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An elegant combination of a large-aperture planar radiating panel and a 2D-scanning part, implemented through a pair of 3D-printed sub-wavelength deflectors, is presented in this paper to demonstrate a low-profile 2D-scanning antenna system in Ka-band. A 28-cm-diameter prototype was manufactured, with in particular the dielectric deflectors fabricated by 3D printing of a high-permittivity and low-loss composite. The total height of the antenna system is only 4 cm, corresponding to 3.8 wavelengths at 29 GHz. The antenna system demonstrates a steering capacity up to 66 • in elevation and 360 • in azimuth, with a measured realized gain of 33 dBi at 0 • and 27.4 dBi at 66 • scan angle at 29 GHz. The 3dB-bandwidth is 6.5%, covering the 27.75-29.6 GHz range. The measured results validate the simulated steering performance of the system with good agreement and confirm the advantage of using this concept for achieving low-cost, low-profile, lightweight, and simple-configuration 2D-beam-scanning antenna.

I. INTRODUCTION

The possibility of continuously steering a highly directive beam in two angular dimensions, i.e., both in elevation and azimuth planes, is one of the most challenging and widely studied features in the antenna engineering community. Such a capability is required in many current and emerging applications involving moving platforms such as satellite communication (SATCOM), networking of aircrafts and vehicles, wireless millimetre-wave relaying, etc. To change the direction of the antenna beam, one can use electronic steering by controlling phase shifts among radiating elements, or mechanical steering by moving a part or the entire antenna system, or a combination of both. Conventional mechanical scanning systems (commonly used for reflector antennas) are not only bulky and heavy but also require a large space for 3D rotation. Electronically steered arrays, on the other hand, allow for planar and thin structures at the price of significant losses and power consumption due to the active components.

In this context, the scanning solution based on Risley scanner [START_REF] Amirault | Precision pointing using a dual wedge scanner[END_REF], using independent rotations of two prisms around a same axis, seems to be an extremely elegant concept, allowing one to combine the efficiency of mechanical beam scanning with the low profile feature of electronic scanning antennas, while ensuring a wide angle scanning [START_REF] Tame | Steerable risley prism antennas with low side lobes in the ka band[END_REF]. In recent works, several attempts were carried out to tackle the current limitations of this concept. Firstly, it has been shown that it is possible to reduce the volume and weight of the prisms by using new planar architectures based on phase shifting surface (PSS), time delay metasurface, dielectric phase transformers, etc. [START_REF] Gagnon | Using rotatable planar phase shifting surfaces to steer a high-gain beam[END_REF], [START_REF] Baba | Ultrawideband beam steering at mm-wave frequency with planar dielectric phase transformers[END_REF]. Secondly, its total height has been drastically shortened thanks to the use of planar, collimated radiating apertures. A resonant cavity antenna is used as the feed at 11 GHz in [START_REF] Afzal | Steering the beam of medium-to-high gain antennas using near-field phase transformation[END_REF], and a Radial Line Slot Array (RLSA) at 20 GHz is exploited in [START_REF] Afzal | A beam-steering solution with highly transmitting hybrid metasurfaces and circularly polarized high-gain radial-line slot array antennas[END_REF] by the same authors, allowing one to place the metasurfaces (providing the deflection function) in the near-field region of the antenna, so that the antenna profile is reduced to several operating wavelengths. Finally, some other works have focused on the reduction of the side lobe levels [START_REF] Singh | Controlling the most significant grating lobes in two-dimensional beam-steering systems with phase-gradient metasurfaces[END_REF], [START_REF] Caminita | Phase gradient metasurface for wide angle beam scanning antennas with highly reduced sidelobes[END_REF].

The work presented in this paper focuses on low-profile highly directive and efficient 2D-beam-steering antenna in K a -band, based on Risley concept, by combining high-permittivity dielectric sub-wavelength deflectors manufactured by 3D printing and a large-aperture RLSA antenna to obtain a very efficient and compact architecture. The RLSA generates a quasi-plane wave-front in its near-field region, directly illuminating the deflector at a very short distance. This solution allows the total thickness of the antenna system to remain very low, independently of the radiating aperture size.

The rest of this paper is organized as follows. The 2D-beam-steering mechanism based on Risley concept is first discussed in Section II. The design of the sub-wavelength deflectors is detailed in Section III and the complete antenna system is presented in Section IV. The conclusion is given in Section V.

II. 2D-BEAM-STEERING BASED ON RISLEY CONCEPT

Risley scanner concept has been used in optics for many years, and was transposed to RF domain for the first time in 1984 [START_REF] Mcewen | Beam steering method with improved sidelobe response using dielectric wedges for satellite tv reception[END_REF]. The typical system consists of one RF feed and two independently rotatable prisms. Each prism provides a given deflection angle depending on its geometry. The 2D-steering is realized by the independent rotations of the two prisms.

