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The anomalous refraction of an all-dielectric 3Dprinted diffraction grating is experimentally demonstrated in the microwave domain. The dimensions of the binary grating are derived using the coupled wave theory and full wave simulations. A maximum diffraction efficiency of 89% is obtained for a TE polarized incident plane wave impinging the grating at 18 GHz with a 50 • elevation angle. This efficiency remains above 50% over a 35 • angular bandwidth around 50 • in the frequency band 17-20 GHz. Outside this angular range, the device is electromagnetically transparent. A prototype is fabricated with ABS thermoplastic using a fused-deposition modelling manufacturing technique. The structure is experimentally characterized using a near-field bi-static test bench, and the refractive behaviour is demonstrated.

I. INTRODUCTION

In the past decades, wave manipulation at both optical and radio frequencies has been largely realized with metamaterials or metasurfaces in which the reflection and transmission coefficients are locally controlled with periodically arranged metaatoms [START_REF] Estakhri | Recent progress in gradient metasurfaces[END_REF], [START_REF] Faenzi | Metasurface Antennas: New Models, Applications and Realizations[END_REF]. Low profile metasurfaces achieve a discretization of a continuous phase or impedance profile to efficiently control the wave front properties. However, the subwavelength meta-atoms require high resolution fabrication needs. Recently, the sparse arrangements of meta-atoms separated by a distance of the order of the operating wavelength acting as diffraction gratings, also called metagratings [START_REF] Radi | Metagratings: Beyond the Limits of Graded Metasurfaces for Wave Front Control[END_REF]- [START_REF] Popov | Beamforming With Metagratings at Microwave Frequencies: Design Procedure and Experimental Demonstration[END_REF], have been proposed in the microwave domain to overcome the high resolution needs of beam-steering Huygens' and bianisotropic metasurfaces [START_REF] Pfeiffer | Metamaterial Huygens surfaces: Tailoring wave fronts with reflectionless sheets[END_REF], [START_REF] Chen | Theory, design, and experimental verification of a reflectionless bianisotropic Huygens' metasurface for wide-angle refraction[END_REF].

Diffraction gratings feature a spatial modulation of the propagation constant with a period comparable to the wavelength, leading to the appearance of diffracted orders. Perfect reflection or refraction can be obtained with a Bragg grating at the a specific angle/frequency condition, called the Bragg condition, even for a beam incidence at a near-grazing angle, drawing particular interest for applications requiring extended angular coverage. Altough all-dielectric gratings showcasing a modulation of the dielectric constant have been widely explored in the optical domain [START_REF] Kogelnik | Coupled wave theory for thick hologram gratings[END_REF]- [START_REF] Moharam | Three-dimensional vector coupledwave analysis of planar-grating diffraction[END_REF], until now, most of the gratings operating in the microwave domain have been designed in Printed Circuit Board (PCB) technology to produce perfect anomalous reflection [START_REF] Wong | Binary Huygens' Metasurfaces: Experimental Demonstration of Simple and Efficient Near-Grazing Retroreflectors for TE and TM Polarizations[END_REF], [START_REF] Popov | Beamforming With Metagratings at Microwave Frequencies: Design Procedure and Experimental Demonstration[END_REF]. Yet, thanks to the absence of a metallic ground plane, all-dielectric Bragg gratings present the advantage of being electromagnetically transparent far outside the Bragg regime. This frequency and angular selectivity can be of practical interest for specific applications, such as dual-band operation for example [START_REF] Zhu | 3-D Printed All-Dielectric Dual-Band Broadband Reflectarray With a Large Frequency Ratio[END_REF].

