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Abstract-To control the diffraction of a target illuminated by a radar wave, one technique is to consider periodics metamaterials. When they are applied as very thin heterogeneous layers on the surface of the target, the simulation by a full wave method based on meshed model has to deal with a multiscale problem, resulting in a huge amount of unknowns. This paper proposes to apply the metamaterial as an equivalent boundary condition via the Leontovich formula. The frequency-angle-polarizationdependent model is integrated on the surface target with a conformal FDTD resolution method. To establish the surface impedance model, a pattern of the metamaterial is modelled with periodic boundary conditions. The Spectral FDTD scheme is retained because existing numerical models developed for the FDTD method can be easily adapted to this method. Then, the CFL condition of the Spectral FDTD method is not restrictive and is the one given by the standard Yee scheme. The accuracy of the new scheme is first compared with the full material FDTD meshing and the Cartesian SIBC model when the target is a plate or a cube. Finally, the computational efficiency of the proposed SIBC model is evaluated on a cylinder with comparisons between FEKO, CST software and our homemade solver.

Index Terms-Conformal FDTD, Metamaterial, AD-SIBC.

I. INTRODUCTION

I N this paper, an angle-dependent surface impedance bound- ary condition (AD-SIBC) of a periodic metamaterial is introduced on the surface of a 3D target modeled in conformal FDTD. Accordingly, the coating consisting of a metamaterial is not meshed. Then, the spatial mesh can be coarser. Indeed, full material meshing is supposed to be small enough to capture the field variations inside the thin layer of metamaterials. Since the latter is replaced by a SIBC model, the chosen spatial mesh can be larger because it is not governed anymore by the thin layer thickness. As a result, the cell number of the computational volume is reduced by α 3 and the computational time by α 4 where α = ∆ coarse /∆ f ine is the factor of relaxed meshing.

Because the purpose is to calculate the radar cross section (RCS) of a large dimension target over a wideband, the FDTD method is a good condidate to solve the Maxwell equations. In a first step, Floquet periodic boundary conditions (PBC) are applied around the elementary pattern of the periodic metamaterial. For all incident angles and for both polarization TE and TM, the metamaterial surface impedances are computed with the Spectral FDTD scheme [START_REF] Aminian | Spectral FDTD: A novel technique for the analysis of oblique incident plane wave on periodic structures[END_REF] [2] combined with an extrapolation technique TD-VFz [START_REF] Lei | Efficient linear macromodeling via discretetime time-domain vector fitting[END_REF] called the hybrid SFDTD/TD-VFz scheme [START_REF] Gaucher | Wideband simulations of periodic structures by the Hybrid Spectral FDTD/TD-VFz Method[END_REF]. SFDTD method is a good choice for at least two reasons. First, numerous known numerical techniques with Yee's scheme as dispersive media, thin plates and subcell models can be applied straighforwardly because SFDTD solves the electric field E and the magnetic field H contrary to the field transformation method [START_REF] Liang | Wideband analysis of periodic structures at oblique incidence by material independent FDTD algorithm[END_REF] [START_REF] Wang | Efficiency-improved 3-D WCS-FDTD algorithm for periodic structures at oblique incidence[END_REF]. Second, no additional constraint is needed on the CFL criterion. Then, the hybridation with the TD-VFz technique efficiently solves the resonance problem inherent to the Spectral FDTD method to obtain accurate responses at high incidence [START_REF] Gaucher | Wideband simulations of periodic structures by the Hybrid Spectral FDTD/TD-VFz Method[END_REF]. In a second step, the frequency-dependent AD-SIBC model is also decomposed by the vector fitting (VF) technique [START_REF] Gustavsen | Rational approximation of frequency domain responses by vector fitting[END_REF] to efficiently process the time domain convolution product. Then, the model is introduced as a Leontovich boundary condition [START_REF] Guglielmi | On the leontovich boundary condition in geoelectromagnetism[END_REF] on the target surface with a conformal resolution method. Conformal techniques [START_REF] Benkler | A new 3-D conformal PEC FDTD scheme with user-defined geometric precision and derived stability criterion[END_REF] [10] are efficient solutions to drastically reduce staircase modeling errors. Our approach is based on the face-centered technique [11] [12] that allows us to project the magnetic field vector in the middle of conformal region for the AD-SIBC model processing. The contents of this paper is organized as follows. The periodic structure is solved in Section II with the SFDTD+TD-VFz approach or with analytical formulas for simple stratified media. In Section III, the conformal angle-dependant SIBC model in the FDTD method is derived and deeply detailed as this part appears to be complex due to the need of several coordinate systems. First, in section III-A, the tangent electric field is computed using the Leontovich relation in each conformal region by taking into account the illumination angle of the plane wave. Then, in section III-B, the magnetic field is updated using Faraday's equation under contour integral form. In Section IV, three numerical examples are implemented to demonstrate the conformal AD-SIBC model performance. Implementation and numerical results are made with the TEMSI-FD solver [START_REF]Time ElectroMagnetic Simulator-Finite Difference Software[END_REF] developed at XLIM institute. Our conformal FDTD approach is compared with the standard Yee scheme [START_REF] Taflove | Computational electrodynamics: the finitedifference time-domain method[END_REF] where the metamaterial structure is fully meshed and to the Cartesian AD-SIBC approach [START_REF] Guiffaut | Modèles de parois conductrices dans la méthode fdtd appliquées à la problématique cem aéronautique[END_REF] [12] when possible as with plate and cube surfaces. The last example is a cylinder where the conformal AD-SIBC model is compared with the CST [START_REF] Studio | CST Studio Suite 2011[END_REF] and FEKO solvers [START_REF] Schoeman | New Features in Altair Feko 2021[END_REF]. Finally, Section V concludes this paper.

