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I. INTRODUCTION

The never-ending demand of consumers for more data access requires wireless technology to increase achievable data rate. The current deployment of 5G is a good example and looking more in the future the 200 and 320 GHz frequency bands constitute an interesting window with preliminary IEEE802. [START_REF] Biurrun-Quel | Characterization of 3D-Printed Choke Horn Antenna for 5G Backhaul Applications[END_REF].3d standard being promoted [1].

III-V technologies have been for a long time the unique ones able to address mmW applications, but advanced silicon technologies capabilities enable today interesting potential in the mmW and the THz spectra from 0.1 to 1THz [START_REF] Chevalier | SiGe BiCMOS Current Status and Future Trends in Europe[END_REF] paving the way for cost-effective solutions required by the mass market. Various CMOS and BiCMOS wireless mmW systems have already been demonstrated such as long-range radar in W band (75-110 GHz) [START_REF] Jebril | Aero-WAVE: A W-band preliminary test using HAP[END_REF], point to point wireless backhaul link (110-170 GHz) [START_REF] Zhang | Integration of a 140 GHz Packaged LTCC Grid Array Antenna With an InP Detector[END_REF] next gen Radars in G band (140-220 GHz) [START_REF] Gunnarsson | A 220 GHz (G-Band) Microstrip MMIC Single-Ended Resistive Mixer[END_REF].

However, the deployment on the consumer market using silicon-based mmW system operating beyond 200 GHz will require the development of innovative and cost-effective packaging technology. Classically, the packaging of mmW and THz circuits is achieved using metal waveguide based assembly [START_REF] Sobis | Advanced Schottky Diode Receiver Front-Ends for Terahertz Applications[END_REF]. These packages are machined from metal utilizing computer numerically controlled (CNC) milling. While excellent performances can be achieved with such approach, its cost structure and complexity is not compatible with the consumer market. To address this challenge, micromachined waveguide packaging techniques (DRIE-based silicon micromachined packaging in particular) have emerged as a promising solution to develop a low loss and cost-effective packaging solution [START_REF] Alonso-Del Pino | Micromachining for Advanced Terahertz: Interconnects and Packaging Techniques at Terahertz Frequencies[END_REF].

Recently, 3D-Printing technologies have been considered to complement micromachined waveguide packaging techniques and promising results have been reported up to 330 GHz [START_REF] Zhang | Investigation on 3-D-Printing Technologies for Millimeter-Wave and Terahertz Applications[END_REF]. Contrary to micromachining, 3D-Printing is an additive manufacturing technique meaning that 3D printed devices are built up layer by layer following a tooling free process. This implies a shorter manufacturing time and cost savings due to both the absence of tooling costs and reduced wastes.

Historically, dielectric 3-D-printed devices, generally built in split pieces requiring electroplating and assembly, have been considered first. Impressive results (competing traditionally fabricated commercial counterparts) have been reported in Hband (220-325 GHz) for waveguides and diagonal horn manufactured using SLA [START_REF] Von Bieren | Monolithic metal-coated plastic components for mm-Wave applications[END_REF]. While being lightweight, metal coated dielectric 3D printed devices feature complex process (coating being challenging for complex shapes). Consequently, metallic 3-D-printed devices have emerged as an appealing solution for the development of waveguide based component.

SLM metallic 3D-Printing technology (using Cu-15Sn powder with <20ȝm particle size) has already been evaluated up to H-band [START_REF] Zhang | Metallic 3D printed antennas for millimeter-and submillimeterwave applications[END_REF]. Surface roughness of SLM technology being a limiting factor, post treatments (manually polishing, goldelectroplating and micromachined process [START_REF]Micro Machined Process[END_REF]) have been applied enabling to achieve H-band horn antenna performances competing with traditional CNC machined part. However, achievable surface roughness (~6 μm) has limited printed waveguide performances using SLM [START_REF] Zhang | Metallic 3-D printed rectangular waveguides for millimeter-wave applications[END_REF] since post treatment using abrasive-particle-contained high-pressure fluid to wash through the waveguide (like micromachined process) exhibits limited efficiency for long and small aperture (< 3 mm) (the fluid pressure decreasing dramatically along the waveguide). Consequently, the waveguides attenuation manufactured using SLM has been so far acceptable up to D-band.

To improve achievable performances up to H-band, we propose to evaluate MLS technology, which uses powder with particle sizes < 5 μm, to manufacture 3D printed metal parts with improved surface roughness (without any post processing) and consequently reduced loss. In section II we introduce the MLS technology, in section III achieved performances of MLS waveguide and horn antenna in H-band are reviewed and section IV provides some conclusion.