Meanwhile, the recent advances in additive manufacturing and more specifically in the low cost "Fused Deposition Modelling" (FDM) technology allow nowadays a high degree of freedom for the design and a fast prototyping of 3D thermoplastic objects. While at optical frequencies, the anisotropy and the porosity induced by the printing, as well as the limited resolution of the FDM printers (typically 100 µm) can largely affect the performances of the components [START_REF] Vallejo-Melgarejo | Characterization of 3D-printed lenses and diffraction gratings made by DLP additive manufacturing[END_REF], the FDM technology has proven to be largely appropriate for microwave components [START_REF] Czarny | Q-band high gain radome integrated lens antenna for compact backhaul terminal[END_REF], [START_REF] Diallo | Comparison Between a Thin Lens Antenna Made of Structured Dielectric Material and Conventional Lens Antennas, in Q-Band in a Compact Volume[END_REF].

In this context, we propose an all-dielectric Bragg grating with a binary modulation of the dielectric constant, obtained with 3D printing, in the microwave domain. This paper aims at experimentally demonstrating the perfect anomalous refraction of this transmittive grating. Section II of this paper presents the design of the grating to fullfill the Bragg condition and full wave simulation results. In section III, the experimental characterization of the 3D-printed prototype is presented.

II. DESIGN OF THE BRAGG GRATING

A. Bragg Condition

As depicted in Figure 1, the proposed dielectric grating features a discretized modulation of the dielectric constant with a period Λ in the plane of incidence (xOz) that can be expanded into a complex Fourier series such as [START_REF] Moharam | Three-dimensional vector coupledwave analysis of planar-grating diffraction[END_REF]:

ε(x, z) = ∞ m=-∞ εm exp(jmK.r) (1) 
where εm is the mth Fourier component of the relative dielectric constant. r is the radius vector and K is the grating vector:

r =   x y z   ; K = 2π Λ   sin(Φ) 0 cos(Φ)   ; (2) 
Φ and Λ are the slant angle and the period of the grating respectively.

For simplicity, it is assumed that the grating is surrounded by a medium characterized by its average dielectric permittivity ε avg . Now, let us consider an incident TE plane wave in the xOz plane, of wave vector k i and impinging the grating at z = 0 with an angle θ n i with respect to the z-axis. For such a periodic structure, the field inside the grating can be decomposed in spatial harmonics with wave vectors k(m) given by [START_REF] Moharam | Rigorous coupled-wave analysis of planar-grating diffraction[END_REF]:

k(m) = k ix -m 2π Λ sinΦ x + k z (m)ẑ (3) 
where

k(m) 2 = k 0 √ ε avg 2 .
It follows that the mth spaceharmonic field propagating along z, corresponding to the mth diffracted order outside the grating, travels at an angle θ n o (m) given by:

sin[θ n o (m)] = sinθ n i -m λ o √ ε av Λ sinΦ (4) 
A Bragg grating is obtained when the period is made close to the operating wavelength to allow only the +1 diffracted order to propagate in addition to the 0 order, while the others are cut off. Then the energy is entirely coupled between counterpropagating waves with respect to the grating vector. At a specific input angle and frequency, called Bragg condition, the in-phase constructive interferences of the reflected power at the fringes interfaces can lead to a perfect reflection or refraction: the grating acts as a mirror. Then the input and ouput angles obeying the Bragg condition, θ n i B and θ n o B , as depicted in Figure 1, are related to each other by:

Φ = θ n i B + θ n o B 2 + 90[ • ] (5) 
Note that the grating is refractive for a slant angle 45 • < Φ < 135 • , and reflective otherwise. Then the relationship between the grating dimensions at the Bragg condition is given by [START_REF] Kogelnik | Coupled wave theory for thick hologram gratings[END_REF]:

cos(Φ -θ n i B ) = λ o 2 √ ε av Λ (6) 
Perfect reflection or refraction can be obtained at the Bragg condition for a particular thickness of the grating, which depends on the contrast of the permittivity, as described by the coupled-wave theory [START_REF] Kogelnik | Coupled wave theory for thick hologram gratings[END_REF]- [START_REF] Moharam | Three-dimensional vector coupledwave analysis of planar-grating diffraction[END_REF]. The higher the contrast is, the lower the optimal thickness is. In the same way, the higher the discretization of the permittivity gradient is, the lower the optimal thickness is.