II. PERIODIC STRUCTURES MODELING

Complex metamaterials can be simulated with the SFDTD/TD-VFz method by introducing periodic boundary conditions around an elementary pattern of the periodic structure. The surface impedance is deduced for numerous samples from the angle ranges (θ, φ) ∈ [0°, 90°[ 2 and for both polarization TE and TM of an incident plane wave

Z φ = - E φ H ρ (TE mode), Z ρ = E ρ H φ (TM mode). (1)
Here, Z is the surface impedance and (ρ, φ) designates the axes of the cylindrical basis. Angles θ and φ are spherical angles. The main propagation direction is z such as the surface impedance plane is xy-plane or ρφ-plane according to the coordinate system. These ratios are evaluated in free space on the xy-plane at the Yee half-cell distance from the air-material interface, which is still a very small distance compared to the wavelength. Thus, this slight shift has no significant impact on the impedance and allows direct free space interpolation of the E -H fields at the middle of the Yee cells. Besides, 

where N φ r (resp. N ρ r ) is the number of first-order filters and N φ c (resp. N ρ c ) is the number of second-order filters in the Fig. 1. Elementary pattern of the FR4+ITO absorber [START_REF] Wang | High-performance and ultra-broadband metamaterial absorber based on mixed absorption mechanisms[END_REF].

