Nicolas Guérin 
  
Stefan Enoch 
  
Gérard Tayeb 
  
Pierre Sabouroux 
  
Patrick Vincent 
  
Hervé Legay 
  
A Metallic Fabry-Perot Directive Antenna

Keywords: Directive antennas, Fabry-Perot resonators, leaky wave antennas

We report the design of a directive antenna using the electromagnetic resonances of a Fabry-Perot cavity. The Fabry-Perot cavity is made of a ground plane and a single metallic grid. The resonance is excited by a patch antenna placed in the cavity at the vicinity of the ground plane. The two remarkable features of Fabry-Perot cavity antennas are, first, that they are very thin and second that only one excitation point is needed. A directivity of about 600 is measured at = 14 80 GHz which is to our knowledge one of the highest directivities reported for an antenna using Fabry-Perot resonances.

I. INTRODUCTION

I N the past few years new solutions have been proposed to design directive sources that combine both compactness and a single feeding point. The first solution proposed is to use resonant cavities in dielectric photonic crystals. The simplest proposed design is based on one-dimensional (1-D) photonic crystals [START_REF] Thèvenot | Directive photonicbandgap antennas[END_REF], [START_REF] Cheype | An electromagnetic bandgap resonator antenna[END_REF].

B. Temelkuran et al. [START_REF] Temelkuran | Photonic crystal-based resonant antenna with a very high directivity[END_REF], [START_REF] Ozbay | Microwave applications of photonic crystals[END_REF] have proposed to use threedimensional (3-D) dielectric photonic crystals rather than 1-D leading to a structure slightly more intricate but still easily realizable in the microwave domain. This group has shown that the 3-D structures lead to better performances than 1-D and justify the higher complexity.

Another solution proposed by our group was to use a source embedded in a metamaterial that simulates a low optical index homogeneous medium [START_REF] Enoch | A metamaterial for directive emission[END_REF]. The metamaterial was made of a stack of copper grids and slices of foam (mainly used as a mechanical spacer). A simple way to understand the physical principle is to consider grazing rays radiated by the source on the interface metamaterial-air. Because of the low value of the optical index, they will be refracted in a direction close to the normal of the interface as required by the Snell-Descartes laws. Consequently, the radiated energy will be concentrated in a lobe around the normal. Performances similar to the 3-D photonic crystal based antenna have been obtained.

The Fabry-Perot cavity antenna are obviously cavity antennas that have been studied for a long time in the microwave community. Several applications have been proposed for similar structures such as antennas with the required phase-front and amplitude linearity for helicopter stabilization [START_REF] Klass | Helicopter stabilized by microwave beam[END_REF] systems for missiles [START_REF] Belee | Image element antenna array for a monopulse tracking system for a missile[END_REF]. An exhaustive source about the theory, design and practical applications of the cavity-type antennas can be found in [START_REF] Kumar | Microwave Cavity Antennas[END_REF]. More recently, it has also been proposed to design cavity antennas with nonuniform mirrors to obtain very low sidelobes [START_REF] Sauleau | A new concept of focusing antennas using plane-parallel Fabry-Perot cavities with nonuniform mirrors[END_REF].

In this paper, we report the design of a source that uses a Fabry-Perot resonance with a cavity made of a ground plane and we use a single metallic grid as reflector. The structure is designed for the Ku-band [START_REF] Feresidis | High gain planar antenna using optimized partially reflective surfaces[END_REF][START_REF] Brigham | The Fast Fourier Transform[END_REF](14)(15)(16)(17)(18).

First, we describe the actual prototype of the antenna. Then, we present the 3-D modeling which allowed us to optimize the parameters of the structure in order to obtain a high directivity at the suitable frequency. Finally, experimental results are shown, and a good agreement with the modeling is obtained. The realized antenna has a directivity of about 600 and presents a very low cross-polarization level.

II. DESCRIPTION OF THE STRUCTURE

The antenna is a parallelepipedal flat structure with a square base of 23 cm side (11 side at 14.3 GHz) and a thickness of about 1 cm. Note that the lateral size of the actual antenna has not been optimized since our goal was not to obtain large surface efficiency, thus it can probably be reduced without important change in the obtained directivity. The cavity is bounded by a copper ground plane and a copper grid (Fig. 1): the ground plane acts as a perfect mirror, and the grid acts as a partially reflecting mirror.

