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 [START_REF] Sengupta | Terahertz integrated electronic and hybrid electronic-photonic systems[END_REF](references in the graph from [START_REF] Sengupta | Terahertz integrated electronic and hybrid electronic-photonic systems[END_REF]). microwave monolithic integrated circuits (MMIC), resonant tunneling diode (RTD), and difference frequency generation (DFG). . Recently, the global wireless data traffic has been exponentially increasing along with the growth of applications that require data rates of several tens of Gbps. The increase in the data rate provided by every new generation of cellular networks is insufficient for the annual growth of demand. The significant rapid growth of wireless utilization has driven researchers to investigate appropriate regions in the radio spectrum to fulfill this demand [1].

Terahertz (THz) spectrum spans the frequency range from 0.1 to 10 THz between infrared and microwave radiation in the electromagnetic spectrum as shown in Figure 1.1, has been highly valued in different fields such as wireless cognition, imaging, spectroscopy, sensing, superhigh precision positioning and future wireless communications [2]. Sub-THz frequency (0.1 -1 THz) band, which has not been allocated for specific uses yet, has an extremely broad atmospheric transmission window (~ 100 GHz bandwidth) with manageable losses will be ideal for building a wireless link with ultra-high data rates up to 1Tbps with super-reliable and minimum latency communication, which is an enabler for beyond fifth-generation (5G) wireless mobile communications in the future. In the following, some of the wireless ultra-high data rate scenarios depicted in Figure 1.2 are presented. Finally, it is worth mentioning that sub-THz and real THz bands are being investigated for other types of applications in addition to the communication due to the small-wavelength characteristics, the ultra-wide bandwidth, and narrow-beam widths at THz frequencies. For instance, the THz wireless systems are also promising for novel sensing, smart healthcare, imaging, and positioning capabilities to enhance automated machinery, autonomous cars, intrabody THz communications with nanotechnology THz transceivers, and new human interfaces [2,4].

THz Waves: Propagation, Advantages, and Disadvantages

In this section, the major THz band limitations and hardware challenges are presented.

Interaction of THz Waves

The atmosphere has absorption bands mainly due to two components: water vapor (H2O) and oxygen (O2). The atmospheric attenuation from 30 GHz to 3 THz, is shown in Figure 1.3 [START_REF] Baron | 7-4 AMATERASU: model for atmospheric terahertz radiation analysis and simulation[END_REF]. If the atmospheric attenuation is less than 10 dB, the effect is relatively small. On the other hand, if the atmospheric attenuation exceeds 10 dB at 1 km, for example, kilometer-class communication becomes difficult. Such frequencies are 60, 183, 325, and 351 GHz and above. Thus, to limit the effects of distortions/losses in future THz radio communication systems on these frequency ranges, the future channels will have to use a bandwidth free of strong absorption lines, and in this perspective, the 200-320 GHz band looks promising, and the frequencies beyond 275 GHz are still free. This may be one of the reasons why the 300 GHz band is attracting attention for communication applications. Thus, the long-distance THz wireless communication is a real challenge with these high propagation losses, and the low sub-THz bands below 300 GHz have more opportunities for these applications. However, a high-gain directional antenna is necessary to deal with the overall propagation losses for outdoor long-distance scenarios such as backhaul and fixed wireless access. Besides, MIMO technology with beamforming can help to counteract these losses and achieve ultra-high data rates. Note that these propagation losses are negligible and irrelevant for the short-range indoor sub-THz/THz communication. Nevertheless, these scenarios are still facing important losses from the surrounding environment and furniture details.

Besides, the sub-THz/THz wireless communication is more exposed to severe blockage and penetration losses than the 60 GHz mmWave losses, as shown in [2,[START_REF] Xing | Propagation Measurement System and Approach at 140 GHz-Moving to 6G and Above 100 GHz[END_REF] and references therein. But it is worth mentioning that these attenuations, molecular/gas absorption, propagation losses as well as reflections, scattering, and diffraction phenomena, have much more contribution to the THz bands. Thus, the efficient communication link will be most likely in Line of Sight (LOS) and/or with a possible few existing Non-Line of Sight (NLoS) paths.

THz Challenges and Limitations: Hardware Technology

The RF front-end is all the components between the antenna and the baseband system of a transceiver, namely mixer or modulator, phase shifter, filters, data converters, and power amplifier (PA). The schematic in Figure 1.4 shows a simplified block representation of a transmitter (Tx) and receiver (Rx) RF frontend. Note that the THz hardware components exist for decades for radio astronomy and satellite applications, but the available components do not suit the emerging sub-THz communication scenarios since the latter has more stringent hardware constraints and requirements such as transceiver dimension, heat dissipation, processing power, operating temperature, and cost. Thus, nowadays, technology is still not mature enough for sub-THz frequencies, even though significant efforts have been made in the last years. For instance, electronics technology is the most convenient for massive low-cost production and business interest for such Tbps scenarios.

The RF systems operating at Sub-THz frequencies and above suffer from strong atmospheric attenuation, see Figure 1.3. This issue could be solved, in theory, by increasing the transmitted power. However, the RF power that THz sources can deliver is low, being one of the most significant challenges for the implementation of many systems in this frequency range.

The active components used to generate or detect the THz waves play a central role in the emergence of these technologies. Figure 1.5 gives an overview of the current performance of THz sources [START_REF] Sengupta | Terahertz integrated electronic and hybrid electronic-photonic systems[END_REF]. For electronic components (transistors, diodes), there is a significant drop in power with frequency (about 1/𝑓 3 ). In the sub-THz range of 0.1 to 1 THz, powers of the order of 1 to 100 mW are possible in the solid state and at room temperature, which makes it possible to consider communication systems in this range. [START_REF] Sengupta | Terahertz integrated electronic and hybrid electronic-photonic systems[END_REF] (references in the graph from [START_REF] Sengupta | Terahertz integrated electronic and hybrid electronic-photonic systems[END_REF]). microwave monolithic integrated circuits (MMIC), resonant tunneling diode (RTD), and difference frequency generation (DFG).

For optoelectronic components (quantum cascade lasers; QCLs), the reverse trend is observed. Nevertheless, the latter must be cooled to cryogenic temperatures and, if one takes into account the atmospheric absorption and the powers generated, it seems uncertain that communications at frequencies above 1 THz will emerge soon. Resonant tunneling diodes (RTDs) also have an interesting compactness or performance ratio at room temperature. Finally, the optoelectronic components; uni-traveling-carrier photodiodes (UTC-PDs) or photoconductor-type (photomixers) have a fairly wide operating range, allowing an optical-to-THz conversion interesting for spectroscopy or communications.

Motivation

Antennas are indispensable components for generating and recurving THz signals, so the development and implementation of THz antennas are critical to the wireless system performance. Currently, there are limited options for antenna designs for the THz band, and their performance is also inadequate for certain potential applications. Indeed, for wireless communications, the free space path loss at THz frequencies is sufficiently large, and thus highdirectivity wideband antennas are required to compensate for the loss. In terms of antenna fabrication, more efforts are needed to design antennas with lower cost and complexity but with the same or better performance. At high frequencies, the electromagnetic wave suffers from more severe free-space loss and blockage, which substantially degrades the signal-tointerference-plus-noise ratio (SINR) [START_REF] Pozar | Microwave engineering[END_REF]. To cope with this shortcoming, high-gain antennas with a directional beam can be deployed (possibly at both transmitting and receiving ends), which greatly enhances the SINR, mitigates the Doppler effect, and improves the data security, thus have been widely used in long-range millimeter-wave (MMW) point-to-point communications with a line-of-sight (LOS) link [START_REF] Pi | An introduction to millimeter-wave mobile broadband systems[END_REF][START_REF] Ando | Novel single-layer waveguides for high-efficiency millimeter-wave arrays[END_REF]. However, the narrow beam provides only limited spatial coverage, making it not amenable to multiuser mobile streaming. In addition, for non-LOS communications, the single-directional beam needs to be steered either electronically or mechanically in order to find a reliable substitute link. Alternatively, the multibeam antennas (MBAs) [START_REF] Marzetta | Noncooperative Cellular Wireless with Unlimited Numbers of Base Station Antennas[END_REF], which are capable of generating a number of simultaneous but independent directive beams with a high gain value to cover a predefined angular range, provide a solution to overcome the above shortcomings of antennas at WM-864 frequency bands (220-330 GHz), with a single-directive beam. Therefore, in this thesis, all-metal sub-THz antenna structures and multi-beam antenna for future high-speed wireless communication systems that overcome the aforementioned limitations are developed. This Chapter firstly discusses the emerging B5G scenarios and gives a general background about the sub-THz bands including their channel characteristics, challenges, and limitations.

One approach to compensate for the high atmospheric attenuation and low available power in the THz range is to use a high-gain antenna with the rest of the components in the RF frontend. Therefore, the development of a suitable and low-cost fabrication technique for sub-terahertz antennas is, nowadays, the main challenge for the passive part of the RF frontend, and it would contribute to the realization of the broad spectrum of potential applications for THz systems. This thesis aims to add to this development by the design and fabrication of several sub-THz antenna structures through the use of different fabrication techniques.

Outlines

The thesis is organized as follows:

Chapter 2 reviews the available fabrication antenna technologies at the sub-THz band (0.1 to 1 THz). It also covers reviews of the Luneburg lens antenna based on dielectric and artificial electromagnetic materials. In this chapter, different antenna fabrication technologies are presented. Computer numerical control (CNC) machining and electro-erosion technology are thoroughly discussed. Technologies utilized in high frequencies such as silicon micromachining are introduced in different discussed research papers. Different types of passive multi-beam antennas such as dielectric electromagnetic material and artificial electromagnetic material are discussed with their relative resonance frequencies, bandwidths, fabrication processes, and efficiencies.

In the next chapters, some of these technologies are used to build high gain wideband antennas in the sub-terahertz frequency bands.

In chapter 3, a circularly polarized horn conical antenna is designed and fabricated at 300 GHz using wire-cutting electro-erosion technology. The fabricated prototype represents the first compact, broadband, and high-gain antenna in the sub-THz frequency range.

In chapter 4, a laser-cutting technology on brass has been applied for the first time in literature to fabricate a low-cost, compact, and high gain Fabry-Perot cavity (FPC) antennas at 300 GHz with linear and circular polarization characterization. The detail of the fabrication methodology is discussed in the chapter.

In chapter 5, a Bull's-Eye (BE) antenna with circular polarization characterization based on crossed-slot and double-fan shaped-slot elements is designed and fabricated with the aim of silicon micromachining technology and CNC milling at 300 GHz.

In chapter 6, a metallic Luneburg lens based on a parallel-plate waveguide (PPW) loaded with variable posts is designed. A high-gain beam scanning antenna at 300 GHz is thoroughly discussed. The followed methodology is discussed in detail.

In chapter 7, metallic Luneburg Lens Based on Parallel-Plate Loaded with uniform Posts is designed and fabricated to reduce the costs and the complexity of fabrication at 300 GHz. In addition, a dielectric Luneburg lens with different thicknesses have been developed and fabricated at 300 GHz with linear and circular polarization characterization.

In chapter 8, the overall conclusions of sub-THz antenna prototypes and multi-beam antenna based on the PPW Luneburg lens are dedicated. Some directions to the future expression of this research are suggested as well.

Literature Review of Antenna Fabrication Technologies at Sub-THz band

There are many technologies used to realize antennas and multibeam at millimeter/submillimeter frequency bands. Different technologies and fabrication techniques are discussed for efficient antennas at the sub-THz band. In the following, we focus more on all metal antenna fabrication technologies as they have the lowest losses. Also, low-temperature cofired ceramics (LTCC) and 3D printing are added to this literature as a way to compare all-metal and substratebased antennas.

Computerized Numerical Control (CNC) Machining

CNC Drilling

Some prototype corrugated horns for the 1.25-1.57 THz band have been designed and fabricated by direct machining in a single block of aluminum. Figure 2.1 shows, that two different kinds of corrugated horns with similar performance have been considered: long conical-profile corrugated horns and shorter profiled corrugated horns. Notice that the profiled horn is much shorter than the conical horn [14].

Figure 2.1: Photographs of prototype corrugated horns. The horn on the left is the conical corrugated horn, and the one on the right is the profiled corrugated horn. The latter is much shorter as can be seen in the above photograph. [14] Smooth-walled multiple flare-angle horns have been designed and manufactured very rapidly and cheaply in large numbers, by repeated direct drilling into a single plate of aluminum using a shaped machine tool (Figure 2.2). A constructed a 230 GHz focal-plane array comprising 37 smooth-walled horns fabricated by direct drilling (Figure 2.3).

The measured beam patterns for a large sample of these horns across the array demonstrate the suitability of their manufacturing techniques for large format arrays [START_REF] Leech | Experimental Investigation of a Low-Cost, High Performance Focal-Plane Horn Array[END_REF]. 

CNC Milling

A multi-flare angle horn antenna has been optimized to demonstrate low cross-polarization, low side-lobe level, good return loss, and excellent beam circularity over the 1700-2100-GHz frequency range [START_REF] Chahat | 1.9-THz Multiflare Angle Horn Optimization for Space Instruments[END_REF] (Figure 2.4). A prototype with directivity of 31.7 dBi and a crosspolarization level below 22 dBi was measured at 1.9 THz with excellent agreement with the calculation. The proposed antenna is machined out of a single metallic block of oxygen-free copper (Figure 2.4) using an end-mill that is shaped under the multi flare angle horn contour. This tool enables the rapid and inexpensive manufacture of the horn, which is perfectly suited for the fabrication of large focal-plane arrays. This technique offers an alternative to conventional electroformed horn arrays which are time-consuming and expensive. A high gain quasi-planar reflector antenna for 325-500 GHz applications is investigated. The antenna is composed of four parts: a feeding horn, quasi-planar reflectors, choke slots, and an E-plane flared horn [START_REF] Fan | Development of a High Gain 325-500 GHz Antenna Using Quasi-Planar Reflectors[END_REF]. All parts are highly integrated inside a metal block for obtaining a compact size. The low-cost conventional milling process is used for fabrication. Two opposite halves are fabricated and integrated by using alignment pins and screws, and their surfaces are electroplated with a 2.5-μm gold layer. The UG387 flanges are used for the feeding horns. Measured results show that the fabricated prototype achieves a wide impedance bandwidth of 43.75% from 325 to 500 GHz with a reflection coefficient below -20 dB. The maximum gain is 32 dBi at 500 GHz and the gain is higher than 26.5 dBi over the whole operating band. 

Diffusion Bonding Technology

Diffusion bonding is a solid-state welding technique to bond plane surfaces together by applying heat and force to the materials, using the diffusion of atoms. Diffusion bonding of multiple thin metal plates is a commercially available fabrication process that can fabricate feed horns above 100 GHz. In recent years, the development of the corporate-feed waveguide slot array antenna through diffusion bonding has been demonstrated as a relatively low-cost and simple manufacturing process.

In [START_REF] Kim | 4 x4 -Element Corporate-Feed Waveguide Slot Array Antenna With Cavities for the 120 GHz-Band[END_REF], a 4 ×4-element corporate-feed waveguide slot array antenna is proposed using the diffusion bonding technique in the 120 GHz band, as shown in Figure 2.6 (Left). This bonding technique is based on the atomic diffusion of elements at the joining interface. Thin platelets containing patterns of etched holes or slots can be sandwiched together in a stack of many layers to form the final antenna structure. Though it offers a relatively high performance possibly up to 1 THz, the constituting multiple layers still need to be laser cut or CNC machined, which leads to additional fabrication complexity. Cavity structures are introduced into the corporate-fed slot array and provide mutual coupling adjustment and a broadband characteristic. The presented array has a maximum gain and efficiency of 21.1 dBi and 80.0%, respectively. Moreover, the 1 dB-down gain bandwidth is 17.6 %, which is a very promising feature.

Figure 2.6: 4×4 and 32×32-element waveguide slot array [START_REF] Kim | 4 x4 -Element Corporate-Feed Waveguide Slot Array Antenna With Cavities for the 120 GHz-Band[END_REF][START_REF] Kim | 64 x 64-Element and 32x 32-Element Slot Array Antennas Using Double-Layer Hollow-Waveguide Corporate-Feed in the 120 GHz Band[END_REF].

A 32×32-element and a 64 ×64-element array in the 120 GHz band are presented in [START_REF] Kim | 64 x 64-Element and 32x 32-Element Slot Array Antennas Using Double-Layer Hollow-Waveguide Corporate-Feed in the 120 GHz Band[END_REF] with increased efficiency and bandwidth as shown in Figure 2.6 (Right). But the measured results of the two arrays show more than 38 dBi gain can be achieved in the frequency band of interest.

Metal Forming Techniques

Electroforming Process

At higher frequencies the manufacturing process is critical. Classical milling is still a good candidate and can be used up to 350 GHz for corrugated horns. For the rectangular to the circular junction, spark erosion is a good candidate for direct machining. As a drawback, the surface roughness is not as good as classical milling. The electroforming process becomes necessary as the horn dimensions decrease, the mandrel being easier to manufacture and control. The other advantage is that the horn is manufactured in one piece.

The horn realized by the electroforming process is presented in Figure 2.7 and has shown the best results in cross-polarization [START_REF] Beniguel | Design realization and measurements of a high performance wide-band corrugated horn[END_REF]. In order to verify the wide-band characteristics of the horn, the RF pattern has been measured from 76.56 to 109.10 GHz. 

Electro-erosion Process

Electrical Discharge Machining (EDM) is a machining method primarily used for hard metals or those that would be impossible to machine with traditional techniques. One critical limitation, however, is that EDM only works with electrically conductive materials. EDM is especially well-suited for cutting intricate contours or delicate cavities that would be difficult to produce with a grinder, an end mill, or other cutting tools. Metals that can be machined with EDM include Hastelloy, hardened tool-steel, titanium, carbide, Inconel, and Kovar. Recently, progress in wire-cut and die-sink EDM in terms of accuracy and very precise control of the machining tools has made possible the fabrication of very delicate components such as antennas at millimeter-wave frequency.

In [START_REF] Hotte | Directive and high-efficiency slotted waveguide antenna array for V-band made by wire electrical discharge machining[END_REF] slotted waveguide antenna array was made in aluminum by wire EDM technique and a milling technique as shown in Figure 2.8(a). A -10 dB bandwidth of 3.54 GHz was achieved while the antenna exhibits a measured realized gain of 10.7 dBi at a resonance frequency of 58.8 GHz, with a high total efficiency of 95%. Authors in [START_REF] Vosoogh | A multi-layer gap waveguide array antenna suitable for manufactured by die-sink EDM[END_REF], fabricated of 16×16 slot array antenna by using die-sink EDM [START_REF] Vosoogh | A multi-layer gap waveguide array antenna suitable for manufactured by die-sink EDM[END_REF] as shown in Figure 2.8(b). The measured impedance bandwidth was 18% with a reflection coefficient better than -10 dB, and the radiation patterns satisfy over the 56-67 GHz frequency band. The measured total aperture efficiency was over most of the frequency band better than 80%.

Low-Temperature Cofired Ceramic (LTCC) Technology

In recent years, LTCC technology has shown its potential to offer stable and low-loss performance for millimeter-wave/THz integrated circuits. A typical LTCC structure allows printing low-loss conductors on multi-layer ceramic substrates where large quantities of components can be embedded. The proven reliability of the multi-layering LTCC technique permits high-level circuit integration and relative ease of manufacture.

The authors in [START_REF] Xu | 270-GHz LTCC-Integrated Strip-Loaded Linearly Polarized Radial Line Slot Array Antenna[END_REF] proposed a 270 GHz linearly polarized radial line slot array (RLSA) using the LTCC process. Based on the classic RLSA at microwave frequency, the presented work introduces an integrated feeding transition and strip loading to improve impedance bandwidth. Figure 2.9 shows the fabricated antenna prototype. The measured -10 dB S11 is from 261.3 GHz to 282.2 GHz, and the measured gain is higher than 24.6 dBi over 271.2-281 GHz with a peak gain of 27.6 dBi at 275.2 GHz. Due to the non-uniform illumination and asymmetrical feeding, the antenna aperture efficiency is less than 40%. Authors in [START_REF] Xu | 140-GHz TE20-Mode Dielectric-Loaded SIW Slot Antenna Array in LTCC[END_REF] reported a TE20-mode substrate integrated waveguide (SIW) fed slot antenna array working at 140 GHz. Figure 2.10 shows the proposed 8×8 slot array consists of eleven substrate layers and six metal layers. The dielectric-loaded radiating slots are excited with a feeding network comprising a power divider and E-plane coupler. The measured results show a maximum boresight gain of 21.3 dBi at 140.6 GHz and a good impedance matching between 129.2 and 146 GHz. It is noted that there is a large reduction in the measured efficiency which is from the fabrication tolerances and variation of the material properties. Apart from waveguide slot arrays, the LTCC technique can also be used to design 300-GHz step-profiled corrugated horn antennas [START_REF] Tajima | 300-GHz Step-Profiled Corrugated Horn Antennas Integrated in LTCC[END_REF]. As can be seen from Figure 2.11, the horn structure is subtly formed by a hollow multilayer LTCC substrate and metal vias. The air cavity reduces the loss of the antenna which is beneficial to impedance matching. To verify the design concept, an LTCC hollow waveguide was fabricated and measured with an insertion loss of less than 0.6 dB/mm. The resultant LTCC horn antenna has a size of 5 mm × 5 mm × 2.8 mm. The measurement shows the frequency range of more than 10 dB return loss is from 230 to 330 GHz. The antenna has a peak gain of 18 dBi with the 3-dB gain bandwidth from 248 to 320 GHz.

3D Printing Technology

As an emerging technique, 3D printing offers high flexibility and precision as well as a potential fast turnaround, which enables a lot of new electromagnetic component designs including 3D printed THz antennas. The authors in [START_REF] Wu | Terahertz Horn Antenna Based on Hollow-Core Electromagnetic Crystal (EMXT) Structure[END_REF] describe a 3D printed all-dielectric THz horn antenna based on a hollow-core electromagnetic crystal (EMXT) structure. Polymerjetting prototyping technique is adopted to fabricate the dielectric horn antenna. To measure the radiation pattern of the fabricated horn in Figure 2.12, THz time-domain spectroscopy (THz-TDS) system is used as the horn cannot be fed by a conventional metal waveguide. The measured gain has large differences from 5 dBi to 23 dBi in the frequency range of 80 -190 GHz because of the passbands of the EMXT waveguide structure. However, the reflection coefficient of the antenna cannot be measured through the simulated one presented.

Figure 2.12: Fabricated THz EMXT horn antenna [START_REF] Wu | Terahertz Horn Antenna Based on Hollow-Core Electromagnetic Crystal (EMXT) Structure[END_REF].

The authors in [START_REF] Nayeri | 3D Printed Dielectric Reflectarrays: Low-Cost High-Gain Antennas at Sub-Millimeter Waves[END_REF] present three different dielectric reflectarrays operating at 100 GHz. Figure 2.13 presents the reflectarrays fabricated by polymer-jetting 3-D printing technology. The material loss and dielectric constant at 100 -600 GHz are first observed using the THz timedomain spectrometer system. Then reflectarrays with different aperture phase distributions are studied to quantify the fabrication limits. The measured gain of the three prototypes at 100 GHz is 22.5, 22.9, and 18.9 dB, respectively. The proposed design is expected to be readily scalable to higher THz bands.

Figure 2.13: Three 3D printed reflectarrays [START_REF] Nayeri | 3D Printed Dielectric Reflectarrays: Low-Cost High-Gain Antennas at Sub-Millimeter Waves[END_REF].

The researchers at the City University of Hong Kong report a fixed frequency scanning transmitarray using 3D printed dielectric material in the frequency range of 225-325 GHz for the first time [START_REF] Yi | 3-D Printed Millimeter-Wave and Terahertz Lenses with Fixed and Frequency Scanned Beam[END_REF]. According to the presented measured results, a maximum gain of 27.5 dBi and a scanning range of 14.3° can be achieved. Figure 2.14 shows the fabricated dielectric lens antennas.

Figure 2.14: Fabricated THz lens antennas [START_REF] Yi | 3-D Printed Millimeter-Wave and Terahertz Lenses with Fixed and Frequency Scanned Beam[END_REF].

Micromachining Technology

The last technique we need to highlight is micromachining technology, which shows potential at THz frequencies with permanent thick-resists, thick-resist electroforming, and deep reactive ion etching (DRIE) of silicon micromachining. These techniques use photolithographic techniques to produce features accurate to 3 μm or less.

PolyStrata Microfabrication

The PolyStrata microfabrication process is a thick-resist electroforming micromachining technique, that involves sequential deposition of copper and photoresist on a carrier substrate. Multilayer structures can be realized by fusing a dozen or more layers with a layer thickness from 10 μm to 100 μm. At the end of the process, the unwanted photoresist is removed chemically, leaving air-filled free-standing metal and dielectric structures.

Reference [START_REF] Boryssenko | 300 GHz microfabricated waveguide slotted arrays[END_REF] presents a waveguide slotted array fabricated using the PolyStrata process. The measured results show the S11 of the antenna shown in Figure 2.15 is below -10 dB over the 275 to 295 GHz frequency range and the gain of the antenna at 280 GHz is 20 dBi. The slot-waveguide array can also be used for frequency scanning as long as the slots are arranged to conform to a Chebyshev or a Taylor distribution. At the low THz band, this concept is demonstrated in [START_REF] Cullens | Micro-Fabricated 130-180 GHz Frequency Scanning Waveguide Arrays[END_REF], where 10 and 20-element slot arrays were fabricated using the PolyStrata sequential copper deposition process and subsequently gold-plated, as shown in Figure 2.16. A Standard WR-05 waveguide is used to feed the two waveguide arrays. Both the fabricated antennas have good impedance mating over the entire frequency band from 130 to 180 GHz. The measured gain is 15.5 dBi for a 10-element array at 150 GHz, and 18.9 dBi for a 20-element array at 150 GHz, and the scan range is around 32.5 ° over the frequency range. 

DRIE-based Silicon Micromachining

Deep reactive ion etching (DRIE) micromachining is a dry etching technique, that relies on plasma etching of bulk silicon, which has been successfully applied to mmW and THz advanced packing. To etch holes and trenches in Si wafers, high-density plasma is generated by efficient RF power coupling.

The main steps of the fabrication micromachined process for standard WR-3.4 waveguide are illustrated in Figure 2.17 [START_REF] Beuerle | A Very Low Loss 220-325 GHz Silicon Micromachined Waveguide Technology[END_REF]. The device layer (DL) of the silicon-on-insulator (SOI) wafer is etched using DRIE with a three-step Bosch process Figure 2.17(b). The buried oxide (BOX) layer of the SOI wafer acts as an etch stop during DRIE, ensuring that the resulting etch profile is free from curvature and is subsequently removed by plasma etching. Both the SOI wafer and the silicon cap wafer are then metalized with 1.0 𝜇𝑚 of gold (waveguide top and bottom) using sputter deposition Figure 2.17(c), resulting in a thickness of 0.3 𝜇𝑚 on the waveguide sidewalls. Finally, the individual chips are bonded using thermo-compression bonding at 200 ℃, Figure 2.17 (d). The proposed antenna in [START_REF] Zhu | A 750-1000 GHz H -Plane Dielectric Horn Based on Silicon Technology[END_REF] is fabricated on a high resistivity Si (HR-Si) wafer using DRIE.

As can be seen from Figure 2.18, the H-plane dielectric horn antenna is fed by a dielectric ridge waveguide (DRW) and is compatible with the planar circuit integration. Since the antenna feed waveguide dimensions are smaller than those of a standard WR-01 waveguide (254 μm×127 μm), the authors propose a noncontact measurement approach to measure the antenna gain.

The measured gain of the antenna is around 8 -12 dBi at the band of (750 -1000) GHz but the reflection coefficient cannot be measured using this method. Also, due to the limitation of the method, the E-plane radiation pattern could not be measured. 

Conclusion

To conclude the technologies briefly discussed in terms of their pros and cons, Table 1.1 offers a comparison between them as a summary. 

Multi-beam Antennas (MBAs)

An overview of the existing multi-beam antenna technologies, which include passive multibeam antennas (MBAs) based on quasi-optics beamforming, beamforming circuits, multibeam phased-array antennas enabled by various phase-shifting methods, and digital MBAs with different system architectures.

The passive MBAs are a class of MBAs that achieve the desired beamforming in the RF domain without using any active components [START_REF] Marzetta | Noncooperative Cellular Wireless with Unlimited Numbers of Base Station Antennas[END_REF][START_REF] Cheng | Substrate-Integrated-Waveguide Beamforming Networks and Multibeam Antenna Arrays for Low-Cost Satellite and Mobile Systems[END_REF]. In general, the passive MBAs contain a finite number of well-isolated input ports. Each port controls a single narrow beam pointing in a predefined direction. Multiple beams can thus be simultaneously emitted from a shared aperture of a certain physical size for covering a prescribed angular range. The resolution is limited by the beamwidth, while the number of beams determines the range of coverage. Typically, the performance of the passive MBAs is characterized by the scanning range, polarization, gain, sidelobe level, bandwidth, port isolation, and efficiency. According to the system architecture and principle of operation, the passive MBAs can be divided into three categories:1) passive MBAs based on reflectors; 2) passive MBAs based on lenses; 3) passive MBAs based on beamforming circuits. We will focus on our work on the passive MBAs based on the lens.

Passive MBAs Based on Lenses

The lens-based beamforming components are transmitting devices that provide the targeted multibeam radiation. One side of the lens is illuminated by the input waves emitted from the feeding antennas, while the other side of the lens serves as the radiating aperture [START_REF] Johnson | Antenna engineering handbook[END_REF].

Luneburg lenses are quasi-optics beamforming, which is a spherically symmetric lens with a gradient refractive index (GRIN). The Luneburg lens [START_REF] Luneburg | Mathematical theory of optics[END_REF] is a well-known device that focuses radiation emitted from a point source located on its perimeter, as shown in Figure 2.22, to a plane wave emanating from the diametrically opposite side of the lens (or vice versa), using a refractive index profile that decreases radially from its center. Such devices have been experimentally realized as a series of concentric rings, where the refractive index is varied in steps rather than as a smooth function of radius. A perfect Luneburg lens is isotropic and could support full angular coverage by moving the feeding point. At high frequencies, this kind of lens can be a feasible steerable antenna since arrays and phase shifters are complex and not even available in the market [START_REF] Pfeiffer | A Printed, Broadband Luneburg Lens Antenna[END_REF]. A Luneburg lens follows the relation between refractive index and radial position given in equation (2.1). In this equation, ''ρ'' stands for the current radius while ''R'' represents the out-most radius of the Luneburg lens. It can be seen from Figure 2.23 that the refractive index ''n'' falls from √2 to 1 from center to surface, while the relative permittivity ''𝜀 𝑟 '' varies from 2 to 1. If a Luneburg lens is placed in air, there will be no reflections at the lens-air interface since the refractive index at the lens surface is the same as that of air. This solves the problem of reflection with conventional lenses. To design the Luneburg lens practically, from literature we found two types of materials have been used as shown in the following section.

𝑛 = √𝜀 𝑟 = √ 2 -( 𝜌 𝑅 ) 2 (2.1)

Dielectric Electromagnetic Material

Since Rudolf Luneburg proposed the simple solution to generate two special foci with the gradient-index lens, different methods have been investigated to manufacture and implement it in microwave antenna applications. Authors in [START_REF] Peeler | Microwave stepped-index luneberg lenses[END_REF], showed that 10-discrete layers of dielectric were sufficient to provide Luneburg lens behavior instead of continuously varying refractive index materials. Their lens had 18 inches' diameter and was aimed to be used at X band. They adopted equal '𝜀 𝑟 ' increment method for the 10 layers instead of equal '𝑛' increment, as relative permittivity is usually more directly measured than the refractive index.

The focusing effect of multi-layer dielectric Luneburg lens with frequencies is explored in [START_REF] Baev | Modeling and simulations of lüneburg lens antennas for communication purposes[END_REF].