series expansion of Z φ (resp. Z ρ ) at the fixed incidence (θ, φ), r 0 is the resistance, k l and a φ,ρ l ± jb φ,ρ l the residus, ω l and c φ,ρ l ± jd φ,ρ l the poles. For example, Fig. 1 shows an elementary pattern of a periodic absorber. The metamaterial is composed of a FR4 substrate (blue) covered by ITO films (yellow) [START_REF] Wang | High-performance and ultra-broadband metamaterial absorber based on mixed absorption mechanisms[END_REF] and a ground plane to cancel electromagnetic (EM) transmission. The SFDTD+TD-VFz method is employed to compute this periodic structure. The metamaterial is illuminated by a plane wave propagating in the -z direction. PBC are applied around the elementary pattern in the x and y directions. The convolution perfectly matched layers [START_REF] Roden | Convolution PML (CPML): An efficient FDTD implementation of the CFS-PML for arbitrary media[END_REF] are used in the zdirection to process the outgoing waves. The FDTD spatial steps for the simulation are all equal to ∆ = 0.25 mm and the associated CFL stability criterion is set to CF L = 0.99. In agreement with [START_REF] Wang | High-performance and ultra-broadband metamaterial absorber based on mixed absorption mechanisms[END_REF], Fig. 2 shows this absorber can achieve high absorption rate for the frequency band 1-18 GHz. Note that for a simple homogenous stratified media, analytical surface impedances can be obtained with the Demarest solutions [START_REF] Demarest | FDTD modeling of scatterers in stratified media[END_REF]. For the example of a ground plane covered by a dielectric layer ϵ r = 4 with loss σ = 0.6 S/m and thickness d = 3 mm called ground+diel+loss, Fig. 3 shows the TM polarization surface impedance magnitude and the 6 poles VF model one (2 real poles and 2 pairs of complex conjugated poles). As shown for three angles, VF responses are successfully fitted for all incident angles. Physical frequency shift and a decrease in amplitude are observed as the incident angle increases.

III. AD-SIBC IN CONFORMAL FDTD METHOD

The aim is to predict the RCS of a target with parts of metamaterials. The latter is replaced by the AD-SIBC model computed in section II.

A. Electric components update

The metamaterial interface often cuts the FDTD cell into two regions as shown in Fig. 4. The direct local basis (u, v, n) is defined on the interface where n is the outgoing normal unit vector and (u, v) are two tangent unit vectors. Vector u can be chosen by the user to indicate the material orientation on the target especially when it has an anisotropic behaviour. Vector v is deduced by the cross product v = n × u. The illumination angle must be known to apply the correct angle-dependent SIBC model. The latter is chosen for a single incident angle in each conformal region containing a metamaterial interface. Since only the plane wave incident angle is known, multiple interactions and shadow waves are not taken into account with this model. Now, the incident angle of the plane wave relative to the local basis (u, v, n) is derived. The local angle θ n is the angle between the unit vector n and the unit vector ⃗ r = ⃗ k/k 0 along the incident axis where k 0 = ω/c is the wave number and ⃗ k is the incident wave vector defined in Fig. 4. This yields where θ and azimuth φ are the spherical angles in the global Cartesian basis (x, y, z). The local azimuth angle φ u,v is the angle between the unit vector u and the vector ρ which is the projection of the vector r in the local uv-plane. Then, the vector r in the local basis reads

⃗ r x,y,z = sin θ cos φ ⃗ x + sin θ sin φ ⃗ y + cos θ⃗ z, (3) 
Frequency (GHz) |Z s |, ϕ " 90°, TM mode θ " 0°, analytique θ " 20°, analytique θ " 70°, analytique θ " 0°, VF θ " 20°, VF θ " 70°, VF
l xz " ∆ z l xz " ∆ z t xy t xz u v n k θn ρ ϕ ϕu,v l ỳ " ∆ y E ỳ l x E x E x l x H ý H ỳ H x H ź H z
r u = sin θ n sin φ u,v , r v = sin θ n cos φ u,v , r n = cos θ n . (4)
The local angles are determined by the projection of the vector r in the local basis

(u, v, n) ⃗ r u,v,n = r u ⃗ u + r v ⃗ v + r n ⃗ n, r u = r.u, r v = r.v, r n = r.n.
(5) Then, using (4), we obtain

θ n = arccos r n , φ u,v = arctan r v r u . ( 6 
)
The tangential electric components in the cylindric coordinates (ρ, φ) are then deduced by the Leontovich relation

E ρ E φ = 0 -Z ρ (ω, θ n , φ u,v ) Z φ (ω, θ n , φ u,v ) 0 H ρ H φ . (7) 
Fig. 5 shows the correct model to be applied in the conformal region for the PEC circle. The local angle θ n = 0°occurs in front of the circle when k.n = -1. Then, the absolute scalar product |k.n| decreases until it becomes equal to k.n = 0 on the circle sidewalls. The shadow region (k.n ≥ 0) is represented by the dashed blue line.