The feeding device is a square patch with 8.6 mm width and placed 1.84 mm above the ground plane. It is fed by a coaxial cable coming from the ground plane. The feeding point of the patch is off-center along the -axis in order to have the currents predominantly along this axis (arrows in Fig. 1) and the emitted electric field mainly polarized linearly in the plane (E plane). The grid is a bi-periodic array with 5.8 mm periods of crossed copper strips, which are 0.14 mm thick (along the -axis) and 3.06 mm large. This array is made of 40 40 elementary cells. The cavity is filled with a foam whose permittivity is close to 1 ( at 14 GHz) that ensures the spacing between the grid and the ground plane. The thickness of the foam is .

III. MODELING OF THE STRUCTURE

A 3-D simulation code was developed to calculate the electrical field emitted by such a metallic structure. This code is based on the method of moments using a thin wire approximation [START_REF] Guida | Electromagnetic modeling of three-dimensional metallic photonic crystals[END_REF]. The ground plane is taken into account using image theory. Thus we study a symmetric cavity made of two grids with the thickness . The mirrors are modeled as a bi-periodic array of crossed wires, the development of a fast bi-periodic Green's function [START_REF] Guérin | Combined method for the computation of the doubly periodic Green's function[END_REF] reduces the model discretization to only a single cell of the grating. Note that the actual grids are made of thin copper plates, so that the cross section of the strips is rectangular. In order to model the strips with a sufficient accuracy with our code, we replace each strip by a mesh made of 15 parallel perfectly conducting wires. The diameter of the wires is equal to the thickness of the copper strips (equal to 0.14 mm due to available copper sheets thickness).

The parameters of the meshes are optimized with the 3-D code to obtain a high directivity at a frequency around 14 GHz. The optimization is done in two steps: first, the optimum propagation properties of the cavity are determined by considering only the transmission of two grids without the patch. The reason is that the beam width of the antenna is directly linked with the angular selectivity of the structure illuminated by a plane wave under the incidence [START_REF] Feresidis | High gain planar antenna using optimized partially reflective surfaces[END_REF]. It means that the choice of the parameters of the antenna (first section) can be achieved thanks to the modeling of the structure when the cavity is excited by a plane wave. This simplifies the computations. Secondly, the antenna is simulated and the directivity and cross polarization are estimated.

Fig. 2 shows the transmission as a function of the wavelength under normal incidence. The wavelength giving the maximum Fig. 3. Transmission of the cavity with respect to the incidence angle for different wavelengths. The incident electric field is perpendicular to the plane of incidence.

of transmission is

, and the transmission-bandwidth is equal to 0.6%. However, only wavelengths slightly larger than must be considered. This is shown in Fig. 3: for , the transmission maximum is not along the direction (normal of the structure), but along the direction defined by . As a consequence the expected emission diagram for the antenna is not a lobe centred around the normal but a conical radiation pattern. Hence, for the antenna will not have the required properties in terms of directivity. For , the maximum of transmission corresponds to , thus, it is expected that the antenna will emit a main lobe focussed around the normal of the structure. Moreover, the best angular selectivity is obtained for and not for , consequently the maximum directivity of the antenna will be expected for and not for . In order to model the antenna excited by the patch, we assume that the incident field on the bi-periodic grid is the field radiated by the patch in vacuum. This field is expressed as a superposition of plane waves whose amplitudes are obtained using a bidimensional fast Fourier transform (FFT) [START_REF] Brigham | The Fast Fourier Transform[END_REF]. The drawback of this procedure is that the number of grating problems to solve is equal to the number of propagating plane waves obtained from the FFT. Nevertheless, we are able to run our code on a personal computer. Note that due to the image theory, the source is composed by the actual one (patch) and its image.