The authors simulated a 10-layer lens with a 200 mm diameter with a frequency varying from 2.45 GHz to 10 GHz. They showed that splitting the 3D lens model into a 1/4 sphere is enough to get the correct radiation pattern in simulation due to E-field symmetry and H-field symmetry.

In [START_REF] Peeler | A two-dimensional microwave luneberg lens[END_REF], also built a 2D Luneburg lens operating in TE10 mode with an almost-parallel plate waveguide filled with polystyrene. The authors tuned the refractive index by changing the thickness of polystyrene.

In [START_REF] Sato | A plate Luneberg lens with the permittivity distribution controlled by hole density[END_REF][START_REF] Xue | 24 GHz automotive radar planar Luneburg lens[END_REF][START_REF] Reinholdt | Cylindrical Luneburg lens antenna for multi-beam small cell wireless backhaul applications[END_REF], the method of controlling permittivity changed to drilling small holes in dielectric disks instead of varying the height of the dielectric as shown in Figure 2.24. Adding air holes can decrease the equivalent dielectric constant by having less material per unit volume, and the density of holes determines the resulting refractive index. However, all these lenses have quite complex manufacturing procedures, like binding dielectric layers, contouring dielectrics, or drilling numerous holes. To achieve easier fabrication, a 2D metasurface Luneburg lens with a printed circuit board technique was designed [START_REF] Pfeiffer | A Printed, Broadband Luneburg Lens Antenna[END_REF]. As can be seen from Figure 2.25, the authors etched crossed microstrip lines over a copper-clad substrate and controlled the refractive index by meandering the transmission lines and varying line widths on each unit cell. Their lens operated at 13 GHz in TEM mode, with a tapered transmission line feed and a flare. The scanning angle was from -45 ° to +45 °with a -3 dB cross-over level. The author in [START_REF] Cheng | Broadband planar Luneburg lens based on complementary metamaterials[END_REF] also made use of the etching technique to fabricate a Luneburg lens with I-shaped unit cells at around 10 GHz. In 2010, authors presented another way to achieve a 2D Luneburg lens refractive index profile using Fakir's bed of nails substrate inside a parallel plate waveguide [START_REF] Silveirinha | Electromagnetic Characterization of Textured Surfaces Formed by Metallic Pins[END_REF]. They modified the pin height to achieve the needed local refractive index at 10 GHz [START_REF] Casaletti | A luneburg lens designed by using a variable artificial surface[END_REF]. In 2012, a circular patch array with varying patch sizes on a dielectric substrate was applied and achieved Luneburg lens behavior inside a parallel plate waveguide [START_REF] Bosiljevac | Non-Uniform Metasurface Luneburg Lens Antenna Design[END_REF]. The center frequency of their design is 13 GHz and the dielectric had a permittivity of 10.2. The authors also suggested two different flare structures match the impedance of thin waveguide and free space. However, since most of the energy was confined inside the substrate, the effect of flares was limited. In [START_REF] Xiong | Design of a metasurface Luneburg lens antenna with flared structure[END_REF], a similar configuration was proposed.

Artificial Electromagnetic Material

Although huge progress has been made in fabricating methods, all these Luneburg lenses contain dielectric. At high frequencies, electromagnetic waves propagating along the surface of the dielectric substrate will extend many wavelengths into dielectric, causing relatively high dielectric loss. Moreover, some of them do not support TEM waves, which leads to intrinsically limited bandwidth [START_REF] Dockrey | Thin metamaterial Luneburg lens for surface waves[END_REF]. In a contrast, metals are good conductors with large and imaginary dielectric constants at microwave frequencies. Electromagnetic waves are almost all screened out due to the high conductivity of the metal, stopping fields to propagate inward [START_REF] Dockrey | Thin metamaterial Luneburg lens for surface waves[END_REF].

In [START_REF] Walter | Surface-wave Luneburg lens antennas[END_REF], it is theoretically demonstrated and experimentally validated that a periodic and regular vertical metal posts array on a ground plane, as shown in Figure 2.26, can act as an isotropic artificial dielectric material, and therefore can be operated as a lens. The post's size, spacing, and height controls the refractive index. It is important to note that there is no upper ground plane on the top of the metal posts The authors proposed an approximate analysis of the index based on a transverse resonance method (TRM) which gives an analytical formula to derive 'neff ' from the physical parameters of the metal post structure. In [START_REF] Young-Jin | A photonic bandgap (PBG) structure for guiding and suppressing surface waves in millimeter-wave antennas[END_REF], a photonic bandgap (PBG) structure, based on periodic and regular metal posts in a parallel-plate waveguide (PPW), is proposed to guide surface waves as shown in Figure 2.27.

It has been demonstrated that periodic metal posts have arbitrary surface impedances and guide surface waves. In Figure 2.27 (b), the cross-sectional view of the PBG structure and its transverse resonance equivalent circuit are presented. Using the transmission-line theory and considering post dimensions, the surface impedance is derived as

𝑍 𝑇𝑀 = 𝑗𝑊𝜂 1 tan(𝑘 1 𝑡) (2.2) 
where 𝜂 1 = √𝜇 0 𝜀 0 𝜀 1 ⁄ ,𝑘 1 = 2𝜋 𝜆 ⁄ , and 𝑊 = (𝑃 -𝐷) 𝑃 ⁄ is the ratio of the length unfilled by the post to the period.

The relation between the required refraction index '𝑛' and metal post height ′𝑡′ is obtained using the TRM. From the transverse resonance condition, the sum of two impedances 𝑍 ⃗ 𝑥=𝑡 + , and 𝑍 ⃖ 𝑥=𝑡 -in Figure 2.27 should be zero on the resonance line, i.e., 𝑍 ⃗ 𝑥=𝑡 + + 𝑍 ⃖ 𝑥=𝑡 -= 0, which is written as

√𝑛(𝑟) 2 -𝜀 𝑟2 tanh (𝑘 0 √𝑛(𝑟) 2 -𝜀 𝑟2 (ℎ -𝑡)) = 𝜀 𝑟2 √ 𝜀 𝑟1 𝑊 tan(𝑘 1 𝑡) (2.3)
This equation is numerically solved for the desired metal post heights '𝑡'. The concept is applied to design and fabricate a PPW Luneburg lens at 76.5 GHz for radar application.

Contrary to [START_REF] Walter | Surface-wave Luneburg lens antennas[END_REF], there is an upper plate on the top of the metal posts, and it can be noted that the PPW spacing is constant. In [START_REF] Young-Jin | Angular independency of a parallel-plate Luneburg lens with hexagonal lattice and circular metal posts[END_REF], the influence of lattices and metal post shapes at millimeter-wave frequencies, on the performances of an asymmetric parallel-plate waveguide Luneburg lens (APWLL) is studied.

Square, hexagonal, and circular metal post shapes were considered, and also square and hexagonal lattices, as shown in Recently, a full metal metasurface with 2-layers of glide-symmetric configurations was proposed [START_REF] Quevedo-Teruel | Ultrawideband Metasurface Lenses Based on Off-Shifted Opposite Layers[END_REF]. It has a higher effective refractive index and ultra-wideband, resulting in a flat Luneburg lens operating from 4 to 18 GHz. In order to implement this technology at 60 GHz frequency, a different unit cell for the Luneburg lens was proposed in [START_REF] Torki | A planar steerable 60 GHz leaky wave antenna with Luneburg lens feed[END_REF]. Some other applications of glide symmetry technology can be found in [START_REF] Ebrahimpouri | Design Guidelines for Gap Waveguide Technology Based on Glide-Symmetric Holey Structures[END_REF][START_REF] Ebrahimpouri | Cost-Effective Gap Waveguide Technology Based on Glide-Symmetric Holey EBG Structures[END_REF][START_REF] Liu | Broadband metasurface Luneburg lens antenna based on glide-symmetric bed of nails[END_REF].

Circularly Polarized Nonplanar Antenna

Introduction

Recently, the terahertz (THz) frequency spectrum spanning from 0.1 THz to 10 THz has been highly valued in different fields such as wireless cognition, imaging, spectroscopy, sensing, super-high precision positioning, and future wireless communications [1]. Sub -THz frequency (100 GHz -1 THz) band, which has not been allocated for specific uses yet, has an extremely broad atmospheric transmission window (~100 GHz bandwidth), with manageable losses, and will be ideal for building wireless links with ultra-high data rates up to a terabit per second (Tbps) with super-reliability and minimal latency communications. All of these properties make the sub-THz spectrum ideal for sixth-generation (6G) wireless mobile communications [2].

At THz frequencies, the need for high gain antennas is very important in order to overcome high atmospheric absorption, and high path loss at these frequencies, which will affect the budget of the wireless link. The need for directive antennas for 6G wireless fronthaul/backhaul for cellular mobile radio networks is increased in the case of applying point-to-point high data rate wireless links according to fixed radio systems [START_REF] Saad | Beyond-5G wireless Tbps Scenarios and Requirements[END_REF]. Moreover, circularly polarized (CP) antennas are required for any modern wireless communication system due to their ability to avoid multipath fading and polarization mismatch between the antennas and enhance the channel capacity of the communication link. Therefore, it is important to develop front-end components focusing on CP THz antennas. For sub-THz frequencies (i.e. 300 GHz), manufacturing errors become crucial concerning antenna characteristics, so a simple structure, such as a horn, is preferred. Horn antennas have been proposed at THz frequencies [START_REF] Chahat | 1.9-THz Multiflare Angle Horn Optimization for Space Instruments[END_REF][START_REF] Tajima | 300-GHz Step-Profiled Corrugated Horn Antennas Integrated in LTCC[END_REF][START_REF] Wu | Terahertz Horn Antenna Based on Hollow-Core Electromagnetic Crystal (EMXT) Structure[END_REF][START_REF] Lee | Corrugated (2 × 2) silicon platelets horn antenna array at 560 GHz[END_REF][START_REF] Britton | Corrugated silicon platelet feed horn array for CMB polarimetry at 150 GHz[END_REF][START_REF] Nibarger | An 84 pixel all-silicon corrugated feedhorn for CMB measurements[END_REF] with good radiation performance but no one has designed CP horn antennas at Sub-THz frequencies.

Recently, progress in Wire-cutting and die-sink Electrical Discharge Machining (EDM) technique in terms of accuracy and very precise control of the machining tools has made possible the fabrication of very delicate components needed for antennas at the millimeterwave frequency [START_REF] Hotte | Directive and high-efficiency slotted waveguide antenna array for V-band made by wire electrical discharge machining[END_REF][START_REF] Vosoogh | A multi-layer gap waveguide array antenna suitable for manufactured by die-sink EDM[END_REF][START_REF] Cheng | Analysis and Design of a Wideband Endfire Circularly Polarized Septum Antenna[END_REF]. A directive and low loss antennas obeying the THz-wireless communication requirements can be obtained. Compared to a conical corrugated horn antenna with 24 gold-coated silicon platelets at 330 GHz manufactured by using a deep reactive-ion etching (DRIE) process of silicon micromachining [START_REF] Lee | Terahertz antenna arrays with silicon micromachined-based microlens antenna and corrugated horns[END_REF], our structure is very simple with three main components of brass and made economically by using a metal cutting Wire EDM.

In this chapter, we numerically and experimentally investigate a circularly polarized conical horn antenna for the WM-864 frequency (220 GHz-330 GHz) band, which has been fabricated by direct Wire EDM machining in a single block of metal. The rest of the paper is organized as follows. Section 3.2 describes the basic concept of conical horn antenna design in terms of parametric study and its design factors for improving the antenna characteristics. Section 3.3 presents a fabricated prototype of the Sub-THz CP horn antenna. Finally, the measured reflection coefficient (S11), antenna directivity, axial ratio (AR), 2D radiation patterns in both principle planes, 2D AR, and the radiation pattern at different frequencies, confirm the simulations are provided in 3.4 To the best of our knowledge, this is the first time a 300 GHz CP conical horn antenna has been successfully manufactured by direct machined using Wire EDM in one block of metal. In comparison with the CP horn antenna proposed in [START_REF] Bhardwaj | Hexagonal Waveguide Based Circularly Polarized Horn Antennas for Sub-mm-Wave/Terahertz Band[END_REF] using EDM technology at 110 GHz, which is comprised of a series of hexagonal and transition waveguides, our proposed structure is considered to be much easier for design and fabrication at 300 GHz.

Antenna Design and Configuration

The geometry of a conical horn antenna is shown in Figure 3.1. To design a conical horn for a desired gain ''G'' of 20 dBi at a 300 GHz design frequency (free space wavelength 𝜆 0 = 1 mm ), we use the following procedure [START_REF] Balanis | Modern antenna handbook[END_REF]:

𝑎 𝑖 = 3𝜆 2𝜋 (3.1) 
𝑎 𝑜 = 𝜆 2𝜋 √ 10 (𝐺 𝑑𝐵𝑖 +2.91) 10 ⁄ (3.2) 𝑅 = 4𝑎 𝑜 2 3𝜆 (3.3) 𝜃 = sin -1 ( 𝑎 𝑜 𝑅 ) (3.4) 𝐿 = 𝑎 𝑜 -𝑎 𝑖 tan 𝜃 (3.5)
where "𝑎 𝑖 " is the radius of the throat horn, "𝑎 𝑜 " is the radius of aperture horn, "𝑅" is the slant length, "𝜃" is the flare angle, and "𝐿" length of the conical horn. Figure 3.2 illustrates the 3D geometrical view of the proposed antenna structure. The antenna consists of three components, which are waveguide feed, circular polarizer disk, and conical horn respectively. The waveguide feed is a standard WR-03 rectangular waveguide that works in a WM-864 frequency band. This component, the rectangular waveguide, works as feeding for the whole structure without using a transformer section from the rectangular waveguide WR-03 to the circular waveguide in the input of the conical horn.

The conical horn element is a smooth-walled conical horn antenna that is easier to manufacture at high frequencies (i.e. 300 GHz) compared to a corrugated walled which becomes complicated in terms of the manufacturing process. For our desired gain of 20 dBi, the dimensions of the conical horn antenna were calculated by using (1-5). We found the optimum dimensions for the radius of the horn throat is 𝑎 𝑖 = 0.4 mm, the radius of the horn aperture 𝑎 𝑜 = 1.9 mm ,and the conical horn axial length 𝐿 = 4 mm.

The aperture "𝑎 𝑜 " and throat "𝑎 𝑖 " radii of the conical horn play a very important role in the performance of the antenna such as directivity. We studied the effects of different dimensions of a conical horn antenna in terms of directivity with respect to frequency as shown in Figure 3.3. As the flare angle increases (in our study i.e. 𝑎 𝑜 ), the directivity for an assumed horn length (𝐿 = 4 mm) increases until it reaches a maximum, beyond which it begins to decrease. The decrease is a result of the dominance of the quadratic phase error at the aperture. From Figure 3.3 it's clear that the radius of the horn aperture 𝑎 𝑜 = 1.9 mm and radius of horn throat 𝑎 𝑖 = 0.4 mm gives the highest directivity, which cover the desired bandwidth from 270 GHz to 330 GHz. We noticed that the length of the crossed slot of the circular polarizer disk has a large impact on the AR as shown in Figure 3.4. We fixed the length of slot 1 as (𝐿𝑠 1 = 0.51 mm) and change the length of slot 2 "𝐿𝑠 2 '' by a fixed value of ''𝑠'' with respect to 𝐿𝑠 1 (i.e. 𝐿𝑠 2 = 𝐿𝑠 1 -𝑠). It is clear from Figure 3.4 that a change in the small value of ''𝑠'' (20 μm) shifts the AR below 3 dB in frequency from 305 GHz to 312 GHz. The AR in the azimuth plane is kept below 3dB on a range of angle theta ''𝜽'' up to ~±10 • which covers the half-power beamwidth (HPBW ) equal to 18.5 °, as defined in Figure 3.5(a). Also, it is noted that in the elevation plane shown in Figure 3.5(b), the AR is less than 3dB over the whole main lobe, except for the highest value of frequency at 315 GHz. The maximum gain of the radiation pattern is equal to 18.4 dBic in both planes at the broadside direction. 

Fabrication Process

There are three modern manufacturing technologies used to produce the antenna structure with very delicate components. These are Wire-cutting EDM, mechanical drilling, and laser-cutting. Wire-cutting EDM is a thermo-electrical process that uses a continuously moving metal wire (usually brass) used as an electrode (tool) to remove material by a series of sparks produced between the workpiece and the electrode as shown in Figure 3.7. A stream of dielectric fluid (deionized water) continuously flowing in the machining zone, is used to wash away tiny particles being eroded, regulate the discharge, and keep the wire and workpiece cool. The wire and workpiece must be electrically conductive [START_REF] Sommer | Complete EDM handbook[END_REF][START_REF] Singh | Review on effects of process parameters in wire cut EDM and wire electrode development[END_REF].

The waveguide feed and the conical horn were manufactured by wire-cutting EDM technique in a brass block with an electrical conductivity 𝜎 = 35.86 × 10 6 Sm -1 . This Wire-cutting EDM is direct machining and has features of simplicity and mechanical robustness since the geometry of the proposed antenna is directly engraved onto the block of metal. We used mechanical drilling technology for a novel footprint disk of a circular polarizer with a thickness of 100 𝜇m and four-hole alignments parts for the whole structure. Also in order to avoid the movement crossed slot in the circular polarizer disk a small tail is provided as shown in 

Experimental Results and Discussion

The measurement setup for impedance matching characterization can be seen in The measurement of the 300 GHz CP conical horn antenna showed that the reflection coefficient (S 11 ) less than -15 dB in the range of interest from 270 GHz to 330 GHz is as shown in Figure 3.10. The measured RHCP realized gain is 18.2 dBic at 303 GHz and total directivity is 18.3 dBic at 312 GHz. The simulated and measured AR of the proposed antenna is shown in Figure 3.12. The minimum measured AR at 312 GHz is 1.15 dB with the measured 3-dB AR bandwidth of 7 GHz between 309 GHz to 316 GHz being 2.3%. This frequency shift is due to the manufacturing tolerance. There is a good agreement between the simulated and measured results.

Figure 3.12: Axial ratio (simulated and measured) of 300 GHz CP conical horn antenna.

The measured directivity of the proposed antenna is given in Figure 3.13, which is obtained by integrating the 3D measured radiation pattern of the antenna under test (AUT) over the upper hemisphere. The measured broadside RHCP directivity reaches 18.3 dBic at 312GHz, while the simulated directivity is nearly 19 dBic. Also, note that there is a good agreement between the simulated and measured results of the proposed antenna. The measured and simulated normalized RHCP radiation patterns of the proposed antenna in both the azimuth plane and elevation plane at 300 GHz, 309 GHz, 312 GHz, 313 GHz, and 316 GHz are given in Figure 3.16 It can be seen that, because of the symmetry of the antenna, measured radiation patterns of both planes are similar, and agree well with the simulated results. The normalized cross-polarization pattern plots (LHCP) of the proposed antenna are also given in Figure 3.16. The maximum isolation between the co-polarization RHCP and its cross-polarization LHCP is more than 10 dB except at 300 GHz. The measured crosspolarization levels are better than 20 dB below the main beam at the broadside direction at 312 GHz, and 313 GHz. The first sidelobe levels of the normalized RHCP radiation pattern are below -20 dB at the measured frequency. The measured normalized radiation patterns at 312 GHz of the proposed antenna over a wide range of cut-plane observation angles at 0 ˚, -45 ˚, -90 ˚, and -135 ˚ are shown in Figure 3.17.

There is a good agreement of radiation patterns at different cut-planes of varied φ angles, which suggests that the proposed antenna has good CP radiations. The radiation pattern exhibits excellent stability with respect to the azimuthal angle 𝜑 (0˚, -45˚, -90˚, and -135˚), and good symmetry is also observed in the elevation planes. Similar results were also observed between 309 GHz to 316 GHz and the AR is below 3 dB. For brevity, not all plots have been included. 2D Orthographic (UV) plots the far-field as a 2D colormap plot using an orthographic projection of the unit sphere from the z-axis onto the x-y-plane. The projected x-y-coordinates are named u and v respectively. They have the following relation to the spherical angles: 𝑢 = cos 𝜙 sin 𝜃 and 𝑣 = sin 𝜙 sin 𝜃. Note that this orthographic projection always limits the view to the upper hemisphere (𝜃 ≤ 90 °).

To have a better understanding of the 3D patterns of the antenna, the 2D color-map in the reciprocal (u-v) spectral plane of the CP horn antenna at 300 GHz is plotted in the u-v spectral plane in Figure 3.18 for the broadside. It can be easily noticed that a very good pattern symmetry is obtained for the CP horn antenna. Table 3.1 gives a comparison among different CP antennas in the sub-THz band. Some key parameters are listed, including working frequency band, 3dB AR bandwidth, maximum gain, and technology of fabrication. The results show that our antenna is currently the first antenna, which is achieved with a very simple all-metal structure with compact size in the sub-THz band using wire EDM techniques. The measured results proved that manufacturing parts have high precision.

Table 3.1: Comparison between the proposed CP horn antenna with other latest CP sub-THz antenna.

Conclusion

A sub-THz CP conical horn antenna fabricated by direct machining in one block of metal using the Wire-EDM technique operating at 300 GHz was presented. Circular polarization was achieved by exiting two orthogonal modes through the crossed slot of the circular polarizer disk of the proposed antenna. 

Low-profile Planar Antennas

Introduction

High transmission data rates, low latency, high reliability, and interference-free operation are the most needed features today for applications ranging from communications to infotainment and positioning to healthcare. The demand is the driving force behind recent remarkable developments in wireless networks in new frequencies [START_REF]Terahertz Communication for Vehicular Networks[END_REF]. This leads to making the terahertz (THz) (0.1 to 10 THz) band the key candidate for future wireless networks. Successful deployment of wireless networks relies heavily on antenna design, and future wireless networks are no exception. Recently, a new IEEE standard (Std.802.15.3d-2017) has been established around 300 GHz, and data rates transmissions up to 100 Gb/s have already been demonstrated [START_REF]IEEE Standard for High Data Rate Wireless Multi-Media Networks[END_REF]. The sub-THz band (0.1 to 1 THz) around 300 GHz could be a key enabler as strong candidate technology to realize sixth-generation (6G) wireless communication speeds up to 1Tpbs [START_REF]Terahertz Communication for Vehicular Networks[END_REF][START_REF] Song | Present and Future of Terahertz Communications[END_REF]. Moving up to sub-THz range frequency means a drastic increase in free-space path-loss and atmospheric absorption (i.e., absorption by molecules in air). Consequently, unprecedentedly high gain antennas are necessary to compensate for the path loss. Antenna arrays with complex feeding networks can provide better directivity and gain but have narrow bandwidth and high loss, especially at high THz frequencies due to feeding, and substrate materials losses, which has a great influence on the performance of antennas resulting in a significant decrease in antenna radiation efficiency. Horn antennas [76,[START_REF] Aqlan | Sub-THz Circularly Polarized Horn Antenna Using Wire Electrical Discharge Machining for 6G Wireless Communications[END_REF] and reflector antennas [START_REF] Fan | Development of a High Gain 325-500 GHz Antenna Using Quasi-Planar Reflectors[END_REF] have been reported with good radiation patterns, low cross-polarization, and wide-band operation, but have the shortcoming of bulky size, which makes them difficult to assemble with planar circuits. Lens antennas have also been proposed at higher THz frequencies as good directivity and high gain antennas for broadside radiation [START_REF] Konstantinidis | Low-THz Dielectric Lens Antenna With Integrated Waveguide Feed[END_REF][START_REF] Chudpooti | 220-320 GHz Hemispherical Lens Antennas Using Digital Light Processed Photopolymers[END_REF][START_REF] Llombart | Novel Terahertz Antenna Based on a Silicon Lens Fed by a Leaky Wave Enhanced Waveguide[END_REF]. The antenna-based lens normally has a profile of several wavelengths, which is increased even more if a higher gain value is desired, and can be challenging at the sub-THz band (i.e. 300 GHz) in terms of compact integrated systems. Another serious weakness of dielectric lens antennas is the surface wave effect and dielectric loss, and it is necessary to optimize its material and geometry in the future. Contrarily, Fabry-Perot cavity (FPC) antennas featuring high radiating performance and low profile and low cost, and low complexity of fabrication, have attracted broad interest from research in recent years. However, most FPC antennas reported to date have been extensively investigated in the microwave range [START_REF] Jackson | The fundamental physics of directive beaming at microwave and optical frequencies and the role of leaky waves[END_REF][START_REF] Feresidis | Fabry-Perot cavity antennas[END_REF][START_REF] Sauleau | Fabry-Perot Resonators[END_REF] and recently in the millimeter-wave (MMW) band by applying single-layer frequency selective surface (FSS) as a partially reflective surface (PRS) [START_REF] Feresidis | High gain planar antenna using optimised partially reflective surfaces[END_REF][START_REF] Aqlan | Millimeter wave antenna with frequency selective surface (FSS) for 79 GHz automotive radar applications[END_REF]. Authors in [START_REF] Fuscaldo | Systematic design of THz leaky-wave antennas based on homogenized metasurfaces[END_REF][START_REF] Nguyen | Design of a planar, high-gain, substrateintegrated Fabry-Perot cavity antenna at terahertz frequency[END_REF] have successfully proposed the FPC antenna designs at the THz band. Nevertheless, due to the limitation of fabrication technologies, the first steps toward experimental validation of FPC antennas have already been taken in [START_REF] Konstantinidis | Micromachined terahertz Fabry-Perot cavity highly directive antennas[END_REF] by using a SU-8 photoresist micromachining technology at 284 GHz. Although this design has been fabricated, it cannot provide a wide bandwidth (~ 4.5 GHz) and the measured results of radiation patterns are not up to the mark.

In this chapter, we firstly introduce a fully metallic FPC antenna design that operates at 300 GHz and is fabricated with laser-cutting brass technology with good accuracy at such high frequency. Circularly polarized (CP) antennas are required for wireless communication systems because of their ability to avoid multipath fading, mismatch the polarization (alignment issue), and enhance the channel capacity. Therefore, developing front-end components with a focus on CP sub-THz antennas is important. We secondly present the first fully metallic CP-FPC antenna enabled by laser-cutting in the sub-THz range. Using lasercutting metal brass, we present the simplified technology procedure at 300 GHz; with a lowcost fabrication process. This laser cutting technology works by directly cutting the brass metal layers, without the need of a mask and a metallization process, which ease the fabrication. All brass metal layers are simply stacked by using four plastic screws. This direct-mount procedure is easier than alternative setups of silicon-micromachining which needs a bonding alignment method [START_REF] Gomez-Torrent | Compact Silicon-Micromachined Wideband 220-330-GHz Turnstile Orthomode Transducer[END_REF] and is expensive. These antennas find potential applications in future 6G wireless communication systems.

Linearly Polarized FPC Antenna

Aperture-FSS Unit Cell

In [START_REF] Feresidis | High gain planar antenna using optimised partially reflective surfaces[END_REF], a PRS is placed at a half-wavelength height above the ground plane to form a onedimensional cavity, leading to a high directive beam radiation, which is generally explained by the ray-tracing or leaky-wave approach [START_REF] Trentini | Partially reflecting sheet arrays[END_REF][START_REF] Jackson | A leaky-wave analysis of the highgain printed antenna configuration[END_REF]. A primary radiator such as a radiating slot is used to excite the cavity. In our proposed antenna, the aperture FSS layer works as PRS, where a square aperture element has been chosen for the design. The geometry of the aperture FSS unit cell is shown in 

FPC Antenna Configuration with Aperture-FSS Layer

The configuration of the proposed sub-THz linear polarized FPC antenna is illustrated in Figure 4.2. It consists of seven metallic layers, namely a ground layer, an integrated stepped horn element (three layers), a coupling layer, a cavity layer, and an aperture-FSS layer, from the bottom to the top. The ground layer (layer A), a slot antenna that works as a primary radiator with broadside radiation, has a dimension of 𝑳 𝒔 = 𝟎. 𝟒𝟖 𝝀 𝟎 and 𝑾 𝒔 = 𝟎. 𝟏 𝝀 𝟎 and thickness of 𝒕 𝟏 = 𝟎. 𝟏 𝝀 𝟎 ; where 𝝀 𝟎 is the free space wavelength at 300 GHz. A slot-fed waveguide has been used as the primary radiator for the whole antenna structure. The waveguide is a standard WM-864 rectangular one with a UG-387/U flange and works from 220 GHz to 330 GHz.

Maintaining high gain over a wide bandwidth is a big challenge for such an FPC antenna design, and as a result, the horn element is integrated. The three layers (B, C, and D) are employed to construct the integrated step-profiled horn element as shown in Figure 4.2(b). The rectangular apertures shape of the horn element has dimensions, as illustrated in Table 1. This stepped horn antenna is used to improve the impedance matching performance of the whole antenna structure [START_REF] Yao | D-band wideband air-filled plate array antenna with multistage impedance matching based on MEMS micromachining technology[END_REF]. The coupling layer (layer E), comprises two slots that are excited with equal phase and amplitude by the WM-864 waveguide through a ground layer and a stepped horn antenna element. The distance between two coupling slots along the y-direction is '𝑑 𝑐𝑠 ', which is equal to 0.97 𝜆 0 . The cavity layer (layer F), which is supported by a metallic plate shown in Figure 4.2(a), determines the resonant height 'ℎ 𝑐 ' between the coupling layer and aperture-FSS layer, which could be calculated by the equation (4.1). The length, width, and thickness of this square cavity are 𝐿 𝑐 , 𝑊 𝑐 , and ℎ 𝑐 , respectively shown in Table 4.1. The aperture-FSS layer (layer G), consisting of an array of the aperture with a periodicity of '𝑝' between each aperture element. The geometrical parameters of the square apertures in the FSS layer are adjusted to alter the magnitude and phase of incident electromagnetic fields, to achieve highly directivity radiation patterns performance as explained in the above section. The aperture-FSS layer works in a standing-wave environment (i.e., inside a resonant cavity). Fabry-Perot (FP) resonance condition [START_REF] Feresidis | High gain planar antenna using optimised partially reflective surfaces[END_REF] must be satisfied and is determined by the following equation:

𝜑 𝐹𝑆𝑆 + 𝜑 𝐶𝑜 - 4𝜋ℎ 𝑐 𝜆 0 = 2𝜋𝑁 . 𝑁 = 0.1.2 … (4.1)
where φ 𝐹𝑆𝑆 and φ 𝐶𝑜 are the reflection phases of aperture-FSS and coupling layers, respectively. ℎ 𝑐 is resonant cavity height, and N represents the resonance mode number of the FP resonant cavity. Only the zeroth-order mode (N= 0) of the FP cavity is considered to keep the low profile of the antenna. When the resonant condition is satisfied, the maximum directivity at the broadside is obtained [START_REF] Feresidis | Artificial magnetic conductor surfaces and their application to low-profile high-gain planar antennas[END_REF]. 

Simulation Results

In order to analyze the performance of the FPC antenna based on the aperture-FSS layer, keeping all other parameters fixed, realized gains of the proposed antenna with different aperture-FSS configurations are shown in Figure 4.3.

As can be observed in the figure, when there is no aperture-FSS layer above the cavity, the antenna gain is around 7.5 dBi. By introducing the proposed aperture-FSS layer, the antenna gain can be improved significantly when compared without the FSS layer. The optimum lateral size of the FSS layer was 2.32 𝜆 0 ×2.32 𝜆 0 at 300 GHz, which equates to 5 x 5 aperture-FSS unit cells. This size was chosen to give the best moderate size in terms of fabrication with stability gain over desired bandwidth. The peak realized gain of 17.2 dBi is obtained around 300 GHz. It increases as expected by increasing the FSS area. The effect of the FSS area on the return loss (S11) performance was found to be negligible. 