Let M(φ u,v ) be the transform matrix between the cylindrical coordinates (φ, ρ) and the local coordinates (u, v)

M(φ u,v ) = cos φ u,v sin φ u,v -sin φ u,v cos φ u,v . (8) 
Eq. ( 7) becomes

E u E v = M -1 (φ u,v ) 0 -Z ρ Z φ 0 M(φ u,v ) H u H v . (9) 
Having only the Cartesian magnetic components (H x , H y , H z ) in the Yee cell, H-field projection in the local basis to

k Zpθ n " 0°) Zpθ n " 45°) Zpθ n " 45°) Zpθ n " 90°) Zpθ n " 90°)
shadow zone pk.n ě 0q

Fig. 5. Surface impedance choice in conformal regions for the circle case.

obtain

(H u , H v ) is required to update (E u , E v ) in (9). For u = (u x , u y , u z ), v = (v x , v y , v z ), the projection reads H u,v,n = H u ⃗ u + H v ⃗ v + H n ⃗ n, (10a) H u = H x u x + H y u y + H z u z , (10b) H v = H x v x + H y v y + H z v z . (10c) 
The tangential magnetic components (H y , H z ) in ( 10) are approximated by their interpolated values. As shown in Fig. 4, they are given by the Yee scheme with H-components located on the adjacent Yee faces to the interface

H y ≈ 1 2 H - y + H + y , (11a) 
H z ≈ 1 2 H - z + H + z . (11b) 
The component H x is approximated by the single component located on the Yee face in front of the SIBC interface

H x ≈ H - x . (12) 
Then, the tangent electric components in the local basis are deduced by developping the right-hand side of ( 9)

E u = Z φ H T E 1 + Z ρ H T M 1 , (13a) 
E v = Z φ H T E 2 + Z ρ H T M 2 , (13b) 
where

H T E 1 = -cos φ u,v sin φ u,v H u -sin 2 φ u,v H v , (14a) 
H T E 2 = cos 2 φ u,v H u + cos φ u,v sin φ u,v H v , (14b) 
H T M 1 = cos φ u,v sin φ u,v H u -cos 2 φ u,v H v , (14c) 
H T M 2 = sin 2 φ u,v H u -cos φ u,v sin φ u,v H v . (14d)
Now, we consider only the update of E u (the E v computation follows the same reasoning). With the impedance model (2), the following variables are introduced

V o=1 l,φ = k φ l jω -ω φ l H T E 1 , V o=1 l,ρ = k ρ l jω -ω ρ l H T M 1 , V o=2 l,φ = a φ l + jb φ l jω -(c φ l + jd φ l ) + a φ l -jb φ l jω -(c φ l -jd φ l ) H T E 1 , V o=2 l,ρ = a ρ l + jb ρ l jω -(c ρ l + jd ρ l ) + a ρ l -jb ρ l jω -(c ρ l -jd ρ l ) H T M 1 ,
to obtain

E u = R 0 + N φ r l=1 V o=1 l,φ + N ρ r l=1 V o=1 l,ρ + N φ c l=1 V o=2 l,φ + N ρ c l=1 V o=2 l,ρ , (16) 
where

