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I. INTRODUCTION

ince their introduction, High-Impedance Surfaces (HIS) [START_REF] Sievenpiper | High-Impedance Electromagnetic Surfaces with a Forbidden Frequency Band[END_REF] found themselves in a lot of applications. Most of them are based on two interesting properties that these metasurfaces exhibit. The first one is an Electromagnetic Band Gap (EBG) which forbids the propagation of surface waves. The second one is the in-phase reflection of incident waves, that makes the metasurface to behave like an Artificial Magnetic Conductor (AMC). These two properties have been extensively investigated in the field of microwave antennas leading to some improvements of their performances [START_REF] Yang | Electromagnetic Band Gap Structures in Antenna Engineering[END_REF]. Though the most common structure used to perform a HIS is the array of square patches arranged in a two-dimensional lattice, many different patterns have been investigated [START_REF] Foroozesh | Investigation Into the Application of Artificial Magnetic Conductors to Bandwidth Broadening, Gain Enhancement and Beam Shaping of Low Profile and Conventional Monopole Antennas[END_REF]. Most of the time, only the shape of the single element is considered, the arrangement usually being a cartesian lattice. However, few papers deal with a circular arrangement of single elements [START_REF] Llombart | Planar Circularly Symmetric EBG Structures for Reducing Surface Waves in Printed Antennas[END_REF][START_REF] Ruvio | Radial EBG cell layout for GPS patch Antennas[END_REF][START_REF] Yan | Strip-Type AMC Structure and Analysis to Its Band-Gap Characteristic[END_REF]. In [START_REF] Llombart | Planar Circularly Symmetric EBG Structures for Reducing Surface Waves in Printed Antennas[END_REF], the circular HIS presents a 1D-periodicity and is introduced as a Planar Circularly Symmetric EBG Structure (PCS-EBG). The EBG behavior of such a structure is studied and its benefit over a traditional rectangular lattice is highlighted for a printed antenna-based application. The aim being to suppress surface waves, using such geometry makes them experience the same band gap effect in all radial directions. Another antenna application is investigated in [START_REF] Ruvio | Radial EBG cell layout for GPS patch Antennas[END_REF]. The 2D-periodicity circular HIS is used for the same purpose as in [START_REF] Llombart | Planar Circularly Symmetric EBG Structures for Reducing Surface Waves in Printed Antennas[END_REF]: to suppress surface waves thanks to the EBG behavior. In addition to the higher flexibility on the antenna design over traditional cartesian configurations, it appears that circular configuration also improves the axial ratio of the circularly polarized circular patch antenna used in the study. A 1D-periodicity circular HIS is suggested in [START_REF] Yan | Strip-Type AMC Structure and Analysis to Its Band-Gap Characteristic[END_REF] to be used as an AMC for a low profile spiral antenna, but no design is given.

So it appears that circular lattices are considered to be used for HIS. However, the literature mainly focuses on the EBG behavior of such configurations whereas their AMC behavior has not been characterized. Cartesian lattice AMC's response is usually obtained with the phase diagram method [START_REF] Yang | Reflection Phase Characterizations of the EBG Ground Plane for Low Profile Wire Antenna Applications[END_REF]. A single cell is simulated and by applying appropriate periodic boundary conditions, it is possible to determine the reflected phase of such a structure. The surface exhibits an AMC behavior when the reflected phase is null on the surface plane. By applying Floquet theorem, it is even possible to characterize the reflected phase for various incident angles [START_REF] Luukkonen | Simple and Accurate Analytical Model of Planar Grids and High-Impedance Surfaces Comprising Metal Strips or Patches[END_REF]. However, when only the response for a normal incidence is desired and when the pattern does not introduce any crosscoupling between incident waves having orthogonal polarizations, the periodic boundary conditions of the unit cell can be replaced by Perfect Electric Conductor/Perfect Magnetic Conductor (PEC/PMC) conditions in order to generate a TEM wave [START_REF] Yu | Reflection Characteristic Analysis of an Artificially Synthesized Absorbing Medium[END_REF][START_REF] Zhang | Planar Artificial Magnetic Conductors and Patch Antennas[END_REF]. This unit cell characterization is well known and works well for cartesian lattices. In this paper, we propose to apply this characterization technique to circular lattices.

