot was then optimized to 24 mm. Figure 3-28 and Table 3-3 give the photograph and the main parameters of the fabricated FM-PAF-SW-SIW antenna, respectively.

The return loss of the FM-PAF-SW-SIW antenna is presented in Figure 3-29. A simulated return loss of 20 dB is obtained at the working frequency of 5.8 GHz. However, a shift of 174 MHz occurs on the resonance frequency between measurement and simulation results. By verifying some physical dimensions of the antenna, it was found an important variation on the diameter of copper lands of the internal blind vias, the measured 𝑑 𝑝 being

FM-PAF-SW-SIW with the antenna integration. In particular, the QM-PAF-SW-SIW exhibits a high size reduction of 93% in comparison with the AF-SIW resonator. By using the opened resonance structure, it leads to a gain of 3.1 dBi in the radiation pattern. A measured sensitivity of 283 kHz/RH% is obtained in the relative humidity range from 20% to 80%. The novel structure was realized with the low-cost substrate FR4, thus, the cost of circuit fabrication is greatly reduced in comparison with the same structure realized with high-cost low-loss substrate. 

Humidity sensors based on slow-wave complementary split whirlwind resonator (CSWR)

In Section 3.2, several SW-SIW based sensors were designed and measured, leading to a good performance. As a reminder, by using the air-filled and slow-wave technologies, the QM-PAF-SW-SIW sensor exhibits a very important size reduction of 93%. As we know that the air-filled topology is a new technology based on multilayers with an empty area inside the SIW cavity, the realization of air-filled circuits often meets a lot of difficulties concerning the fabrication process combined with an enhancement of manufacturing cost compared to the standard PCB. Hence, other kinds of RF humidity sensors have been proposed, by using for 

Comparison to the state-of-art

Table 3-7 shows the performance of the proposed humidity sensors with respect to other passive microwave sensors. The topologies in [15]- [16] own a good sensitivity thanks to the use of a sensitive material but at the expense of an increased cost. By using a split slot ring (SRR) resonator [16] or quarter-mode topology [13], the size of the SIW resonator can be smaller, besides, but at the expense of the sensitivity. The fully AF-SIW topology offers a good sensitivity, in contrary, the cavity dimension is much higher than other passive sensors. The PAF-SW-SIW exhibits not only the advantage of size and detecting capability but also an easy fabrication and integration with other circuits. The size of the PAF-SW-SIW sensor is 74 % smaller than