R 0 = r φ 0 H T E 1 + r ρ 0 H T M 1 . (17) 
The tangent component E u and the auxiliary variables V are computed at the same time t n = n∆ t . However, this is not the case for the magnetic field variables H T E 1 and H T M 1 carried by r φ 0 and r ρ 0 respectively in [START_REF] Wang | High-performance and ultra-broadband metamaterial absorber based on mixed absorption mechanisms[END_REF]. Indeed, Yee's leapfrog scheme suggests a half step time shift for the computation of the magnetic components, i.e. only the H n-1 2 components are stored in the computer memory. One could propose averaging solution to this problem but they will not improve the responses. In fact, the time variations are very slow and, therefore, the half step time shift leads to a minor error [START_REF] Jansson | Efficient implementation of a submodel for composite materials to be combined with the FDTD-algorithm[END_REF]. Therefore, the following simple temporal approximation is adopted

H n 1 ≈ H n-1 2 1 . (18) 
For the auxiliary variables V in [START_REF] Schoeman | New Features in Altair Feko 2021[END_REF], each order 1 filter requires one unknown of the discrete problem while each order 2 filter requires two unknowns. Passive circuit scheme is retained for solving auxiliary variables. Since order o = 1 filter is equivalent to a RC circuit and order o = 2 filter to a RLC circuit [START_REF] Steenput | A spice circuit can be synthesised with a specified set of s-parameters[END_REF], a discretization at time (n -1 2 )∆ t for the order 1 components V ≡ V o=1 l,φ and V ≡ V o=1 l,ρ leads to the following relationship with an exponential type scheme [START_REF] Petropoulos | Analysis of exponential time-differencing for FDTD in lossy dielectrics[END_REF], [START_REF] Bérenger | Comparison of the Standard Differencing With the Exponential Differencing for the FDTD Method in Lossy Media[END_REF] V

n = αV n-1 + R (1 -α) I n-1 2 , ( 19 
)
with α = exp - ∆ t RC , R = -k l ω -1 l , C = k -1 l and I ≡ H T E 1 for the V l,φ update or I ≡ H T M 1
for the V l,ρ update. For auxiliary variables V ≡ V o=2 l,ρ and V ≡ V o=2 l,φ of order 2

V n = γV n-1 + R (1 -γ) (I -I L ) n-1 2 , (20) 
where the I L current exponential discretization at time n∆ t reads I

n+ 1 2 L = βI n-1 2 L + 1 R L (1 -β) V n , (21) 
and

γ = exp - ∆ t R 2 C 2 , (22a) 
β = exp - R L ∆ t L , (22b) 
C 2 = 1 2a l , (22c) 
R 2 = 2a 2 l b l d l -a l c l , (22d) 
L = 2a l d 2 l 1 + b l a l 2 , (22e) 
R L = -L c l + b l d l a l . ( 22f 
)
Now the auxiliary variables are updated with [START_REF] Demarest | FDTD modeling of scatterers in stratified media[END_REF] and [START_REF] Jansson | Efficient implementation of a submodel for composite materials to be combined with the FDTD-algorithm[END_REF], the tangent electric field E u in ( 16) can be computed. Then, its projection on the metamaterial edges of the conformal FDTD grid is applied. We note t x,y (resp. t x,z ) the unit vector in the edge direction on the xy-face (resp. xz-face) as shown in fig. 4. These edge vectors are oriented counterclockwise for the electric field contour integral computation i.e the scalar products t x,y .(n × z) and t x,z .(n × y) must be positive.

The tangential electric components computed in the middle of the conformal region and oriented in the edge direction are obtained by the projection of E u,v,n on the edge vector t = (t u , t v , t n = 0) expressed in the local basis

E x,y = E u,v,n .t x,y u,v,n = E u t x,y u + E v t x,y v , (23a) E x,z = E u,v,n .t x,z u,v,n = E u t x,z u + E v t x,z v , (23b) t u = t x u x + t y u y + t z u z , (23c) t v = t x v x + t y v y + t z v z . (23d) 
These new edge components close the electrical loops in the Cartesian conformal plane and provide a direct solution for the magnetic field in the conformal region.