Fig. 1(a) presents a general view of our proposed 2D-beam-steering antenna based on Risley concept. The system is composed of a large-aperture planar antenna and a pair of rotatable compact sub-wavelength deflectors placed above the antenna in its near-field region. As illustrated in With this concept, the beam can be steered anywhere within a solid cone, limited by the maximum scan angle which is defined by the deflectors. Elevation is obtained by controlling the relative rotation of the two deflectors and azimuth by rotating the two deflectors together. Therefore, this architecture features a fully passive mechanically 2D-steering. Since only the moving deflectors control the 2D-steering, the RF feed antenna remains stationary, no RF rotary joint is required, allowing for cost and complexity reduction.

The beam direction of the 2D-scanning part can be analytically estimated using the recently reported phase method [START_REF] Wang | Phase method: A more precise beam steering model for phase-delay metasurface based risley antenna[END_REF]. When a complete coverage of the solid conical domain is required, an identical deflection angle α must be used for both deflectors, thus the elevation θ and azimuth φ angles of the beam can be calculated using:

θ = arcsin{sin α 2[cos(φ 1 -φ 2 ) + 1]} (1) φ = arctan sin φ 1 + sin φ 2 cos φ 1 + cos φ 2 (2)
where φ 1 and φ 2 are the rotation angles from x-axis of the deflector 1 and deflector 2 respectively (Fig. 1(a)).

III. DESIGN OF THE SUB-WAVELENGTH DEFLECTOR

The sub-wavelength deflector is designed to generate the required phase profile to obtain the beam deflection. The absolute phase along the deflection plane of the deflector (along x-axis for example) is calculated for the desired deflection angle α at the designed wavelength λ 0 using:

ϕ(x) = x 2π λ 0 sin α (3) 
Since compact deflectors are required, the repeated phase profile of a 360 • cycle is used instead of the absolute phase. The period Λ of the sub-wavelength deflector, corresponding to a 360 • cycle, is calculated from the designed wavelength and the desired deflection angle α as follows:

Λ = λ 0 sin α (4)
Sub-wavelength pillars with varied widths are used to synthesize the computed phase profile. Indeed, by structuring dielectric materials at a scale smaller than the operating wavelength and locally controlling the size as well as the arrangement of the elementary structures, artificial materials with specific electromagnetic (EM) properties can be engineered and tailored over a wide frequency band. This way, we can locally control the phase and generate a desired phase profile. Each pillar is defined by its fill factor a/Λ s (pillar width over unit cell size ratio) (Fig. 2). An impedance matching layer with 2.5-mm-pyramids is added above the pillars to minimize the reflection. The pillars were numerically analysed by varying their width between 0 and Λ s = 2.7 mm under 2D-periodic boundary conditions with the Frequency Solver of CST Microwave Suite 2021. The pillar height (including the pyramid part), which is optimized to obtain a full 360 • phase cycle, is 7.6 mm. A support base of 3-mm-thickness is added to ensure the mechanical rigidity of the deflector. All fill factors give a transmission magnitude greater than -0.5 dB under normal incidence, ensuring a good impedance matching and a proper amplitude illumination. The deflector was designed to operate in K a -band, with 27.4 • deflection at 29 GHz so that a maximum scan angle of 66 • can be obtained when using two deflectors in the Risley scanning system. This leads to a period Λ = 22.5 mm with around 8 pillars per period. A composite material with high permittivity and low loss (ε r = 7, tanδ = 0.001) is used for the deflector design. This printable filament has been developed during our previous project [START_REF] Czarny | High permittivity, low loss, and printable thermoplastic composite material for rf and microwave applications[END_REF] and will be released into the market at the end of 2022 by NANOE company. The diameter of the deflector is fixed at 26 cm, corresponding to 25.1λ 0 at 29 GHz. The phase profile ϕ(x) is used to generate a 1D linear phase for all the cells along the x-axis and then duplicated along the y-axis to generate the 2D phase distribution. Fig. 3 depicts the 2D phase distribution in degree of the deflector.

IV. 2D-BEAM-STEERING ANTENNA SYSTEM

The deflectors whose design is presented in Section III are associated to a K a -band circularly polarized (CP) radiating source to form the 2D-beam-steering antenna system. The radiating panel consists of a 4-mm-thick CP Radial-Line Slot Array (RLSA) manufactured in conventional PCB technology, which has a 26 cm circular aperture of diameter.

Since the RLSA provides a nearly uniform aperture phase distribution in the near-field region, the deflectors were designed independently. The gap between the RLSA and the first deflector as well as the one between the two deflectors were set at 5 mm. These gap values were optimized to obtain a low profile while minimizing the reflection between the components. The total height of the complete assembled antenna system is about 4 cm, corresponding to 3.8λ 0 at 29 GHz. It is worth emphasizing that the total height of the system is independent of the antenna diameter and thus does not change when scaling up to a larger size antenna.

Two identical deflectors were fabricated by FDM 3D-printing technique with the high-permittivity material COC-TiO 2 [START_REF] Czarny | High permittivity, low loss, and printable thermoplastic composite material for rf and microwave applications[END_REF]. The photographs of the fabricated deflectors and the assembled antenna system are shown in Fig. 4. The total diameter of the deflectors is 28 cm comprising of 26 cm for the effective surface and 2 cm for the fixation part. The complete antenna system was simulated with the Transient Solver of CST Microwave Suite 2021. Fig. 5 presents the radiation patterns obtained by simulation for two configurations of scan angles (150 • -rotation for 14 • scan angle, and 30 • -rotation for 62 • scan angle), at 29 GHz and 30 GHz.