Fabrication Technology

To achieve ease of fabrication, a laser cutting technology has been used for each brass metal layer in the proposed antenna using the LPKF ProtoLaser U4 laser machine as shown in The ultraviolet (UV) laser beam wavelength (λ= 355 nm in the UV spectrum), is focused on each brass metal layer individually having a different thickness to obtain the desired dimension, with the appropriate settings, such as a laser cutting speed of 200 mm/s, and a laser spot size of 20 µm; which is the fabrication tolerance. The proposed antenna with aperture-FSS layer is fabricated and assembled, which is shown in Figure 4.7. The complete antenna comprises a feed antenna part (A-F layers), a 5×5 metallic aperture-FSS part (G layer), and a standard WM-864 rectangular waveguide with a UG-387/U flange. The metal layers contain holes for the alignment dowel pins and screws, which enable a direct connection to the standard UG-387 waveguide flange without any additional test fixtures or interfaces. This direct-mount technique is superior to alternative setups using silicon-micromachining without bonding the alignment method [START_REF] Gomez-Torrent | Compact Silicon-Micromachined Wideband 220-330-GHz Turnstile Orthomode Transducer[END_REF]. We can notice that the laser cutting technology uses only brass metal layers, without the need for a metallization process. But silicon micromachining uses a dielectric substrate and it is metalized, the thickness of metallization must be more than two or three times the skin depth in order to reduce the ohmic losses at higher frequencies. Another significant point is the need for a mask and clean room for silicon micromachining which is more expensive but not the case for laser-cutting technology. On the other hand, silicon micromachining provides more accuracy. Also, for silicon micromachining, we are limited to a thickness of 400 𝜇𝑚 accuracy but for laser-cutting we succeeded to reach 800 𝜇𝑚 thickness accuracy.

Experimental Results and Discussion

The reflection coefficient characterization (S11) is measured using a Rohde &Schwarz ZVA67 vector network analyzer (VNA) and a Virginia Diodes Inc. (VDI) frequency extender module (220 -330 GHz) with a WM-864 waveguide flange interface. The measured elevation (Ele.)-plane and azimuth (Az.)-plane radiation patterns, shown in Figure 4.10, are in acceptable agreement with the simulation results. In the measured elevationplane cuts, the main beam is a broadside direction. Some minor discrepancies have to be noticed on the sidelobe level (SLL), and the SLL is kept below 15 dB as designed, except at higher frequency (i.e., 305 GHz). The measured main beam in azimuth-plane cuts is a slight shift from the broadside direction; this is because the flange used has a small tilt (the long waveguide section in the photo, Figure 4.7(c), the SLL is kept below 15 dB as designed. Table 4.2 compares the performances of the proposed fully metallic FPC antenna at 300 GHz with different sub-THz reported prototypes in the literature. It can be seen that the proposed antenna has a low-profile planar structure using the Fabry-Perot resonant cavity without any dielectric materials. The proposed antenna is fabricated using low-cost laser cutting technology, and also achieves higher gain and good wide bandwidth as compared to those using different high-cost technologies. These facts indicate that the proposed antenna structure is a good candidate for sub-THz applications. 

Conclusion

A linearly polarized sub-THz FPC antenna with high gain and low cross-polarization has been presented. The proposed antenna has been designed with a standard WM-864 rectangular waveguide flange, and it has been fabricated in brass metal using low-cost laser-cutting technology. This laser cutting brass technique has been shown to provide the fabrication of complicated details of the design with high precision. The 300 GHz FPC antenna has been measured using facilities at IETR, and the results obtained are in good agreement with simulation results.

Circularly Polarized FPC Antenna

Unit Cell Model (Hexagonal Aperture Element)

The design model of a unit cell for aperture type-FSS layer is studied using periodic analysis since this model assumes the transverse extent of hexagonal radiating aperture unit cell structure and is theoretically infinite. Periodic boundary analysis is performed using the frequency-domain solver of CST Microwave Studio. Furthermore, this model assumes that the FSS layer is illuminated by a normally incident plane wave, i.e., that the propagation vector is normal to the plane of the FSS layer. We can achieve a high gain antenna when the reflection coefficient magnitude of the unit cell is high [START_REF] Feresidis | High gain planar antenna using optimised partially reflective surfaces[END_REF]. Furthermore, to improve the antenna bandwidth the reflection coefficient phase of the unit cell should vary slowly with frequency. Thus, the proposed unit cell of hexagonal radiating apertures FSS layer achieves its requirements. The hexagonal aperture is used to excite two orthogonal modes with an equal magnitude and a 90° phase difference between them, thus inducing CP current and radiating CP waves.

The aperture-type FSS acts as a partially reflective surface (PRS), which functions as high-gain antennas [START_REF] Trentini | Partially reflecting sheet arrays[END_REF][START_REF] Feresidis | High gain planar antenna using optimised partially reflective surfaces[END_REF], where a hexagonal aperture element has been chosen as the FSS unit cell for the design. The aperture-FSS layer is placed at a half-wavelength height above the ground plane to form a one-dimensional cavity, leading to a high directive beam radiation, which is generally explained by the ray-tracing or leaky-wave approach [START_REF] Trentini | Partially reflecting sheet arrays[END_REF][START_REF] Jackson | A leaky-wave analysis of the highgain printed antenna configuration[END_REF]. Figure 4.13 demonstrates the geometry of the proposed hexagonal radiating aperture unit cell.

It is found that the periodicity of the unit cell 𝑝 = 0.48 𝜆 0 , the unit cell has two symmetrically isosceles triangle chamfers, 𝑐 𝑡 = 0.14 𝜆 0 , and the thickness of radiating aperture, 𝑡 𝐹𝑆𝑆 = 0.1 𝜆 0 , where 𝜆 0 is the operation frequency at 300 GHz. The cavity layer (layer F) is used to support the FSS layer, which is the distance to achieve the resonance condition of Fabry-Pérot by using Equation (4.3). The FSS layer is realized by perforated grids of hexagonal radiating apertures made by cutting through a metallic layer of finite thickness of 0.1 mm, supported by a metallic cavity layer, forming an air cavity with the metallic coupling layer. 

Circularly Polarized Fabry-Perot Cavity Antenna

Simulation Results

The simulated realized gain between the antenna with and without the FSS layer is shown in Figure 4.16. As can be seen, after adding the FSS layer, the gain is significantly increased by an average of 7 dB over the whole frequency band, the largest gain difference of 9.3 dB occurs at 290 GHz. Moreover, the antenna gain is again increased by approximately 0.4-2 dB, by the addition of the cavity layer, as shown in Figure 4.16. Figure 4.19 shows the antenna polarization performance: AR versus the elevation angle (θ) at the frequency of 296 GHz. The best AR is 0.51 dB at the broadside direction and the predicted 3-dB AR beamwidth is more than ±17.3°, within the 3-dB radiated beamwidth of 26.4°, indicating that the antenna is indeed radiating most of the energy in circular polarization. 

Fabrication Process

The seven brass metal layers needed for the 300 GHz CP-FPC antenna, having different thicknesses in Table 4.3, fabricated using laser-cutting technology as explained in section (4.2.4), have been used as shown in Figure 4. 22(a). Using a metallic layer to form a CP-FPC antenna is advantageous in simplifying its fabrication process based on which the aperture-FSS layer and feeding antenna layers can be fabricated separately and then assembled at a later fabrication stage. This reduces the fabrication complexity and cost. 

Experimental Results and Discussion

In this section, we present the measurements of the fabricated prototype. The reflection coefficient (S11) is measured based on a setup shown in GHz. The antenna yields a maximum measured RHCP gain of 16.5 dBic and a measured RHCP directivity of 16.7 dBic at 292 GHz. There is some divergence between the measured RHCP realized gain and simulated results; this may be because of assembling and fabrication tolerances that are acceptable in the 300 GHz band.

To demonstrate the proposed antenna's characteristics, such as the axial ratio, realized gain, directivity, and half-power beamwidth (HPBW), radiation patterns are measured in a compact antenna test range (CATR) chamber at IETR (funded by the European Union through the European Regional Development Fund, through the CPER Projects 2015-2020 SOPHIE/STIC and Ondes). The measurement setup consists of a transmit antenna, a reflector, a positioner, and the antenna under test (AUT). A picture of the setup is shown in Figure 4.25.

The CATR is based on a corner-fed rolled edge reflector of approximately 1200 mm x 1200 mm, producing a cylindrical quiet zone of 600 mm diameter and 600 mm depth. The approximate distances from the feed to a reflector and the reflector to the AUT are respectively 2.3 m and 3.8 m. But as the spillover (i.e. radiation from the feed that falls outside the edge of the reflector) is low, the distance between the reflector and the AUT is not the key point for the dynamic range budget. The CATR feed is a 13 dBi linear CATR feed horn designed and manufactured by Thomas Keating Ltd. The AUT is placed on a roll-over slide over the azimuth positioner. The CATR feed orientations are obtained using a high precision rotation axis. The whole system is settled in a temperature-controlled anechoic chamber of 3.5 m × 3.0 m ×11 m.

The RF measurement system architecture is very classical and is based on VDI WR3 TxRef and high dynamic Rx modules, highlighting a minimum dynamic range of 120 dB. The dynamic range of the whole system is sufficient to have a dataset eligible for the specific calibration procedure developed by IETR [START_REF] Le Coq | Some Contributions for Antenna 3D Far Field Characterization at Terahertz[END_REF]. With such calibration, classical computation of the AR using two orthogonal orientations of linear polarization feed is possible. This calibration enables to estimate and compensation of phase error introduced by the positioning system, limiting the phase error to the contributions of the RF measurement system dynamic range.

The AR is computed using a classical procedure based on a complex measurement of the electrical field received by the AUT when two orthogonal orientations of the linearly polarized feed. This computation is possible thanks to our specific calibration procedure of the CATR, enabling as well 3D measurement with Ludwig 3 representation without polarization tracking, and knowledge of the electrical field ellipse of polarization for each sampling point.

The measured 3-dB AR bandwidth obtained is 5.12 GHz (292.8-297.92 GHz), whereas the simulated one is 5.17 GHz (293.8-298.97 GHz) and is presented in Figure 4.26. The proposed CP-FPC antenna has a measured RHCP directivity of 16 dBic and a 3-dB RHCP directivity bandwidth of 10% (285-315 GHz) over the desired band. The measured 3-dB AR bandwidth is 5.12 GHz (292.8-297.92 GHz), as shown in Figure 4.26. The measurement of directivity of the antenna is computed using a spherical harmonic expansion tool [START_REF] Le Coq | Some Contributions for Antenna 3D Far Field Characterization at Terahertz[END_REF][START_REF] Mézières | On the Application of Sparse Spherical Harmonic Expansion for Fast Antenna Far-Field Measurements[END_REF][START_REF] Mézières | On the Antenna Position to Improve the Radiation Pattern Characterization[END_REF], which is applied to reconstruct the 3D radiation pattern at any point as it gives access to an exact interpolation of the complex EM electrical field. The normalized measured RHCP (co-pol) and LHCP (cross-pol) radiation patterns of the fabricated antenna in both azimuth-plane and elevation-plane cuts, at four frequency points (292, 295, 296, and 297 GHz), are shown in Figure 4.30. There is a good agreement between all simulations and measurement results. Also, there is approximately a 20-dB difference between the co-pol and cross-pol measured gain values (i.e., cross-polarization discrimination (XPD) = 20 dB) at 295 and 296 GHz, similar to the simulated ones. To verify the results and investigate the radiation characteristics outside the two principal planes (Az-plane and Ele-plane), we measured the upper hemisphere far-field in the UV-plane for the CP-FPC antenna. The results plotted in Figure 4.32, show a wide-radiation pattern in the v-plane (𝑣 = sin 𝜃 sin 𝜙), and a narrow-radiation pattern in the u-plane (𝑢 = sin 𝜃 cos 𝜙). It is noticed that the proposed antenna radiates RHCP radiation. The LHCP radiation FPC antenna will be generated easily by rotating the aperture-FSS layer by 90°, as shown in Figure 4.33. The LHCP antenna's simulation results are the same as those for the proposed antenna due to their completely symmetric structure, except that the new antenna radiates LHCP waves. This indicates that both RHCP and LHCP FPC antennas can be designed with the proposed hexagonal aperture-FSS layer. The block structure's size, which does not greatly influence the characteristics of the proposed antenna, is set as 20 mm × 20 mm according to the standard WM-864 waveguide flange size, including alignment and screws holes.

The claim of small size is validated as shown below with the simulated current distributions, radiation patterns, antenna gain, and the AR versus frequency, which are unaltered with and without waveguide flange.

The proposed CP-FPC antenna's performance is compared with other recently reported sub-THz CP antennas, which are summarized in Table II. Some key parameters are listed, including frequency design, 3dB AR bandwidth, realized gain, and fabrication technology. Table II indicates that our proposed antenna delivers a high-gain, low-cost, and low-profile structure compared to the others. 

Conclusion

A CP-FPC antenna working in the sub-THz band has been presented. The proposed antenna has been designed with the standard WM-864 waveguide flange dimensions, and it has been fabricated in brass metal using laser cutting technology. The metallic aperture-FSS layer was working as a polarizer to convert LP waves into CP waves. The 300 GHz CP-FPC antenna has been characterized using a millimeter-wave compact range anechoic chamber, obtaining radiation patterns characteristics between the frequency from 285 to 315 GHz. A 3 dB measured AR bandwidth of approximately 1.73 % (5.12 GHz) with a central frequency of 296 GHz is achieved. Finally, it has a low profile of 2.6 λ0×2.6 λ0×1.24 λ0, which can be applied to future terahertz wireless communication systems in the sub-THz band. 

Circularly Polarized Antenna Based on Metasurface Superstrate

The 3-D exploded view of the proposed antenna is shown in Figure 4.39(a). The antenna is fed by a standard WM-864 rectangular waveguide (864 𝜇m ×432 𝜇m ). The waveguide is coupled to a ground layer. The ground layer (Layer A) is a slot antenna with a 100 𝝁m thickness of metal brass. Layers B, C, and D are integrated-stepped horn elements (three layers) with different thicknesses of metal brass as shown in Table 4.5, which have been used as multistage to improve the impedance matching bandwidth. The coupling layer (Layer E) consisting of two-parallel slots is used to broaden matching impedance, which is in phase with the ground layer and integrated horn element. Cavity layer (Layer F) is supported metal plate to Metasurface (MTS) superstrate layer, having a thickness to achieve resonance condition of Fabry-Perot, which is normally equal to a half-wavelength at the resonant frequency of 300 GHz. The basis mathematical analysis used for choosing the dimensions of the proposed antenna structures can be found in [START_REF] Feresidis | High gain planar antenna using optimised partially reflective surfaces[END_REF][START_REF] Aqlan | Millimeter wave antenna with frequency selective surface (FSS) for 79 GHz automotive radar applications[END_REF][START_REF] Foroozesh | Investigation Into the Effects of the Patch-Type FSS Superstrate on the High-Gain Cavity Resonance Antenna Design[END_REF], which are calculated by using the simple wellknown ray-tracing formula.

The MTS layer is realized by perforated grids of hexagonal and octagonal-shaped radiating apertures made by cutting through a metallic brass layer of finite thickness of 100 𝜇m as presented in For fabrication, we integrate the standard UG-387/U waveguide flange (i.e. alignments and screws holes) into the antenna design. The design parameters detail of layers (units in millimeters) is reported in Table 4.5. 

Experimental Results and Discussion

To achieve simplicity in fabrication, each metal layer in the proposed antenna is manufactured by using laser cutting brass technology as explained in section (4.2.4). There are seven brass metal layers for one antenna assembly, with different thicknesses as shown in Table 4.5, and have been used to manufacture the proposed 300 GHz CP-RCA are shown in Figure 4.40 (a).

Using a metallic layer to form a CP-RCA is advantageous in simplifying its fabrication process based on which the MTS superstrate layer and feeding antenna layers can be fabricated separately and then assembled at a later fabrication stage. This reduces the fabrication complexity and cost. The measured and simulated reflection coefficients (S11) of the proposed CP-RCA are shown in Figure 4.41. The measured impedance bandwidth for reflection coefficient < -10 dB is 10 %, covering from 275 to 305 GHz. There is a discrepancy between the simulated and measured results, which can be attributed to the fabrication tolerances. For completeness, the upper hemisphere far-field radiation patterns in the UV-plane at 300, 302, 303, and 305 GHz frequencies, are also plotted in Figure 4.47. As seen, acceptable sidelobe levels (SLLs) of ≤ -15 dB is maintained in other azimuthal planes.

Layers

Table 4.6 gives a comparison among different antenna CP in the sub-THz band. A detailed comparison of antenna type, working frequency band, 3dB AR bandwidth (BW), peak gain (PG), and technology of fabrication is illustrated in Table 2. The results show that our antenna is currently the first one with a fully metallic CP high-gain planar structure, which is achieved using simplified laser-cutting brass technology at 300 GHz The measured results proved that manufacturing parts have high accuracy. 

Conclusions

A CP-RCA working prototype at the 300 GHz band has been presented in this communication.

The proposed antenna was designed with the standard WM-864 waveguide flange dimensions, and a laser cutting brass technology is used for the fabrication of different layers in the design. This direct-mount technique is easier than alternative setups of silicon-micromachining which needs the bonding alignment method and is expensive. On the other hand, silicon micromachining provides more accuracy.

The [START_REF]IEEE Standard for High Data Rate Wireless Multi-Media Networks[END_REF]. Generally, the antenna is the most essential and significant element of any terahertz wireless communication system along with active elements and associate technologies. Moving up to sub-THz range frequency means a drastic increase in free-space path-loss and atmospheric absorption (i.e., absorption by molecules in air). Consequently, unprecedentedly high gain antennas are necessary to compensate for the path loss. Metallic corrugated antenna structures have recently been demonstrated as an alternative solution to classical high-volume antennas such as horns [START_REF] Beruete | Terahertz Corrugated and Bull's-Eye Antennas[END_REF][START_REF] Lu | Experimental radiation characteristics of micromachined terahertz low-profile corrugated horn antenna[END_REF], since they offered better radiation characteristics and, at the same time, presented lower profiles and lighter weights.

Circularly polarized (CP) antennas are more important for any modern wireless communication system due to their features such as robustness against environmental interference, not being sensitive to the orientation of the transmitting and receiving antennas, and being more capable of mitigating polarization mismatch. There are a few publications on CP high gain-antennas sub-THz frequencies known in the literature [START_REF] Wu | High-Gain Circularly Polarized Lens Antenna for Terahertz Applications[END_REF][START_REF] Aqlan | Sub-THz Circularly Polarized Horn Antenna Using Wire Electrical Discharge Machining for 6G Wireless Communications[END_REF][START_REF] Wu | 3-D Printed Circularly Polarized Modified Fresnel Lens Operating at Terahertz Frequencies[END_REF]. The proposal of a 300 GHz modified Fresnel lens [START_REF] Wu | 3-D Printed Circularly Polarized Modified Fresnel Lens Operating at Terahertz Frequencies[END_REF], and discrete dielectric Lens [START_REF] Wu | High-Gain Circularly Polarized Lens Antenna for Terahertz Applications[END_REF] antennas were manufactured by 3D printing technique. The volume of lens antennas is oversized as a result both of them had large profiles resulting in difficulty to process in terms of integration and miniaturization. Another CP sub-THz antenna with a conical horn element having a 270-330 GHz bandwidth was fabricated and tested using the wire electrical discharge machining (EDM) technique [START_REF] Aqlan | Sub-THz Circularly Polarized Horn Antenna Using Wire Electrical Discharge Machining for 6G Wireless Communications[END_REF]. The directivity of the antenna was measured, the achieved directivity was 18.3 dBic at 312 GHz.

The measured 3 dB axial ratio of the fabricated antenna prototype has a bandwidth of 7 GHz from 309 GHz to 316 GHz.

In this chapter, we introduce a leaky-wave antenna based on bull's eye structure in the sub-THz band. Cavity-backed crossed slot and double-fan-shaped slot elements are applied to generate the circular polarization characterization at the 300 GHz frequency. The first design has a measured impedance bandwidth (279.2 -314 GHz) with a simulated LCHP realized gain of more than 16.13 dBic. The second one has a measured impedance bandwidth of 110 GHz.

This chapter is organized as follows. In Sections 5.2 and 5.3, the theoretical concept of leakywave antenna such as bull's eye structure is presented. In Section 5.4, the crossed-slot antenna element design and its simulated results are reported. In Section 5.5, we show another design with a double-fan-shaped slot, and its simulated results are discussed. Two prototypes for the design have been fabricated and their experimental results are reported in Sections 5.4.2 and 5.5.2.

Planar Corrugated Structure

Planar corrugated structure is very suitable for forming such a low-profile antenna with high performance. In the next section, the Bull's Eye antenna concept and its geometry and design are presented. The results for a sub-terahertz CP bull's eye antenna illuminated by the WM-864 waveguide are shown as well, being both optimized to maximize the realized gain over the whole frequency band.

Bull's Eye Antenna Concept

Spoof surface plasmon (SP) are electromagnetic waves propagating along the periodically planar corrugated metal surface, whose properties are analogous to surface plasmon polaritons (SPPs) in the optical frequencies [START_REF] Pendry | Mimicking surface plasmons with structured surfaces[END_REF][START_REF] Hibbins | Experimental verification of designer surface plasmons[END_REF][START_REF] Nagpal | Ultrasmooth patterned metals for plasmonics and metamaterials[END_REF]. The highly confined surface waves or spoof SP can be sustained and guided on the metallic corrugated grooves structure with transversal magnetic (TM) polarized surface waves. By implementing corrugation on the metal surface, a series of concentric annular grooves or straight slits can be incorporated on the surface to convert surface waves into a collimated or Bessel beam.

The spoof SP wave propagating along the metallic surface (X-axis) will be decomposed into a series of plane wave components and radiated to the free space as shown in Figure 5.1, which satisfies the grating equation [START_REF] Yu | Physical origin of directional beaming emitted from a subwavelength slit[END_REF] :

𝑘 0 sin 𝜃 = 𝑘 𝑠𝑝 + 𝑘 𝑔 (5.1)
where 𝑘 0 , 𝑘 𝑠𝑝 , 𝑘 𝑔 are the wavenumbers of free-space propagation, the surface plasmon, and the grating, respectively. Here, 𝑘 𝑠𝑝 is determined from the groove geometry 𝐷 𝑔 ,𝑊 𝑔 , and 𝑊 𝑟 in relation to the frequency, and 𝑘 𝑔 is determined by the period '𝑝'of the gratings, or 𝑘 𝑔 = 2𝜋 𝑝 ⁄ .

Since the beaming angle 𝜃 determines the shape of the Bessel beam, equation (5.1) relates the surface structure to the beam shape. 

Crossed-Slot Antenna Element

An illustration of proposed the flat metallic plate Bull's-Eye antenna is shown in Figure 5.2. The low-profile proposed antenna consists of central sub-wavelength crossed-waveguide apertures surrounded by concentric periodic annular grooves (i.e. corrugations) drilled in a flat metallic plate that has a thickness of 𝑡 = 𝜆 0 , where 𝜆 0 is the wavelength operation working at 300 GHz. According to the authors [START_REF] Garcia-Vidal | Transmission and focusing of light in onedimensional periodically nanostructured metals[END_REF], among the possible surface plasmons (SPs) structures, subwavelength apertures in metallic plates have advantages such as high contrast and extraordinary transmission (i.e. enhanced transmission and beaming are achieved). The standard WM-864 waveguide feeds the crossed-waveguide apertures, the depth of which, determines the resonant frequency of the proposed antenna. The lower resonance is determined by the crossed-aperture width. For narrow crossed-apertures on a flat plane, the power coupled across the aperture is nearly isotropically radiated. The grooves change the field pattern dramatically, resulting in a more directed beam. The width of the grooves and width of the ridges control the angle where constructive interference takes place. For the proposed fabrication, we integrate the standard UG-387/UM waveguide flange into the antenna design. The power coupling is done through subwavelength crossed-apertures resonance determined by the length of the aperture. Hence, the aperture length is ≈ 𝜆 0 /2. Meanwhile, the aperture width mainly fixes the operation bandwidth. In order to obtain a moderately high-quality factor, the slot width must be Ws ≪ 𝜆 0 . The most critical parameter for broadside radiation is the periodicity of the groove, which must be taken as approximately equal to the operation wavelength, 𝑝 ≈ 𝜆 0 . The grooves' width, Wg, and depth, Dg, fix principally the attenuation constant and were obtained utilizing an optimization routine. The optimized dimensions are as follows, the diameter of the central circular raised region Dc is 1.326 mm. The period of the corrugated structure 𝑝 is 0.923mm, with the width of grooves 𝑊 𝑔 = 0.55 mm and the width of the ridge 𝑊 𝑟 = 0.373 mm. The depth of the groves rings is 0.185 mm.

The initial design parameters of the proposed antenna are given in equation (5.2), obtained from [START_REF] Mahboub | Optimization of bull's eye structures for transmission enhancement[END_REF].

𝑊 𝑔 ≈ 𝜆 0 /2 𝐷 𝑔 𝑊 𝑔 ≈ 0.4 𝑡 ≈ 𝜆 0 𝑝 ≈ 𝜆 0 (5.2)
To generate the CP, the crossed slot is composed of two orthogonal slots of different lengths.

From the dimensions shown in Table 5.1, it can be observed that the length difference of the slots is 0.4 mm, which corresponds approximately to λ0/4, where λ0 = 1 mm is the wavelength at the operation frequency, 𝑓 0 = 300 GHz. This guarantees that the phase difference between both slots is close to 90º. Two orthogonal modes could be excited as explained by the field distribution shown in Figure 5.3. It is also evident that the E-filed distribution follows a circular shape describing that the proposed antenna exhibits a left-handed CP (LHCP) pattern in the broad-side direction. 

Simulated Systems

The simulated gain of the corrugated structure (with 6 grooves) at 300 GHz is about 16.3 dBi, while the simulated gain of the flat structure (without grooves) is about 4.8 dBi as shown in Figure 5.4. The gain enhancement is approximately 11.5 dBi at 300 GHz, which means the corrugated metallic structure shaped the beams from the crossed-apertures to broadside radiation. The simulated E-plane and H-plane radiation patterns of the corrugated metallic structure and flat metal plate without corrugation at the desired frequency of 300 GHz are illustrated in Figure 5.5, from which we observe broadside radiation in both planes. In both planes, the narrow 3dB beamwidth is about 9.7° and the sidelobe levels (SLLs) are lower than -41 dB, which demonstrates the radiation patterns are symmetric.

A study was carried out in order to find the optimum number of grooves for maximum realized gain while maintaining a low antenna profile. A remarkable enhancement in realized gain is observed for a number of rings up to 6, as shown in Figure 5.6. After this number, the realized gain does not much improve, while the antenna profile gets large. The effect of the number of grooves on the return loss (S11) axial ratio (AR) performance was not found. The optimum thickness of the metallic plate was 1 mm ( 1 𝜆 0 ). This thickness was chosen to give the best axial ratio values in desired bandwidth band. The effect of metallic plate thickness on the realized gain performance was found to be negligible.

A study was done fixing the slots length difference to λ0/25; see Figure 5.7(b). Now the best AR is achieved with ℎ = 1 mm (1 λ0). These results suggest that the plate height has some non-trivial effect on the phase difference achieved between orthogonal linear components. Nevertheless, an in-depth study of this phenomenon is beyond the scope of this thesis. Figure 5.8 illustrates the simulated LHCP realized gain, total directivity, and efficiency of the CP bull's eye antenna with the crossed-slot element. The maximum LHCP realized gain is 16.13 dBic, and total directivity is 16.44 dBic, at 300 GHz. The total efficiency is more than 80%, between 295-325 GHz. The simulated AR of the proposed antenna is shown in Figure 5.9. The minimum measured AR at 290 GHz is 0.675 dB with the 3-dB AR bandwidth of 21 GHz between 287 GHz to 308 GHz being 7 %.

Figure 5.9: The simulated axial ratio of CP bull's eye antenna with the crossed-slot element.

The AR in the azimuth plane is kept below 3dB on a range of angle theta ''θ'' up to ~±4• except for the value of frequency at 295 GHz, with the average half-power beamwidth (HPBW ) equal to 10.25 °, as defined in Figure 5.10(a). Also, it is noted that in the elevation plane shown in Figure 5.10 (b), the AR is less than 3dB on a range of angle theta ''θ'' up to ~±3• except for the value of frequency at 295 GHz. The maximum gain of the radiation pattern at 300 GHz, is equal to 16.13 dBic in both planes at the broadside direction. The simulated radiation patterns of the proposed antenna in both the azimuth plane and elevation plane at 290 GHz, 295 GHz, 300 GHz, 305 GHz, 310 GHz, and 320 GHz are given in Figure 5.11. It can be seen that, because of the symmetry of the antenna, simulated radiation patterns of both planes are similar. The sidelobe levels of the radiation pattern are below -20 dB at desired frequencies. In terms of leaky waves, the radiation process is easily explained. As illustrated in Figure 5.12(a), the wave produced by the crossed-aperture has a diffractive pattern, with no favored direction in the upper plane, when no groves around the central crossed apertures are included.

In comparison, when six periodic annular grooves are added, radiation is preferred at the broadside, as seen in Figure 5.12 (b). Alternatively, the process can also be understood: only the direct wave radiated from the aperture does exist without surface grooves, Figure 5.12(a). Through the grooves, part of the energy passing through the central aperture is coupled to support and guide spoof surface plasmon (SSP) propagating along with the subwavelength groove structures, and then the SSP is modulated periodically to radiate, as shown in Figure 5.12 (b). 

Fabrication and Experimental Results

The bull's eye antenna was manufactured and measured. As sub-THz CP bull's eye antenna demand high precision manufacturing, silicon micromachining technology was selected to manufacture all the pieces. Figure 5.13 shows the main simulation and measurement results. As shown in the solid blue curve of Figure 5.13, good matching is obtained with S11 < -10 dB from 279.2 to 314 GHz, which represents a fractional BW of 11.6 %. There is a shift between measurement and simulation results due to fabrication tolerance. 

Double-fan Shaped-slot Antenna Element

Simulated Systems

The double-fan-shaped slot (DFSS) antenna plays two important roles: radiator and polarizer.

The shape of the double-fan-shaped slot is determined by two interlocked fan shapes. The two fans are of the same size and symmetrical to the center. As we know, the TE 10 mode electric field is linearly polarized (𝐸 𝑥 ) in the waveguide. However, to create circular polarization, an orthogonal electric field component (𝐸 𝑦 ) of the same amplitude as 𝐸 𝑥 and simultaneously 90° phase distinctive is needed. An orthogonal polarization component can be generated by controlling the double-fan-shaped slot.

Here, the rotation angle 'θ' is assumed for the position of the fan in respective to the origin during its rotation in clockwise or counterclockwise directions. By adjusting the parameters θ of the slot, the design can be further optimized to achieve proper amplitude and phase for producing a left-handed or right-handed circular polarization. The proposed circular polarization (CP) bull's eye antenna is composed of a standard rectangular waveguide, a double-fan-shaped slot, and six grooves as shown in Figure 5.16, the radiation structure. The geometry and dimensional parameters of the proposed grooves are similar to that in the previous section. The antenna is directly fed by the standard WM-864 waveguide with a cross-section of 864 × 432 𝜇𝑚 2 . The polarizer has the shape of two quasicircular sector parts which are centrally symmetrical with respect to the origin. Figure 5.17 illustrates the simulated RHCP realized gain, total directivity, and efficiency of the CP bull's eye antenna with the double-fan shaped-slot element. The maximum RHCP realized gain is 16.37 dBic, and total directivity is 16.61 dBic, at 325 GHz. The total efficiency is more than 88%, between 260 -360 GHz.

Figure 5.17: The simulated RHCP realized gain, total directivity, and efficiency versus frequency of the CP bull's eye antenna with the double-fan shaped-slot element.

The simulated AR of the proposed antenna is shown in Figure 5.18. The minimum measured AR at 300 GHz is 0.12 dB with the 3-dB AR bandwidth of 32.39 GHz between 280.77 GHz to 313.16 GHz being 10.8 %.