B. Magnetic components update

The electrical contribution of the SIBC interface comes as a correction of the conformal PEC scheme for the magnetic components computation. For example, the H - z update in Fig. 4 without the SIBC interface contribution reads

H n+ 1 2 z - = H n-1 2 z - - ∆ t µA - z (E n x ) -l - x + (E n y ) + l + y -(E n x ) + l + x , (24) 
where A - z denotes the free area of the conformal face region with normal z containing H - z , and l x , l y are the conformal edge region lengths along x and y-directions respectively. Then, the tangential electric field computed in the middle of the SIBC interface and along the edge vector t x,y (23a) has 0.5 weight contribution on H - z . The correction becomes

H n+ 1 2 z - = H n+ 1 2 z - + ∆ t 2µA - z E x,y l - x,y , (25) 
where l - xy is the length of the metamaterial edge on the inferior xy-plane. The other half-contribution is provided by the tangent electric field coming from the cell below. Following the same reasoning for H + z , this yields

H n+ 1 2 z + = H n+ 1 2 z + + ∆ t 2µA + z E x,y l + x,y . (26) 
In the same way, the tangential electric field computed in the middle of the SIBC interface and along the edge vector t x,z (23b) has 0.5 weight contribution on the two magnetic components H - y and H + y near the interface

H n+ 1 2 y - = H n+ 1 2 y - - ∆ t 2µA - y E x,z l - x,z , (27) 
H n+ 1 2 y + = H n+ 1 2 y + - ∆ t 2µA + y E x,z l + x,z . (28) 
Finally, H - x is classically updated with the Yee scheme by the surrounding electric components E z and E y . For small conformal area, potential instabilities are corrected by increasing area according to the Benkler technique [START_REF] Benkler | A new 3-D conformal PEC FDTD scheme with user-defined geometric precision and derived stability criterion[END_REF].

IV. NUMERICAL RESULTS

This section presents three targets: an inclined plate, a cube and a cylinder. For the two first cases, the conformal AD-SIBC model results are compared with the FDTD reference using the Yee algorithm with a fully meshed structure and the Cartesian AD-SIBC reference model. For the cylinder case, conformal AD-SIBC model is compared with CST using its time finite integration technique and also with FEKO using its MOM method. We also plot the PEC model to exhibit the coating effect. The surface impedances are fitted by VF with 6 poles which is sufficient to obtain a good approximation.

A. Inclined plate

Consider an inclined PEC plate of size 15 cm × 15 cm covered by the ground+diel+loss described in section II. The unit tangent vector chosen is u = +y. Then, the incident vector k is normal to the inclined plate and is set to (θ = 70°, φ = 0°). An uniform spatial step ∆ = 1 mm is applied and the CFL condition is set to CF L = 0.5. Fig. 6 shows an excellent agreement between the face-centered conformal AD-SIBC model and the references for the TM polarization monostatic RCS. Note that for the FDTD and Cartesian AD-SIBC references, the plate is not inclined and is located on the Yee cell yz-plane. Moreover, the conformal AD-SIBC 50% in the legend texbox corresponds to the case where the plate is also in the yz-plane but translated along x-direction of 50% of cell size such that the plate is located exactly in the Yee cells middle. As expected at low frequencies, the metamaterial behaves as a PEC one. Above 8 GHz, attenuation of RCS is observed with a maximum around 13 GHz corresponding to the resonant frequency in Fig. 3. The Cartesian AD-SIBC for an inclined plate (green curve) is obtained by a staircase mesh of the plate. In this case, two incidences are applied; θ n = 70°f or the xy stair and θ n = 20°for the yz stair. As a result, the RCS is degraded at high frequencies that shows the interest of using the conformal technique.