Fig. 4 shows the far-field radiation patterns for the patch without the grid (but with the ground plane). Obviously, we get a broad pattern as usual for this kind of antennas. The asymmetry in the E-plane (i.e., plane

) is due to the position of the feeding point on the patch. When the patch is covered with the bi-periodic grid, we observe (Fig. 5) that the emission is concentrated in a narrow lobe. The emitted field is quasilinearly polarized and the maximum level of cross-polarization is about 30 dB. Fig. 6 shows the behavior of the antenna when the wavelength is varying. As previously, we observe a typical behavior for such resonators: putting , when the maximum of emission is not along the normal to the antenna, and when we can get a narrower lobe than and the H plane. In the E plane, the E component is not visible since it is much less than 030 dB.

for . The narrowest lobe is obtained for . The highest theoretical value of the antenna directivity is 715 at (see Fig. 7).

IV. EXPERIMENTAL STUDY

The prototype of the antenna has already been depicted in Section II. The measurements have been made in an anechoic chamber whose dimensions are 14.5 m long, 6.20 m wide The radiation patterns for three different wavelengths are shown in Fig. 8 for both the E-plane and the H-plane. A qualitative agreement is obtained in the behavior of the antenna. The resonance wavelength is slightly below the wavelength corresponding to the maximal directivity . For lower values of the wavelength, several lobes are observed. Moreover we have also a good quantitative agreement: the experimental value of the wavelength is measured to be 20.26 mm while the theoretical value is 19.25 mm (5% of difference). These slight discrepancies are attributed to two factors. First, we do not know exactly the permittivity of the foam. Second, the foam thickness is not perfectly constant and equal to 9 mm. The obtained discrepancies are consistent with the tolerance given by the manufacturer of the foam (thickness tolerance equal to 0.5 mm).

The E-plane radiation pattern in Fig. 8 exhibits an asymmetry that is not present in the theoretical model. We attribute this to the excitation point of the feeding patch and to the tolerance in the realization of the antenna. This asymmetry induces a lower value for the directivity than expected, but it is still about 600. The very low level of the side lobes should also be noted. Fig. 9 shows the measured directivity as a function of the wavelength. As predicted by our theory we can find a passband for the directivity of about 0.3%. Note that, although the design of the structure has not be optimized to obtain impedance matching, we have measured a value of about 5 dB for the S11 coefficient for the frequency corresponding to the maximum of directivity.

V. CONCLUSION

We have presented a numerical and experimental study of a Fabry-Perot cavity antenna and a good agreement has been obtained. High directivities have been obtained both theoretically and experimentally (resp. 715 at and about 600 at

). Beside the small thickness and the single feeding device, the weight of our prototype of the antenna is low, thus it could be interesting for spatial applications.

The small value of bandwidth should be increased by considering aperiodic grids. This could also open new opportunities for high surface efficiency antennas. Finally, the use of a high impedance surface as ground plane should be considered. This might improve the performances, specially it might reduce the thickness of the antenna.
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 1 Fig. 1. Schematic representation of the antenna based on a Fabry-Perot cavity, the black lines delimit the volume occupied by the foam. For the prototype L = 3:06 mm, t = 0:14 mm, d = d = 5:8 mm, and h = 9 mm.

Fig. 2 .

 2 Fig. 2. Transmission of the cavity with respect to the wavelength, for normal incidence. The electric field is linearly polarized along the x-axis.

Fig. 4 .

 4 Fig. 4. Radiation patterns (normalized dB scale) of the patch without the grid in the E plane and the H plane. In the E plane, the E component is not visible since it is much less than 030 dB.

Fig. 5 .

 5 Fig. 5. Radiation patterns (normalized dB scale) of the antenna in the E plane

Fig. 6 .

 6 Fig. 6. Radiation patterns (normalized dB scale) of the antenna for different values of the wavelength.

Fig. 7 .

 7 Fig. 7. Directivity deduced from the computed radiation patterns with respect to the wavelength: the bandwidth is about 0.3%.

Fig. 8 .

 8 Fig. 8. Experimental radiation patterns (normalized decibels scale) of the antenna in the E plane (top) and the H plane (bottom). The radiation patterns have been normalized with respect to the maximum of emission for the three wavelengths.

Fig. 9 .

 9 Fig. 9. Experimental directivity of the antenna.