Figure 5.18: The simulated axial ratio of CP bull's eye antenna with the double-fan shaped-slot element.

The AR in the elevation plane is kept below 3dB on a range of angle theta ''𝜽'' up to ~±5.23 • which almost covers the average half-power beamwidth (HPBW) equal to 11.73 °, as defined in Figure 5. 19(a). Also, it is noted that in the azimuth plane shown in Figure 5.19 (b), the AR is less than 3dB on a range of angle theta ''θ'' up to ~±3.3•. The simulated radiation patterns of the proposed antenna in both the elevation plane and azimuth plane at 290 GHz, 300 GHz, 310 GHz, 320 GHz, 330 GHz, and 340 GHz are given in Figure 5.20. It can be seen that, because of the symmetry of the antenna, simulated radiation patterns of both planes are similar. The sidelobe levels of the radiation pattern in both planes are below -20 dB at desired frequencies. The bull's eye antenna was manufactured and measured. A standard computer numerical control (CNC) milling machining was selected to manufacture all the pieces. The material employed was aluminum due to its good conductivity and mechanical properties. 

Fabrication and Experimental Result

Introduction

At high frequencies, due to high path loss and molecular absorption, the necessity of a high gain antenna becomes critical. However, the narrow beam provides only limited spatial coverage, making it not cooperative with non-LOS communications, therefore the singledirectional beam needs to be steered to find a reliable substitute link. The multi-beam antennas which are capable of generating a number of independent directive beams simultaneously, with a high gain value to cover a predefined angular range, provide a solution to overcome the above limitations of antennas with a single-directive beam. At lower frequencies, huge progress has been made in fabricating passive multi-beam antennas, among which the most well-known categories are lens antennas, to create multi-beam patterns. The lens antennas such as the Rotman lens [START_REF] Cheng | Substrate integrated waveguide (SIW) Rotman lens and its Ka-band multibeam array antenna applications[END_REF][START_REF] Darvazehban | Ultra-wideband scanning antenna array with Rotman lens[END_REF], dielectric lens [START_REF] Manoochehri | A parallel plate ultrawideband multibeam microwave lens antenna[END_REF], Maxwell fish-eye lens [START_REF] Huang | A 2-D multibeam half Maxwell fish-eye lens antenna using high impedance surfaces[END_REF], and Luneburg lens have attracted the interest of many researchers. The Luneburg lens with gradient refractive index (GRIN) distributions, manipulating the wavefront and transform a spherical wave into a plane wave; have rotationally symmetric [START_REF] Luneburg | Mathematical theory of optics[END_REF]. Since each point on the curved Luneburg lens periphery is a focal point, 2-D wide-angle beam scanning can be obtained with less scanning loss and it has wide operational bandwidth [START_REF] Peeler | and Propagation[END_REF][START_REF] Xue | 24 GHz automotive radar planar Luneburg lens[END_REF]. All these Luneburg lenses contain dielectric. At high frequencies, electromagnetic waves propagating along the surface of the dielectric substrate will extend many wavelengths into dielectric, causing relatively high dielectric loss. Moreover, some of them do not support TEM waves, which leads to intrinsically limited bandwidth. In contrast, metals are good conductors with large and imaginary dielectric constants at microwave frequencies. Electromagnetic waves are almost all screened out due to the high conductivity of the metal, stopping fields to propagate inward [START_REF] Dockrey | Thin metamaterial Luneburg lens for surface waves[END_REF]. Nevertheless, as the operating frequency is increased toward millimeter waves, fully metallic designs are preferred to avoid dielectric losses. The artificial electromagnetic materials based on the periodic structure have brought more flexibility to the design and realization of Luneburg lens antennas. In [START_REF] Walter | Surface-wave Luneberg lens antennas[END_REF], it is theoretically demonstrated and experimentally validated that a periodic and regular vertical metal posts array on a ground plane, can act as an isotropic artificial dielectric material, and therefore can be operated as a lens. The post's size, spacing, and height controls the refractive index. It is important to note that there is no upper ground plane on the top of the metal posts. In [START_REF] Young-Jin | A photonic bandgap (PBG) structure for guiding and suppressing surface waves in millimeter-wave antennas[END_REF], a photonic bandgap (PBG) structure, based on periodic and regular metal posts in a parallel-plate waveguide (PPW), is proposed to guide surface waves. It has been demonstrated that periodic metal posts have arbitrary surface impedances and guide surface waves. The concept is applied to design and fabricate a PPW Luneburg lens at 76.5

GHz for radar application. Contrary to [START_REF] Walter | Surface-wave Luneberg lens antennas[END_REF], there is an upper plate of top of the metal posts, and it can be noted that the PPW spacing is constant. In [START_REF] Young-Jin | Angular independency of a parallel-plate Luneburg lens with hexagonal lattice and circular metal posts[END_REF], the influence of lattices and metal posts shapes at millimeter-wave frequencies, on the performances of an asymmetric PPW Luneburg lens is studied. Square, hexagonal and circular metal post shapes were considered, and also square and hexagonal lattices. It was found that hexagonal lattice with circular-shaped metal posts is best as an actual isotropic homogeneous artificial material with angular independence. Recently, fully metallic periodic structures with holes of different depths (glidesymmetric configurations) were realized by the Luneburg lens antennas [START_REF] Quevedo-Teruel | Ultrawideband Metasurface Lenses Based on Off-Shifted Opposite Layers[END_REF][START_REF] Quevedo-Teruel | Glide-symmetric fully metallic luneburg lens for 5G communications at K a-band[END_REF]. It has a higher effective refractive index and ultra-wideband, resulting in a flat Luneburg lens operating from 4 to 18 GHz. In order to implement this technology at a high frequency (60 GHz), a different unit cell for the Luneburg lens was proposed [START_REF] Torki | A planar steerable 60 GHz leaky wave antenna with Luneburg lens feed[END_REF].

In this chapter, a low loss fully metallic PPW Luneburg lens antenna realized with variable heights posts and operating in the WM-864 band (220-330 GHz), in quasi-TEM mode is designed. The refractive index is mimicked by the continuous variation of metal post thickness. Radiation flare extending the parallel plates ensures a good matching to free space. The PPW lens antenna consists of three parts: the feeding, the lens, and the radiating flare. First, the constant PPW lens antenna with a thickness of 0.2 mm is fed by a double ridged waveguide (i.e. a transition to be fed with a standard waveguide). Due to the difficulty of fabrication of this transition feed at 300 GHz, we propose the variable PPW lens antenna with a thickness of 0.432 mm, which is fed by a standard WM-864 waveguide (0.864 mm ×0.432 mm). The feeds illuminate the PPW lens from its periphery. The second main part of the system is a Luneburg lens with two different diameter configurations, 6.5 mm and 10.5 mm. The lens is synthesized with variable metallic post thickness. The unit-cell of the lens is made of a cylindrical metallic post put on a metal ground, called the bottom plate, and another plate placed above the post with an air gap called the top plate. The permittivity is controlled only by one parameter: the thickness of the metal post. The third part, which is the radiating flare of the PPW Luneburg lens antenna, simply consists of an exponential taper covering 360°. The PPW Luneburg lens antenna exhibits quite good performances in terms of broadband, gain, losses, and field-ofview. According to simulations, the design is robust.

Unit Cell Properties/Background

One of the most interesting features to describe the artificial material is the dispersion diagram, on which we can see the relation between phase and frequency. In CST Microwave Studio Suite, we use Eigenmode Solver to simulate a unit cell in an infinite periodic structure. The boundary conditions in the artificial material plane are "periodic", where we can set the phase shift in both x-and y-directions between adjacent unit cells. The boundary conditions on top and bottom (z-direction) are PEC (E t = 0). 

Dispersion Diagram and Brillouin zone

In transmission lines, the propagation constant ''𝛾'' is composed of two terms, attenuation constant ''α'' and phase constant '𝛽''.

𝛾 = 𝛼 + 𝑗𝛽 (6.1)
Originally dispersion diagram is the function between β and frequency 𝜔, but in the lossless case, α = 0, and phase constant ''β'' equals the wavenumber ''k'' for a plane wave. In free space, the relation is linear:

𝛽 (𝜔) = 𝑘 0 = 𝜔√𝜇 0 𝜀 0 (6.2)
However, for surface waves propagating in periodic structures, it is usually hard to give an explicit expression for the wavenumber ''𝑘''. Eigenvalue equations are usually solved or fullwave simulations are performed to get the wavenumber. As is known, there might exist more than one solution for an eigenvalue equation, which means, the propagation constant might not be unique at one frequency. These different solutions are called modes. Each mode has its field distribution, phase velocity, and group velocity. The relation between ''𝑘'' and ''𝜔'' is often plotted out in curves called dispersion diagrams.

In a periodic structure, the field distribution is also periodic with a phase delay between unit cells. This phase delay is determined by phase constant ''k'' and periodicity ''𝑝''. For a surface wave mode propagating in the x-direction in an infinite plane, its field can be written in a series of space harmonic waves:

𝐸 ⃗⃗ (𝑥. 𝑦. 𝑧) = ∑ 𝐸 𝑛 ⃗⃗⃗⃗⃗ (𝑦. 𝑧)𝑒 -𝑗 𝑘 𝑛 ⃗⃗⃗⃗⃗ 𝑥 ⃗ ∞ 𝑛= -∞ 𝑒 𝑗𝜔𝑡 𝑘 𝑛 (𝜔) = 𝑘 (𝜔) + 𝑛 (6.
3)

The periodicity of ''𝑘'' is 2π/p. Therefore, the dispersion diagram only needs to be plotted in one period known as the Brillouin zone. For our 2D surface, this is a square region specified by -π/𝑝 < 𝑘 𝑥 < π/p and -π/𝑝 < 𝑘 𝑦 < π/p. And by symmetry, it can be further reduced to the irreducible Brillouin zone, which is a triangle section whose area is 1/8 of the Brillouin zone area, both shown in Figure 6. In our case, the unit cell is an isotropic cylindrical in the x-y plane, hence the performance in x-and y-directions should be identical. The dispersion diagram in the x-direction of the sample unit cell in Figure 6.1 is presented in Figure 6.3. 

Effective Refractive Index

For a free space wave with frequency 𝜔, the wavenumber 𝑘 0 is:

𝑘 0 = 2𝜋 𝜆 0 = 𝜔 𝑐 (6.4) 
For surface waves impinging on a periodic structure, wave propagation cannot be investigated with plane wave response, but with dispersion relation of this surface.

For a 2D-periodic structure, in a full period of 𝑝 𝑥 = 𝑝 𝑦 = 𝑝, the phase shift is 2π. Hence inside one period, from Γ to X, the x-direction phase variation is from 0 to π, while the y-direction phase stays 0.

{ 𝒑𝒉𝒂𝒔𝒆 𝑿 = 𝟎 → 𝝅 𝒑𝒉𝒂𝒔𝒆 𝒀 = 𝟎

Thus, wavenumber '𝑘' (also the propagation constant β) follows a frequency dispersion relation in equation (6.5). In CST, the phase shift is changed along the irreducible Brillouin zone boundary, and frequencies of eigenmodes are obtained accordingly.

𝑘(𝜔) 𝑝 = 0 → 𝜋 (6.5)

At different frequencies, the effective refractive indices 𝑛 𝑒𝑓𝑓 are obtained by the ratio of 𝑘 and 𝑘 0 . An example of a 300 GHz frequency wave is marked by navy dashed lines in Figure 6.3.

𝑛 𝑒𝑓𝑓 = 𝑐 𝑣 = 𝜔 𝑘 0 ⁄ 𝜔 𝑘 ⁄ = 𝑘 𝑘 0 (6.6)

Dispersion Analysis of the Metallic Post Structure

The corresponding dispersion characteristics of the metallic post structures are investigated by examining their frequency contours in Figure 6.4. The 2D dispersion diagrams of the first mode, computed with the eigenmode solver of CST, for the square and cylindrical metallic post structures are presented in Figure 6.4 (a) and (b). From the frequency contours (filled circles), cylindrical metallic posts are more isotropic than the square design, especially as the frequency increases. It is observed that the cylindrical structure is isotropic for frequencies less than 350 GHz, whereas the square structure supports only up to 320 GHz. 

Parallel Plate Waveguide (PPW)

The parallel plate waveguide (PPW) is the simplest type of guide that can support TM and TE modes; it can also support a TEM mode since it is formed from two flat conducting plates [START_REF] Pozar | Microwave engineering[END_REF]. By approximating the cylindrical Luneburg lens as a PPW with plate separation ''ℎ'' illustrated in Figure 6.5 and Figure 6.6 it is possible to identify two different E-field polarizations, namely horizontal and vertical. To ensure any of the two polarizations with high signal strength, a single-mode operation is preferred and force restrictions on the plate separation ''ℎ''. The cutoff frequency of a parallel plate waveguide reveals these restrictions as limitations for the plate separation, i.e. the lens thickness ''ℎ''.

The TE-mode cutoff wavenumber of a PPW is defined as :

𝑘 𝑐 = 𝑛𝜋 ℎ . 𝑛 = 1. 2. 3. … … (6.7) 
giving the cutoff frequency

𝑓 𝑐 = 𝑘 𝑐 2𝜋 √ 𝜇𝜀 = 𝑛 2ℎ√𝜀 . 𝑛 = 1. 2. 3. … … (6.8) 
To determine that the lens is operating above the cutoff frequency of the first TE1-mode it is required that

ℎ > 1 2𝑓 𝑐 √𝜀 = 𝜆 2 . (6.9) 
and also entails suppression of the TE2-mode through

ℎ < 1 𝑓 𝑐 √𝜀 = 𝜆 . (6.10) 
resulting in a condition on the lens thickness ''ℎ'' for TE1-mode operation

𝜆 2 < ℎ < 𝜆. (6.11) 
The TM-mode cutoff wavenumber of a parallel plate waveguide is defined as : Since µ ≈ 1. With n = 0, the cutoff frequency 𝑓 𝑐 = 0, the TM0-mode is depicted in Figure 6.6.

𝑘 𝑐 = 𝑛𝜋 ℎ . 𝑛 = 0.1. 2.
Ensuring that the first higher-order TM1-mode is suppressed requires that ℎ < 1

2𝑓 𝑐 √𝜀 = 𝜆 2 (6.14)
which is a limitation on the cylindrical lens thickness for vertical E-field polarization. For a design frequency of 300 GHz the wavelength is approximately λ = 1mm, giving a lens thickness of (0.5 mm < h < 1 mm ) for horizontal E-field polarization (TE1-mode) and (h < 0.5 mm) for vertical E-field polarization (TM0-mode).

Apart from the fact that either polarization needs a lens of different thickness their E-fields must be excited slightly different, resulting in separate antennas, one for each polarization.

Unit Cell Design

The unit cell with the required effective refractive index is designed by eigenmode simulation and dispersion diagram analysis. The realization of the Luneburg lens is based on an array of isotropic unit cells. It is known that the PPW loaded with a cylindrical metallic post can be treated as an isotropic unit cell as shown in Figure 6.7.

For each unit, the period is determined by ''𝑝'' and the post size is determined by ''𝑠'' and ''𝑡''. The required refractive indices following Luneburg's law are obtained by changing the height of metallic post ''t'' while keeping a constant distance between the bottom plate and the upper plate of the waveguide ''h'' (i.e. the PPW spacing is constant).

Parametric simulations are going to be made to study the influence of each of the geometrical parameters on the effective refractive index. The ''𝑝'' and ''𝑠'' should be as high as possible for easing the manufacturing while at the same time 𝑝/𝜆 and 𝑠/𝜆 should be kept as low as possible so the unit cell dispersion stays low and acceptable, and therefore the antenna is broadband. Constant values of ''𝑝'' and ''𝑠'' are better options for easing the manufacturing, but at this stage, they are kept variable in the parametric study. 

Determination of Parallel Plate Spacing '𝒉'

The parallel plate spacing ' ℎ' needs to be lower than (𝜆 𝑚𝑖𝑛 2 ⁄ ) half of the minimum wavelength in the operating bandwidth 220-320 GHz (i.e. ℎ < 𝜆 𝑚𝑖𝑛 2 ⁄ ), so only the quasi-TEM mode propagates in the unit-cell. The minimum wavelength in the operating bandwidth is 𝜆 𝑚𝑖𝑛 = 𝑐 0 𝑓 𝑚𝑎𝑥 = ⁄ 0.938 mm. Therefore ℎ ≤ 0.469 mm, so in the parametric simulation ℎ varies from 0.1 mm to 0.5 mm by 0.1 mm step, and 𝑡/ℎ varies from 0 to 1 by 0.1 step. For an artificial dielectric to be considered as a homogenous media at one frequency, its unit cell dimensions need to be lower than the one-quarter wavelength (i.e. 𝑝 < 𝜆 4 ⁄ ), and generally much less than one-quarter wavelength to achieve an effective media (i.e. 𝑝 ≈ 𝜆 10 ⁄ ). For the preliminary analysis, only 'ℎ' and '𝑡' are variable, '𝑝' is set at 0.2 mm and '𝑠' at 0.1 mm. Then, 𝑝 and 𝑠 will be also the subject of a parametric study, and their impact on the unit-cell effective refractive index 𝑛 𝑒𝑓𝑓 will be evaluated.

Let's call a unit-cell configuration, a set of three values (𝑝. 𝑠. ℎ). The different steps of the unitcell effective refractive index calculation 𝑛 𝑒𝑓𝑓 are detailed as follows:

1. After drawing the model and setting the right boundary conditions, the eigenmode solver of the full-wave simulator is used to compute the eigenfrequencies from the phase constant '𝛽'. 2. The eigenfrequencies data is exported from the full-wave simulator and imported into Matlab to draw the dispersion diagram, as shown in Figure 6.8. 3. In Matlab, the effective refractive index is deduced for each phase constant, by the formula 𝑛 𝑒𝑓𝑓 = 𝛽 𝛽 0 ⁄ , where 𝛽 0 = 2𝜋𝑓 0 𝑐 0 ⁄ .The 𝑓 0 are the eigenfrequencies derived from the dispersion diagram and 𝑐 0 the speed of light in free space. Figure 6.9 shows the calculated unit-cell effective refractive index versus frequency. 4. Finally, Figure 6.9 can be interpolated the value of 𝑛 𝑒𝑓𝑓 at any given frequency for each value of 𝑡/ℎ, which give the mapping between the geometrical dimension 𝑡/ℎ and the effective refractive index 𝑛 𝑒𝑓𝑓 of the unit-cell.

Dispersion Diagram Analysis

Figure 6.8 shows the dispersion diagrams of the unit-cell for five configurations, i.e. for five values of ℎ. For each value of ℎ, 𝑡/ℎ varies from 0 to 1 by 0.1 step. The line of light is also plotted. In Figure 6.8(a), ℎ=0.1 mm, and when 𝑡/ℎ=0, i.e. 𝑡 = 0 mm, the dispersion curve and the line of light merge. This result is predictable, since there is no metal post, so the wave propagates in a media where the refractive index is 1. However, the more 𝑡/ℎ increases, the more the dispersion curve moves away from the line of light. It means an increase of 𝑛 𝑒𝑓𝑓 . For all the other values of ℎ, the same phenomenon occurs and is shown in Figure 6.8. Additionally, it can be observed that for a non-zero and constant value of 𝑡/ℎ, when ℎ increases the dispersion curve moves further away from the line of light. In other words, an increase of ℎ produces an increase of 𝑛 𝑒𝑓𝑓 .

In summary, 𝑛 𝑒𝑓𝑓 increases with ℎ and 𝑡, however at this stage the values achieved by 𝑛 𝑒𝑓𝑓 are unknown. In the next paragraph, 𝑛 𝑒𝑓𝑓 is derived from the dispersion curves and plotted versus frequency for each configuration.

(

Figure 6.8: Unit cell parametric simulations dispersion diagrams. 𝑝=0.2 mm, 𝑠=0.1mm, 𝑡/ℎ as variable and 'LoL' the line of light.

Effective Refractive Index

In Matlab, the effective refractive index is deduced for each phase constant point 𝛽, by the formula 𝑛 𝑒𝑓𝑓 = 𝛽 𝛽 0 ⁄ , where 𝛽 0 = 2𝜋𝑓 0 𝑐 0 ⁄ . 𝑓 0 is the frequency derived from the dispersion diagram and 𝑐 0 the speed of light in free space. Figure 6.9 shows the calculated unit-cell effective refractive index versus frequency. It can be observed three phenomena.

1. The 𝑛 𝑒𝑓𝑓 increases with frequency whatever the curve 𝑡/ℎ and for all configurations. For example, in Figure 6.9(a) and for t/h=0.8, it can be seen that the value of 𝑛 𝑒𝑓𝑓 at 300 GHz is higher than its value at 200 GHz. 2. The 𝑛 𝑒𝑓𝑓 increases with 𝑡/ℎ for a constant value of h, i.e. for each configuration. For example for ℎ=0.1 mm, the curve 𝑡/ℎ=0.7 is above the curve 𝑡/ℎ=0.6. 3. The point is between two configurations and for a constant value of 𝑡/ℎ, 𝑛 𝑒𝑓𝑓 also increases with ℎ. For example, the curve 𝑡/ℎ = 0.9 in Figure 6.9(b) is higher than the same curve 𝑡/ℎ= 0.9 in Figure 6.9(a).

In summary, an increase in the frequency, ℎ or 𝑡/ℎ produces increasing of 𝑛 𝑒𝑓𝑓 . The 𝑛 𝑒𝑓𝑓 range and the dispersion in the analysis bandwidth (280 -320 GHz) of each unit-cell configuration are going to be evaluated and compared to each other. This enables us to know the refractive index range achieved by each configuration and which configurations are broadband.

(

index ranges from 1 to 1.41. This unit-cell configuration can therefore be used to realize a Luneburg lens.

In the same way as for ℎ=0.1 mm and 𝑡/ℎ=0.9mm, 𝑛 𝑒𝑓𝑓 is interpolated at 280, 290, 300, 310, and 320 GHz for each configuration and each curve 𝑡/ℎ. The results are illustrated in Figure 6.10. In all the configurations, Figure 6.10 (a) to Figure 6.10(e), 𝑛 𝑒𝑓𝑓 versus 𝑡/ℎ ranges from 1 to at least 1.41.Therefore, they all can be used to realize a Luneburg lens. However the unitcell dispersion is different, it depends on the configuration.

The dispersion, extremely low for ℎ= 0.1 mm and ℎ = 0.2 mm for all values of 𝑡/ℎ, see Figure 6.10(a) and Figure 6.10(b), starts to increase when ℎ= 0.3mm, especially after the value of 𝑡/ℎ = 0.25, as shown in Figure 6.10(c). Indeed, in this figure the five curves superimpose from 𝑡/ℎ=0 to 𝑡/ℎ=0.25, but from 𝑡/ℎ=0.3, the gap between frequencies increases and is more and more visible. It means the dispersion increases with 𝑡/ℎ. The superimposition of the five curves stops at lower values of 𝑡/ℎ, as ℎ increases. In Figure 6.10(d) where h=0.4mm, it stops around t/h=0.2, in Figure 6.10(e) where h=0.5 mm, it stops at t/h=0.1.

In summary, the dispersion of the unit-cell configurations is acceptable for 𝑛 𝑒𝑓𝑓 =1.41 up to ℎ=0.2 mm. For higher values of ℎ, the gap between 280, 290, 300, 310, and 320 GHz becomes important and could limit the bandwidth. Furthermore, when h increases mean that the manufacturing tolerance also increases, making ease of manufacture.

(

Figure 6.10: Unit cell parametric simulations: 𝑛 𝑒𝑓𝑓 versus 𝑡/ℎ, frequency as variable.

Determination of Periodicity '𝒑'

In the previous section, a dispersion analysis of unit-cell enabled to study of the impact of ℎ, 𝑡/ℎ , and frequency on the unit-cell 𝑛 𝑒𝑓𝑓 . In that study the periodicity 𝑝= 0.2 mm, 𝑠 = 2𝑟 = 0.1 mm, ℎ varied from 0.1mm to 0.5 mm, t/h from 0 to 0.9, and the tradeoff between the dispersion and manufacturing tolerances has enabled to select of one value of ℎ = 0.2 mm.

In this section, the impact of periodicity 𝑝 on 𝑛 𝑒𝑓𝑓 is analyzed and eventually, a tradeoff on the values of 𝑝 is made as well. In the following parametric study 𝑝 takes four values: 0.2 mm, 0.25 mm ,0.3 mm and 0.4 mm. h=0.2 mm and t/h varies from 0 to 0.9 by 0.1 step. The mapping between 𝑛 𝑒𝑓𝑓 and 𝑡/ℎ at 280 GHz, 290 GHz, 300 GHz, 310 GHz, and 320 GHz are illustrated in Figure 6.11.

Between Figure 6.11(a) and Figure 6.11(d), it can be observed that increasing 𝑝 decreases 𝑛 𝑒𝑓𝑓 . For instance, when 𝑝=0.2 mm, the 𝑛 𝑒𝑓𝑓 ≈1.3 around 𝑡/ℎ=0.5, whereas when 𝑝=0.25 mm, the 𝑛 𝑒𝑓𝑓 =1.2 around 𝑡/ℎ=0.5. In other words, higher values of '𝑝' induces higher ranges of 𝑡/ℎ to achieve the necessary refractive indexes to realize a Luneburg lens, therefore a better manufacturing tolerance to '𝑡'. As the result the 𝑝= 0.25mm is selected. In the comparison between Figure 6.11(c) and Figure 6.11(d), the dispersion of unit-cell significantly increases with the increase of 𝑝. Therefore, 𝑝= 0.25mm is selected to increase freedom of the metal posts mechanical, and thus avoid breaking them.

In the summary, in this section, the unit-cell analysis has been presented. It is based on a metal post laying on a metal ground plane. There is another metal ground plane on top of the metal post with an air gap between them. The dispersion analysis of the unit-cell enabled to study of the influence of each unit-cell geometrical parameters on the effective refractive index 𝑛 𝑒𝑓𝑓 . The'𝑛 𝑒𝑓𝑓 ' increases significantly with frequency, h, and t/h, and slightly with p.

Dispersion and manufacturing criteria have been considered to select the values of 'h' (0.2 mm), 'p' (0.25 mm), and 's' (0.1mm) to meet the specifications, i.e. to design an all-metal Luneburg lens with constant 'h' at 300 GHz band. Finally, the value of 𝑛 𝑒𝑓𝑓 is controlled only by the value of t/h.

Metallic Lens Antenna Design

Introduction

An inhomogeneous artificial dielectric Luneburg lens based on a parallel-plate waveguide (PPW) is shown in Figure 6.12, where the effective refractive index varies radially, simply by varying the height of metallic post on the bottom plate of the PPW. In Figure 6.12, the top view and cross-sectional view of the lenses are displayed. As shown in Figure 6.12 (a), primary feeds excite the lens at the circumference. Figure 6.12 (b) shows the cross-sectional view of the airfilled lenses. It is shown that the post height is varied, to satisfy the required refractive index

(a) (b) (c) (d) 
of 𝑛(𝑟 ′ ) for a Luneburg lens at a normalized radius 𝑟 ′ as follows :

𝑛(𝑟 ′ ) = √ 2 -(𝑟 ′ ) 2 , 0 ≤ 𝑟 ′ ≤ 1 𝑛(𝑟 ′ ) = 1 , 𝑟 ′ ≥ 1. (6.15) 
The lens is realized by concentric circles of cylindrical metallic posts of varying height on the bottom plate of the PPW, providing the refractive index profile, as shown in Figure 6.12. This creates a circular lattice. Radii and refractive index of these concentric circles/areas that create the Luneburg lens can be obtained by utilizing the following formulas

𝑛 𝑖 = √𝜀 𝑖 = √2 -(2𝑖 -1)M 𝑟 𝑖 = √2𝑖M × 𝑅 Lens (6. 16 
)
where M = 1 (2N + 1) ⁄ , N is the number of concentric circles/areas, and 𝑅 Lens is the radius of the Luneburg lens. The center-to-center distance between the metallic posts in one circle is also approximately equal to '𝑝', (𝑝 ≪ 𝜆 0 ) locally satisfying the periodicity condition of the eigenmode analysis. These concentric circles cause an effective refractive index gradient that approximately realizes a Luneburg lens. The radii of the concentric circles with different heights of metallic posts along with the '𝑛 𝑒𝑓𝑓 ' values to realize a 6.5 𝜆 0 and 10.5 𝜆 0 diameters lens is given in Table 3.1. The diameter of the artificial Luneburg lens is determined by the desired azimuth beamwidth [START_REF] Orfanidis | Electromagnetic waves and antennas[END_REF] :

∆𝜃 3𝑑𝐵 = 51 °× 𝜆 0 𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒 𝑤𝑖𝑑𝑡ℎ (6.17) 
Since our requirement of 3-dB beamwidth are 8 ° and 5 °, the Luneburg lens diameters, equivalent to aperture width in equation (6.17), will be 2R = 6.5 𝜆 0 and 2R = 10.5 𝜆 0 Thus, the Luneburg lens diameter determines the HPBW of the proposed multi-beam antenna.

To tune the effective refractive index from 1 at the edge to 1.4 at the center of the lens, the ratio '𝑡/ℎ' is changed from 0 to 1 at a constant spacing of PPW with h = 0.2 mm, obtaining the dispersion response, as shown Figure 6.13. A Luneburg lens can be mimicked by using a different height of metallic posts at different positions, as represented in Figure 6.12.

(a) ( Based on the rotational symmetry of the Luneburg lens, we choose a section across the center of the lens and divide the section into six areas, A, B, C, D, E, and F corresponding to different equivalent refractive indices, as shown in Figure 6.12 (b). The expected effective refractive indices in the points A, B, C, D, E, and F are computed according to Luneburg's law. The structure is shown in Figure 6.12 (b), where each color represents a different height of the cylinders. For ℎ = 0.2 mm and 𝑝 = 0.25 mm and 2𝑟 = 0.1 mm, we deduced the value of the thickness of metallic post ''𝑡'' according to Luneburg lens law from Figure 6.13(b) as shown in Table 6.1. Based on the unit cells with required effective refractive indices, we can form the Luneburg lens. The radii of the Luneburg lens are determined to be 3.25 and 5.25 mm. The periodic posts of the unit cells with their size: p = 0.25 mm, s= 0.1 mm, and h = 0.2 mm.

Radiating Flare Design

The lens is ended with a flare to minimize reflections between the lens and free space (i.e. match the impedance inside the PPW to the free space one 𝜂 ≈ 120𝜋, so the energy can be efficiently radiated). The radiating part (i.e. flare) of the lens consists of an exponential tapering in the E-plane of the bottom and top plates starting from the periphery of the lens. Figure 6.16(a) shows the top view of the lens and the radiating aperture and Figure 6.16(b) the cross-section view, where the optimum aperture size 𝑑=1.288 mm, and taper length 𝑙= 3mm for the 10.5 𝜆 0 lens.

Feed Design

As we want to design a beam scanning antenna over a wide range of scan angles in the azimuth plane and with a narrow beam (8˚) for a lens diameter of 6.5 𝜆 0 or with a narrow beam (5˚) for a lens diameter of 10.5 𝜆 0 , a lot of sources around the lens are needed. It means that each source must be small enough (< 0.6 mm) to ensure a 3-dB overlap between the beams.

Then, an openended waveguide at 300 GHz (WR-03/WM-864) cannot be used for this future beam scanning antenna. The classical open-ended waveguide (WR-03/ WM-864) cannot be used if we want to feed the lens with several sources, because this source is too wide (0.864 mm). Furthermore, the parallel plate space ℎ between the top and bottom plates is equal to 0.2 mm. Therefore, the following section shows the design of a ridged waveguide to feed the lens.