B. Cube turned in azimuth

1) Cube covered by the ground+diel+loss: For the references calculation, the problem consists in a PEC cube covered by the ground+diel+loss on its two inferior xy and xz-faces. The PEC cube side length is L = 8 cm. The cube is illuminated by an incident plane wave of incidence (θ = 20°, φ = 90°). The two faces covered by the material are in direct visibility of the incident ray. Spatial discretization steps are all set to ∆ = 0.5 mm for the references and two times coarser ∆ = 1 mm for the conformal AD-SIBC case. Then, the CFL condition is set to CF L = 0.99 for the reference and CF L = 0.5 for the conformal scheme. For the references, Fig. 7 illustrates the RCS for the TE polarization in the direction of reflectivity of the inferior xz-face (which is in the direct radar visibility). The legend φ = 45°corresponds to the conformal case where the cube is turned in azimuth by 45°w ith its corresponding rotated incident plane wave (see Fig. 8). It is noted that the conformal AD-SIBC response follows the reference one but with a low increase on the amplitude at frequencies f > 6 GHz compared to the references. In addition, the RCS has also been computed by a conformal SIBC model that incorrectly takes into account the incident wave orientation (green dashed curve) with a local angle fixed at θ n = 0°in each conformal region. As a result, a large frequency shift is observed with this simplified model using a normal SIBC approximation when comparing with the reference models. This demonstrates the necessity in this case to consider an angle-dependent SIBC model. This last result is expected from Fig. 3 which shows an impedance shifting to low frequencies when incident angle decreases. Regarding the CPU time, FDTD and AD-SIBC Cartesian references are around 34 minutes whereas the conformal FDTD technique is only around 5 minutes due to the spatial step reduction by two. Also, the memory usage is 0.686 GB for the conformal FDTD method, 1.29 GB for the AD-SIBC Cartesian reference and 1.85 GB for the FDTD case. The computations are performed with a 16 × Intel Core i9-9880H CPU @ 2.30 GHz processor with 1 CPU core.

2) Ground+diel+loss located in the shadow zone: The PEC cube is covered by the ground+diel+loss on its two inferior xy and xz-faces. The incidence comes from the top right side of the computational domain (θ = 160°, φ = 270°) such that the inferior covered xy and xz-faces are located in the shadow zone. The angle-dependant model is not applicable in the conformal regions of the coating because they are not in the direct radar visibility. To know which appropriate model to choose, the PEC condition or the SIBC model with a local angle θ n = 0°, θ n = 40°or θ n = 80°is applied on both inferior shadow xy and xz-faces. Here, the case θ n = 80°is considered as the grazing incidence impedance model. The reference is the fully FDTD meshed coating. The RCS is computed in the directions Ω = (θ ∈ [0°, 360°], φ = 0°a nd φ = 90°) so in both the yz and xz-planes. For several samples of the frequency band 0 + -10 GHz, the relative error (29) is computed for the TM polarization. Fig. 9 shows that the error is very high when the coating is replaced by the PEC condition. The error even attains 30% for frequencies around 8 GHz. It is clear that it is more interesting to replace the coating with its SIBC model. Also, the θ n grazing angle choice in the conformal regions minimizes the error which is around 5% for the whole frequency band. This behaviour can probably be explained by the fact that the waves propagating in the shadow zone are creeping waves around the cube.

3) Cube covered by the FR4+ITO absorber: The PEC cube size is 39 cm × 39 cm. It is covered on both inferior xy and xz-faces of the wideband absorber 1 -18 GHz of Fig. 1. This corresponds to 10 periods of the elementary pattern on both sides. The spatial step is uniform ∆ = 2.5 mm and the maximum frequency chosen is f max = 10 GHz. The structure is illuminated by an incident angle θ = 30°. The cube and the azimuth angle are also turned with φ = 45°for the conformal AD-SIBC scheme (as in Fig. 8). Fig. 10 shows that the RCS obtained by the conformal AD-SIBC model for the TE polarization and in the direction of reflectivity of the inferior xz-face is in excellent agreement with the Cartesian AD-SIBC reference model. According to the Fig. 2, the RCS should decreases at frequencies f > 1 GHz. Moreover, for f ≈ 8 GHz, the RCS is greatly reduced, which perfectly corresponds to the absorption peak observed in Fig. 2. Note that the FDTD reference is not given here due to the difficulty of meshing many small patterns on the cube. This multiscale problem implies a huge amount of computational resources.

