Frequency Selective Structures

on a Bianisotropic Slab

G. Kristensson^1, S. Poulsen^2, and M. Akerberg^1

1 Department of Applied Electronics, Electromagnetic Theory

Lund Institute of Technology, P.O. Box 118, SE-221 00 Lund, Sweden Fax: +46 46-222 75 08; E-mail: gerhard@teorel.lth.se & martin@teorel.lth.se

2 Applied Composites AB

P.O. Box 163, SE-341 23 Ljungby, Sweden Fax: +46 372-672 01; E-mail: soren.poulsen@celsius.se

Abstract In this paper a method for the analysis of a frequency selective surface (FSS) supported by a bianisotropic substrate is presented. The frequency selective structure is a thin metallic pattern—the actual FSS—on a plane supporting substrate. Integral representations of the fields in combination with the method of moments carried out in the spatial Fourier domain are shown to be a fruitful way of analyzing the problem with a complex substrate.

1. General Equations

The geometry of interest in this paper is depicted in Figure 1. The sources of the problem are assumed to be confined to a region located to the left of the bianisotropic slab, which extends from z = z_1 to z = z_{N−1}. The depth parameter z is defined by the normal of the interfaces as shown in the figure. The scatterer is a periodic pattern of metal—frequency selective surface (FSS)—located at z = z_0 on the left hand side of the slab. The space outside the slab is assumed to be homogeneous, lossless and isotropic with relative permittivity ϵ, permeability μ, and relative impedance η = √ μ/ϵ. The integral representation of the solution to the Maxwell equations in an isotropic region is used to characterize the electric field in the region outside the slab and the scatterer. The stratified geometry also suggest that an expansion of the Green’s dyadic in plane vector waves is pertinent [1]. A systematic use of these two concept gives the following representations of the scattered electric field [3] (η_0 = √ μ_0/ϵ_0 and k = √ ϵμω/c_0):

E^s(r) =

− 1 4π^2 ∞∫∫ −∞ ( kη_0η 2k_z P^+(k_t) · J(k_t)e^{−ikz z0} ) e^ik^{t·}æ^{+ikzz} dk_x dk_y

− 1 4π^2 ∞∫∫ −∞ ( γ^− · r(k_t) · F^+(k_t, z_1)e^{ikz z1} ) e^ik^{t·}æ^{−ikz z} dk_x dk_y, z_0 < z < z_1

− 1 4π^2 ∞∫∫ −∞ (kη_0η 2k_z P^−(k_t) · J(k_t)e^{ikz z0} + γ^−(k_t) · r(k_t) · F^+(k_t, z_1)e^{ikz z1} ) e^ik^{t·}æ^{−ikz z} dk_x dk_y, z < z_0

Stratified bianisotropic slab ϵ ϵ

Figure 1: The geometry of the problem.

where the Fourier variable in the x-y-plane is denoted k_t and the normal (longitudinal) wave number, k_z, is defined by k_z = ( k^2 − k^2_t )_{1/2} , (Im k_z ≥ 0). J(k_t) denotes the Fourier transformed surface currents of the plane z = z_0, and the projection dyadic P^±(k_t) is defined by [3]

P^±(k_t) = k^2_z k^2 ê_‖ê_‖ + ê_⊥ê_⊥ ∓ k_tk_z k^2 ( ẑê_‖ + ê_‖ẑ ) + k^2_t k^2 ẑẑ and the reflection dyadic r(k_t) of the slab and

γ^±(k_t) = ± ( I_2 ∓ k_t k_z ẑê_‖ )

where I_2 is the identity dyadic in the x-y-plane. The two (real) unit vectors in the x-y-plane

ê_‖(k_t) = k_t/k_t, ê_⊥(k_t) = ẑ × ê_‖(k_t)

and the split field F^+(k_t, z) at the interface is [6]

F^+(k_t, z) = 1 2 E_{xy}(k_t, z) − ηη_0 2 ( ê_‖ê_‖ k k_z + unite_⊥ê_⊥ ) · ẑ × H_{xy}(k_t, z) 2. Integral Equation for the Surface Current We employ the Floquet’s theorem [2] to the surface current J(r) on the FSS and the Fourier transform of this current is [5]

J(k_t) =

4π^2 A_E ∞∑ m,n=−∞ J_E(k_{mn})δ^2(k_t − k_{mn}), k_t ∈ R^2

where A_E is the area of the unit cell (sides a and b with the angle Ω between the axis) and k_{mn} = x̂α_m + ŷβ_{mn} with

α_m = 2πm a + k^i_x, β_{mn} = 2πn b sin Ω − 2πm a cot Ω + k^i_y

where k^i_x and k^i_y are the x- and the y-components of the wave vector of the incident field, respectively, and where J_E(k_{mn}) is the Fourier transform of J(r) over the unit cell E evaluated at k_{mn}.

