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Low-profile inductive metasurface for surface wave excitation in L-band

This paper describes a low profile inductive surface for High Frequency Surface Wave Radars (HFSWR). The longterm operating frequency band considered is High Frequency (HF). In this paper we will only discuss L-band in order to simplify the manufacturing phase and the proof of concept. A compact thin 2D Super Inductive Surface (SIS) based on printed metal rings excited by an L-band monopole (1.1 GHz) is proposed to significantly increase (10 dB at the extremity of the SIS and 7 dB one wavelength further) an electric field in TM polarization (electric field normal to the air/sea interface) required to excite a surface wave. The proposed SIS thickness 10.26 mm ( λ 30 ), is approximatly three times thinner than a recent 3D SIS developed both in L-band and HF-band ( λ 10 ) which makes it possible to consider surface wave launchers of much lower height in the HFband in the future. A 2D L-band prototype with a bandwidth of 130 MHz was manufactured and ElectroMagnetic Infrared measuRements (EMIR) confirmed simulated SIS performances.

I. INTRODUCTION

High Frequency Surface Wave Radars (HFSWR) operating in the high frequency (HF) band are of great interest as a solution for the surveillance of the Exclusive Economic Zone, a portion of the sea that can be extended by states up to 200 nautical miles from the seashore [START_REF] Ponsford | Surveillance of the 200 nautical mile EEZ using HFSWR in association with a spaced-based AIS interceptor[END_REF]. It should be noted that, although operating systems exist with good performances, HFSWRs have one major problem: only a minor part of the energy radiated by the transmitting antennas is conveyed at the sea surface. Less than 50 percent of the power available in the source is radiated as a surface wave. In [START_REF] Norton | The Propagation of Radio Waves Over The Surface Of The Earth And In The Upper Atmosphere[END_REF] the excitation of a surface wave from short vertical antennas is analytically given and the parameters required by a surface to propagate mainly a sole Transverse Magnetic (TM) surface wave by minimizing the volume "sky" waves have been determined. This specific surface called a Super Inductive Surface (SIS) increases the energy carried by the surface wave, induces a propagation focused at the interface and in azimuth and causes no sky wave excitation. An initial 3D concept composed of perfectly conductive vertical plates arranged on a ground plane was proposed [START_REF] Jangal | Observation of Zenneck-Like Waves over a Metasurface Designed for Launching HF Radar Surface Wave[END_REF] and a first model proof of concept was produced in L-band. A 10 dB field enhancement produced by the inductive SIS surface was verified experimentally. However, this device, which is very effective for exciting surface wave, has a significant thickness of 0.1074 λ. In this paper we propose a simple, more compact 2D low-profile inductive unit-cell (Fig. 1) which is about three times thinner (0.037 λ) while maintaining a 10 dB field enhancement. The electric equivalent model at normal incidence is provided and discussed showing the inductive behavior of the metasurface. Experimental validation results obtained by Electromagnetic Infrared Measurements (EMIR) are given. 

II. METASURFACE DESIGN

The proposed 2D super inductive surface is shown schematically in Fig. 2, and Table I lists its dimensions according to wavelength. The very small dimensions in terms of wavelength of the proposed device confer the properties of a metasurface. The metasurface consists of a regular grid made up of N x = 12 and N y = 5 metal rings. Lattice periodicity is p = 0.128 λ. The metasurface's metal cells are printed on a Rogers TMM6 substrate of thickness h = 0.037 λ (ϵ r = 6, tg δ = 0.0023). The in-plane thickness of the rings is e = 0.04 λ, and the gap between two rings is g = 0.012 λ. The total length of the SIS launcher is equal to Lx = 1.535 λ and its width is equal to Ly = 0.64 λ. In order to determine and design the strongly inductive property of the metasurface, we proposed an equivalent circuit defined for incident waves perpendicular to the metasurface Fig. 2. L-band SIS mockup and EMIR setup (Fig. 1). In the proposed structure, the array of square metallic rings functions as capacitors (C a ) and inductances (L a ) in series. The impedance of the grid is then given by Z a =jωL a + 1 jωCa . We used simplified models of the capacitors and inductances given by : C a = µ0 π (p -g) ln(csc( πe p )) and L a = 2ϵeϵ0 2π (p -g) ln(csc( πg 2p )) where ϵ e = 1+ϵr 2 . A dielectric substrate of length h, backed by a ground plane is connected in parallel with the metal grid. It is represented by a transmission line with the characteristic impedance of Z s = jZ 0 µr ϵr tan(k 0 √ ϵ r µ r h). Fig. 3 represents the evolution of the equivalent impedance Z e = ZaZs Za+Zs according to thickness h of the substrate. It is observed that Z e is a purely imaginary complex, positive before resonance (between 11 mm and 12 mm), which confers a Super Inductive Surface (SIS) property to the metamaterial. Following resonance, the imaginary part of the equivalent impedance becomes negative, and the metasurface then has a capacitive behavior. In our application, the SIS is excited by a quarterwavelength monopole antenna making it possible to radiate an electric field in vertical polarization (TM polarization) and thus exciting, together with the SIS, a surface wave above the sea. A quarter-wavelength monopole tuned to 1.1 GHz, is placed on a ground plane, 0.25 λ from the metasurface. We carried out SIS optimization phases (using CST Microwave Studio electromagnetic software) in the L-band at the transmission frequency of 1.1 GHz. The effect of the planar SIS is evaluated from its electric field gain. This gain is calculated by the amplitude ratio of the vertical component of the electric field E SIS in the presence of the SIS divided by the amplitude E i of the vertical component of the electric field radiated by the monopole alone (gain = 20 log ( E SIS Ei )). Based on CST parametric study in the horizontal and vertical planes we observed that the optimum substrate thickness giving the maximum gain was about 11 mm, very close to the optimal thickness predicted by the equivalent circuit in Fig. 3. The SIS mockup operating in the L-band was manufactured with two 5.08 mm thick layers of Rogers TMM6 (ϵ =6 and tg δ=0.0023) glued with a 0.1 mm thick pre-preg RO4406G2 (ϵ = 6.15 and tg δ = 0.004). The metal rings and the group plane are made of 18-micron thick copper. The total thickness of the manufactured SIS is 10.26 mm ( λ 27 at 1.1 GHz). ElectroMagnetic Infrared measuRements (EMIR) confirmed the simulated SIS performances 
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 1 Fig. 1. SIS unit-cell.
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 3 Fig. 3. Imaginary part of the SIS equivalent impedance
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 4 Fig. 4. Simulated and measured gain at 1.1 GHz in the horizontal plane
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