C. Cylinder

As shown in Fig. 11 for the thickness d new = 0.5 mm. For the TE and TM polarizations, the conformal AD-SIBC model is in very good agreement with the references. A grazing incidence θ n = 85°i s applied in each shadow conformal region. This choice gives a better matching with the references, especially for the high frequencies RCS lobes as shown in Fig. 15 which shows a zoom on the top of the frequency band. Regarding the CPU time, wideband temporal methods are around 1 minute with 20 cores on 2 CPUs for the CST solver and 1 core for the proposed conformal FDTD method. For the 28 frequencies computation for FEKO, the CPU time is 12.3 hours for 8 cores on 1 CPU. Also, the memory usage is 0.112 GB for the conformal FDTD method, 1.7 GB for the CST reference and 21.802 GB (2.725 GB per core) for the FEKO case.

V. CONCLUSION

The angle-dependent face-centered SIBC model is a good candidate to solve multiscale problems with an absorbing metamaterial on the target. First, the technique is really computationally adapted for wideband response. Second, the FDTD poor geometry approximation by a staircase mesh is corrected by using the conformal FDTD method. Third, the method takes into account the primary oblique incident angle and both its polarization TE or TM. However, this technique is not applicable in shadow zone or when multiples interactions occurs like in cavity problems. Nevertheless, a grazing-angle SIBC model appears to be the best choice for the shadow zone. The use of a high-order impedance condition [START_REF] Stupfel | A Well-Posed and Effective High-Order Impedance Boundary Condition for the Time-Harmonic Scattering Problem from a Multilayer Coated 3-D Object[END_REF] could take these phenomena into account and this will be an interesting challenge for numerical methods in the time domain.

  is obtained from an average of the E -H fields over the entire xy-plane section of the elementary pattern. To facilitate processing in the time domain, surface impedances Z are fitted by series of order 1 and 2 filters with the VF technique[START_REF] Gustavsen | Rational approximation of frequency domain responses by vector fitting[END_REF] Z φ,ρ (ω, θ, φ) = r φ,ρ
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 2 Fig. 2. Absorption rate of the FR4+ITO absorber obtained by the SFDTD+TD-VFz method.
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 3 Fig. 3. Magnitude of analytical surface impedance of the ground+diel+loss for several incident angles.
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 4 Fig.4. Metamaterial interface cutting a Yee cell into two regions.
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 6 Fig. 6. Monostatic RCS obtained by the conformal AD-SIBC model in TM polarization for the inclined plate.

  Conformal SIBC, θ n " 0°C onformal AD-SIBC, ϕ " 45°F ig. 7. RCS in the direction of reflectivity of the cube left face (which is in the direct radar visibility) for the ground+diel+loss cloaking.
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 8 Fig. 8. Top view of the cube turned in azimuth (TEMSI-FD viewer).

  Error = ||RCS FDTD reference -RCS PEC or SIBC model || L 2 (Ω) ||RCS FDTD reference || L 2 (Ω).

Fig. 9 .

 9 Fig. 9. Relative error obtained when replacing the coating with a PEC condition or a SIBC model.
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 1112 Fig. 11. FEKO vizualisation of the PEC cylinder covered by a material. The incident vector k is in blue color. The electric field is along the z-direction (yellow color vector) for the TM mode.
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 13 Fig. 13. Monostatic RCS of the cylinder for the TE polarization.
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 14 Fig. 14. Monostatic RCS of the cylinder for the TM polarization.

  Fig. 15. Zoom on the top of the frequency band of Fig. 13.
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