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1 Introduction

It is well known that a dielectric grating with very small periodicity can be analyzed by
approximation of equivalent uniform permittivity. The approximation is often used for the
design of periodic wedge-type absorber at radio wavelengths. In optics, the form birefringence
caused by subwavelength gratings works as a diffractive optical device. Recently, it has been
known that a binary relief grating with subwavelength structures can be used as more efficient
diffractive optical device and the grating was analyzed [1, 2].

A metallic grating with small periodicity must be approximated by an equivalent sheet of sur-
face resistance. However, uniform approximation of equivalent resistance has not been reported.
Authors formulated the uniform approximation and showed the validity [3]. In addition, a
binary resistive grating with subwavelength structures may be an efficient polarizer in radio
wavelength. In this paper, it is numerically demonstrated that a binary extremely thin metallic
gratings having surface resistance with subwavelength structures shows anisotropic character-
istics of surface resistance. The derivation of uniform approximation of surface resistance is
described. Then, the matrix eigenvalue calculations and the spatial harmonics expansions of
flux densities are applied to analyze a binary thin metallic grating with subwavelength struc-
tures and anisotropic resistive gratings. The flux densities expansion is shown to be successful
in the analysis of subwavelength gratings.

2 Description of the Problem
0, la

Fig. 1 A binary thin metallic grating with subwavelength structures.

The geometry of the problem is shown in Fig.1 where a one-dimensional binary thin metallic
grating with periodicity A and width W is placed at z = 0. ¢ is the number of subwavelength
periodicity p. The width of subwavelength grating having surface resistance of R, are given
by fp. Let us consider scattering problem by a linearly polarized electromagnetic wave at
an incident angle 6;. Regions I and III, which have relative permittivity e; and e3, are lossless
materials. Since this paper treats the situation where thickness d is very thin and conductivity o
is very large, the materials of a thin metallic grating can be approximated by surface resistance
Rs = 1/(od) [4]. Complex relative permittivity €5 of region II can be written by using the
surface resistance R, as follows:

, .0 . 1
Y S _ 1
T e T T (R, Z0) kod (1)
where the real part of 2 is assumed to be &), = £ throughout the paper, since the grating in
the region x > 0 is surrounded by region I.

In the following formulations, the space variables (z,y, z) are normalized by the wave number
in vacuum ko = w,/gopo. Using the normalized space variables, Maxwell’s equations can be
rewritten in dimensionless form as

curlyV/YoE = —ip(2)VZoH, curly/ZoH = ic(2)\/YoE (2)

where Zy = 1/Yy = \/po/€o and curl is the rotation of the normalized space variables.
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3 Uniform Approximation of Equivalent Surface Resistance

When the periodicity is very small compared with incident wavelength, a metallic grating
having surface resistance R;(z) as a function of the position parameter z can be expressed by
uniform approximation of anisotropic surface resistance (Rsy, Rs-). The y component of electric
field E, is uniform in the case of TE incidence and the z component of surface current .J, is
uniform in the case of TM incidence. Therefore, the average current and electric field can be
written as

(L ) et (2 ha0 )

Rs(z) is considered as Rs(z) = Rs1 (0 < z < fp), Rs2 (fp < z < p). Substituting into Egs. (3),
uniform approximation of surface resistance can be obtained as
foo1-f 1

P
z = + , Rszz—/ Rs(z)dz= fRs1 + (1 — f)Rso . 4
0 B(z) © T Ra " R p Jo Bol) dz = JRo & (1= f) oo (4)

As shown in Fig. 1, the subwavelength structure is surrounded by the region I. From R cor-
responding to R, and Rs — oo in Egs. (4), we obtain that R, = R,/f and R,. — oo. It is
seen that in the TE case, the analytical model is equivalent to a thin metallic grating having
surface resistance Rs, with no subwavelength structures. In the TM case, the analytical model
is equivalent to a nonperiodic multilayer.