The circular HIS characterization is presented in section II. In section III, the influence of geometrical parameters is studied and some problems specific to the circular arrangement are discussed. The design methodology of a complete circular HIS is addressed in section IV and some useful guidelines are given. Finally, a conclusion is drawn in section V.

II. AMC CHARACTERIZATION

A circular HIS is the conformal mapping (using an exponential function) of the rectangular pattern shown in Fig. 1a into the cylindrical pattern shown in Fig. 1b. The rectangular (or square) patch is the well-known Sievenpiper pattern having or not a metallic via-hole in its center [START_REF] Sievenpiper | High-Impedance Electromagnetic Surfaces with a Forbidden Frequency Band[END_REF]. Since for normal incidence, the via-hole does not have any impact on the reflected phase, the structure in this paper will focus on patches which do not contain any vias. As it has been mentioned earlier, the AMC phase diagram for normal incidence is obtained by applying PEC and PMC boundaries on rectangular waveguide walls. For example, according to Fig. 1a, if a PEC condition is applied to the two walls lying in the yz plane and a PMC condition applied to the two walls in the xz plane, a TEM wave will be generated with an electric field oriented along x-axis (referred as E TE in Fig. 1a). If PEC
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Julien Sarrazin, Member, IEEE, Anne-Claire Lepage and Xavier Begaud, Member, IEEE S and PMC walls are inverted, the TEM wave will be polarized along the y-axis (E TM ). With this method, the phase diagram of the HIS can be determined for both the polarizations shown in Fig. 1a. Similarly, the reflected phase of a circular HIS can be obtained. While mapping the cartesian geometry into the cylindrical one, the x-oriented polarization (E TE ) becomes ρoriented (E radial ) and the y-oriented polarization (E TM ) becomes φ-oriented (E concentric ) as shown in Fig. 1b. To generate TEM waves with such polarizations in a cylindrical structure, the coaxial geometry is used as it can be seen in Fig. 1b. The coaxial waveguide ends on a circular HIS. Boundary conditions are applied to the inner and outer surfaces of the waveguide. To obtain a radial polarization (E radial ), PEC conditions are applied to both the surfaces whereas to obtain a concentric polarization (E concentric ), PMC conditions are applied to both the surfaces. Then the phase diagram is obtained with the same method than for cartesian HIS. Both the obtained polarizations may emulate the field radiated by a source (such as a linearly or a circularly, polarized antenna) located in the center of the circular HIS. In cartesian structures, simulating a single cell is equivalent to assume an infinite HIS along x-as well as along ydirections. However, for circular HIS, though the structure is considered to be infinite along the radial dimension (along ρaxis), it is finite along the angular dimension (along φ-axis). So while performing the mapping, a finite number of cells along φ-axis has to be chosen. Consequently, instead of a unitcell simulation, a unit-ring simulation is performed. Furthermore, for a given inner radius r inner , the number of cells will have an influence on the dimensions w p and g w (w p being the patch width taken in the middle at l p /2 and g w is the gap along the patch length l p ). Intuitively, if the patch length l p and the patch width w p remain unchanged between the cartesian and the circular structure (as well as g w and g l ), one could expect that null reflected phase frequencies are conserved for both the polarizations. However, the curvature may have an impact on those frequencies. So, we firstly propose to study this influence.

On a FR4 epoxy substrate ( r =4.4, tan =0.02, h=1.58mm), a square patch is firstly simulated with the following dimensions: w p =l p =26mm, g w =g l =1.5mm. Then, using the same dimensions, a circular structure is designed and simulated. To keep the patch width w p and the gap g w unchanged, the inner radius of the coaxial waveguide must be equal to: ,