II. MICRO LASER SINTERING METAL 3D-PRINTING

TECHNOLOGY OVERVIEW Three main technologies exist today for metallic 3Dprinting. The first one, Binder Jetting (BJ) is selectively depositing a liquid binding agent to join metal powder particles. The process of binder printing and powder recoating is repeated until completion. The final object is placed in a convection oven to dry all parts. The second technology is Selective Laser Sintering (SLS) which uses a laser as the power source to sinter powdered material according to the 3D model of targeted part. After each cross-section is scanned, the powder bed is lowered by one layer thickness, a new layer of material is applied on top, and the process is repeated until the part is completed. The last technology is SLM which is considered as a subcategory of SLS. It consists in selective melting and fusing of powder material using a high power-density laser beam. A liquid pool is formed and cooled down afterwards. The SLM process has the ability to fully melt the metal material into a solid three-dimensional part unlike SLS.

Each metallic 3D-Printing technology can be related to two key parameters: dimensional control and surface roughness. We propose in Table 1 a quick benchmark of achievable performances using BJ, SLS and SLM technologies: For metallic 3D-Printing, SLS and SLM are the two best options. For example, SLS provides a typical 10 μm dimensional control and a minimum surface roughness as low as 2 μm. However, more aggressive roughness (< 1 μm) are today only achievable using SLA technology. It explains why the best 3D printed waveguides working > 200 GHz reported in the literature have been achieved using metal coated dielectric part printed using SLA [START_REF] Von Bieren | Monolithic metal-coated plastic components for mm-Wave applications[END_REF].

In order to achieve better surface roughness, one solution could consist in reducing the size of the powder particles used by SLS or SLM technologies. This is exactly what MLS technology is offering. MLS has been recently introduced by 3D Microprint [START_REF]The 3D Microprint GmbH website[END_REF] and is today the most accurate technology to 3D print solid metal structures. The main difference of MLS compared to SLS is the use of stainless steel powder material which exhibit particle size smaller than 5 μm (in comparison with ~20 μm for SLS). Consequently, the 3D part is built with 5 μm thick layer leading to improved dimensional accuracy and surface roughness.

Promising results have already been reported in the literature up to 100 GHz using MLS technology to achieve the highest frequency metal 3D printed filter so far reported [START_REF] Salek | W-Band Waveguide Bandpass Filters Fabricated by Micro Laser Sintering[END_REF]. We propose to assess in the next section achievable performances up to 325 GHz using waveguide and horn antenna test vehicles.

III. EVALUATION OF MICRO LASER SINTERING METAL 3D-PRINTING TECHNOLOGY UP TO 325 GHZ

A. WR5 Waveguide Test Vehicle

In order to asses MLS technology, a WR5 back-to-back modules has been designed, simulated and characterized in Gband (140-220 GHz). Since the thickness of 3D printed metallic part is limited, we used H plan and E plan 90° bend in order to be able to integrate long enough straight waveguide (7.2 mm in our case) in the module thickness. Two WR5 waveguide flanges are then integrated in the module in order to connect the measurement system. The figure below gives detailed dimensions of waveguide cavities curved in metallic blocks: Measurements demonstrate promising performances, validating the suitability of MLS technology at G-band. As illustrated in Fig. 3, measured matching is < -13 dB in G-band and an acceptable agreement is obtained with simulated data from Ansys HFSS. However, even if those results are impressive we have to underline here that the achieved insertion loss (90 dB/m) does not compete with commercial WR5 waveguide (20 dB/m) manufactured using standard processing. This limitation is related to the 17-4PH stainless steel powder material used by MLS. The type of stainless steel is a chromium nickel copper alloyed stainless steel, containing 17% chromium, 4% nickel, 4% copper and 0.3% niobium. This alloy exhibits a limited electrical conductivity of 1.25 × 10e7 S/m which explains the experienced larger insertion loss. As proposed in [START_REF] Salek | W-Band Waveguide Bandpass Filters Fabricated by Micro Laser Sintering[END_REF], this issue could be easily solved by electroplating a few μm thick copper layer on the surface of the 3D printed part (increasing the electrical conductivity by a factor of ~5). As illustrated Fig. 4 by simulation, insertion loss at 220 GHz could then be reduced from ~2.5 dB down to ~0.3 dB (competing with commercial waveguide manufacturing technology).