The use of a ridged waveguide allows the reduction of the width of the classical waveguide without increasing the cut-off frequency. By adding a central ridge to either the top, the bottom, or both of a rectangular waveguide, the cutoff frequency can be lowered due to the capacitive effect it introduces. The distance between the ridges (for the double-ridged case) or the ridge and opposite waveguide wall (for the single-ridged case) affects the effective impedance of the waveguide. As this distance has decreased the impedance is also decreased. The design is described, respectively, in Figure 6.14 for (a) front, (b) backside views, and (c) the crosssection view with the different optimized dimensions. The transition between the open-ended waveguide and the height of the lens is achieved by stepping the height of the waveguide to match the impedance. This double-ridged waveguide (DR-WG) fed by waveguide ports has been simulated and optimized using CST Microwave Studio Software. The simulated matching level is better than 10 dB on the bandwidth of interest (220-320 GHz) as shown in Figure 6.15. The DR-WG fed by the WM-864 waveguide is studied to illuminate the lens and to realize the design of a beamscanning antenna with a narrow beam (8˚/5˚) over a wide scan angle.

Figure 6.15: The scattering parameters of double-ridged waveguide (DR-WG). The performance of the metallic Luneburg lens with a double-ridged waveguide (DR-WG) feed is tested and evaluated. The proposed 6.5 λ diameter lens, is shown in Figure 6.17 

Mutlibeam Antenna Integration

A. S-parameters

To verify the impedance matching performance, the S-parameters have been computed as shown in Figure 6.18. In the range of 250-350 GHz frequency band, the return loss is lower than -7 dB. The bad matching performance is due to the reflection of the DR-WG feed with metallic beds post of the lens at the rim. 

B. Radiation pattern

The Luneburg lens antenna beams are all fan beams. The H-plane pattern of the antenna is a narrow beam pattern, as shown in Figure 6.19(a). The 3 dB beamwidth is 9.6° for an H-plane beam at 300 GHz. The E-plane pattern of the metallic Luneburg lens antenna is a wide beam pattern, as shown in Figure 6.19 (b). The 3 dB beamwidth is 36.4° for an E-plane beam at 300 GHz. The far-field comparison of seven frequencies (270-330 GHz) is presented in Figure 6.19. Detailed performances are listed in Table 6.2. The maximum realized gain is 20.5 dBi at 330 GHz. 

A. S-parameters

To verify the impedance matching performance, the S-parameters have been computed as shown in Figure 6.21. In the range of 260-345 GHz frequency band, the return loss is lower than -8 dB. The bad matching performance is due to the reflection of double ridged waveguide feed with metallic posts of the lens at the rim. 

B. Radiation pattern

.22 shows the radiation patterns of different frequencies. The H-plane pattern of the antenna is a narrow beam pattern, as shown in Figure 6.22 (a). The 3 dB beamwidth is 5.6° for the H-plane beam at 300 GHz. The E-plane pattern of the metallic Luneburg lens antenna is a wide beam pattern, as shown in Figure 6.22 (b). The 3 dB beamwidth is 27.4° for the E-plane beam at 300 GHz. The far-field comparison of seven frequencies (270-330 GHz) is presented in Figure 6.22. Detailed performances are listed in Table 6.3. The maximum realized gain is 22.8 dBi at 320 GHz. 

Standard WM-864 Waveguide Feed-based Metallic Lens

This section represents the extension and the next step of the previous section.

As artificial martial aims to design a fully metallic 2-D Luneburg lens operating in the 300 GHz band and made of a bed of nails technology. In the previous section, the PPW spacing was constant and set at ℎ = 0.2 mm, whereas in this section the top plate is gradually decreased and set at ℎ 𝑔 = 0.432 mm only at the periphery of the lens so that the antenna can be fed by WM-864 standard rectangular waveguides (0.864 x 0.432 mm 2 ), without the need for transitions as shown in Figure 6.23. 

Configurations of Lens with 6.5 λ Diameter

The performance of the metallic Luneburg lens with standard WM-864 (i.e. single feed configuration) feed is tested and evaluated. The proposed 6.5 λ0 diameter lens, is shown in Figure 6.24. 

A. S-parameters

To verify the impedance matching performance, the S-parameters have been computed as shown in Figure 6.25. In the range of 250-350 GHz frequency band, the return loss is lower than -10 dB. 

B. Radiation pattern

The Luneburg lens antenna beams are all fan beams. The H-plane pattern of the antenna is a narrow beam pattern, as shown in Figure 6.26 (a). The 3 dB beamwidth is 9.4° for the H-plane beam at 300 GHz. The E-plane pattern of the metallic Luneburg lens antenna is a wide beam pattern, as shown in Figure 6.26 (b). The 3 dB beamwidth is 28.7° for the E-plane beam at 300 GHz. The far-field comparison of five frequencies (280-320 GHz) is presented in Figure 6.26. Detailed performances are listed in Table 6.4. The maximum realized gain is 21 dBi at 310 GHz. 

Configurations of Lens with 10.5 λ Diameter

A. S-parameters

To verify the impedance matching performance, the S-parameters have been computed as shown in Figure 6.27. In the range of 250-350 GHz frequency band, the return loss is lower than -10 dB. 

B. Radiation pattern

The Luneburg lens antenna beams are all fan beams. The H-plane pattern of the antenna is a narrow beam pattern, as shown in Figure 6.28(a). The 3 dB beamwidth is 5.5° for the H-plane beam at 300 GHz. The E-plane pattern of the metallic Luneburg lens antenna is a wide beam pattern, as shown in Figure 6.28( (b). The 3 dB beamwidth is 21.4° for the E-plane beam at 300 GHz. The far-field comparison of seven frequencies (270-330 GHz) is presented in Figure 6.26. Detailed performances are listed in Table 6.4. The maximum realized gain is 22.9 dBi at 290 GHz. Concerning the waveguide feeds of metallic Luneburg lens antenna, to ensure 3-dB beam scanning in H-plane, a limitation of this design is the space occupied by the feeds, which cannot be placed too close to each other. The feeding should be small enough to provide the 3-dB beam overlap as shown in Figure 6.29(a). '𝜃 𝐻 ' which represents the 3-dB beamwidth in Hplane is set as 5°. In consideration of measurements, the input port of the feeding should be a standard waveguide WM-864 (0.864 mm x 0.432 mm). Therefore, the feeding with a gradually narrowed waveguide (i.e. stepped waveguide transition) will be difficult to fabricate at 300 GHz.

To solve this problem, we introduce a novel configuration in which the metallic Luneburg lens antenna can be duplicated with a second identical one in the vertical plane, as shown in Figure 6.29(b). The lens is excited by the feeding ports (WM-864 waveguide feedings), which will be changing alternatively between the bottom and top Luneburg lens antennas according to the desired beam directions as shown in Figure 6.29(b). 

Integration of 3-WM-864 Feeds with 6.5 λ Diameter Metallic Luneburg

Lens

The proposed multi-beam metallic Luneburg lens antenna fed by waveguide WR-03 was simulated to verify the design. The metallic Luneburg lens prototype is exhibited in Figure 6.30, where a second lens structure has been added as a novel idea to realize the 3dB overlap between the beams. During S-parameter simulation, three of the input ports were connected with WR-03. Only one port was excited at one time for testing the radiating performance. 

A. S-Parameter

Simulated reflection coefficients of ports 1-3 as given in Figure 6.31. The simulated overlapped impedance bandwidth for the reflection coefficient of less than -12 dB is wider than 100 GHz, which can cover the 300 GHz band. On the other hand, it is seen from Figure 6.32 that the simulated mutual couplings between Port 1 and the other two ports. The simulated mutual coupling between the two adjacent ports, i.e., Ports 2 and 3, is the highest, which is lower than -20 dB throughout the operating band. In addition, simulated |S12 |and |S13| are less than -35 dB. Figure 6.34 illustrates the computed gain with different scanning angles for the proposed beam steering 6.5 λ lens antenna. It can be observed that the maximum gain reaches 20.9 dBi at 310 GHz.

Figure 6.34: The maximum realized gain for 3 different feeding ports. 

B. Isolation

Figure 6.37 illustrates the mutual coupling coefficients between feeding port 1 and other feeding ports. It is shown that the mutual coupling coefficients between the testing ports are all below -20 dB from 250 GHz to 340 GHz for the proposed beam-steering lens antenna, except the mutual coupling coefficients for the edge feeding ports of the bottom lens (15,17,19,33,35, and 37) and the reflection coefficients for the edge feeding ports of the top lens (14, 16,18, 32, 34, and 36). The excellent isolation performance is presented between the waveguide feeding ports.

Bottom Lens:

(a) (b) (c) (d) (e)
Top Lens:

(a) (b) (c) (d) (e) 
Figure 6.37: Mutual coupling coefficients among multiple feeding ports for the proposed beam steering metallic lens.

H-plane Radiation Pattern

The adjacent spacing of the feeders is designed to be 5°, to achieve a 3-dB overlap between contiguous beams. Therefore, the beam angles include 0°, ±5°, ±10°, ±15°, ±20°, ±25°, ±30°, ±35°, ±40°, ±45°, ±50°, ±55°, ±60°, ±65°, ±70°, ±75°, ±80°, ±85°, ±90° and the radiation patterns at different typical frequencies are illustrated in Figure 6.38. The maximum gain ranges approximately from 22.6 dB at 290 GHz to 18 dB at 330 GHz. High directive beams are achieved with 3 dB overlap and a wide field of view up to ±65•. Considering the relative effective refractive index dispersion and the mismatch in the higher band, the scan loss is higher than 4.6 dB, at different typical frequencies as shown in Figure 6.39.

(

(f)

Maximum Realized Gain and Beam Direction

Figure 6.39 shows the maximum realized gain over frequency for the bottom and top lenses. It better shows the decrease of maximum gain with the scanning angle of the feed in the targeted bandwidth. Figure 6.39 illustrates the computed gain with different scanning angles for the proposed beam-steering lens antenna. It can be observed that the maximum gain reaches 22.6 dBi at 290 GHz.

Meanwhile, the computed overlapping 3-dB gain radiation patterns of all scanning angles are from 250 GHz to 310 GHz for the beam steering lens antenna loaded with variable metallic posts as shown in Figure 6.38. The most important result of this study is to verify the direction of the main lobe. As illustrated in Figure 6.41(a) for the bottom lens, the computed direction of the main lobe for each feed is correct with an error lower than 5° for the edges feeds 13, 15, 17, 19, 31, 33, 35, and The peak gains for each port of the bottom lens at 290 GHz are given in Table 6.6(a). The outermost ports, numbers 37 and 19 both show a gain of 16 dBi, while the highest gain is for port one with a gain of 22.6 dBi. The beam widths of each port are shown in Table 6.6, where the widest beamwidth is 12.2 • and the narrowest 5.9 • . Similar behavior for the top lens is noted as shown in Table 6.6(b). 

Conclusion

In this chapter, a fully metallic sub-THz beam-scanning antenna based on the PPW Luneburg lens is presented. A low loss PPW Luneburg lens antenna realized with different height posts is designed, which operates in the WM-864 band (220-330 GHz), in quasi-TEM mode. The refractive index is mimicked by the continuous variation of metal post thickness. The proposed beam scanning antenna shows narrow beams with a crossover point between two adjacent beams typically 3 dB below the beam peak, due to the novel method of duplicating. However, the variation between different heights of metallic posts is very small and critical in terms of fabrication at 300 GHz, which is less than 5 𝑚 . This is increased the costs and the complexity of fabrication at 300 GHz due to the increasing number of masks for variable metallic posts using silicon micromachining technology.

In the next chapter, we will use a uniform size of the metallic post to reduce the costs and the complexity of fabrication at 300 GHz.

In this chapter, a fully metallic PPW Luneburg lens antenna with 37 waveguide feeds of 10.5 λ0 diameter has been designed at 300 GHz and simulated between 250 GHz and 350 GHz in CST. An angle of view of ±65° has been covered. The simulation results show very good antenna characteristics. The matching level is lower than -10 dB from 250 GHz to 330 GHz excluding the reflection coefficients for the edge feeding ports. Similarly, the isolation level is -20 dB from 250 GHz to 340 GHz, excluding the mutual coupling coefficients for the edge feeding ports. The symmetry of both matching and isolation parameters has been verified. The H-plane radiation patterns confirm that the multiple feeds fully metallic PPW Luneburg lens works perfectly fine as a sub-THz beam-scanning antenna throughout the (250-320 GHz) operating bandwidth. The maximum gain ranges approximately from 18 dB at 330 GHz to 22.6 dB at 290 GHz. The beams point out correct angular directions with a small degree of error at the edged feeding ports. The sidelobe levels are -16 dB below the main beam at 290 GHz. The beam overlap level is 3dB between 250 -310 GHz. The multiple feed configuration of the Luneburg lens antenna shows excellent results.

However, the PPW Luneburg lens antenna with variable metallic post thicknesses needs a high accuracy technology for the fabrication in order to mimic the permittivity values required by the Luneburg law. In the next chapter, an improvement of the PPW Luneburg lens antenna with variable metallic post thicknesses, resolving these issues, is developed.

Metallic Lens Based on Parallel-Plate

Loaded with Uniform Posts

Introduction

In this chapter, a metallic Luneburg lens antenna based on a parallel-plate waveguide loaded with uniform equal size posts is designed and analyzed. The proposed lens has a uniform thickness of metallic posts as compared to variable heights that have been proposed in the previous chapter, which means that the manufacturing tolerance is increased, making ease of manufacture at 300 GHz.

Unit-cell Design

As the theory in [START_REF] Young-Jin | A photonic bandgap (PBG) structure for guiding and suppressing surface waves in millimeter-wave antennas[END_REF], the period 𝑝 ≪ 𝜆 and the width of post 2𝑟 ≤ 𝑝/2. To support the guiding waves, the height of the post should meet the condition ℎ 𝑝 < 𝜆/4. For 300 GHz band, considering the manufacturing difficulty, we determine that 2𝑟 = 0.1 mm and 𝑝 = 0.25 mm.

Unit cell Geometry and Parameters

The realization of the artificial Luneburg lens is based on an array of isotropic unit cells. It is known that a PPW loaded with a cylindrical post can be treated as an isotropic unit-cell which is shown in Figure 7.1. For each unit, the period is determined by 𝑝 and the post size is determined by 2𝑟 and ℎ 𝑝 . The required refractive indices following Luneburg's law are obtained by changing the height of the gap ''𝑔'' between the top of the post and the top plate. 

Determination of air gap height ''g'' and metallic post thickness ''𝐡 𝐩 ''

The unit cell with the required effective refractive index is designed by eigenmode simulation and dispersion diagram analysis. The first mode, quasi-TEM mode, is excited in the proposed lens. To illustrate the characteristics of the selected unit cells, the dispersion diagrams and effective refractive indices of the periodic structures with different ''𝑔''and ℎ 𝑝 , are given in Figure 7. To illustrate the effect of ℎ 𝑝 on the refractive index, the index curves corresponding to ℎ 𝑝 = 0.08, 0.1, and 0.12 mm are simulated and plotted in Figure 7.3, where 𝑔/ℎ 𝑝 varies from 0.2 to 1.5 by 0.1 step.

As seen, with the changing of 'g', the characteristics of the designed unit-cells can approximately cover the refractive index requirements of the Luneburg lens. With the decrease in ''g'' and the increase in the equivalent refractive index, the dispersion becomes more obvious. However, it is worth noting that, compared with that at frequencies higher than 350 GHz, the variations in the effective refractive index within the (220 -320 GHz) band are relatively gentle. For instance, when g/hp = 0.3 mm, the effective refractive index varies from 1.302 to 1.401 in the 300 GHz band (220 -320 GHz) and can meet the requirement of the Luneburg lens, despite the deviation from the ideal Luneburg's law. As seen in Figure 7.2 and Figure 7.3, the effective refractive index can be adjusted only by changing ℎ 𝑝 or 𝑔. Compared with g, ℎ 𝑝 is a more sensitive parameter which is not suitable to be used to control the refractive index precisely. Thus, the gradient refractive indices are realized by only changing 𝑔 in this work. Besides, the increase of ℎ 𝑝 makes the refractive index show more obvious dispersion and change with frequency more sharply as shown in Figure 7.3(c). But the decrease of ℎ 𝑝 requires a narrower 𝑔 to maintain the same equivalent refractive index as before.

So in order to ensure the 𝑔 is not too narrow and the dispersion is acceptable in 300 GHz band when the refractive index gets close to 1.41 (the highest refractive index in the Luneburg lens), the ℎ 𝑝 is determined to be 0.1 mm as shown in Figure 7. 3(b). According to the above analysis, it can be seen that, different equivalent refractive indices for the design of the Luneburg lens could be realized by the almost-PPW loaded with uniform metallic posts which are easy to fabricate.

To observe the broadband properties, we also give the index profiles at 280, 290, 300, 310, and 320 GHz as shown in There is no need for much proof to say now that the uniform metallic post suits best the lens center and around, but certainly not the lens periphery, where the refractive index is approximately equal to or lower than 1.1 as shown in Figure 7.4.

For ℎ𝑝 = 0.1 mm and 𝑝 = 0.25 mm and 2𝑟 = 0.1 mm, we deduced the value of gap 𝑔 according to Luneburg lens law from Figure 7.4(b) as shown in Table 7.1. 

Introduction

In this section, the desired profile of the effective refractive index is realized by the almost-PPW with a curved top plate and a planar bottom plate loaded with uniform metallic posts. The uniform metallic posts between the parallel plates can be treated as a kind of periodic structure, whose unit cell is shown in Figure 7.1. The different effective refractive indices are achieved only by changing 𝑔, the air gap between the top of the post and the top plate, with the 2𝑟, ℎ 𝑝 , and 𝑝 remaining unchanged.

Uniform Metallic Posts

The 

Metallic Luneburg Lens Antenna

The lens consists of a PPW with gradient spacing loaded with periodic uniform cylindrical posts, which can be treated as an array of isotropic sub-wavelength unit-cells with gradient effective refractive indices. The WM-864 waveguides are employed as the input ports. A flare is added to improve the radiation and impedance matching of antenna feeds. Especially, the uniform metallic posts are only placed on the bottom plate, while the top plate is smooth with a curve contour to realize the expected refractive index profiles of the isotropic lens.

The complete proposed air-filled Luneburg lens antenna and its section views are shown in Figure 7.6. The feed point can be changed by moving the waveguide to get different beam directions. 

Radiation Aperture and Feeder

An expanded PPW with a circular ring profile is added around the Luneburg lens, as the initial radiation aperture. As shown in Figure 7.7, a flare is introduced to adjust the height of the PPW from 𝑔 𝐹 to '𝑑' and improve the matching between the radiation aperture and the open space, where 𝑑 = 3 mm and 𝑙 = 3 mm.

The rectangular waveguide of WR-03 (WM-864), indicated in Figure 7.7, is applied as the feeder of the proposed Luneburg lens antenna. It is simplified and easy to be integrated. By employing the WR-03 rectangular waveguides as the feeders, the Luneburg lens antennas with a single beam and multiple beams are designed in the whole 300 bands. 

Mutlibeam Antenna Integration

Multiple Feeds Configuration

The proposed multi-beam metallic Luneburg lens antenna fed by a standard waveguide (WM-864) was simulated to verify the design. The metallic Luneburg lens antenna loaded with uniform posts with 6 feeds is displayed in Figure 7.11, where a second lens structure has been added as a novel idea to realize the 3dB overlap between the beams. During S-parameter simulation, 6 of the input ports were connected with the WM-864 waveguide. Only one port was excited at one time for testing the radiating performance. 

S-parameters

Simulated reflection coefficients of ports 1, 2, 3, 4, 5, and 6 are given in Figure 7.12. The simulated overlapped impedance bandwidth for the reflection coefficient of less than -10 dB from 250 to 315 GHz. On the other hand, it is seen from Figure 7.13 that the simulated mutual couplings between Port 1 and the other five ports. The simulated mutual coupling between the two adjacent ports, i.e., Ports 2 and 3 is lower than 10 dB throughout the operating band. In 

H-plane Radiation Pattern

Beam steering in the H-plane of the Luneburg lens can be observed by feeding different excitations ports from Port#1 (bottom lens) to Port#6 (top lens). The simulated H-plane radiation patterns are shown in Figure 7.14. The beam steering angles for the radiation patterns are -5 ° , 0 °, 5 ° , 45 ° , 50 ° , and 55 ° for port#1 to port#6, respectively. The HPBW of the radiation patterns is around 5.7 ° between 270-310 GHz and 6.2 ° at 320 GHz. 

Maximum Gain

.15 shows the good performances of the simulated maximum realized gain over frequency of the lens antenna for each of the 6 feeds. The curves superimpose. The gain is not degraded if the beam is scanned, which means the scanning losses are low. The maximum gain decreases with frequency, ranging from 23 dB at 290 GHz to 18.3 dB at 330 GHz. 

Multibeam using Artificial Luneburg Lens

37 ports of beam width 5 °makes the total ports equal to 19, which room one-half of the original lens on the bottom with the odd number of ports and a center port (#1 to #37). While 18 ports room one the half of the duplicate lens on the top with the even number of ports (#2 to #36). While making the total number of the ports 37 ports, the outermost ports will lose some performance owing to increased reflections and reduced gain. The finished model with 37 ports is depicted in Figure 7.16 including a flare with a uniform metallic post. The odd number of the ports are labeled to the bottom lens from the center port being number one (#1). 

S-parameters

A. Matching

Examining the reflection coefficient of each port, opposing ports are grouped with the same color/marker in Figure 7.17 due to symmetry around the center port. Between 250 GHz to 315 GHz, the return loss is below 10 dB for all ports except for the edge feeding ports of the bottom lens (13, 15,17,19,33,35, and 37), and the reflection coefficients for the edge feeding ports of the top lens (14, 16,18, 32, 34, and 36). 

(f)

Maximum Realized gain and Beam Direction

The maximum realized gain for some of the 37 feeds metallic Luneburg lens antenna loaded with uniform posts at the targeted bandwidth (250-330 GHz) is depicted in Figure 7.20. The two outermost peaks that reach 15 dBi are caused by reflections from the edged ports 19 and 37. The maximum gain starts decreasing around 310 GHz. The scanning losses are high at the edge feeding ports of the Luneburg lens (i.e. after scan angle ±75 °). The most important result of this study is to verify the direction of the main lobe. As illustrated in Figure 7.21(a) for the bottom lens, the computed direction of the main lobe for each feed is correct with an error lower than 5° for the edges of feeds 15, 17, 19, 33, 35, and 37. For the top lens, the computed direction of the main lobe is shown in Figure 7.21(b) for each feed is correct with an error lower than 5° for the edges feeds 16, 18, 34, and 36. The peak gain for each port of the bottom lens at 290 GHz is given in Table 7.3 . The outermost ports, numbers 37 and 19 both show a gain of 16.1 dBi, while the highest gain is for ports 3 and 21 with a gain of 22.9 dBi. The beam widths of each port are shown in Table 7.3(a) , where the widest beamwidth is 13.2• and the narrowest 5.9•. Similar behavior for the top lens is noted as shown in Table 7.3(b). . 

Conclusion

Due to the difficulties of fabrication of posts for the metallic lens with a uniform 0.1 mm thickness and curved top plate (i.e. the top plate is smooth with a curve contour to realize the expected refractive index profiles of the isotropic lens), which is more sensitive for our design which is mimicked the equivalent refractive index of Luneburg law. We will move to the dielectric lens at 300 GHz in the next chapter and find a suitable thickness that can be fabricated at high frequencies with a wavelength thickness. where 'r' is the normalized radius of the Luneburg lens. This inhomogeneous dielectric lens has infinite focus points, which makes it a promising candidate for wide scan antennas. The radius and permittivity of different areas/layers inside the Luneburg lens can be obtained by utilizing the following formulas [START_REF] Fuchs | Design Optimization of Multishell Luneburg Lenses[END_REF]:

𝜀 𝑖 = 2 -(2𝑖 -1)M 𝑟 𝑖 = √2𝑖M × 𝑅 Lens (7.2)
Where M = (1/(2×N+1)) and N is the number of areas/layers. Utilizing above mentioned equations a six-layer Luneburg lens is designed having an outer diameter of 5𝜆 0 (where, 𝜆 0 is free space wavelength at a frequency of 300 GHz). The radius and permittivity of each layer inside the Luneburg lens are shown in Table 7.4. 

Antenna Fabrication and Measurements

The diameter of the outer shell of the Luneburg lens is chosen to be 10𝜆 0 (10 mm), where 𝜆 0 is the free space wavelength at 300 GHz The thickness of the Luneburg lens is chosen to be 3.5 mm, 2 mm, and 1 mm to encounter the possibility of fabrication even though the best thickness of the Luneburg lens is similar to the metallic Luneburg lens (i.e. 0.2 mm and 0.432 mm) as explained in chapter 6.

The AirexR82 (𝜀 𝑟 = 1.12) is utilized as basic foam material which is initially cut in 30 mm, 20 mm, and 10 mm thicknesses as shown in Figure 7.23. The six-layer Luneburg lens is developed by following the approach given in [START_REF] Merlet | Manufacturing method of a dielectric material and its applications to millimeter-waves beam forming antenna systems[END_REF] i.e. pressing a basic foam material in a controlled manner to obtain different permittivity values in the required area to have 3.5 mm, 2 mm, and 1 mmm final thicknesses. This kind of foam is filled with air bubbles which are removed by pressing at 90° C. So it becomes possible to control the dielectric constant of pressed foam by approximately choosing the right area density ratio ξ=Hi/Hf. Where H i is the initial foam thickness pressed to the final thickness H f . An initial foam cylinder-shaped slab is drilled with a 2D mechanical process to obtain the different areas with different thicknesses (Figure 7.23) reported in Table 7.5. Dielectric constant and loss tangent of pressed foam have been measured using a characterization free space measurement setup composed of an AB Millimeter VNA and lens-horns antennas [128]. 

Linearly Polarized 2D Luneburg Lens Antenna

Vertical Polarization Feed

This section shows when the dielectric Luneburg lens is fed by a standard waveguide with vertical polarization as shown in Figure 7.24. The reflection coefficient (S11), realized gain, and total efficiency is presented in Figure 7.26. The thickness of the Luneburg lens is chosen to be 3.5 mm, 2 mm, and 1 mm. The results showed that the lens with a thickness of 2 mm is better than the thickness of 3.5 mm in terms of efficiency. The realized gain for thicknesses of 2 mm and 3.5 mm is in fair agreement with desired bandwidth. The reflection coefficient (S11), realized gain, and total efficiency is presented in Figure 7.28.

The thickness of the Luneburg lens is chosen to be 3.5 mm, 2 mm, and 1 mm. The results showed that the best thickness is 2 mm in terms of realized gain and efficiency. The total efficiency for all thicknesses is lower than 50 % over desired bandwidth due to dielectric loss at high frequency which is avoided when using the metallic lens as explained in chapter 6. We can have concluded that the lens without flare is better than the lens with the metallic lens. 

Horizontal Polarization Feed

This section shows when the dielectric Luneburg lens is fed by a standard waveguide with horizontal polarization as shown in Figure 7.29. 

Lens with Foam Support

The reflection coefficient (S11), realized gain, and total efficiency for a lens without flare with horizontal polarization feed is presented in Figure 7.30. The results showed that the lens thickness of 2 mm is the best in terms of efficiency as compared to 3.5 thickness. The total efficiency for all thicknesses is higher than 50 % over desired bandwidth (220-330 GHz). We can note that as the thickness of the lens without flare increased the total efficiency decreased. 

Lens with Metallic Flare

The reflection coefficient (S11), realized gain, and total efficiency for a lens with horizontal polarization feed is presented in Figure 7.31. The thickness of the Luneburg lens is chosen to be 3.5 mm, 2 mm, and 1 mm as we did with vertical polarization feed. The results showed that the lens thickness of 2 mm is the best in terms of reflection coefficient, realized gain, and efficiency as compared to other thicknesses. The total efficiency for all thicknesses is higher than 50 % over desired. We can conclude that the horizontal polarization feed has a better result as compared with the vertical polarization feed for the lens with metallic flare. 

Conclusion

We can conclude that the response of the dielectric lens is different for vertical and horizontal polarization as a result the lens will degrade the gain. For example, the thick lens with 2 mm = 2 𝜆 0 , if we are excited by vertical and horizontal polarization the results we noted is different in term of the gain, which means the 𝐸 𝜃 and 𝐸 𝜙 will be different.

Simulation Results

Lens with Foam Support

The simulated radiation patterns of azimuth (Theta = 90) and elevation (Phi=0) planes at different frequencies for the dielectric lens with foam support for different thicknesses (1mm, 2 mm, and 3.5 mm) are shown in Figure 7.32 for vertical (V-pol) and horizontal (H-pol) polarization feeds. It is observed that for all different thicknesses of the lens the best thickness is 2 mm and the worst case is 3.5 mm (thick thickness = 3.5 𝜆 0 ). 

Lens with Metallic Flare

The simulated radiation patterns of azimuth (Theta = 90) and elevation (Phi=0) planes at different frequencies for the dielectric lens with a metallic flare for different thicknesses (1mm, 2 mm, and 3.5 mm) are shown in Figure 7.32 for vertical (V-pol) and horizontal (H-pol) polarization feeds.

It is observed that for the lens thickness of 1 mm it works very well, especially for horizontal polarization feed at 320 GHz for elevation plane. The same behavior is noted for the 2 mm thickness of the lens at lower frequencies (i.e. 270 GHz) both azimuth and elevation plane works very well but when the frequency increases (i.e. 300 GHz and 320 GHz) the elevation plane is very bad when the feed is vertical-pol. Because at high frequencies 2 mm is too thick (the thickness of the lens is 2𝜆 0 ) but this is not the case for 1 mm (the thickness of the lens is 1𝜆 0 ). For a very thick of 3.5 mm lens, we can note that even at lower frequencies the elevation plane is very bad.

The objective of this section is to have the same azimuth and elevation plane in order to purpose circularly polarized dielectric Luneburg lens. 

Conclusion

We can conclude that for 1 mm without flaring the radiation patterns are very bad for vertical and horizontal polarization excited but when we put the metallic flare we remove the problem for both polarization, especially for horizontal polarization.

For the 2 mm without the flare for both V&H -Pol, the radiation patterns are tolerant. For the 2 mm with metallic flare with V-pol the radiation pattern is catastrophic, but for H-pol is very good.

For a very thick lens of 3.5 mm, we have multibeam (3 beams) which works as an array with multi-source with a distance of '𝜆', which means we do not succeed to excited to in phase all the aperture 3.5 thickness we have some phase rotation i.e big aperture not excited in phase but with metallic flare, the multibeam in V-pol excited became as a ripple and for H-pol we remove the multibeam and the radiation pattern became very good.

For all thicknesses with metallic flare, we noted there are two beams generated beside the main beam in the azimuth plane when the lens is excited by H-pol. The reason for that is because the end of the lens is like an aperture and this aperture is excited by another aperture (flare aperture), in this case, if we excite the flare in phase, the results will be good.

It is discovered from Figure 7.34 that The electric field of the lens with foam for vertical and horizontal excitation is not equal for all different thickness lenses as we noted in the gain radiation patterns for azimuth and elevation planes. It is discovered from Figure 7.35 that the electric field of the lens with a flare for vertical and horizontal excitation is not equal for all different thickness lenses as we noted that without flare (i.e with foam). 

Antenna Fabrication and Measurement

The prototypes of the metallic flare with different thicknesses of 1 mm, 2 mm, and 3.5 mm are fabricated using CNC machining as shown in Figure 7.36. The measured reflection coefficient (S11) of the vertical polarization feed for a dielectric lens with metallic flare is presented in Figure 7.40 (a). We can note the matching is improved with the lens as compared without the lens as shown in The measured reflection coefficient (S11) of the horizontal polarization feed for a dielectric lens with metallic flare is presented in Figure 7.41(a). We can note the matching is improved with the lens as compared without the lens as shown in The measured reflection coefficient (S11) of a 2 mm dielectric lens with foam support with vertical and horizontal polarization feeding is presented in Figure 7.42. The foam support without a lens works over the 220-330 GHz which is corrected similarly to the WM-864 waveguide. The measured radiation patterns are not provided at this stage due to relocating the chamber room at IETR to another building, maybe will be ready in next day and we can present the results on the day of defense.