with N the number of patches. Four different circular structures are studied, the varying parameter being the number of patches: N=6, 8, 12 and 16. The simulation has been performed with Ansoft HFSS using the methodology previously described to obtain the phase diagram. Results are shown in Fig. 2 for both the polarizations, except in the cartesian case for which only one polarization is given because the geometry is completely symmetric. The cartesian pattern shows a null reflected phase at 2.47GHz. For circular lattices, radial and concentric modes do not exhibit the same null phase frequency. The radial mode exhibits a null phase frequency greater than the cartesian one whereas the concentric mode exhibits a lower one. Both these frequencies appear to be almost equally shifted from the cartesian pattern's frequency. Differences regarding responses between cartesian and circular lattices can be explained by the curvature's effect inherent to the circular structure. Moreover, when the number of patches N increases, the response becomes similar to the cartesian one. This is due to the fact that when the number of patches increases, the radius of the HIS increases as well, according to eq. 1, thereby making the curvature's effect less strong. For N=16 patches, the radius of the circular HIS being quite large, the patches are not much bended so concentric and radial modes exhibit a null phase frequency very close to each other (2.45GHz and 2.48GHz respectively) and very close to the cartesian one too.

These results show that the curvature has an impact on the HIS response. So the characterization appears to be necessary: by simulating the circular HIS, it is possible to set the desired reflected phase response for both the polarizations. To design and to simulate the HIS in a cartesian lattice and then to map it into a circular one without any additional simulations can lead to some unexpected frequency shifts, especially when the radius of the HIS is small.

III. INFLUENCE OF THE DESIGN DIMENSIONS

The reflected phase response of a cartesian HIS depends on the size of patches and gaps [START_REF] Yang | Reflection Phase Characterizations of the EBG Ground Plane for Low Profile Wire Antenna Applications[END_REF]. While the patch length l p and the gap g l have an impact only on the TE polarization response (according to Fig. 1a), the patch width w p and the gap g w have an impact only on the TM polarization response. However, since with a circular HIS an additional parameter exists (r inner ), sizes dependencies differ slightly from the cartesian ones. Indeed, if patch and gap sizes change, the curvature of the structure changes too. It has been shown previously that the curvature of the circular lattices has an effect on the response of both the polarizations. So by changing one dimension of the patch (or one gap), one can expect that both the radial and concentric null phase frequencies will be affected, thereby making the circular HIS design trickier than the cartesian HIS one. That is why the influence of the dimensions involved in the design is now investigated.

Fig. 3 shows the influence of the patch width w p on the reflected phase for radial and concentric polarizations. The HIS has exactly the same properties than the one previously simulated with a number of patches N=6 (l p is constant and equal to 26mm). The patch width has a direct impact on the concentric mode resonance as it has on the TM mode resonance for cartesian lattices (see Fig. 1a). So changing w p achieves a significant frequency shift on the concentric mode phase response as it can be observed in Fig. 3. Like with cartesian HIS, the smaller the patch width, the greater the null phase frequency. Nevertheless, a modification of the patch width changes the radius of the HIS and so the curvature experienced by the radial mode. This explains why the radial polarization phase response is affected by slight frequency shifts as well. The influence of the patch length l p is shown in Fig. 4 (w p being constant and equal to 26mm). The patch length has a direct influence on the radial polarization resonance. So a variation of l p changes significantly the radial mode phase response as it can be observed in Fig. 4. The patch length having an impact on the HIS curvature, concentric mode phase response is also influenced but to a lesser extent. Fig. 4 -Influence of patch length l p on the reflected phase Fig. 5 shows the influence of the gap g l along the radial direction (with w p =l p =26mm and g w =1.5mm). A modification of g l largely influences the radial mode phase response. Like with cartesian HIS, the smaller the gap, the lower the null phase frequency. However, this gap being tangential to the concentric electric field, it does not have any effect on the concentric mode response. The influence of the gap g w along the angular dimension can be seen in Fig. 6 (with w p =l p =26mm and g l =1.5mm). The null reflected phase frequency of the concentric mode can be tuned by adjusting the value of g w . Like previously, the smaller the gap, the lower the null phase frequency. Since the gap g w is tangential to the radial electric field, it should not have any effect on the radial mode response and yet slight frequency shifts can be observed, especially when g w =2.5mm. This can be explained by the fact that the radius of the circular HIS depends on the gap g w and so does the patch curvature. Since the radial electric field is sensitive to the patch curvature, slight differences in the reflected phase response may be observed.