B. 240 GHz Horn Antenna Test Vehicle

In order to assess achievable performances of MLS technology at even higher frequency, we leveraged an existing 240 GHz choke horn antenna design [START_REF] Biurrun-Quel | Characterization of 3D-Printed Choke Horn Antenna for 5G Backhaul Applications[END_REF]. This antenna was designed to have a 12 dBi gain over the 200 GHz to 280 GHz bandwidth, with w=0.3mm, horn apperture A=4.486mm, horn length L=9.853mm. A caption of the 3D simulated half-model is shown in Fig. 5, where the cross-section is also presented. [START_REF] Biurrun-Quel | Characterization of 3D-Printed Choke Horn Antenna for 5G Backhaul Applications[END_REF] This antenna design has been manufactured using metal coated SLA [START_REF] Biurrun-Quel | Characterization of 3D-Printed Choke Horn Antenna for 5G Backhaul Applications[END_REF], SLM [START_REF] Goncalves | Compact Antennas Pattern Measurement Setup at 240 GHz[END_REF] and during this work MLS technology. Manufactured samples are presented Fig. 6. It is impressive to observe how MLS technology (without post processing) enables to drastically improve achievable surface roughness of SLM parts (competing with metal coated SLA technology). Those three antenna prototypes have been characterized with the in-house set up presented in [START_REF] Goncalves | Compact Antennas Pattern Measurement Setup at 240 GHz[END_REF]. Promising performances have been achieved by the MLS sample. We present Fig. 8 the realized gain achieved in H plan at 320 GHz for MLS antenna samples and the simulation results (achieved using Ansys HFSS). Excellent agreement is obtained between measurement and simulation confirming the excellent surface roughness and accuracy that can be expected from MLS technology. IV. CONCLUSION In this paper, we reported for the first time the assessment of innovative MLS 3D-Printing technology up to 320 GHz. Promising performances have been reported, clearly confirming the excellent accuracy and surface roughness (< 1 μm) that can be expected from MLS technology (without any post processing). It demonstrates for the first time the capacity of a metal 3D-Printing technology to compete with metal coated SLA one. However, achieved waveguide losses are today limited by the properties of the stainless steel powder material imposed by the MLS process. Consequently, as suggested in [START_REF] Salek | W-Band Waveguide Bandpass Filters Fabricated by Micro Laser Sintering[END_REF] it would be interesting to add copper electroplating post processing to MLS manufacturing in order to improve further achievable performances up to 320 GHz.
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 1 Fig. 1. Dimensional description of WR5 waveguides Dimensions are detailed below:Table 2. Optimized dimensions of the bended WR5 waveguide
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 2 Fig. 2. Picture of the back-to-back WR5 module measurement
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 3 Fig. 3. Measured and simulated matching of WR5 waveguide test vehicle A fair agreement has also been achieved up to 220 GHz between measured and simulated insertion loss as illustrated in Fig. 4.
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 4 Fig. 4. Measured and simulated insertion loss of WR5 waveguide test vehicle A discrepancy below 0.5 dB is observed between simulated and measured insertion losses up to 220 GHz. These results confirm the excellent accuracy and surface roughness that can be expected from MLS technology. It clearly demonstrates the suitability of MLS technology to operate beyond D-band in order to extend the capability of metallic 3D-Printing technology.However, even if those results are impressive we have to underline here that the achieved insertion loss (90 dB/m) does not compete with commercial WR5 waveguide (20 dB/m) manufactured using standard processing. This limitation is related to the 17-4PH stainless steel powder material used by MLS. The type of stainless steel is a chromium nickel copper alloyed stainless steel, containing 17% chromium, 4% nickel, 4% copper and 0.3% niobium. This alloy exhibits a limited electrical conductivity of 1.25 × 10e7 S/m which explains the experienced larger insertion loss. As proposed in[START_REF] Salek | W-Band Waveguide Bandpass Filters Fabricated by Micro Laser Sintering[END_REF], this issue
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 5 Fig. 5. 3D-(Half) Model of the 240 GHz horn antenna[START_REF] Biurrun-Quel | Characterization of 3D-Printed Choke Horn Antenna for 5G Backhaul Applications[END_REF] 
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 6 Fig. 6. Prototyped horn antennas using SLA (a), SLM (b) and MLS (c) 3D-Printing technologies
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 7 Fig. 7. Measured horn antennas realized gain in H plan at 300 GHz for MLS 3D-Printing technologies We present Fig. 8 the broadside realized gain in the 220 -325 GHz band for the SLA, SLM, MLS samples and the initial simulation performed using Ansys HFSS. SLM sample demonstrated poor performances that can be easily explained by achieved surface roughness, SLA sample exhibits the best performances (agreeing very well with simulation results) and MLS sample competes with SLA ones achieving a realized gain only ~1 dB lower.
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 8 Fig. 8. Simulated broadside horn antenna realized gain and measurements for SLA, SLM and MLS 3D-Printing technologies This benchmark demonstrates for the first time the possibility for a metallic 3D-Printing technology to compete with metal coated SLA technology. It confirms once again the excellent accuracy and surface roughness that can be expected from MLS technology.
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 1 Tolerances of well-known 3D-Printing techniques
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