Circularly Polarized 2D Luneburg Lens Antenna

CP-Lens with Foam Support

The design structure of the circularly polarized Luneburg lens antenna at 300 GHz is shown in The simulated results of reflection coefficient (S11), realized gain total efficiency, and axial ratio (AR) for five different double-fan-shaped slot designs in Table 3.1 are shown in Figure 7.44. Design numbers #3, and #5 are given the best results in terms of stability of gain and total efficiency compared with other designs. We conclude that the lens has improved the AR compared to the double-fan-shaped slot alone (i.e. increased the AR bandwidth) as shown in Figure 7.46.

The AR of a double fan slot with metallic flare is catastrophic which is near to the linear polarization however the combination of the double fan slot with lens and metallic flare gives a better AR bandwidth due to the metallic flare is improved the elevation plane at 300 GHz which noted in the linear dielectric lens in vertical polarization. 

CP-Lens with Metallic Flare

The CP dielectric lens with metallic flare is similar to the CP lens with foam only the structure has been changed in the parameters of the double-fan shaped slot element with metallic flare. Two different design structures have been proposed as shown in Table 7.7. The simulated results of reflection coefficient (S11), realized gain, and axial ratio (AR) for two different in Table 3.1 are shown in Figure 7.47. with S11 < -10 dB from 220 to 330 GHz, which represents a fractional BW of 36.67 %, in good agreement with the simulation results (dashed red curve).

The measured radiation patterns are not provided at this stage due to relocating the chamber room at IETR to another building, maybe will be ready in next day and we can present the results on the day of defense. achieved realized gain, and the system structure to assess its complexity for fabrication and its usability for mass production are all discussed.

-In Chapter 3:

Wire-cutting electrical discharge machining is used to fabricate circularly polarized conical horn antenna in one block of metal at 300 GHz. Circular polarization (CP) was achieved by exiting two orthogonal modes through the crossed slot of the circular polarizer disk of the horn antenna. We used mechanical drilling technology for a novel footprint disk of CP part with a thickness of 100 𝜇m and 4 holes alignments parts of the whole structure. We have added a small disk to the CP part to keep the crossed slot in the exact position (tail of big disk) to avoid movement of a big desk of CP. A laser etching technique has been used to create crossed slot of CP part in the horn antenna as narrower as 100 µm. The waveguide part is manufactured by wire-cutting EDM technique in a brass block due to the waveguide flange (WM-864) not being available at the first stage of our work in IETR. The antenna yields a measured impedance bandwidth of 60 GHz from 270 GHz to 330 GHz. The measured directivity of 18.3 dBic at broadside direction at 312 GHz. The measured 3-dB AR bandwidth of 7 GHz from 309 GHz to 316 GHz. Radiation patterns of the fabricated Sub-THz CP conical horn antenna have been measured and the results agree well with the simulations. Its high performance provides a lowcost enabling solution for several applications in the sub-THz region, including radar or 6G communications. The full thickness of the prototype is 5 mm. (conical horn part and CP polarizer), which is a bulky structure in terms of wavelength and is difficult to ingrate with other active components. Future work for this prototype is to replace it with a low-profile and planar structure.

-In Chapter 4:

The challenges faced in Chapter 3 (bulky structure and the need to fabricate the waveguide part) are faced and solved. A low-cost laser-cutting technology is applied for the first time on brass metallic to design three Fabry-Perot cavity (FPC) planar antennas at 300 GHz. The three antennas are built on seven brass layers with a low profile of only 1.24 mm (i.e. total thickness.)

The first prototype is the linearly polarized FPC antenna consists of seven metallic layers; a ground layer, an integrated stepped horn element (three-layers), a coupling layer, a cavity layer, and an aperture-frequency selective surface (FSS) layer. The aperture-FSS layer acts as a partially reflective surface, contributing to a directive beam radiation. The linearly polarized FPC antenna has a measured reflection coefficient below -10 dB from 282 to 304 GHz with a bandwidth of 22 GHz. The maximum measured gain observed is 17.7 dBi at 289 GHz, and the gain is higher than 14.4 dBi from 285 to 310 GHz. The measured radiation pattern shows a highly directive pattern with a cross-polarization level below -25 dB over the whole band in all cut planes, which confirms the simulation results. A deviation of 5° between the measured and simulated main beam in azimuth-plane cuts from the broadside direction was observed. This is because we discovered that one of the waveguide flanges that have been used as a small tilt we avoid this problem with a circularly polarized FPC antenna.

The second prototype is the circularly polarized (CP) FPC antenna. The CP-FPC antenna consists of seven metallic layers. The first six layers arranged from the bottom to the top, are similar to linearly polarized FPC. The seventh layer was working as a polarizer to convert LP waves into CP waves. The high gain and self-generation of circular polarization are made by using this FSS layer by introducing a periodic hexagonal-shaped aperture in a thin metallic layer. The aperture-FSS layer is used to excite two orthogonal modes of equal in magnitude and in phase quadrature, thus obtaining the RHCP radiation. The CP-FPC antenna prototype achieves a measured peak RHCP gain of 16.5 dBic at 292 GHz. The 300 GHz CP-FPC antenna has been characterized using a millimeter-wave compact range anechoic chamber, obtaining radiation patterns characteristics between the frequency from 285 to 315 GHz. The antenna achieves a measured impedance bandwidth of 281-305 GHz for the reflection coefficient less than -10 dB. The axial ratio (AR) bandwidth AR ≤ 3 dB is 5.12 GHz from 292.8 to 297.92 GHz.

The third prototype is a circularly polarized resonant cavity antenna (CP-RCA), with a novel single-layer metasurface as a superstrate operating at 300 GHz. The unit cell of the metallic metasurface layer consists of perforated grids of hexagonal and octagonal-shaped radiating apertures. The metasurface superstrate layer acts as a polarization converter from linear to circular, which provides left-handed circularly polarized (LHCP) radiation. The CP-RCA yields a measured LHCP gain of 16.2 dBic with directivity of 16.7 dBic at 302 GHz. A 3 dB measured AR bandwidth of approximately 1.41% (4.24 GHz) with a central frequency of 296 GHz is achieved. All prototypes have been designed with the standard WM-864 waveguide flange, which contains holes for the alignment pins and screws, enabling a direct connection to the standard UG-387 waveguide flange without any additional test fixtures or interfaces. This direct-mount procedure is easier than alternative setups of silicon-micromachining which needs the bonding alignment method. This technology is attractive in terms of low cost and less complexity compared with silicon micromachining technology. Finally, all prototypes have a low profile, low fabrication cost, high gain, and wide operating bandwidth. of 2.6 𝜆 0 ×2.6 𝜆 0 ×1.24 𝜆 0 , which can be applied to future terahertz 6G wireless communication systems in the sub-THz band. The 3dB AR bandwidth for both circularly polarized prototypes is less than 5 GHz. Future work for these prototypes is to replace them with low-profile Planar Corrugated structures.

The H-plane radiation patterns confirm that the multiple feeds fully metallic PPW Luneburg lens works perfectly fine as a beam-scanning antenna throughout the (250-320 GHz) operating bandwidth. The maximum gain ranges approximately from 18 dB at 330 GHz to 22.6 dB at 290 GHz. The beams point out at correct angular directions with a small degree of error at the edged feeding ports. The sidelobe levels are -16 dB below the main beam at 290 GHz. The beam overlap level is 3 dB between 250 -310 GHz. The multiple feed configuration of the Luneburg lens antenna shows excellent results.

However, the PPW Luneburg lens antenna with variable metallic post thicknesses needs a high accuracy technology for the fabrication to mimic the permittivity values required by the Luneburg law. In the next chapter, an improvement of the PPW Luneburg lens antenna with variable metallic post thicknesses, resolving these issues, is developed.

-In Chapter 7:

In this chapter, the complete design and simulations of the sub-THz beam-scanning antenna loaded with uniform metallic posts were presented. The beam-scanning antenna is a fully metallic Luneburg lens antenna excited by 37 standard waveguides (WM-864) and loaded by a 360° angle exponential flare as a radiating element. The antenna is designed at 300 GHz and operates in the WM864-band between 220 GHz and 330 GHz. The lens has 10.5 mm diameter and is made of uniform metallic posts. The permittivity is controlled by one degree of freedom: the PPW spacing of the top plate (i.e. air gap). This parameter, depending on the radial distance to the lens' center, achieve the permittivity values required by the Luneburg law.

The design has been performed with Matlab, and CST. Mainly, the unit cell has been analyzed in the Eigenmode solver of CST and the overall antenna in the time domain solver of CST. Matlab has been used for computing the mapping between unit cell geometrical and effective reflective index parameters. The upper metallic plate shape with different air gaps are mimicked the permittivity values required by the Luneburg law and thicknesses of 100 um uniform metallic posts lying on the bottom metallic plate.

The full-wave simulation of the sub-THz beam scanning antenna has been done in CST. First, the single standard waveguide feed has been studied, then the multiple feeds: 6, then 37. In the single standard WM-864 waveguide feed with 10.5 𝛌 𝟎 configuration, the antenna is matched in the operating bandwidth below -10 dB between 250-320 GHz. The sidelobe levels are low, -13 dB below the main beam maximum level. The maximum gain ranges approximately from 20.7 dBi at 320 GHz to 23.2 dBi at 280, and 290GHz.

The beam-scanning antenna loaded with a uniform metallic post using 37 waveguide feeds has been designed at 300 GHz and simulated between 250 GHz and 350 GHz in CST. An angle of view of ±65° has been covered with exact beam direction and low scanning loss. The simulation results show very good antenna characteristics. The matching level is lower than -10 dB excluding the reflection coefficients for the edge feeding ports. Similarly, the isolation level is -20 dB. The symmetry of both matching and isolation parameters has been verified.

The H-plane radiation patterns confirm that the multiple feeds fully metallic PPW Luneburg lens with uniform-size posts works perfectly fine as a beam-scanning antenna throughout the (250-320 GHz) operating bandwidth. The maximum gain ranges approximately from 18.2 dB at 320 GHz to 22.8 dB at 290 GHz. The beams point out at correct angular directions with a small degree of error at the edged feeding ports. The sidelobe levels are -13 dB below the main beam. The beam overlap level is 3 dB between 250 -320 GHz. The multiple feed configuration of the Luneburg lens antenna shows excellent results.

In conclusion, the PPW lens antenna loaded with uniform metallic post performances is remarkable. It is broadband, has more than 20 % bandwidth, low loss, and has a wide scan angle, ±65°. Moreover, the sub-THz beam scanning antenna is completely made of metal, so that low loss and high efficiency are achieved. However, still, the fabrication of the top plate of the lens has different air gaps more difficult with high accuracy at 300 GHz.

The fully metallic PPW lens antenna is a good candidate as a quasi-optical beamformer for future multiple beams 6G wireless communications in the sub-THz band. The next section deals with the possibility of manufacturing the dielectric Luneburg lens antenna despite high dielectric loss at 300 GHz. 
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Figure 4 . 23 :
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 438 Figure 4.11: Simulated (a) normalized co,cross-pol radiation patterns at 300 GHz and (b) cross-pol level of the FPC antenna prototype. ......................................................................................................Figure 4.12: Measured 2D color-maps of the proposed FPC antenna (Co 'Ev' & Cross 'Eh'polarization components), in the u-v spectral plane at different frequencies. The color bar is on the dB scale. ..................................................................................................................................................... Figure 4.13: Simulated complex reflection coefficient of the proposed aperture-FSS unit cell. .........Figure 4.14: Configuration: (a) exploded view of the proposed antenna, (b) cross-section view, and (c) top view. ................................................................................................................................................Figure 4.15: The impedance matching bandwidth (s11) with and without the coupling layer. ............Figure 4.16: Simulated antenna gains with a different configuration. ..................................................Figure 4.17: Simulated axial ratio, and realized gain versus frequency. ..............................................Figure 4.18: Simulated radiation patterns at 296 GHz. .........................................................................Figure 4.19: Simulated angular variation of axial ratio at 296 GHz. ....................................................Figure 4.20: The E-field distribution in the E-plane cut inside the proposed antenna at 296 GHz. .....Figure 4.21: The simulated reflection coefficient (S11) and the realized RHCP gain versus frequency of the proposed antenna. .......................................................................................................................Figure 4.22: Photographs of (a) 7 brass metal layers required to assemble one antenna, (b) microscopic image of the aperture-type FSS layer, and (c) the manufactured assembled antenna mounted on a standard WM-864 waveguide flange. The antenna is aligned using two standard alignment dowel pins and fixated with four plastic screws. The standard flange size is 20 mm × 20 mm. ...................................................................................................................................Figure 4.23: Impedance matching measurement setup, where antenna prototype mounted on a standard WM-864 waveguide flange using two alignment pins and four screws. ................................Figure 4.24: Measured (solid lines) and simulated (dashed lines) reflection coefficient (S11), RHCP realized gain, and RHCP directivity for the 300 GHz CP-FPC antenna prototype. .............................Figure 4.25: The far-field radiation patterns measurement setup at IETR. ...........................................Figure 4.26: Axial ratio (AR) (measured and simulated) of the proposed antenna. .............................Figure 4.27: Measured (solid lines) and simulated (dashed lines) of the total, RHCP, and LHCP directivities. ...........................................................................................................................................Figure 4.28: Measured normalized 2D co-polarization (RHCP) and cross-polarization (LHCP) radiation patterns of the proposed antenna at different frequencies. The color bar is on the dB scale.Figure 4.29: Measured normalized 2D axial ratio plots at 292, 295, 296, and 297 GHz. The color bar is on the dB scale. .................................................................................................................................Figure 4.30: Measured (solid lines) and simulated (dashed lines) broadside radiation patterns of the designed antenna in both principle planes at different frequencies. .....................................................Figure 4.31: Measured (solid lines) and simulated (dashed lines) HPBW for the Ele-plane, and Azplane cuts. .............................................................................................................................................Figure 4.32: Measured 2D-colormpas far-field of the proposed CP-fpc antenna in u-v spectral plane at different frequencies. The color bar is on the dB scale. ........................................................................Figure 4.33: Rotation of the hexagonal aperture-FSS layer for LHCP-FPC antenna. ........................Figure 4.34: The effect of cutting CP aperture laser beam on AR bandwidth ......................................Figure 4.35: The CP-FPC structure (a) without and (b) with the waveguide flange holes(alignment and screws). .................................................................................................................................................Figure 4.36: The CP FPC antenna (a) antenna gains and (b)the AR versus frequency ........................Figure 4.37: The simulated current distributions (a) with and (b) without the waveguide flange holes(alignment and screws). ................................................................................................................Figure 4.38: The simulated radiation patterns (a) Phi = 0 and (b) Phi= 90. .........................................Figure 4.39: 300 GHz CP-RCA:(a) exploded model view of 7-layered-structures (brass used for all layers) [102], (b) top view of metasurface layer (dimensions is inset), and (c) graphical demonstration of the working principle of the proposed LP octagonal-shaped aperture. ............................................Figure 4.40: Photographs of manufactured CP-RCA at 300 GHz (a) seven metal brass fabricated layers (b) microscope image of MTS layer, (c) enlarged image of CP-MTS layer, and (d). fabricated prototype connected to standard UG-387/U waveguide flange [102]...................................................
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 217 Figure 2.17: Fabrication process: (a) Initial SOI wafer, (b) waveguide structure after DRIE silicon etch and subsequent removal of the BOX layer, (c) metallization using sputtering, and (d) final waveguide after thermo-compression bonding.[START_REF] Beuerle | A Very Low Loss 220-325 GHz Silicon Micromachined Waveguide Technology[END_REF] 
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Figure 2 .Figure 2 .

 22 Figure 2.20: (a) Assembled (2×2) silicon corrugated horn antennas including the transition. (b) 38 platelets coated with gold metal before being assembled. (c) WR 1.5 (191 μm × 381 μm) waveguides on the backside of the stacked antenna [34].
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 224 Figure 2.24: Luneburg lens by hole density method[START_REF] Sato | A plate Luneberg lens with the permittivity distribution controlled by hole density[END_REF][START_REF] Xue | 24 GHz automotive radar planar Luneburg lens[END_REF][START_REF] Reinholdt | Cylindrical Luneburg lens antenna for multi-beam small cell wireless backhaul applications[END_REF] 
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 225 Figure 2.25: Metasurface Luneburg lens with printed circuit board[START_REF] Pfeiffer | A Printed, Broadband Luneburg Lens Antenna[END_REF],[START_REF] Cheng | Broadband planar Luneburg lens based on complementary metamaterials[END_REF] 
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 226 Figure 2.26: Metal posts as a surface-wave structure [53].
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 227 Figure 2.27: Geometry of the PBG structure. (a) periodic and regular metal posts in a PPW. (b) crosssectional view and transverse resonance equivalent circuit of the structure [54].
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 2 28(a) and Figure2.28(b), respectively. It was found that hexagonal lattice with circular-shaped metal posts is best as an actual isotropic homogeneous artificial material with angular independence.
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 228 Figure 2.28: Top view of two APWLLs with circular posts: (a) square lattice, (b) hexagonal lattice, and (c) cross-sectional view of the APWLLs [55].

Figure 3 . 1 :

 31 Figure 3.1: Conical horn geometry.
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 32 Figure 3.2: Structure of the proposed antenna (a) 3-D exploded view, (b) top view.
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 33 Figure 3.3: The directivity versus frequency for different dimensions of the conical horn antenna.
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 34 Figure 3.4: The axial ratio (AR) versus frequency for different lengths of crossed-slot antenna.
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 35 Figure 3.5: The simulated AR vs theta angle in (a) Azimuth-Plane, and (b) Elevation-Plane at different frequencies 310 GHz,312 GHz,313 GHz, and 315 GHz.
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 3 Figure 3.6 illustrates the simulated realized gain, radiation, and total efficiencies of the proposed antenna. The total efficiency is around 87.5%, the radiation efficiency is 99%, and the realized gain is 18.5 dBic at 312 GHz.
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 36 Figure 3.6: The simulated realized gain, radiation efficiency, and total efficiency versus frequency of the proposed antenna.
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 37 Figure 3.7: Sinker electrical discharge machining (EDM).

  Figure 3.8: Pictures of the 300 GHz CP conical horn prototype fabricated by Wire-cutting EDM (a) Antenna prototype (top view) (b) feeding of antenna prototype (bottom view), and (c) Antenna prototype with absorber mounted on a standard UG-387 waveguide flange.

  Figure 3.9, where (a) is a Vector Network Analyser (Rohde & Schwarz ZVA-67) connected to, (b) a local oscillator frequency (Rohde & Schwarz SMB 100A). The local oscillator frequency is coupled to Virginia Diodes Inc. (VDI) frequency extender constructed for 220 -330 GHz (c) where WR-3.4 flanges (d) is connected to the antenna under test (e).
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 39 Figure 3.9: Measurement setup of S-parameter. a) network analyzer (Rohde & Schwarz ZVA-67), b) local oscillator frequency (Rohde & Schwarz SMB 100A), c) VDI frequency extender, d) WR-3.4 flange, e) antenna under test (AUT).
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 310 Figure 3.10: Measured reflection coefficient (S11), realized gain, and directivity for the prototype of the 300 GHz CP horn antenna.
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 311 Figure 3.11: Antenna radiation pattern far-field measurement setup at IETR.
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 313 Figure 3.13: Measured (solid lines) and simulated (dashed lines) of the total, RHCP, and LHCP directivities.

Figure 3 .

 3 Figure3.14 shows the 2D measured far-field pattern of the proposed antenna in both principal planes (azimuth, and elevation), varying as a 2D plot with each point colored according to its normalized gain value in dB for the RHCP radiation pattern, and left-hand circular polarized (LHCP) radiation pattern for different frequencies 309 GHz, 312 GHz, 313 GHz, and 316 GHz. It is noted that the antenna works as RHCP radiation pattern which is the co-polarization and LHCP radiation pattern which is cross-polarization. It's clear from Figure3.14 that the measured normalized gain occurs at the broadside direction, which is equivalent to azimuth (az = 0 °) and elevation (ele = 0 °).
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 314 Figure 3.14: Measured normalized 2D co-polarization (RHCP), and cross-polarization (LHCP) radiation patterns of the proposed antenna at 309 GHz, 312 GHz, 313 GHz, and 316 GHz.

Figure 3 .

 3 Figure 3.15 illustrates the 2D measured AR plots of the proposed antenna at 309 GHz, 312 GHz, 313 GHz, and 316 GHz. The AR is kept below 3 dB within the scope of the main beam between -10 ° to 10 ° at broadside direction for frequencies shown here in this figure (309 GHz, 312 GHz, 313 GHz, and 316 GHz, respectively). The AR reaches a lower value near 1 dB at 312 GHz, and 313 GHz as shown in the figure by the black color in the bar right of the plot.
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 315 Figure 3.15: Measured normalized 2D axial ratio plots at 309 GHz, 312 GHz, 313 GHz, and 316 GHz.
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 316 Figure 3.16: Measured and simulated normalized radiation patterns of the proposed antenna of the principal planes at different frequencies: f = 300 GHz, f = 309 GHz, f = 312 GHz, f = 313 GHz, and f = 316 GHz.
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 317 Figure 3.17: Measured normalized radiation patterns of the proposed antenna at different angles of 0, -45, -90, and -135 degrees at 312 GHz.
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 3 Figure 3.18: 2D far-field radiation patterns of the CP horn antennas measured at 300 GHz.
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 41 The optimized dimensions of each aperture '𝒂' are 0.42 𝝀 𝟎 × 0.42 𝝀 𝟎 and the periodicity '𝒑' is 0.5 𝝀 𝟎 as shown in Figure4.1. The thickness of the FSS layer is 0.1 𝝀 𝟎 .The initial simulations were performed on the unit-cell structure with periodic boundary conditions for computational efficiency. The simulated reflection characteristics (magnitude and phase) of the aperture FSS unit cell are shown in Figure4.1. High values for the reflection coefficient magnitude are achieved for the unit cell with dimensions inset in Figure4.1, indicating high antenna directivity. The aperture FSS unit cell exhibited a positive reflection phase gradient over frequency, which resulted in improved antenna bandwidth[START_REF] Feresidis | High gain planar antenna using optimised partially reflective surfaces[END_REF][START_REF] Ge | The use of simple thin partially reflective surfaces with positive reflection phase gradients to design wideband, low-profile EBG resonator antennas[END_REF].
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 41 Figure 4.1: Simulated complex reflection coefficient of the proposed aperture FSS unit cell (dimensions is inset).

Figure 4 . 2 :

 42 Figure 4.2: Configuration of the proposed 300 GHz FPC antenna with holes of standard WM-860 waveguide flange. (a) 3D-explosive structure (b) and sectional side-view.

Figure 4 . 3 :

 43 Figure 4.3: Realized gains of the 300 GHz FPC antenna with different aperture-FSS configurations.

Figure 4 .

 4 Figure 4.4 illustrates the performances of the linearly polarized sub-THz FPC antenna with a standard UG-387/U waveguide flange. As can be seen, the impedance bandwidth covers from 287 to 305.5 GHz with a bandwidth of 18.5 GHz for the reflection coefficient (S11) ≤ -10 dB. The simulated maximum directivity obtained for the proposed aperture-FSS FPC antenna at the broadside is 17.87 dBi (i.e., 61.24).

Figure 4 . 4 :

 44 Figure 4.4: Simulated reflection coefficient (S11) and realized gain of the proposed antenna.

Figure 4 .

 4 Figure 4.5 gives the E-field distributions of the whole antenna with an aperture-FSS layer including holes of alignments pins and fixated screws for standard UG-387/U rectangular flange at 300GHz. We note that; the EM energy converges along the boresight direction.

Figure 4 . 5 :

 45 Figure 4.5: Simulated E-field distributions of the proposed antenna with standard UG-387/U rectangular flange holes at 300 GHz.

Figure 4 . 6 ,

 46 with technical support from Manufacturing Measurement Analysis of Radiating Systems ( M 2 ARS) at IETR. The seven brass metal layers needed for one antenna assembly, having different thicknesses as shown in Table4.1, have been used to manufacture the proposed 300 GHz FPC antenna are shown in Figure4.7. This brass is often used as a laser-cut metal, which is a highly reflective material with an electrical conductivity of σ = 35.86 × 10 6 Sm -1 . All brass metal layers are fixed by using four plastic screws as shown in Figure4.7.

Figure 4 . 6 :

 46 Figure 4.6: LPKF ProtoLaser U4 laser machine

Figure 4 .

 4 7(b) shows a microscope image of the aperture-type FSS layer, where the actual sidewall width was found to be 80 𝜇𝑚.

Figure 4 .Figure 4 . 7 :

 447 Figure 4.7: Photographs (a) 7 brass metal layers required to assemble one antenna, (b) microscope image of the aperture-type FSS layer, and, (c) the manufactured antenna mounted on a standard WM-864 waveguide flange. The antenna is aligned using two standard alignment pins and fixated with four plastic screws. The standard flange size is 20 mm x 20 mm.

Figure 4 .

 4 8 also indicates the measured realized gain of the antenna, and it shows that the gain ranges from 14.4 dBi to 17.7 dBi in the frequency band of 285 to 310 GHz. There is some divergence between the measured and simulated realized gain; this may be because of assembling and fabrication tolerances that are normal in the 300 GHz band. The measured and simulated directivities of the proposed antenna are also presented in Figure4.8.

Figure 4 . 8 :

 48 Figure 4.8: Measured (solid lines) and simulated (dashed lines) of (S11), directivity, and realized gain for 300 GHz FPC antenna prototype.

Figure 4 . 9 :

 49 Figure 4.9: Compact Antenna Test Range (CATR) chamber.
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 410411 Figure 4.10: Measured (solid lines) and simulated (dashed lines) normalized radiation patterns of the proposed antenna of the azimuth (Az.) and elevation (Ele.) planes at different frequencies.

Figure 4 .

 4 Figure 4.12 shows the measured 2D normalized radiation patterns of the proposed FPC antenna in the u-v plane coordinate system (𝑢 = sin 𝜃 cos 𝜙, and 𝑣 = sin 𝜃 sin 𝜙) at different frequencies, to verify the results and investigate the radiation characteristics outside the two principal planes, where the advantage of transformation to the u-v plane is evident as well. The measured radiation pattern shows a highly directive pattern in all plane cuts, which coincides with the simulation results.

Figure 4 . 12 :

 412 Figure 4.12: Measured 2D color-maps of the proposed FPC antenna (Co 'Ev' & Cross 'Eh'polarization components), in the u-v spectral plane at different frequencies. The color bar is on the dB scale.

Figure 4 . 13 :

 413 Figure 4.13: Simulated complex reflection coefficient of the proposed aperture-FSS unit cell.

Figure 4 .Figure 4 . 14 :

 4414 Figure 4.14(a) shows the 3D view of the FPC antenna with aperture type-FSS layer at 300 GHz. The proposed antenna comprises seven metallic layers: ground layer, integrated stepped horn layers (three layers), coupling layer, cavity layer, and FSS layer. A slot antenna is engraved on the ground layer (layer A) with a thickness of t1 = 0.1 𝜆 0 .The standard WM-864 rectangular waveguide (864 μm × 432 μm) feed is directly connected to layer A at the backside. The length of the slot is usually chosen to be a half-wavelength. This single waveguide-fed slot acts as the primary feed antenna. Layer A is the coupling slot element widely used; however, the resonant element may restrict the realization of the wideband impedance matching. Inspired by the conventional broadband horn antenna, the coupling slot size can progressively increase (B, C, and D layers) and realize the wideband impedance matching from the exciting source. The conventional horn antenna design is transformed into an integrated step-profiled horn. To construct the integrated step-profiled horn element, we used layers B, C, and D, as shown in Figure4.14(b), formed by three rectangular aperture shapes of metallic layers. To improve the antenna impedance matching, we used the horn element.

Figure 4 . 15 :

 415 Figure 4.15: The impedance matching bandwidth (s11) with and without the coupling layer.

Figure 4 . 16 :

 416 Figure 4.16: Simulated antenna gains with a different configuration.

Figure 4 .

 4 Figure 4.17 illustrates optimization in terms of axial ratio (AR) and gain performances of five different apertures-FSS sizes, keeping the same periodicity and dimensions of the aperture unit-cell (due to the reasons explained in Section 4.3.1). The optimum aperture-FSS size in terms of the AR and gain is 5 x 5, which corresponds to a lateral size of 2.32 𝜆 0 × 2.32 𝜆 0 at 300 GHz. This size was chosen to give the best AR value of 0.51 dB, obtained at 296 GHz. The peak realized gain of 16.7 dBic is obtained at 307 GHz.

Figure 4 . 17 :

 417 Figure 4.17: Simulated axial ratio, and realized gain versus frequency.

Figure 4 . 18 :

 418 Figure 4.18: Simulated radiation patterns at 296 GHz.

Figure 4 . 19 :

 419 Figure 4.19: Simulated angular variation of axial ratio at 296 GHz.

Figure 4 .

 4 Figure 4.20 shows the electric-field distributions in the E-plane cut inside the proposed CP-FPC antenna at 296 GHz, which displays the procedure of the slot coupling EM energies from feed standard WM-864 waveguide to free space.

Figure 4 . 20 :

 420 Figure 4.20: The E-field distribution in the E-plane cut inside the proposed antenna at 296 GHz.

Figure 4 .

 4 Figure 4.21 illustrates the simulated reflection coefficient (S11) and the realized RHCP gain of the proposed antenna. The reflection coefficient impedance bandwidth <-10 dB is 22.3 GHz covering from 292.2 to 314.5 GHz. The simulated 3-dB RHCP gain bandwidth is 9.7% (from 287 to 316 GHz) of the center frequency with a maximum RHCP gain of 16.1 dBic at 298 GHz.

Figure 4 . 21 :

 421 Figure 4.21: The simulated reflection coefficient (S11) and the realized RHCP gain versus frequency of the proposed antenna.

Figure 4 .Figure 4 . 22 :

 4422 Figure 4.22(b) shows a microscopic image of the CP aperture-type FSS layer, where the actual sidewall width was found to be 50 𝜇𝑚 . The proposed antenna with periodic aperture-FSS layer is fabricated and assembled, as shown in Figure4.22 (c). The complete antenna is composed of feeding antenna parts (A-F layers), 5 × 5 metallic apertures-FSS CP part, and a standard WM-864 rectangular waveguide with UG-387/U flange. This technology is attractive in terms of low cost and less complexity compared with silicon micromachining technology.

Figure 4 . 23 .

 423 The basic components of of a Rohde & Schwarz ZVA67 vector network analyzer (VNA) and a Virginia Diodes Inc. (VDI) frequency extender module (220 -330 GHz) with a WM-864 waveguide flange interface.

Figure 4 . 23 :

 423 Figure 4.23: Impedance matching measurement setup, where antenna prototype mounted on a standard WM-864 waveguide flange using two alignment pins and four screws.

Figure 4 . 24 :

 424 Figure 4.24: Measured (solid lines) and simulated (dashed lines) reflection coefficient (S11), RHCP realized gain, and RHCP directivity for the 300 GHz CP-FPC antenna prototype.

Figure 4 .

 4 Figure 4.24 also indicates the measured RCHP gain and RHCP directivity of the CP-FPC antenna and it shows that the RCHP gain of the antenna is 13.4 to 16.5 dBic from 290 to 310 GHz. The antenna yields a maximum measured RHCP gain of 16.5 dBic and a measured RHCP directivity of 16.7 dBic at 292 GHz. There is some divergence between the measured RHCP realized gain and simulated results; this may be because of assembling and fabrication tolerances that are acceptable in the 300 GHz band.

Figure 4 . 25 :

 425 Figure 4.25: The far-field radiation patterns measurement setup at IETR.

Figure 4 . 26 :

 426 Figure 4.26: Axial ratio (AR) (measured and simulated) of the proposed antenna.

Figure 4 .