Since the size of gaps g l and g w have a significant effect on the reflected phase of only one mode, the radial and the concentric mode, respectively, null phase frequency may be adjusted independently for both the polarizations. Gaps variation appears to be convenient for designing purpose. 

IV. DESIGN CONSIDERATIONS FOR A COMPLETE HIS

The aim of this section is to give some insights regarding the design of a complete circular HIS for a potential integration with an antenna. For cartesian HIS, once the characterization of a unit-cell has been performed, the pattern can be simply duplicated in order to obtain a 2D metasurface exhibiting the same response than the unit-cell. Circular HIS design is different because the unit-ring cannot be duplicated within the same way as the cartesian lattices. The inner radius of each ring is different and so is the curvature's effect previously observed. Also, the number of patches constituting each ring may be different in order to keep the same null phase frequency. So, as an example, two circular HIS rings are considered as shown in Fig. 7. The first ring, the inner one, is composed of N=6 patches and is designed alone, being characterized like in previous sections. Dimensions w p , l p , g w and g l are adjusted in such a way that the reflected phase of concentric and radial modes is null at 2.45GHz. According to Fig. 7, dimensions are the following: l p =28.3mm, w p =24.2mm, g w =2.6mm, g l =1.3mm, with the same substrate than earlier. Using eq. 1, the inner radius is found to be 10.79mm and so the outer one is 40.39mm. Results regarding the reflected phase can be observed in Fig. 8. Both the modes exhibit a null phase at approximately 2.45GHz. However, it can be observed that the +/-90° phase bandwidth of the radial mode (5.09%) is wider than the concentric one (3.69%). Fig. 7 -Two rings HIS (l p =28.3mm, w p =24.2mm, g w =2.6mm, g l =1.3mm, l p2 =26.5mm, g w2 =2.3mm, g l2 =1.5mm)

Then, the outer ring, composed of N=12 patches, is designed. The method is now slightly different. For the inner ring, the radius is determined according to the desired patch dimensions. Here, the outer ring radius is fixed by the inner one. So simulations are conducted on the outer ring alone and the dimension l p2 is adjusted in order to obtain a radial mode resonance at 2.45GHz. Then, by adjusting g w2 , the concentric mode resonance is also set to 2.45GHz. Here, the gap g l2 is chosen arbitrarily at g l2 =1.5mm and has not been used to set the radial mode response (it could have been used within the same way as the parameter l p2 ). Dimensions are found to be: l p2 =26.5mm, g w2 =2.3mm. The reflected phase of the outer ring is plotted in Fig. 8. Both the modes exhibit a null phase at 2.45GHz. Bandwidths are more similar between each other than those of the first ring. The radial mode has a bandwidth of 6.5% and the concentric mode a bandwidth of 5.8%.

After the design of both the single rings, the simulation of the whole circular HIS, as presented in Fig. 7, is carried on and results are shown in Fig. 8. As expected, the null phase frequency of both the modes is similar to the single rings one. This observation validates the following in the characterization of circular HIS: to simulate and to design different rings independently or all together lead to similar results. However, unlike cartesian lattices for which only one unit-cell simulation is performed to predict the response of the complete metasurface, it is necessary to simulate each ring to ensure all of them exhibit the same null phase frequency. In this letter, the waveguide-based reflection phase method is used to characterize circular High-Impedance Surfaces (HIS). Using a coaxial waveguide structure, the reflected phase can be determined for incident waves with concentric or radial polarization. The HIS is composed of a patch array arranged along a circular lattice over a grounded dielectric substrate without via. Effects of the geometrical dimensions of the circular HIS have been investigated and differences with a cartesian lattice have been highlighted. It has been shown that designing a circular HIS is more complicated than designing a cartesian HIS because of the curvature's effect. Thus, the proposed characterization is suitable to obtain the desired reflected phase response of a circular HIS for a possible integration with a circularly polarized antenna. The last section of the letter detailed the design methodology of a complete circular HIS.
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