B. Full-Wave Simulations

In order to demonstrate the refraction at the Bragg condition in the Ka Band, a 3D model is designed and simulated with CST Microwave Studio. The 3D printable polymer Acrylonitrile Butadiene Styrene (ABS) with dielectric constant of 2.6 and dielectric losses tanδ= 0.004 is used together with air to create a two-permittivity gradient. ABS is chosen for its relatively low dielectric constant, close to that of the air and its compatibility with closed commercial 3D printers. As a proof-of-concept, the structure is designed to deviate plane waves with an incident angle θ o i B of 50 • in the air to a direction given by θ o o B = -30 • in the air. The angles θ o i B and θ n i B (or θ o o B and θ n o B ) are related to each others by the Snell's laws. The dimensions of the grating are computed at the frequency of 18 GHz using ( 5) and [START_REF] Popov | Beamforming With Metagratings at Microwave Frequencies: Design Procedure and Experimental Demonstration[END_REF] and are found to be: Φ = 96.4 • and Λ = 13.08 mm (0.8λ o ).

Figure 2 (a) depicts the binary grating of thickness d. For mechanical support, some material is added in the middle and at the extremities of the grating, as illustrated in Figure 2 (b). Note that the presence of the support parts changes the average relative dielectric constant of the grating. Besides the surrounding environment of the grating is the air and no impedance matching layer is added. For these two reasons the diffraction efficiency as well as the optimal thickness of the grating are determined using full wave simulations. Periodic boundary conditions in the x-and y-directions and Floquet ports are used for the illumination of the structure with a TEpolarized plane wave.

In order to validate the refractive behaviour of the grating at the Bragg condition, the thickness of the component is first optimized in simulation for the structure without support material (Figure 2 (a)), with a lossless material and in an impedance-matched medium. Figure 3 (a) illustrates the For an incident angle of 50 • and a frequency of 18 GHz, the optimal thickness is found to be 23 mm. The dielectric losses of the ABS are also taken into account. Figure 4 represents the simulated refraction efficiency of the structure with support as a function of both incident angle and frequency. The efficiency is maximum for an incident angle of 50 • and a frequency of 18 GHz with 89% and remains higher than 50% for an incidence angle range of 35 • over the whole frequency band of 17-20 GHz. The associated output angles for θ o i B = 50 • range from -36 • to -23 • in this band.

III. EXPERIMENTAL DEMONSTRATION

The structure presented in Figure 2 (b) is fabricated using the 3D printing technique of Fused Deposition Modelling (FDM). The prototype has dimensions of 200 mm x 200 mm x 23 mm. For its experimental characterization, the prototype is placed between two lens antennas on a free-space bi-static test bench, in which the two arms supporting the antennas can move up to ±140 • from the horizontal line-of-sight axis. The grating is mounted on a support, which can rotate up to 360 • around the vertical axis, at a variable distance of both antennas. Figure 5 shows the measurement setup and the fabricated prototype. It is worth noting that this setup is not ideal. Since the prototype has a finite size, it cannot be placed too far away from the antennas to avoid spillover. Yet the grating is designed for plane-wave illumination and therefore should be placed in the far-field region of the antennas. Instead, the optimal distance is set by finding the maximum transmission at the Bragg condition of the grating, which is found to be 25 cm (15λ o ). The radiation pattern is measured in one cut plane for two incident angles θ o i of 0 • and 50 • at the grating interface and a corresponding output angle ranging from -90 • to 180 • . A time gate is applied to suppress the spurious reflections. Figure 6 depicts the scattered power as a function of the output angle for each scenario at the frequency of 18 GHz. The power is normalized by the peak power transmitted at normal incidence. It can be observed that while the beam is not deviated when the incident angle is 0 • , it is completely refracted with an output angle of -36.5 • when the incident angle is 50 • . The second direction with the highest power corresponds to the specular reflection of the grating at an output angle of 124 • . This preliminary result clearly demonstrates the anomalous refraction of a Bragg grating in the microwave domain. The diffraction efficiency is roughly estimated by integrating the scattered power over the angular range associated with the refracted beam and dividing it by the total scattered power as proposed in [START_REF] Rabinovich | Experimental demonstration and in-depth investigation of analytically designed anomalous reflection metagratings[END_REF]. An efficiency of 87.8% (-0.57 dB) is obtained at 18 GHz for an incident beam of 50 • , comparable to the simulation result (-0.3 dB). It is worth noting that a full 3D pattern acquisition should be realised to rigorously estimate the diffraction efficiency. Besides, the measured power needs to be compared to a known reference for the evaluation of the dielectric losses.