 4 Figure 4.27: Measured (solid lines) and simulated (dashed lines) of the total, RHCP, and LHCP directivities.

Figure 4 . 28 :

 428 Figure 4.28: Measured normalized 2D co-polarization (RHCP) and cross-polarization (LHCP) radiation patterns of the proposed antenna at different frequencies. The color bar is on the dB scale.

Figure 4 .

 4 Figure 4.29 shows the 2D measured AR plots of the proposed antenna at 292, 295, 296, and 297 GHz respectively. The AR is kept below 3 dB within the scope of the main beam between -13.2 °and 13.2 °at broadside direction for the frequencies shown in this figure. The AR reaches a lower value near 0.51 dB at 295 and 296 GHz, as shown in the figure by the black color in the bar on the dB scale.

Figure 4 . 29 :

 429 Figure 4.29: Measured normalized 2D axial ratio plots at 292, 295, 296, and 297 GHz. The color bar is on the dB scale.

Figure 4 .

 4 Figure 4.30: Measured (solid lines) and simulated (dashed lines) broadside radiation patterns of the designed antenna in both principle planes at different frequencies.

Figure 4 . 31 :

 431 Figure 4.31: Measured (solid lines) and simulated (dashed lines) HPBW for the Ele-plane, and Az-plane cuts.

Figure 4 .

 4 Figure 4.32: Measured 2D-colormpas far-field of the proposed CP-fpc antenna in u-v spectral plane at different frequencies. The color bar is on the dB scale.

Figure 4 . 33 :

 433 Figure 4.33: Rotation of the hexagonal aperture-FSS layer for LHCP-FPC antenna.

Figure 4 . 34 :

 434 Figure 4.34: The effect of cutting CP aperture laser beam on AR bandwidth

Figure 4 . 35 :Figure 4 . 36 :Figure 4 . 37 :Figure 4 . 38 :

 435436437438 Figure 4.35: The CP-FPC structure (a) without and (b) with the waveguide flange holes(alignment and screws).

Figure 4 .

 4 39(b). The 5 x 5 array consists of a combination of circularly polarized (CP) elements and linearly polarized (LP) elements. The CP elements are LHCP hexagonal radiating apertures and the LP elements are octagonal-shaped aperture radiators; which are obtained by superimposing one LHCP aperture radiator and one RHCP aperture radiator as shown in Figure 4.39(c).

Figure 4 .

 4 Figure 4.39: 300 GHz CP-RCA:(a) exploded model view of 7-layered-structures (brass used for all layers) [102], (b) top view of metasurface layer (dimensions is inset), and (c) graphical demonstration of the working principle of the proposed LP octagonal-shaped aperture.

Figure 4 . 40 :

 440 Figure 4.40: Photographs of manufactured CP-RCA at 300 GHz (a) seven metal brass fabricated layers (b) microscope image of MTS layer, (c) enlarged image of CP-MTS layer, and (d). fabricated prototype connected to standard UG-387/U waveguide flange [102].

Figure 4 .

 4 Figure 4.40 (b) demonstrates a microscope image of the geometry of the novel proposed radiating hexagonal and octagonal-shaped aperture unit cells. It is found that the periodicity of the unit cells 𝑝 = 0.48 𝜆 0 , the unit cell of LHCP unit cell has two symmetrically isosceles triangle chamfers, of 0.12 𝜆 0 ,where 𝜆 0 is the operation frequency at 300 GHz.Figure 4.40(c) shows an enlarged image of the CP MTS superstrate layer (layer G). For measurements, the proposed antenna must be connected to a standard UG-387/U waveguide flange as shown in Figure 4.40 (d).

Figure 4 .

 4 Figure 4.40 (b) demonstrates a microscope image of the geometry of the novel proposed radiating hexagonal and octagonal-shaped aperture unit cells. It is found that the periodicity of the unit cells 𝑝 = 0.48 𝜆 0 , the unit cell of LHCP unit cell has two symmetrically isosceles triangle chamfers, of 0.12 𝜆 0 ,where 𝜆 0 is the operation frequency at 300 GHz.Figure 4.40(c) shows an enlarged image of the CP MTS superstrate layer (layer G). For measurements, the proposed antenna must be connected to a standard UG-387/U waveguide flange as shown in Figure 4.40 (d).

Figure 4 . 41 :

 441 Figure 4.41: Measured and simulated the reflection coefficients (S11) of the CP-RCA.

Figure 4 .

 4 Figure 4.42 illustrates the measured LHCP directivity, realized gain, and radiation efficiency of the proposed antenna. The maximum LHCP directivity is 16.8 dBic and the maximum LHCP realized gain is 16.2 dBic. The measured overall radiation efficiency is more than 65 % from 290 to 310 GHz.

Figure 4 . 42 :

 442 Figure 4.42: Measured LHCP directivity, realized gain, and radiation efficiency of the proposed antenna.

Figure 4 . 43 :

 443 Figure 4.43: The measured (solid lines) and simulated (dashed lines) of the total, LHCP, and RHCP directivities for the proposed antenna.

Figure 4 . 44 :

 444 Figure 4.44: Measured and simulated axial ratio (AR) of the proposed antenna.

Figure 4 .

 4 Figure 4.45 shows the 2D measured AR plots of the proposed antenna at 300, 302, 303, and 305 GHz. The bend of the long-side section of the hollow waveguide flange (WM-864 waveguide) is the one that affects the broadside direction.

Figure 4 .

 4 Figure 4.46 shows the measured normalized radiation patterns in a compact antenna test range (CATR) chamber at IETR [98] (funded by the European Union through the European Regional Development Fund, through the CPER Projects 2015-2020 SOPHIE/STIC and Ondes) at 300 GHz, 302 GHz, 303 GHz, and 305 GHz respectively for the CP-RCA.

Figure 4 . 45 :

 445 Figure 4.45: Measured 2D AR of the proposed antenna at different frequencies.

Figure 4 .

 4 Figure 4.46: Measured (solid lines) and simulated (dashed lines) radiation pattern of the CP-FPC antenna at 300, 302, 303, and 305 GHz for Azimuth (Az.), and Elevation (Ele.)-Plane cuts.

Figure 4 . 47 :

 447 Figure 4.47: Measured LHCP components of the directivity for the CP-RCA antenna in u-v spectral plane at different frequencies. The color bar is on the dB scale.
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 51 Figure 5.1: Schematic of the Bessel beam generation mechanism. (Insets) Detailed views of the CP proposed antenna.

Figure 5 . 2 :

 52 Figure 5.2: Diagram of a Sub-THz CP Bull's-Eye antenna (a) Perspective view with waveguide-864 flange screws (b) Cross-section with design details.

Figure 5 . 3 :

 53 Figure 5.3: Upper view of the E-field variations on the Bull's Eye antenna for different phase values at 300 GHz and four different snap.

Figure 5 . 4 :

 54 Figure 5.4: Simulated broadside realized gain for the proposed antenna with grooves (solid black) and no grooves (solid blue line).

Figure 5 . 5 :

 55 Figure 5.5: Gain at 300 GHz in E-plane and H-plane for the proposed antennas with grooves, and no grooves.

Figure 5 . 6 :

 56 Figure 5.6: Maximum realized gain versus the number of grooves for the bull's eye antenna.

Figure 5 .

 5 Figure 5.7(a) shows the return loss (S11) performance for four different thicknesses of the metallic plate, keeping all other parameters fixed. The optimum thickness of the metallic plate was 1 mm ( 1 𝜆 0 ). This thickness was chosen to give the best axial ratio values in desired bandwidth band. The effect of metallic plate thickness on the realized gain performance was found to be negligible.

Figure 5 . 7 :

 57 Figure 5.7: Numerical study of the height of the metallic plate 't' is varied between 0.4 and 1.2 mm: (a) Reflection coefficient and (b) Axial ratio versus frequency.

Figure 5 . 8 :

 58 Figure 5.8: The simulated LHCP realized gain, total directivity, and efficiency versus frequency of the CP bull's eye antenna with the crossed-slot element.

Figure 5 . 10 :

 510 Figure 5.10: The simulated AR vs theta angle in (a) Azimuth-Plane, and (b) Elevation-Plane at different frequencies.

Figure 5 . 11 :

 511 Figure 5.11: Simulated radiation patterns of the CP bull's eye antenna of the principal planes at different frequencies.

Figure 5 . 12 :

 512 Figure 5.12: Cross-sectional view of the H-field (a) without and (b) with corrugations at 300 GHz.
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 513514 Figure 5.13: The reflection coefficient (s11) for CP bull's eye antenna with the crossed-slot element.

Figure 5 . 15 :

 515 Figure 5.15: Schematic diagram of the proposed Double-fan shaped-slot antenna.

Figure 5 . 16 :

 516 Figure 5.16: The bull's eye feed by CP DFSS (a) top view and (b) cutting-side view.

Figure 5 . 19 :

 519 Figure 5.19: Simulated angular variation of axial ratio at (a) 290 GHz, (b) 295 GHz, (c) 300 GHz, and (d) 305 GHz.

Figure 5 . 20 :

 520 Figure 5.20: Simulated radiation patterns of the CP bull's eye antenna with the double-fan shaped-slot element of the principal planes at different frequencies.

Figure 5 .

 5 Figure 5.21 shows the main simulation and measurement results. As shown in the solid blue curve of Figure 5.21, good matching is obtained with S11 < -10 dB from 220 to 330 GHz, which represents a fractional BW of 36.67 %, in good agreement with the simulation results (solid red curve).

Figure 5 . 21 :

 521 Figure 5.21: The reflection coefficient (S11) for CP bull's eye antenna with the double-fan shapedslot element.

Figure 5 .Figure 5 . 22 :

 5522 Figure 5.22(c) shows the WM-864 waveguide flange connected to the prototype antenna from the bottom plate, required for compatibility with our standard experimental setup. Figure5.22 (d) shows the top plate of the antenna with six concentric periodic corrugations of period p, depth Dg, and width Wg as determined in the previous section, filling maximally the metallic plane around the central double-fan shaped slot with cavity height 0.4 mm.

Figure 6 . 1 :

 61 Figure 6.1: A typical unit cell in periodic artificial material.

Figure 6 .

 6 Figure 6.1 illustrates a typical unit cell of a periodic artificial material. All boundary conditions are applied as demonstrated above. The x-and y-direction phase delays are represented by parameters "phaseX" and "phaseY" in CST. And we can cover the whole irreducible Brillouin zone by varying them.

  2 (b), since the zone depends on the lattice. Finally, with ΓX, XM, and MΓ track in Figure 6.2 (c), we could simulate a surface wave propagating in 0•, 90•, and 45•, which set the limits for waves propagating in other directions.

Figure 6 . 2 :

 62 Figure 6.2: (a) Lattice vectors of a 2D periodic structure with the periodicity p along both x-and ydirection. (b) The Brillouin zone (yellow square) and the irreducible Brillouin zone (orange triangle). (c) Irreducible Brillouin zone and the conventional name of its special points.
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 63 Figure 6.3: Dispersion diagram in the x-direction.

Figure 6 . 4 :

 64 Figure 6.4: 2D dispersion diagram for the first mode (a) square and (b) cylindrical metallic post structures.

Figure 6 . 5 :

 65 Figure 6.5: Fundamental TE-mode of a parallel plate lens waveguide.

Figure 6 . 6 :

 66 Figure 6.6: Fundamental TM-mode of a parallel plate lens waveguide.

Figure 6 . 7 :

 67 Figure 6.7: Unit cell structure and geometrical parameters.

Figure 6 . 11 :

 611 Figure 6.11: Unit cell parametric simulations: 𝑛 𝑒𝑓𝑓 versus 𝑡/ℎ, with the influence of 𝑝 on the effective refractive index.

Figure 6 . 12 :

 612 Figure 6.12: Artificial dielectric Luneburg lens based on the PPW: (a) Top view, and (b) crosssectional view. 𝑝 = 0.25, 𝑠 = 0.1, ℎ = 0.2, 𝑡 has variable heights, all dimensions in mm.

Figure 6 . 13 :

 613 Figure 6.13: Dispersion diagram of the unit-cell (a) effective refractive index vs frequency (b) frequency-dispersive vs unit cell geometry.

Figure 6 . 14 :

 614 Figure 6.14: Double-ridged waveguide (DR-WG) (a) front side view, (b) backside view, and (c) crosssection view. All dimensions in milliliters.

Figure 6 .Figure 6 . 16 :

 6616 Figure 6.16 (a) and (b) show the whole antenna system integrating multiple feeds of the lens and the radiation aperture (i.e. flare).

  .

Figure 6 . 17 :

 617 Figure 6.17: Metallic Luneburg lens fed by a double-ridged waveguide. (a) perspective view (b) crosssectional view, and (c) top view.

Figure 6 . 18 :

 618 Figure 6.18: Return loss (S11) of 6.5𝜆 0 Luneburg lens feed by DR-WG.

Figure 6 . 19 :

 619 Figure 6.19: Simulated 2D radiation pattern of DR-WG integrated with 6.5𝜆 0 metallic Luneburg lens antenna in (a) H-plane (𝜃 = 90 °). (b) E-plane (𝜙 = 0 °).

Figure 6 .

 6 Figure 6.20 shows the 3-D radiation pattern of the antenna proposed at 300 GHz. The metallic Luneburg lens antenna achieves a high performance that can be a suitable choice to use in the new generation of wireless communication devices.

Figure 6 . 20 : 6 . 10 . 1 . 2

 62061012 Figure 6.20: 3D radiation pattern of 6.5𝜆 0 metallic lens antenna at 300 GHz.

Figure 6 . 21 :

 621 Figure 6.21: Return loss (S11) of 10.5𝜆 0 Luneburg lens feed by DR-WG.

Figure 6 . 22 :

 622 Figure 6.22: Simulated 2D radiation pattern of DR-WG integrated with 10.5𝜆 0 metallic Luneburg lens antenna in (a) H-plane (𝜃 = 90 °). (b) E-plane (𝜙 = 0 °).

Figure 6 .

 6 Figure 6.23: Cross-sectional views of the bed of nail 2-D Luneburg lens structure with variable PPW.

Figure 6 . 24 :

 624 Figure 6.24: Metallic Luneburg lens fed by standard WM-864 waveguide. (a) perspective view (b) top view, and (c) cross-sectional view.

Figure 6 . 25 :

 625 Figure 6.25: Return loss (S11) of 6.5 𝜆 0 Luneburg lens feed by standard waveguide.

Figure 6 . 26 :

 626 Figure 6.26: Simulated 2D radiation pattern of standard WM-864 integrated with 6.5 𝜆 0 metallic Luneburg lens antenna in (a) H-plane (𝜃 = 90 °). (b) E-plane (𝜙 = 0 °).

Figure 6 . 27 :

 627 Figure 6.27: Return loss (S11) of 10.5 𝜆 0 Luneburg lens feed by standard waveguide.

Figure 6 . 29 :

 629 Figure 6.29: Arrange of WM-864 waveguide feeds for artificial Luneburg lens antenna of 10.5 𝜆 0 . (a) Top view; (b) side view.

Figure 6 . 30 :

 630 Figure 6.30: Geometry of the proposed multi-beam metallic 6.5 λ Luneburg lens antenna with multiple feeds. (a) Perspective view. (b) Top cutting view.

Figure 6 . 31 :Figure 6 . 33 :

 631633 Figure 6.31: Simulated reflection coefficient of the multibeam 6.5 λ Luneburg lens antenna.

6. 11 . 3

 113 Integration of 37-Waveguide Feeds with 10.5 λ Diameter Metallic Luneburg Lens 37 waveguide feeds are placed along the focal arc of the lens, the odd number of waveguides between (1-37) feed the bottom/original lens and the even number of waveguides between (2-36) feeds the top/duplicate lens (see inset of Figure 6.35).

Figure 6 . 36 :

 636 Figure 6.36: Computed reflection coefficients (Sii) of the feeding port from (a) odd-numbered (1-37) a bottom lens and (b) even-numbered (2-36) top lens for the proposed beam-steering antenna.

Figure 6 . 39 :

 639 Figure 6.39: Computed maximum realized gain (a) bottom lens and (b) top lens.

Figure 6 .Figure 6 . 40 :

 6640 Figure 6.40 reports the simulated total efficiency of the broadside beam over the frequency range of 250-330 GHz. The simulated total efficiency ranges from 50% to 95% over the whole operating frequency range.

Figure 6 . 41 :

 641 Figure 6.41: Computed H-plane main lobes direction of (a) 19-beams for bottom lens antenna and (b)18beams for top lens antenna.

Figure 6 .

 6 Figure 6.[START_REF] Baev | Modeling and simulations of lüneburg lens antennas for communication purposes[END_REF] shows the E-field distribution inside the proposed metallic Luneburg lens (LL) at 300 GHz when different feed angular positions are exciting. From Figure6.42 (a), it is seen that the proposed LL can transform a spherical wavefront into a planar one. Figure6.42 (a) and (b) show the E-field distribution of the proposed metallic Luneburg lens in (a) H-plane and (b) E-plane when port 1 is excited. It can be observed that the field going out of the feed and entering the lens has cylindrical wavefronts. After going through the lens, the phase fronts

Figure 6 .Figure 6 . 42 :

 6642 Figure 6.[START_REF] Baev | Modeling and simulations of lüneburg lens antennas for communication purposes[END_REF] shows the E-field distribution inside the proposed metallic Luneburg lens (LL) at 300 GHz when different feed angular positions are exciting. From Figure6.42 (a), it is seen that the proposed LL can transform a spherical wavefront into a planar one. Figure6.42 (a) and (b) show the E-field distribution of the proposed metallic Luneburg lens in (a) H-plane and (b) E-plane when port 1 is excited. It can be observed that the field going out of the feed and entering the lens has cylindrical wavefronts. After going through the lens, the phase fronts

Figure 7 . 1 :

 71 Figure 7.1: Schematic of a unit cell.

2 and Figure 7 . 3 ,

 73 where 2r = 0.1 mm and 𝑝 = 0.25 mm.

Figure 7 .Figure 7 . 2 :

 772 Figure 7.2 shows the dispersion diagrams of the unit-cell for three configurations, i.e. for three values of ℎ 𝑝 . For each value of ℎ𝑝, 𝑔/ℎ𝑝 varies from 0.2 to 1.5 by 0.1 step. The line of light is also plotted. The determination of hp is related to the realization ability of an effective refractive index.

Figure 7 . 3 :

 73 Figure 7.3: Unit cell parametric simulations: 𝑛 𝑒𝑓𝑓 versus frequency, g/hp as variable for different ℎ 𝑝 .

Figure 7 . 4 .

 74 The results indicate that non-the dispersive behavior is obvious in the configuration in Figure7.4. For the tradeoff between the manufacturing process and dispersive properties, we select the configuration as shown in Figure7.4(b).

Figure 7 . 4 :

 74 Figure 7.4: Unit cell parametric simulations: 𝑛 𝑒𝑓𝑓 versus g/hp, frequency as variable.

  quasi-Luneburg lens consists of an almost-PPW with a curved top plate and an array of uniform metallic posts loaded on the bottom plate. Based on the unit cells with required effective refractive indices, we can form the Luneburg lens. The radius of the Luneburg lens 𝑅, is determined to be 5.25 mm. The periodic posts of the unit cells are all the same size: 2r = 0.1 mm, hp = 0.1 mm, and p = 0.25 mm. Particularly, the heights of the gaps in different areas of the proposed Luneburg lens are arranged by the following method: First, based on the rotational symmetry of the Luneburg lens, we choose a section across the center of the lens and divide the section into six areas by five points, A, B, C, D, and E, corresponding to different radii of 𝑟 𝐴 = 2 mm, 𝑟 𝐵 = 2.94 mm, 𝑟 𝑐 = 3.57 mm, 𝑟 𝐷 = 4.1 mm and 𝑟 𝐸 = 4.62 mm, as shown in Figure 7.5. Second, the expected effective refractive indices in the points A, B, C, D, and E are computed according to Luneburg's law. Third, the heights of the gaps in A, B, C, D, and E (gA, gB, gC, gD and gE) are determined based on the relationship between the effective refractive index and ''g'' as shown in Table 7.1. Especially, the ''g'' in the point O, gO, is equal to gA, and the g in the point F, gF, is selected to match the dimension of the WR-03 waveguide. Thus, the gO, gA, gB, gC, gD, gE and gF are set as 36.71 𝜇𝑚, 51.7 𝜇𝑚, 60 𝜇𝑚, 92 𝜇𝑚, 150 𝜇, and 432 𝜇m (the height of WM-864 waveguide), respectively. Fourth, the heights of the gaps in the other areas are obtained by connecting the points O, A, B, C, D, E and F with straight lines, as shown in Figure 7.5 (b).
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 75 Figure 7.5: (a) Schematic of proposed air-filled Luneburg lens and (b) points determining the profile of the upper plate.

Figure 7 . 6 :

 76 Figure 7.6: Schematic of the Luneburg lens antenna loaded with uniform metallic posts.

Figure 7 . 7 :

 77 Figure 7.7: Schematic of the feed waveguide and the flare.

Figure 7 .

 7 Figure 7.8 (a) and (b) show the whole antenna system integrating multiple feeds the lens loaded with uniform metallic posts and the radiation aperture (i.e. flare).

Figure 7 . 8 :

 78 Figure 7.8: (a)Top view (b) section view of the antenna lens structure loaded with uniform metallic posts.

Figure 7 . 10 :

 710 Figure 7.10: Simulated 2D radiation pattern of standard WM-864 integrated with 10.5𝜆 0 metallic Luneburg lens antenna loaded with uniform posts in (a) H-plane (𝜃 = 90 °). (b) E-plane (𝜙 = 0 °).

Figure 7 . 11 :

 711 Figure 7.11: Geometry of the proposed multi-beam metallic Luneburg lens antenna loaded with uniform posts with multiple feeds. (a) Perspective view. (b) Top cutting view.

  addition, simulated |S12 |, |S13 |, |S14|, |S15 | and |S16| are less than -35 dB.

Figure 7 . 12 :Figure 7 . 13 :

 712713 Figure 7.12: Simulated reflection coefficient of the multibeam 10.5 λ Luneburg lens antenna loaded with uniform metallic posts.

Figure 7 . 14 :

 714 Figure 7.14: Beam steering of the 10.5 λ Luneburg lens antenna loaded with uniform metallic post structure.

Figure 7 . 15 :

 715 Figure 7.15: The maximum gain over frequency of 10.5 𝜆 0 lens antenna loaded with uniform metallic posts for 6 waveguide feeds.

Figure 7 .

 7 Figure 7.16: (a) 2D schematic view of Luneburg lens loaded with uniform metallic posts representing the focal arc and all the waveguide feeds (b) top view (c) side view.

Figure 7 . 18 : 7 . 4 . 3 . 2 H

 7187432 Figure 7.18: Mutual coupling coefficients among multiple feeding ports for the beam steering metallic lens loaded with uniform posts.

Figure 7 . 20 :

 720 Figure 7.20: Computed maximum realized gain vs. frequency of the selected 37-feeds antenna.

Figure 7 . 21 :

 721 Figure 7.21: Computed H-plane main lobes direction of (a) 19-beams for bottom lens and (b)18beams for top lens antenna loaded with uniform posts.

193 7 . 5 Dielectric 2D Luneburg Lens 7 . 5 . 1 Figure 7 . 22 :

 75751722 Figure 7.22: Six layer Luneburg lens (a) top view, and (b)cutting-side view.

Figure 7 . 23 :

 723 Figure 7.23: Manufacturing of Luneburg lens. (a) & (b) side view of the initial 6 layered foam for Luneburg lens (c) Foam lens before being pressed with a width of 1 cm.

Figure 7 . 24 :Figure 7 .

 7247 Figure 7.24: The dielectric Luneburg lens when E-filed parallel to lens.

Figure 7 . 25 :

 725 Figure 7.25: The dielectric Luneburg lens without flare.

Figure 7 . 26 :Figure 7 .Figure 7 . 27 :

 7267727 Figure 7.26: Luneburg lens without flare-based-vertical polarization feed (a) reflection coefficient (S11),(b) realized gain, and (c) total efficiency.

Figure 7 . 28 :

 728 Figure 7.28: Luneburg lens with flare-based-vertical polarization feed (a) reflection coefficient (S11),(b) realized gain, and (c) total efficiency.

Figure 7 . 29 :

 729 Figure 7.29: The dielectric Luneburg lens when E-filed normal to lens.

Figure 7 . 30 :

 730 Figure 7.30: Luneburg lens without flare-based-horizontal polarization feed (a) reflection coefficient (S11),(b) realized gain, and (c) total efficiency.

Figure 7 . 31 :

 731 Figure 7.31: Luneburg lens with flare-based-horizontal polarization feed (a) reflection coefficient (S11),(b) realized gain, and (c) total efficiency.

Figure 7 . 32 :

 732 Figure 7.32: The simulated radiation patterns of horizontal (Theta = 90) and elevation (Phi=0) planes of the dielectric lens with foam support (a) 1mm (b) 2 mm and (c) 3.5 mm thicknesses.

Figure 7 . 33 :

 733 Figure 7.33: The simulated radiation patterns of horizontal (Theta = 90) and elevation (Phi=0) planes of the dielectric lens with metallic foam (a) 1mm (b) 2 mm and (c) 3.5 mm thicknesses.

Figure 7 . 34 :

 734 Figure 7.34: The electric field of the lens with foam for vertical and horizontal excitation.

Figure 7 . 35 :

 735 Figure 7.35: The electric field of the lens with a metallic flare for vertical and horizontal excitation.

Figure 7 . 36 :

 736 Figure 7.36: The prototypes of the metallic flare with different thicknesses.

Figure 7 . 37 :

 737 Figure 7.37: The prototypes of the metallic flare connected to the WM-864 waveguide flange with different thicknesses.

Figure 7 . 38 :

 738 Figure 7.38: The prototypes of the dielectric lens with metallic flare connected to WM-864 waveguide flange with different thicknesses.

Figure 7 . 39 :

 739 Figure 7.39: The prototype of a 2 mm dielectric lens with metallic flare connected to WM-864 waveguide flange (a) vertical (b) horizontal polarization feed.

Figure 7 .

 7 40 (b).

Figure 7 . 40 :

 740 Figure 7.40: The measured reflection coefficient (S11) of vertical polarization feed (a) with lens (b) without the lens.

Figure 7 .

 7 41 (b).

Figure 7 . 41 :

 741 Figure 7.41: The measured reflection coefficient (S11) of horizontal polarization feed (a) with lens (b) without the lens.

Figure 7 . 42 :

 742 Figure 7.42: The measured reflection coefficient (S11) of a 2 mm dielectric lens with foam support with different polarization feeding.

Figure 7 . 43 .Figure 7 . 43 :

 743743 Figure 7.43: Circularly Polarized Luneburg Lens Antenna (a) top view (b) side view and (c) double-fan shaped-slot element.

Figure 7 . 44 :

 744 Figure 7.44: Simulated (a) reflection coefficient, (b) realized gain ,(c) total efficiency and (d) axial ratio (AR) for design#3.

Figure 7 .Figure 7 . 45 :

 7745 Figure 7.45 presents the simulated realized gain radiation pattern and 3dB-AR vs theta, respectively for Design #3. As shown in the figure, the antenna exhibits good directional radiation characteristics over the operating frequency range and achieves an HPBW of lower than 5.8 °with a maximum gain of 17.4 dBic at 310 GHz. An axial-ratio beamwidth of 6.54 °is presented below 3 dB.

Figure 7 .

 7 Figure 7.46: The AR double-fan shaped-slot CP element with different structures.

Figure 7 . 47 :

 747 Figure 7.47: Simulated (a) reflection coefficient, (b) realized gain, and (c) axial ratio (AR) for designs #1 and#2.

Figure 7 .

 7 Figure 7.45 presents the simulated realized gain radiation pattern for Designs #1 and #2 at different frequencies. As shown in the figure, the antenna exhibits good directional radiation characteristics over the operating frequency range and achieves an HPBW of lower than 6.4 with a maximum gain of 19.9 dBic at 250 GHz.

Figure 7 . 49 :

 749 Figure 7.49: Manufacturing of CP Luneburg lens. (a) side view of the two prototypes of double-fan shaped slot and (b) CP dielectric Luneburg lens.

Figure 7 . 50 :

 750 Figure 7.50: The reflection coefficient (S11) for CP Luneburg Lens antenna with foam support.

à

  partir de la direction latérale a été observé. C'est parce que nous avons découvert que l'une des brides du guide d'ondes qui a été utilisée a une petite inclinaison de 5°.Le deuxième prototype est l'antenne FPC à polarisation circulaire (CP). L'antenne CP-FPC se compose de sept couches métalliques. Les six premières couches disposées de bas en haut, sont similaires au FPC polarisé linéairement. La septième couche fonctionnait comme un polariseur pour convertir les ondes LP en ondes CP. Le gain élevé et l'auto-génération de la polarisation circulaire sont réalisés en utilisant cette couche FSS en introduisant une ouverture périodique de forme hexagonale dans une fine couche métallique. La couche ouverture-FSS est utilisée pour exciter deux modes orthogonaux d'amplitude égale et en quadrature de phase, obtenant ainsi le rayonnement RHCP. Le prototype d'antenne CP-FPC atteint un gain RHCP maximal mesuré de 16,5 dBic à 292 GHz. L'antenne CP-FPC 300 GHz a été caractérisée à l'aide d'une chambre anéchoïque compacte à ondes millimétriques, obtenant des caractéristiques de diagrammes de rayonnement entre la fréquence de 285 à 315 GHz. L'antenne atteint une largeur de bande d'impédance mesurée de 281 à 305 GHz pour le coefficient de réflexion inférieur à -10 dB. La largeur de bande du rapport axial (AR) AR ≤ 3 dB est de 5,12 GHz de 292,8 à 297,92 GHz. Le troisième prototype est une antenne à cavité résonnante à polarisation circulaire (CP-RCA), avec une nouvelle métasurface monocouche comme superstrat fonctionnant à 300 GHz. La cellule unitaire de la couche de métasurface métallique est constituée de grilles perforées d'ouvertures rayonnantes de forme hexagonale et octogonale. La couche de superstrat de métasurface agit comme un convertisseur de polarisation de linéaire à circulaire, qui fournit un rayonnement polarisé circulairement à gauche (LHCP). Le CP-RCA donne un gain LHCP mesuré de 16,2 dBic avec une directivité de 16,7 dBic à 302 GHz. Une bande passante AR mesurée à 3 dB d'environ 1,41 % (4,24 GHz) avec une fréquence centrale de 296 GHz est obtenue. Tous les prototypes ont été conçus avec la bride de guide d'ondes standard WM-864, qui contient des trous pour les broches et les vis d'alignement, permettant une connexion directe à la bride de guide d'ondes standard UG-387 sans aucun montage ou interface de test supplémentaire. Cette procédure de montage direct est plus facile que les configurations alternatives de Les diagrammes de rayonnement du plan H confirment que la lentille PPW Luneburg entièrement métallique à alimentations multiples avec des montants de taille uniforme fonctionne parfaitement comme antenne à balayage de faisceau sur toute la bande passante de fonctionnement (250-320 GHz). Le gain maximum varie approximativement de 18,2 dB à 320 GHz à 22,8 dB à 290 GHz. Les faisceaux pointent dans des directions angulaires correctes avec un petit degré d'erreur au niveau des orifices d'alimentation bordés. Les niveaux des lobes latéraux sont de -13 dB sous le faisceau principal. Le niveau de chevauchement des faisceaux est de 3 dB entre 250 et 320 GHz. La configuration à alimentation multiple de l'antenne à lentille de Luneburg donne d'excellents résultats. En conclusion, l'antenne à lentille PPW chargée de performances de poste métallique uniformes est remarquable. Il est large bande, a plus de 20 % de bande passante, une faible perte et un grand angle de balayage, ±65°. De plus, l'antenne à balayage de faisceau sub-THz est entièrement en métal, de sorte qu'une faible perte et un rendement élevé sont atteints. Cependant, toujours, la fabrication de la plaque supérieure de la lentille présente différents entrefers plus difficiles avec une grande précision à 300 GHz. L'antenne à lentille PPW entièrement métallique est un bon candidat en tant que formateur de faisceau quasi-optique pour les futures communications sans fil 6G à faisceaux multiples dans la bande sous-THz.
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Table 1 .