The boundary conditions on the FSS imply that ( I_2 + r(k_{00})e^{2ikz 00h} ) · E^i_{xy}(r) | z=z0 = ∞∑ m,n=−∞ ( I_2 + r(k_{mn})e^{2ikz mnh} ) · x_{mn}e^ik^{mn·}æ ϵ

Figure 2: Power transmission (in dB scale) of the co-polarization for a hexagonal pattern of loaded tripoles on an isotropic slab as a function of frequency (GHz). The angle of incidence is θ = 60^∘ and ϕ = 0^∘, and the polarization is TE. The tripoles are 9 mm long with 3 mm long ends. The width of the metallic strips is 0.5 mm. The elements are arranged in an equilateral lattice with side 16.5 mm. The polarization of the incident field perpendicular with one of the sides in the hexagonal pattern. The thickness of the isotropic substrate is d = 0.12 mm and the permittivity is ϵ = 4.3(1 + i0.021). The dashed line shows the computed values and the solid line shows the measurements.

where h = z_1 − z_0 > 0 and where k_{zmn} = ( k^2 − |k_{mn}|^2 )_{1/2} , (Im k_{zmn} ≥ 0) and where we have introduced the vector field x_{mn} = kη_0η 2A_Ek_{zmn} ( k^2_z k^2 ê_‖ê_‖ + ê_⊥ê_⊥ ) · J_E(k_{mn}) to simplify the notation. This relation is the basic equation used for the determination of the unknown quantity x_{mn}, which is solved by a method of moments technique in the spatial Fourier domain [3]. Once this quantity is determined, all other fields can be obtained.

3. Results

We illustrate the effect of an isotropic, homogeneous dielectric substrate on the transmission properties of the FSS in Figure 2. The effect of a bianisotropic substrate is illustrated in Figure 3. The constitutive relations used here are [6] D = ϵ_0 {ϵ · E + η_0ξ · H} , B = 1 c_0 {ζ · E + η_0μ · H} The material parameters of the slab is [4] ϵ = 3 0 0 0 ϵ_{yy} 0 0 0 3 μ = 1 0 0 0 1 0 0 0 1 ξ = 0 0 0 0 0 iΩ 0 0 0 ζ = 0 0 0 0 0 0 0 −iΩ 0 (1)

Figure 3: The same element and unit cell geometry as in Figure 2 but the substrate is bianisotropic. The material parameters is given in (1) and the thickness of the substrate is d = 6 mm. The curves that correspond to the co-polarization are given by lines without crosses and the cross-polarization curves are given by lines with crosses. The solid lines show the cases where ϵ_{yy} = 3 and Ω = 0 (i.e., an isotropic substrate), and the dashed lines show the cases where ϵ_{yy} = 10 and Ω = 0.9. The angle of incidence is θ = 30^∘ and ϕ = 0^∘, and the polarization is TM. References

[1] A. Boström, G. Kristensson, and S. Ström, “Transformation properties of plane, spherical and cylindrical scalar and vector wave functions,” in V. V. Varadan, A. Lakhtakia, and V. K. Varadan, Editors, Field Representations and Introduction to Scattering, Acoustic, Electromagnetic and Elastic Wave Scattering, Chapter 4, pp. 165–210. Elsevier Science Publishers, Amsterdam, 1991.

[2] A. Ishimaru, Electromagnetic Wave Propagation, Radiation, and Scattering. Prentice-Hall, Inc.:

Englewood Cliffs, New Jersey, 1991.

[3] G. Kristensson, M. Åkerberg, and S. Poulsen, Scattering from a frequency selective surface supported by a bianisotropic substrate. Technical Report LUTEDX/(TEAT-7085)/1–28/(2000): Lund Institute of Technology, Department of Applied Electronics, Electromagnetic Theory, P.O. Box 118, S-211 00 Lund, Sweden, 2000.

[4] M. Norgren and S. He. “Electromagnetic reflection and transmission for a dielectric-Ω interface and a Ω slab,” Int. J. Infrared and MM Waves, 15(9), 1537–1554, 1994.

[5] S. Poulsen, “Scattering from frequency selective surfaces: A continuity condition for entire domain basis functions and an improved set of basis functions for crossed dipole,” IEE Proc.-H Microwaves, Antennas and Propagation, 146(3), 234–240, 1999.

[6] S. Rikte, G. Kristensson, and M. Andersson, Propagation in bianisotropic media—reflection and transmission. Technical Report LUTEDX/(TEAT-7067)/1–31/(1998): Lund Institute of Technology, Department of Electromagnetic Theory, P.O. Box 118, S-211 00 Lund, Sweden, 1998.