Figure 7 shows the normalized measured scattered power in the directions defined by the output angle θ o i over the frequency range of 17-20 GHz for the input angle 50 • . It can be seen that the specular reflection represents the main contribution to the non-refracted power, coming from impedance mismatch at the first interface. This graph also shows that the power transmitted to the +1 diffraction order stays higher than -4 dB over the whole frequency band, which validates the wideband operation of the grating. The output angle varies from -40 • at 17 GHz to -20 • at 20 GHz, comparable to the simulation (-36 • and -23 • ). Globally, the experimental results are in agreement with the simulation results. The slight shifts can be attributed to the quasi plane-wave illumination and the alignment errors of the measurement bench. The reduction of these discrepancies requires the improvement of the measurement setup.

IV. CONCLUSION

This paper demonstrates the anomalous refraction of an alldielectric 3D-printed Bragg grating with a binary modulation of the dielectric constant in the Ka band. The refractive behaviour of the grating was validated using full-wave simulations and experimentally demonstrated over a wide frequency band. Although the measurement setup still needs to be improved to quantitatively characterize the grating, this preliminary results unveil the potential of this concept in the microwave frequency domain. 
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 1 Fig. 1. Dielectric Bragg grating with slanted fringes. The grating presents a spatial modulation of the dielectric constant along the vector K. θ n i B and θ n o B are the Bragg input and output angles in the effective medium (average relative permittivity of the grating), respectively. Φ is the fringes slant angle. Λ is the grating period.

Fig. 2 .

 2 Fig. 2. Binary grating without (a) and (b) with extra material for mechanical support. The dimensions are: Φ = 96.4 • and Λ = 13.08 mm (0.8λo). The Bragg condition is obtained at 18 GHz for the angles θ o i B = 50 • and θ o o B = -30 • in the air.
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 3 Fig. 3. Amplitude distribution of the electric field in the z-x plane of the grating at the Bragg condition (θ o i B = 50 • , θ n i B = 35 • ; θ o o B = -30 • , θ n o B = -22 • ). (a) Structure of Figure 2 (a) with a lossless material in an impedancematched medium. (b) Structure of Figure 2 (b) in air with a lossy material.
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 3 b) illustrates the resulting amplitude distribution of the electric field in the z-x plane. It can be observed that, the energy is well refracted by the grating in the direction defined by the angle θ o o B = -30 • . Simulated insertion losses amount to a total of 0.5 dB, including 0.2 dB from dielectric dissipation and 0.3 dB from reflection at the first interface.
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 4 Fig. 4. Simulated refraction efficiency of the grating as a function of the angle of incidence over the frequency band 17-20 GHz. For each incident angles 30 • , 50 • and 70 • , the output angles are indicated in white at 17, 18, 19 and 20 GHz.
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 5 Fig. 5. Measurement setup and 3D-printed prototype.
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 6 Fig. 6. Measured scattered power in the directions defined by the output angle θ o o for beams with incident angles 0 and 50 • at the frequency of 18 GHz.
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 7 Fig. 7. Normalized measured scattered power with the output angle θ o o over the frequency band 17-20 GHz for an incident angle of 50 • .