The antenna system was evaluated for seven different steering angles by rotating the two deflectors. Fig. 6 presents the simulated and measured normalized gain in the main-beam azimuthal cut planes at 29 GHz for these seven scan angles going from 0 • to 66 • . Side lobes are mostly visible in the main-beam cut plane when steering at broadside. For other steered angles, the side lobes are located in other planes (as clearly observed in Fig. 5). As illustrated, radiation patterns are highly directive for all the steered angles. Fig. 7 shows the realized gain for different scan angles at 29 GHz. A good agreement is observed between simulation and measurement with a slight difference of about 0.5 dB (except at the 62 • scan angle), which can be attributed to fabrication and measurement setup tolerances. The maximum gain of 33.1 dBi is achieved when the relative rotation between two deflectors is 180 • , i.e., the beam is directed towards the broadside direction (θ = 0 • and φ = 0 • ). For this rotation angle, the SLL value is below -10 dB, this level can be further improved with an optimized deflector design. The lowest gain of 27.4 dBi is obtained when reaching the 66 • scan angle. The cross-polarization levels at 29 GHz for all beam directions are below -15 dB. Fig. 8 presents the measured realized gain as a function of frequency for 0 • and for the maximum scan angle (66 • at 29 GHz). The 3dB-bandwidth is 6.5%, covering the frequency band from 27.75 to 29.6 GHz. This characteristic mainly depends on the radiating panel which is used to illuminate the two dielectric deflectors. Recent on corporate-feeding slot or open stub arrays could allow for larger bandwidth. The total efficiency of the complete antenna system (including aperture and deflection efficiencies, dielectric and ohmic losses) is around -5.5 dB, in which -2.6 dB comes from the RLSA source and -2.9 dB from the two deflectors. However, only -0.3 dielectric loss is from the two deflectors thanks to the low-loss material (loss tangent of 0.001) and the small deflector thickness (9 mm, possible due to high-permittivity material). 

V. CONCLUSION

We demonstrated a K a -band antenna system capable of 2D-beam-steering within a large conical volume with an apex larger than 130 • based on Risley scanner concept. The antenna is composed of a compact planar circularly polarized RLSA and two dielectric sub-wavelength deflectors printed with high-permittivity and low-loss composite material. A 28-cm-diameter prototype (with 25.1λ 0 -effective-aperture) has been fabricated and measured. This antenna can steer the beam to a maximum angle of 66 • at 29 GHz with a measured realized gain of 27.4 dBi. With a total height of only 4 cm (independent of the radiating panel diameter) and a weight less than 2 kg, this low-profile and lightweight antenna solution allows for a significant attenuation of aerodynamic issues when using on aircrafts. Neither RF rotary joint nor 3D complex moving system is necessary. The concept, which is entirely passive, involves a very low power consumption for the motorization part. The dielectric sub-wavelength deflectors are wider band and much cheaper, thanks to 3D-printing manufacturing, than multilayered printed metasurfaces. Therefore, the proposed design, which greatly reduces the cost, paves the way for the development of low-cost low-profile highly directive 2D-scanning antennas for various applications.
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 1 Fig. 1(b), when both deflectors are aligned (which means the relative rotation between two deflectors is zero φ 1 -φ 2 = 0 • ), the two deflections accumulate and the maximum steering occurs. When the two deflections are oriented 180 • opposite to each other (|φ 1 -φ 2 | = 180 • ), the deflection is cancelled and the beam steers in the broadside direction [2].
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 1 Fig. 1. (a) General view of the proposed 2D-beam-steering antenna (b) Beam-steering mechanism based on Risley scanner concept [2].
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 2 Fig. 2. Profile and top views of one part of a sub-wavelength deflector with definition of the period Λ, the different widths a of the pillars, the unit cell dimension Λs, the height of the pillars h pillar and of the support hsupport.
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 3 Fig. 3. Phase distribution (in degree) of the 26-cm-diameter deflector which is designed to obtain 27.4 • deflection at 29 GHz.
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 4 Fig. 4. Photographs of the fabricated components (a) 3D-printed all-dielectric sub-wavelength deflector with COC-TiO 2 material (b) Assembled antenna system: RLSA combined with two dielectric deflectors.
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 5 Fig. 5. Realized gain 3D patterns in simulation at 29 GHz and 30 GHz for two configurations of beam-steering (a)-(b) Rotation of 150 • and steered angle at 14 • for 29 GHz and 13.5 • for 30 GHz, (c)-(d) Rotation of 30 • and steered angle at 62 • for 29 GHz and 59 • for 30 GHz.
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 6 Fig. 6. Normalized gain in simulation (dashed line) and measurement (solid line) at 29 GHz for seven different steered angles.
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 7 Fig. 7. Realized gain versus scan angle at 29 GHz, both in simulation and measurement, compared to cosine law.
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 8 Fig. 8. Realized gain versus frequency for 0 • and maximum steered angles.
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