 1 1: Comparison between different fabrication technologies in literature.

	Tech.	LTCC	bonding Diffusion	Printing 3D	erosion Electro-	Micromachining
	Frequency	Up to 300 GHz	Up to 300 GHz	Up to 300 GHz	Up to 100 GHz	Up to 300 GHz
	Material	Substrate-based	Air-based	dielectric-based	Air-based	Air-based [36]
	Material	Moderate	Very low	High	Very low	Very low
	Losses					
	Radiation losses	Very low	Very low	High	Very low	Very low
	Allowed					High (with
	number of	High	High	Moderate	Moderate	increased
	stacked layers					complexity)
	Electrical					
	contact between	Excellent	Excellent	Impossible Excellent	Excellent
	metallic layer					
	Accuracy	High	High (±10 µm)	High	Moderate	Very high

Table 4 .

 4 

			1: Antenna design parameters (Units: mm)	
	Layers	Parameters	value	Parameters	value	Parameters	value
	Ground	𝑡 1	0.1	𝐿 𝑠	0.48	𝑤 𝑠	0.1
	Integrated	𝑡 2	0.1	𝐿 1	0.8	𝑤 1	0.4
	horn element	𝑡 3 𝑡 4	0.2 0.2	𝐿 2 𝐿 3	1 1.42	𝑤 2 𝑤 3	0.75 1
	Coupling	𝑡 5	0.1	𝐿 𝑐𝑠	0.7	𝑤 𝑐𝑠	0.25
	Cavity	ℎ 𝑐	0.44	𝐿 𝑐	2.6	𝑤 𝑐	2.6
	Aperture-	𝑡 𝐹𝑆𝑆	0.1	𝐿 𝐹𝑆𝑆	2.3	𝑤 𝐹𝑆𝑆	2.3
	FSS						

Table 4 .

 4 2: key factor comparison of the measurement of this work and other published works.

	Reference	Antenna	Manufacturing	Center	Bandwidth	Gain	Size	Fabrication
		type	process	frequency	(GHz)	(dBi)	(mm3)	complexity
				(GHz)				
	[25]	Profiled	LTCC	300	100	18	5×5×2.8	High
		corrugated						
		horn						
	[88]	Fabry-	Micromachining	284	~ 4.5	15.9	11.8	Low
		Perot cavity					×11.8 ×	
							8.45	
	[17]	Quasi-	Metallic milling	400	175	> 26.5 16 ×16 ×	High
		planar					5.5	
		reflectors						
	This work	Fabry-	Laser cutting	300	22	17.7	2.6 × 2.6	Low
		Perot cavity	brass				× 1.24	

Table 4 .

 4 3: Antenna Designs Parameters (mm)

  The optimum aperture-FSS size in terms of the AR and gain is 5 x 5, which corresponds to a lateral size of 2.32 𝜆 0 × 2.32 𝜆 0 at 300 GHz. This size was chosen to give the best AR value of 0.51 dB, obtained at 296 GHz. The peak realized gain of 16.7 dBic is obtained at 307 GHz. Figure4.18 shows the simulated right-hand circular polarized (RHCP) realized-gain radiation patterns of the antenna at 296 GHz in four azimuthal cut planes. They are approximately identical, with sidelobes lower than 16 dB. The maximum RHCP gain of 16 dBic is predicted with a 3-dB radiation beamwidth of 26.4° at 296 GHz.

	Layers	Param.	Value	Param.	Value	Param.	Value
	Ground	𝑡 1	0.1	𝐿 𝑠	0.46	𝑤 𝑠	0.1
	Integrated	𝑡 2	0.1	𝐿 1	0.8	𝑤 1	0.4
	horn element	𝑡 3	0.2	𝐿 2	0.9	𝑤 2	0.75
		𝑡 4	0.2	𝐿 3	1.42	𝑤 3	1
	Coupling	𝑡 5	0.1	𝐿 𝑐𝑠	0.7	𝑤 𝑐𝑠	0.25
	Cavity	ℎ 𝑐	0.44	𝐿 𝑐	2.6	𝑤 𝑐	2.6
	Aperture-FSS	𝑡 𝐹𝑆𝑆	0.1	𝐿 𝐹𝑆𝑆	2.32	𝑤 𝐹𝑆𝑆	2.32
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4: Comparison between the proposed work with other latest CP sub-THz antenna

Table 4 .

 4 

5: Design parameters dimensions (units: mm)

Table 4 . 6

 46 

	Ref.	Antenna type	Freq	3-dB	PG	Fabrication	Advantage/
			band	AR BW (%)	(dBic)	Technique	disadvantage Structure
	[103]	On-chip antenna	270	3.29 *	-0.5 *	CMOS 65 nm	Integrated
		with SIW	GHz				with receiver
							/Low-gain
	[71]	Double-fan-	500	2	12.5	Silicon	Planar/ low-
		shaped slot	GHz			micromachining	gain
	[104]	4 x 4 Slot array	350	NA	18.4	Microfabrication	High-gain/
			GHz				no measured
							results
	[72]	Discrete	300	18.3	30.8	3D printing	High-gain/
		dielectric lens	GHz				bulky
	[77]	Conical horn	300	2.33	18.4	Wire EDM	High-gain/
			GHz				bulky
	This	Resonant cavity	300	1.41	16.2	Laser-cutting	Planar and
	work	-loaded MTS	GHz				high-gain

: Comparison between the proposed work with other latest CP sub-THz antenna. * The simulated results, NA (not available).

  proposed antenna yields a measured LHCP gain of 16.2 dBic with a directivity of 16.7 dBic at 302 GHz. A 3 dB measured AR bandwidth of approximately 1.41% (4.24 GHz) with a central frequency of 296 GHz is achieved. The antenna performance is compared to other stateof-art designs. This compact 2.6𝜆 0 × 2.6𝜆 0 × 1.24𝜆 0 the antenna can find application in future sub-THz wireless communication systems. Moreover, it is noted that the above-mentioned RCA radiates LHCP radiation. The RHCP radiation RCA will be generated easily by rotating the MTS superstrate layer by 90°. The new antenna's simulation results are the same as those for the proposed antenna due to their completely symmetric structure, except that the new antenna radiates RHCP waves. This indicates that both RHCP and LHCP RCAs can be designed with the proposed MTS superstrate layer.

	Planar Periodic Corrugated Metallic
	Antennas
	5.1 Introduction
	Sub-terahertz (0.1 THz -1 THz) frequency bands represent a promising solution to encourage
	the development of new wireless communication technologies. The sub-THz band includes an
	enormous amount of available bandwidth, which will enable extremely wideband channels
	with tens of GHz-wide bandwidth required for front-and back-hauling in beyond 5G systems,
	ultra-high-definition multimedia streaming, and data centers. This could potentially provide a
	means to meet the 6th generation (6G) requirement of terabits per second (Tbps) data rate.
	Recently, a new IEEE standard (802.15.3d-2017) has been established around 300 GHz and
	data rates transmissions up to 100 Gb/s have already been demonstrated

Table 5 .

 5 

1: Design parameters of bull's eye antenna

Table 6 .

 6 1: Design parameters of metallic Luneburg lens with variable metallic posts.

	diameter	6.5 𝝀 𝟎	10.5 𝝀 𝟎			
	𝑛 𝑒𝑓𝑓	radius	radius	𝑡 ℎ ⁄ (mm)	𝑡 ( mm)	Δ𝑡 (𝜇m)
	1.39	𝑟 1 = 1.27 𝜆 0	𝑟 1 = 2 𝜆 0	0.6297	0.126	126
	1.33	𝑟 2 = 1.82 𝜆 0	𝑟 2 = 2.94 𝜆 0	0.6045	0.121	5
	1.273	𝑟 3 = 2.21 𝜆 0	𝑟 3 = 3.57 𝜆 0	0.5632	0.113	8
	1.2	𝑟 4 = 2.54 𝜆 0	𝑟 4 = 4.1 𝜆 0	0.5064	0.1013	11.7
	1.145	𝑟 5 = 2.86 𝜆 0	𝑟 5 = 4.62 𝜆 0	0.4424	0.0885	12.8
	1.072	𝑟 6 = 3.12 𝜆 0	𝑟 6 = 5 𝜆 0	0.3262	0.0653	23.2

Table 6 .

 6 2. The H-plane far-field Performance of DR-WG integrated with 6.5𝜆 0 metallic Luneburg lens.

	Frequency (GHz)	270	280	290	300	310	320	330
	Realized gain (dBi)	17.3	17.7	18.2	18.8	19.7	20.4	20.5
	3dB beamwidth	10.9 °	11 °	10 °	9.6 °	8.7 °	8.4 °	8.1 °
	Side lobe level (dB)	-15.2	-14.1	-17.1	-20.6	-21.7	-16.4	-18.7

Table 6 .

 6 3. The H-plane far-field Performance of DR-WG integrated with 10.5𝜆 0 metallic Luneburg lens.

	Frequency (GHz)	270	280	290	300	310	320	330
	Realized gain (dBi)	20	20.6	21.3	21.8	22.3	22.8	22
	3dB beamwidth	7.9 °	7.3	6.4 °	5.6 °	5.2 °	4.9 °	4.9 °
	Side lobe level (dB)	-19.8	-21	-21.5	-14.2	-16.5	-17.4	-14.6

Table 6 .

 6 4. Far-field performance of standard WM-864 integrated with 6.5𝜆 0 metallic Luneburg lens.

	Frequency (GHz)	280	290	300	310	320
	Realized gain (dBi)	20.3	20.6	20.8	21	20.8
	3dB beamwidth	10.1 °	9.8 °	9.4 °	9.3 °	9.7 °
	Side lobe level (dB)	-17	-18.8	-19.9	-19.	

Table 6 .

 6 [START_REF] Baron | 7-4 AMATERASU: model for atmospheric terahertz radiation analysis and simulation[END_REF]. Far-field performance of standard WM-864 integrated with 10 𝜆 0 metallic Luneburg lens.

	Frequency (GHz)	270	280	290	300	310	320	330
	Realized gain (dBi)	22.4	22.8	22.9	22.7	22.1	20.6	17.7
	3dB beamwidth	6.3 °	6.1 °	5.8 °	5.5 °	6 °	7.9 °	16.6 °
	Side lobe level (dB)	-16.9	-19.1	-18.8	-14.9	-17.6	-14.3	-9.2

11 Sub-THz Beam-scanning Antenna 6.11.1 Feeding Approach

  

Table 6 .

 6 6: Beam widths and peak gain for the 37 individual ports of the beam scanning Luneburg lens antenna loaded with variable posts (a) bottom, (b) top lenses.

	Port #		1	21/3	23/5	25/7	27/9 29/11 31/13 33/15 35/17 37/19
	main		0 °	±10 ° ±20 ° ±30 ° ±40 ° ±50 ° ±60 ° ±70 ° ±80 ° ±90 °
	direction								
	HPBW	5.9 ° 5.9 °	6.1 °	6 °	6.5 °	6.9 °	7.8 °	9 °	10.6 ° 12.2 °
	Gain		22.6 22.5	22.2	22.1	21.6	21.2	20.4	19.1	17.6	16
	(dBi)									
	SLL (dB) -16 -15.3 -14.6 -13.8 -12.8	-12	-13.3 -11.3	-8.2	-5.8
							(a)			
	Port #		2/20 4/22 6/24 8/26 10/28 12/30 14/32 16/34 18/36
	main direction ±5 ° ±15 ° ±25 ° ±35 ° ±45 ° ±55 ° ±65 ° ±75 ° ±85 °
	HPBW		5.9	5.9 °	5.9	6.1 °	6.6 °	6.9 °	7.8 °	9.1 °	10 °
	Gain (dBi)	22.6 22.4 22.3	22	21.6	21.3	20.4	19	17.7
	SLL (dB)	-15.4 -16.1 -14.3 -13.4 -12.8	-12	-12.6 -11.6	-7.3
							(b)			
	6.11.3.4	E-Field Distribution				

Table 7 .

 7 1: Design parameters of metallic Luneburg lens with uniform posts.

	radius	𝑛 𝑒𝑓𝑓	𝑔 ℎ 𝑝 ⁄ (mm)	𝑔 ( mm)	Δ𝑔 (𝜇𝑚)
	𝑟 1	1.39	0.3671	0.03671	36.71
	𝑟 2	1.3	0.517	0.0517	14.99
	𝑟 3	1.2733	0.59	0.06	8.3
	𝑟 4	1.2	0.92	0.092	32
	𝑟 5	1.145	1.5	0.15	58
	𝑟 6	1.072	>1.5	0.332	182
	7.3				

Metallic Antenna Design: Lens, Flare, and Feed

  

Table 7 .

 7 2. The H-plane far-field Performance of standard WM-864 integrated with 10.5 𝜆 0 metallic Luneburg lens loaded with uniform metallic posts .

	Frequency (GHz)	270	280	290	300	310	320
	Realized gain (dBi)	22.8	23.2	23.2	22.7	22.2	20.7
	3dB beamwidth	5.8 °	5.7 °	5.5 °	5.2 °	5.4 °	6.8 °
	Side lobe level (dB)	-15.8	-21.1	-18.4	-16.8	-16	-12.7

Table 7 .

 7 3: Beam widths and peak gain for the 37 individual ports of the beam scanning Luneburg lens antenna loaded with variable posts (a) bottom, (b) top lenses.

	(a)

Table 7 .

 7 4: Permittivity and radius of each layer in the Luneburg lens having an outer diameter of 5𝜆 0 .

	Area/layers	1	2	3	4	5	6
	Radius						
	(mm)	𝑟 1 = 2 𝜆 0	𝑟 2 = 2.94 𝜆 0	𝑟 3 = 3.57 𝜆 0	𝑟 4 = 4.1 𝜆 0	𝑟 5 = 4.62 𝜆 0	𝑟 6 = 5 𝜆 0
	Permittivity	1.92	1.77	1.62	1.46	1.31	1.15
	Loss						
	Tangent	0.015	0.014	0.013	0.01	0.008	0.007

Table 7 .

 7 5: Dielectric Properties obtained from Airex R82 depending on the density ratio. The final manufactured Luneburg lens with required thickness and permittivity values are given in Table I is shown in Figure 7.23.

	Hi/Hf	Hi	Hf (mm) Permittivity	Loss
		(mm)			tangent
	8	28	3.5	1.92	0.015
	6.5	22.75	3.5	1.77	0.014
	5.35	18.725	3.5	1.62	0.013
	4.2	14.7	3.5	1.46	0.01
	2.75	9.625	3.5	1.31	0.008
	1.5	5.25	3.5	1.15	0.007
			(a)		
	Hi/Hf	Hi	Hf	Permittivity	Loss tangent
		(mm)	(mm)		
	8	16	2	1.92	0.015
	6.5	13	2	1.77	0.014
	5.35	10.7	2	1.62	0.013
	4.2	8.4	2	1.46	0.01
	2.75	5.5	2	1.31	0.008
	1.5	3	2	1.15	0.007
			(b)		
	Hi/Hf Hi (mm) Hf (mm) Permittivity	Loss tangent
	8	8	1	1.92	0.015
	6.5	6.5	1	1.77	0.014
	5.35	5.35	1	1.62	0.013
	4.2	4.2	1	1.46	0.01
	2.75	2.75	1	1.31	0.008
	1.5	1.5	1	1.15	0.007
			(c)		

Table 7 .

 7 6: The optimum design parameters.

		Flare angle	Arm length	𝑊 𝑎𝑟𝑒	𝜃 (degree)
		(degree)	(mm)	(mm)	
	Design #1	90	0.6	0.4	30
	Design #2	90	1	0.3	30
	Design #3 (Prototype #1)	90	1.5	0.3	30
	Design #4	90	1	0.3	35
	Design #5 (Prototype #1)	90	1.5	0.3	

Table 7 .

 7 7: The optimum design parameters.

	Design	𝑊 𝑎𝑟𝑒 (mm)	𝜃 (degree)	Arm length	Flare angle
				(mm)	(degree)
	#1	0.4	30	0.6	120
	#2	0.45	45	0.5	120

PART I: HIGH-GAIN ANTENNAS FOR SUB-THZ WIRELESS COMMUNICATIONS

For fabrication, we integrate the standard UG-387/U waveguide flange into the antenna design. The side view of the FPC antenna with aperture type-FSS layer is shown in Figure 4. 14

(b).

There is a coupling between the base antenna (A-E layers) and the FSS layer that affects the antenna's performance in terms of S11, gain, and efficiency. The EM waves radiated from the base antenna impinge on the FSS layer, which forces the distribution of EM waves in space and controls the phase. The apertures of the FSS get excited, and multiple reflections and transmissions happen inside the cavity layer; finally, the wave leakage outside of the cavity from the FSS layer and this coherent wave leakage makes the antenna structure become highgain, affecting the performance of the antenna. The reflection coefficient phase of the whole proposed antenna in Figure 4. 14(a) is 𝟐𝝅𝑵 as explained in equation (4.2) , which is calculated by using the simple well-known ray-tracing formula [START_REF] Feresidis | High gain planar antenna using optimised partially reflective surfaces[END_REF][START_REF] Foroozesh | Investigation Into the Effects of the Patch-Type FSS Superstrate on the High-Gain Cavity Resonance Antenna Design[END_REF].

𝜑 𝐹𝑆𝑆 (𝑓 0 ) + 𝜑 𝐶𝑜 (𝑓 0 ) -2𝛽ℎ 𝑐 = 2𝜋𝑁; 𝑁 = 0.1.2. … (4.2)

where N is the order of resonant mode, 𝜑 𝐹𝑆𝑆 (𝑓 0 ) and 𝜑 𝐶𝑜 (𝑓 0 ) are the reflection phases of the FSS and the coupling layers, respectively, 𝛽 is the propagation constant, and ℎ 𝑐 is the cavity thickness. The resonance condition takes place at the boresight angle (𝜃 = 0 °), and the resonance frequency 𝑓 0 can be obtained from the following equation:

From the above analysis, it is clear that the order of resonant mode N usually is equal to zero (N = 0) to realize low-profile performance. For a perfect metallic coupling layer and FSS layer, their reflection phase 𝜑 𝐶𝑜 (𝑓 0 ) and 𝜑 𝐹𝑆𝑆 (𝑓 0 ) are a multiple of 𝜋, provided that the resonance height ℎ 𝑐 is approximately 𝜆 0 /2. The 2D top view of the 5 × 5 element subarray of the hexagonal radiating apertures truncated the corners is depicted in Figure 4.14 (c). The FSS layer, consisting of an array of hexagonal radiating apertures, is designed for the self-generation of CP waves. The optimized design parameters of the proposed CP-FPC antenna are shown in Table 4.3.

PART II: BEAM SCANNING ANTENNA BASED ON

METALLIC LUNEBURG LENS

Figure 6.9: Unit cell parametric simulations: 𝑛 𝑒𝑓𝑓 versus frequency, 𝑡/ℎ as variable.

Frequency-dispersive Examination

In Figure 6.9(a), h= 0.1 mm, and let's consider the curve 𝑡/ℎ=0.9 mm for instance 𝑛 𝑒𝑓𝑓 is plotted versus frequency. As suggested by the markers, the value of 𝑛 𝑒𝑓𝑓 is only calculated for few values of frequencies. However from interpolation in Matlab, the values of 𝑛 𝑒𝑓𝑓 is derived for any particular value of frequency, especially for the representative frequencies of the operating bandwidth: 280, 290, 300, 310, and 320 GHz.

The interpolation is then performed for all the values of 𝑡/ℎ and the result is shown in Figure 6.10(a), where 𝑛 𝑒𝑓𝑓 versus 𝑡/ℎ is plotted at 280, 290, 300, 310, and 320 GHz. In this mapping between unit-cell geometrical parameter 𝑡/ℎ and the effective index parameter 𝑛 𝑒𝑓𝑓 , it can be noticed that the five curves superimpose almost perfectly up to 𝑡/ℎ =0. [START_REF] Song | Present and Future of Terahertz Communications[END_REF]. It means that in the operating bandwidth the value 𝑛 𝑒𝑓𝑓 does not depend on the frequency: 280, 290,300, 310, and 320 GHz. In other words, the dispersion is extremely low, or the unit-cell configuration is broadband. This figure also enables us to see directly the unit-cell configuration refractive 

B. Radiation Pattern

Figure 6.33 shows the simulated H-plane radiation patterns of the multibeam antenna scanning in the horizontal plane at 270, 280, 290, 300, 310, 320, and 330 GHz, respectively. The radiation performance is almost identical when the input ports are excited separately. The three radiating beams can cover an angular range between ±8°. The simulated cross-polarization of less than -20 dB is omitted for simplification. The maximum realized gain of 20.9 dBi is obtained at 0° and ±8° at 310 GHz as shown in Figure 6.33 (e). 

S-Parameters

Figure 6.36 and Figure 6.37 demonstrate the reflection coefficients and the isolation performances among 1-37 waveguide feeding ports of the proposed Luneburg lens antenna. In the range of 250-350 GHz frequency band, the return loss and the mutual coupling are lower than -10 dB, except for the edge feeding ports of the lens.

A. Matching

The reflection coefficient for the proposed beam steering Luneburg lens antenna is presented in Figure 6.36. It is shown that reflection coefficients are all below -10 dB from 250 GHz to 330 GHz for feeding ports 1 to 8, except for the reflection coefficients for the edge feeding ports of the bottom lens (15,17,19,33,35, and 37) and the reflection coefficients for the edge feeding ports of the top lens (14, 16,18, 32, 34, and 36). The proposed beam steering Luneburg lens antenna has a wide bandwidth of 80 GHz (250-330 GHz).

( 

S-parameters

To verify the impedance matching performance, the S-parameters have been computed as shown in Figure 7.9. In the range of 250-350 GHz frequency band, the return loss is lower than -10 dB, except for a few frequency points higher than 315 GHz. 

Radiation Pattern

The Luneburg lens antenna beams are all fan beams. The H-plane pattern of the antenna is a narrow beam pattern, as shown in Figure 7.10(a). The 3 dB beamwidth is 5.2° for the H-plane beam at 300 GHz. The E-plane pattern of the metallic Luneburg lens antenna is a wide beam pattern, as shown in 

B. Isolation

The mutual coupling between all ports is shown in Figure 7.18 noting that it is generally higher for higher frequencies between 315-350 GHz but from there stays well below 20 dB.

Positioning ports close to the middle of the lens (i.e. 90 degrees apart from port 1) is problematic since the line of sight pathway is partly covered by the port section on the other side of the lens and will cause reflections. As result, the mutual coupling coefficients for the edge feeding ports of the bottom lens (15,17,19,33,35, and 37) and the reflection coefficients for the edge feeding ports of the top lens (14, 16,18, 32, 34, and 36) are very high.

Bottom Lens: 

General conclusion and perspectives

The main objective of this thesis is to develop and fabricate all-metal high gain sub-THz antennas utilizing different fabrication technologies at 300 GHz frequency bands. The thesis covers a wide range of topics related to the designs and fabrication processes of the mentioned designs. Six antennas are constructed utilizing four distinct fabrication technologies: wireelectrical discharge machining (EDM) (one prototype), laser-cutting machining (three prototypes), Silicon micromachining (one prototype), and CNC milling (one prototype) (one prototype).

At the end of this Ph.D. thesis, 2D completely metallic PPW Luneburg lens antennas perform as beamforming for 6G wireless communications in the WM-864 bands (220 -330 GHz). Two different designs were created, both of which work in the TEM mode, are broadband, and have a low loss. The first one, the PPW Luneburg lens loaded with variable cylindrical metallic posts, has wider bandwidth, and high gain has the advantage of enabling all-metal material.

The second one, is the PPW Luneburg lens loaded with uniform-size cylindrical metallic posts.

With these two designs, several lenses were designed and simulated, among them, two configurations of 10.5 diameters fed by a standard waveguide (WM-864), were chosen and integrated into multi-beam antennas. Two multi-beam antennas were designed and simulated with excellent performances.

Summary

In Chapter 1:

The general background of the terahertz spectrum is described, as well as its uses and emerging B5G possibilities. In terms of propagation and generation sources, the major THz band restrictions and hardware constraints are presented.

-In Chapter 2:

A state-of-the-art on different fabrication technology is presented as reviewing for exiting fabricated antennas in the sub-terahertz band. Most of the structures discussed in this thesis are based on metallic structures which can be replaced with substrate structures to avoid dielectric loss which big problem in the terahertz band. The passive multibeam antennas based on Lenses are thoroughly discussed to achieve the desired beamforming in the RF domain without using any active components. The Luneburg lenses have a more stable performance with a wider bandwidth and are so used in the development of many of the presented designs in this thesis.

As our main focus is high gain antennas, a comparison between the existing antennas in literature in terms of the fabrication technology, radiation losses, operating frequency, highest -In Chapter 5:

The challenges faced in Chapter 4 (i.e. narrow 3dB-AR bandwidth) are faced and solved. Two different technologies are used to fabricate a circularly polarized (CP) bull's eye antenna at 300 GHz.

The first technology is silicon micromachining which is applied to design a circularly polarized bull's eye antenna with a crossed-slot element at 300 GHz. The prototype consists of three silicon layers with a thickness of 200-μm, and two of 400-μm. The feeding WM-864 waveguide is etched in the bottom wafer. The crossed-slot and the six-ring slots are etched in a wafer of the thickness of 200-μm. After sputtering gold, the three silicon wafers are bonded together by gold-gold thermocompression. We scribed the wafers to get the CP bully's eye antenna with a dimension of 20 × 20 × 1 mm 3 . The measured reflection coefficient of the antenna is lower than -10 dB from 279.2 GHz to 314 GHz with a bandwidth of 34.8 GHz.

There is a shift between measurement and simulation results due to fabrication tolerance. A maximum simulated LHCP realized gain of 16.13 dBic is achieved. The total efficiency is more than 80%, between 295-325 GHz. The minimum simulated AR at 290 GHz is 0.675 dB with the 3-dB AR bandwidth of 21 GHz between 287 GHz to 308 GHz being 7 %.

The second technology is a computer numerical control (CNC) milling which is applied to design a circularly polarized bull's eye antenna with a double-fan shaped-slot element at 300 GHz. The prototype is fabricated on one layer with a thickness of 400-μm. The material employed was aluminum due to its good conductivity and mechanical properties. We used this CNC milling with the double-fan shaped-slot element due to the difficulty to reach a high thickness of 1000 -μm using silicon micromachining and expansive. The six concentric periodic corrugations with period p, depth Dg, and width Wg are similar to the porotype fabricated using silicon micromachining. Only Two differences between the two porotypes. The first one is the total thickness (1000-μm and 400-μm) and the second one is the element to generate circular polarization characteristics (crossed-slot and double-fan shaped-slot).

The measured reflection coefficient of the antenna is lower than -10 dB from 220 GHz to 330 GHz with a bandwidth of 110 GHz, which is in good agreement with the simulation results. A maximum simulated RHCP realized gain of 16.37 dBic is achieved The total efficiency is more than 88%, between 260 -360 GHz. The minimum simulated AR at 300 GHz is 0.12 dB with the 3-dB AR bandwidth of 32.39 GHz Due to the new building construction of the IETR lab and the time to move the facilities maybe on May/June 2022 we don't have a chance to measure gain, axial ratio, and far-field radiation patterns for both prototypes -In Chapter 6:

In this chapter, the complete design and simulation of the sub-THz beam-scanning antenna were presented. The antenna is a fully metallic PPW Luneburg lens antenna excited by a standard waveguide. The antenna is designed at 300 GHz and operates in the WM-864 band between 220 GHz and 330 GHz. The lens has 10.5 mm in diameter and is made of metallic posts. The permittivity is controlled by one degree of freedom: the metal post thickness. This parameter changes according to the radial distance to the lens' center and achieves the permittivity values required by the Luneburg law. The design has been performed with Matlab, CST. Mainly, the unit cell has been analyzed in the Eigenmode solver in CST and the overall antenna in the Time domain solver in CST. Matlab has been used for computing the mapping between unit cell geometrical and effective refractive index parameters.

The full-wave simulation of the sub-THz beam-scanning antenna has been done in CST in a single feed and multiple feed configurations. First, the single two types of feeds (double-ridge waveguide and standard WM-864 waveguide) have been studied at different diameters (6.5 λ 0 and 10.5λ 0 ), then beam-scanning antenna with 37 feeds.

In the single double-ridge waveguide feed with 6.5 λ 0 configuration, the antenna is matched in the operating bandwidth below at -8 dB between 270-350 GHz. The sidelobe levels are low, -15 dB below the main beam maximum level. The maximum gain ranges approximately from 17.3 dBi at 270 GHz to 20.5 dBi at 330 GHz. Furthermore, with 10.5 λ 0 configuration, the antenna is matched in the operating bandwidth below at -8 dB between 260-345 GHz. The sidelobe levels are low, -14 dB below the main beam maximum level. The maximum gain ranges approximately from 20 dBi at 270 GHz to 22.8 dBi at 320 GHz.

In the single standard WM-864 waveguide feed with 6.5 λ 0 configuration, the antenna is matched in the operating bandwidth below at -15 dB between 250-350 GHz. The sidelobe levels are low, -17 dB below the main beam maximum level. The maximum gain ranges approximately from 20.3 dBi at 280 GHz to 21 dBi at 310 GHz. Furthermore, with 10.5 λ 0 configuration, the antenna is matched in the operating bandwidth below at -10 dB between 250-350 GHz. The sidelobe levels are low, -14 dB below the main beam maximum level excluded at 330 GHz is below -9 dB. The maximum gain ranges approximately from 22.9 dBi at 290 GHz to 20.6 dB at 320 GHz excluding at 330 GHz 17.7 dBi. Since the antenna is fed by standard waveguides, there is no need for a transition, which avoids introducing more losses and adding more difficulty in fabrication of small size at 300 GHz.

The sub-THz beam-scanning antenna with 37 waveguide feeds of 10.5 λ 0 diameter has been designed at 300 GHz and simulated between 250 GHz and 350 GHz in CST. An angle of view of ±65° has been covered. The simulation results show very good antenna characteristics. The matching level is lower than -10 dB excluding the reflection coefficients for the edge feeding ports. Similarly, the isolation level is -20 dB. The symmetry of both matching and isolation parameters has been verified.

Perspective and future work

In chapter 3

The circularly polarized (CP) horn antenna has a non-planar structure that makes integration and packing problematic, yet it can be utilized as a source in a short-range wireless communication system for 6G.

In chapter 4

Because of their low-profile and low-cost high-gain and planar structure, LP/CP FPC antennas can be integrated with active components in wireless communication systems. Examine the feasibility of improving the CP-FPC antenna's 3 dB bandwidth.

In chapter 5

The CP bull's eye prototypes are fabricated with simulated wide 3dB AR bandwidth; we hope to measure the far-field radiation patterns soon.

In chapter 6 and 7

The sub-THz beamforming antenna is designed and simulated to operate well; however, there is no good technology for fabricating the metallic post with high accuracy and the top plate with small air gaps. We'll see whether we can do it with silicon micromachining. Perhaps we can make these prototypes using nanotechnology at the nR (NanoRennes) lab, or we can collaborate with IEMN at Lille University.

The prototypes can be utilized as a source or reconfigurable antennas at 300 GHz by using a phase shifter. At present time, there is no high-frequency phase shifter on the market. Perhaps it will be useful soon.

We will investigate the feasibility of efficiently coupling low-profile high-gain antennas to continuous-wave THz sources. We will also test a high-gain photomixing antenna array with a wide bandwidth. We will look into combining UTC-photodiodes with planar wideband antennas. The second implementation consists of a uniform-size metallic post periodic. The air gaps of the PPW top plate control the equivalent refractive index of Luneburg law. Both implementations showed a good performance with a wide field-of-view of more than ±65°.
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