4 Analysis of Method for a Thin Metallic Grating
4.1 Electromagnetic Fields in the Grating

Since the structure of grating layer is periodic, the relative permittivity e(z) and its inverse
1/e(z), and the relative permeability u(z) and its inverse 1/u(z) are expanded as a Fourier series
of Ny terms with Fourier coefficients &,,, (1/£),,,, fim and (1/f),,, respectively :
@)= X Enexp{imO/A) b = 3 (1) exn{im(va) 2) (5)
02 e,
Ny 1
pEH = Y Fmep{im/A) 2, = 3 (2] ew{imOy/A) 2 . (®

N, wz) N, B m

The x and y components of electromagnetic fields /Yy Ey and /ZoH, (£ = x,y) are continuous.
The 2 components of electric flux density /YpD, = &(2)v/YoE. and magnetic flux density
VZyB, = u(2)\/ZoH. are continuous against along the z axis. /YoEy, VZoH;, vYoD. and
V/Zy B, are expressed in terms of spatial harmonics with expansion coefficients ey (), hom(z),
dom(z) and hyp, () :

M M
VYOE(z,2) = Z em(x) exp(—ismz), YoD:(z,z) Z d2m(z) exp(—ismz) (7)
m——M
M

VZoH(z, 2) Z hom(z) exp(—ismz), ZoB.(z,z) Z bom () exp(—isy, z) (8)

where s,, and sg are expressed in terms of the periodicity A, Wavelength A, relative permittivity
1 and incident angle 0; by s, = so + ms = (/eiprsin6; + m (A/A). The quantities es(z),
h¢(z), d,(x) and b,(z) are defined by the (2M+1)-dimensional column vectors of the expansion
coefficients. Substituting Eqgs. (5) ~ (8) into Maxwell’s equations (2), the differential equation
for the y and z field components can be derived as

F(x)/dz =i [C] F(x) (9)

where [C] consists of m x n submatrices: [¢] =
[1/p] = [(1/ ) n=m], [s] = [SmOmn], [1] = [6mn], [0] is the zero matrix

: ey(z) — [0] —[1]
Towe @ =[], m_[WM(M+MMWD ty 1o
TM-wave: F(z)= [dzgg]’ [C] = H(H [1/6]_ ([,u,][g] ] (11)
ool 2] = [0/l ] = [l

7% [1/el™, [p] and
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[1/u] ! are the inverse matrices of [¢], [1 /€], [u4] and [1/pu], respectively and 6,,, is the Kronecker
delta. The solutions of the differential equation (9) can be obtained by matrix eigenvalue
calculations of the constant matrix [C]. By using a 2(2M + 1)-dimensional column vector
a(z) and transforming F(z) = [T]a(z), Eq. (9) can be transformed into

da(z) /dz = i[T] "[C][T]a(x) = i[<]a(x) (12)

where the matrix [k] is a diagonal matrix expressed in terms of the eigenvalue k,, of the matrix
[C] and [T is a diagonalization matrix for the coefficient matrix [C] and consists of eigenvectors
corresponding to k,,. The eigenvalues k,, can be assigned to (2M + 1) terms of ;> for propa-
gation in the £2 directions. a(z) can also be partitioned into complex amplitudes a® (z) in the
+z direction corresponding to ky,. The solution of Eq. (9) is given by

at(x Uk o —= 0 T(z
po) =13 = [T e ] [ "
where [U(s%, 2 — x0)] = [6mn exp {irt (x — x0)}] and zg is a standard phase position.

4.2 Electromagnetic Fields in Uniform Regions

Since the electromagnetic fields in uniform region are continuous, the fields can be expanded
in terms of spatial harmonics. From Maxwell’s equations (2), the differential equations can be
expressed in terms of the coefficient matrix [C] as follows:

e | O =i 0] 0= gy e o) (14)

) )
T o |20 =iy || o= | B EETE) (15)

Uniform regions I and IIT with no periodicity are described by the relative permittivity e(z) = ¢
and the relative permeability u(z) = p. The submatrices can be given by [¢] = e[1] and [p] = p[1].
Therefore, the coefficient matrix [C] in Eqgs. (14) and (15) consist of diagonal submatrices. The
eigenvalue k,, of 2 x 2 matrix [C),] corresponding to the m-th mode and the diagonalization

matrix [T] can be obtained analytically as kX = F&,, = F/eu — 52, and
TE-wave: TM-wave:

_ [5mn\/ﬁ] ]5”1”\//7] _ [5mn€m/\/a [5mn§m/\/g]
1= | e ol | 1= | P D G (16)

4.3 Boundary Conditions
The continuity of the fields e, and hy (£ =y, z) at each boundary requires that

or & = d: af (d)] _ [U(x5,d)] [0]] [ad(0)
Fora=d: (]| 40D | = (heymy | VU1 O] 45O (17)
N [1] [0] a3 (0)] _ ai(0 )

where [M] is transformation matrix is defined by e, = [1/¢] d, and h, = [1/u] b, in the grating

region. a; (z1) and aj (z;_1) are the incident amplitude in region I and the radiation condition

in region III, respectively, and are given by a; = [0---1---0]}, af =[0---0---0]". Unknowns

in Egs. (17) and (18) are a; (d) and a; (0). Diffraction efficiency 77, of the reflected wave and
nt, of the transmitted wave are obtained.

5 Numerical Results

In this paper, we show that a binary thin metallic grating with subwavelength structures has
anisotropic characteristics of surface resistance. It is numerically demonstrated that in the case
of TE incidence, a binary grating with subwavelength structures having surface resistance of R,
is equivalent to a grating having Rs/f, and in the case of TM incidence, a binary grating is
equivalent to nonperiodic structure which consists of regions I and III.

Permeability is assumed to be pg throughout. Parameter values chosen are ¢; = 1, g3 = 2.5,
2M+1 =121, A/)\ =10, W/A = 0.5 and d/\ = 0.001. Figures 2 and 3 show power transmission

coefficients Y 1"~ M nt, against the number ¢ of subwavelength periodicity. Figures 2 and 3 are
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Power Transmission Coefficients

Power Transmission Coefficients
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Fig. 2 Power transmission coefficients against the number ¢ of subwavelength periodicity for various
incident angles 6; of TE wave.

Power Transmission Coefficients
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Fig. 3 Power transmission coefficients against the number ¢ of subwavelength periodicity for various
incident angles 6; of TM wave.

TE and TM cases, respectively. In the TE case, as the number of subwavelength periodicity
increases, the solutions of subwavelength gratings approach those of thin metallic gratings with
no subwavelength structures drawn by the dotted lines. At p/\ < 0.16, the solutions agree
well where R, and 0; change. In the TM case, as the number increases, the solutions of the
subwavelength gratings approach those of nonperiodic structure drawn by the dotted lines. At
p/A < 0.31, the solutions agree well.

6 Conclusions

We have demonstrated numerically that a binary thin metallic grating with subwavelength
structures has anisotropic characteristics of surface resistance. Therefore, it is possible that the
grating is used as a polarization-selective elements in radio wavelength. In the future, we will
investigate subwavelength structures that consist of two metallic gratings arranged by turns.

References

[1] M. Komatsu, H. Wakabayashi, J. Yamakita and Y. Cho, “Analysis of characteristics of subwave-
length gratings by the matrix eigenvalue method”, The Proc. of 2001 International Laser, Lightwave
and Microwave Conference, pp. 41-43, 2001.

[ 2] M. Fujimoto, Y. Okuno and T. Matsuda, “Numerical evaluation of polarization-selective elements
xlzvglglé subwavelength gratings”, Tech. on Electromagnetic Theory, IEE Japan, EMT-98-35, pp. 6772,

[3] K. Sumitani, H. Wakabayashi and H. Inai, “A study of uniform approximation of equivalent
impedance sheet for parallel metallic gratings”, IEEJ Trans, EIS, 123, 11, pp. 1930-1935, 2003.

[ 4] H. Wakabayashi, J. Yamakita, K. Matsumoto and M. Asai, “vailability of resistive boundary condi-
tions for plane gratings”, Trans. IEICE (C-I), J80-C-1I, 9, pp. 387-396, 1997.

432 -




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




