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HOMOGENIZATION OF CORRUGATED INTERFACES
IN ELECTROMAGNETICS

G. Kristensson
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Abstract—A surface with periodic corrugations of sufficiently small
periodicity is shown to be electromagnetically equivalent to an
inhomogeneous transition region (slab). Explicit expressions for
the inhomogeneous transition region are found for one-dimensional
corrugations and for two-dimensional corrugations a local elliptic
problem has to be solved in order to find the equivalent electromagnetic
properties. The homogenized surface can be characterized by its
surface impedance dyadic or its reflection dyadic. A few numerical
examples illustrate the theory.
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1. INTRODUCTION

This paper deals with the homogenization of the electromagnetic
parameters of an interface between two dielectric materials where the
interface shows a periodic variation on a length scale much smaller
than the wavelength of the problem. The height of the periodic
variation, however, needs not to be small compared to wavelength,
but is arbitrary.

This problem in not new. Several attempts have been presented in
the literature for the scalar problem [13], but less attention is paid to
the electromagnetic case presumable due to its more complex structure.
Approximative methods have been applied in the past, see e.g., [3, 5, 6],
but only few records of the exact limit result as the periodicity goes to
zero seems to be reported in the literature.

The paper by Nevard and Keller [13] addresses both scalar and
electromagnetic problems. The electromagnetic results reported in the
paper by Nevard and Keller, however, are not correct. Specifically, the
homogenization result for the electromagnetic problem in [13] shows
an extra term in the homogenized Maxwell curl equations implying a
coupling equivalent to that of a bianisotropic material. This form of the
curl equations is also inconsistent with the corresponding divergence
equations. This inconsistency was one of the reasons to revisit this
homogenization problem, but also to exploit some of the potential
applications of this problem and to develop its connection to the
propagator technique to find the equivalent surface impedance of the
homogenized material.
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2. PREREQUISITES

The lateral position vector in the &;-ép-plane is denoted! y = é1y; +
é2yo. The interface between the two homogeneous, isotropic materials
is denoted z3 = h(y) € CJ%(Y) (C’#(Y) is the space of continuously
differentiable functions in the unit cell Y =]0,1;1[x]0, 3] that are Y-
periodic), see Figure 1.

The permittivity e(y,x3) is a Y-periodic function in the lateral
variable y, and defined by

R 1)

and similarly for the permeability u(y, x3)

) = {100 207 0 2

where € and p* assume constant complex values. As a consequence,
space consists of two different homogeneous, isotropic materials that
have an interface with periodic corrugations in the lateral dimensions.

We denote the minimum and maximum values of h(y) by h— and
h4, respectively, see Figure 1, and the unit normal vector to the surface

A~

v, i.e.,
—Vyh(y) + é;
1+ |Vyh(y)[”

U=

where gradient in the é;-és-plane is denoted Vy = €101 + €20>. This
unit normal vector is assumed to be directed into the upper regiont
with permittivity e, and permeability p, see Figure 1.

The intersection between the two different materials in the unit cell
Y for fixed x3 is defined by z3 = h(y) and denoted C, see Figure 1 c).
We denote the two disjoint regions (not necessarily simply connected)
separated by C' by Y, (x3) and Y_(x3), respectively. The unit normal
vector to C' (lies in the é;-éz-plane) is

—Vyh(y)
Vyh(y)]

T The local (microscopic) position variable is denoted y and the global (macroscopic)
position vector @ in this paper.

¥ This expression of the unit normal vector assumes the Vyh(y) # 0. Standard
modifications have then to be made.

n =
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Figure 1. The interface problem and its geometry. a) The interface
is given by the function x5 = h(y). The unit cell Y and its two
disjoint parts Yy are shown. b) An interface with two-dimensional
corrugations. c¢) The unit cell Y and its two disjoint parts Y1 in the
él—ég—plane.

As a final remark, we notice that a slightly more general geometry
with different permittivity or permeability outside the region z3 €
[h—,hi] can also be analyzed with the methods used in this paper.
This leads to rather obvious and trivial extensions of the results and
therefore not pursued here. However, the results are used in Section 6.
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3. THE INTERFACE PROBLEM

We analyse the homogenization of a general two-dimensional
corrugated surface in this section. The special properties of the
homogenization of one-dimensional corrugations are presented in
Section 4.

The underlying equations that model the behavior of the
electromagnetic field on the microscale are the Maxwell equations.

{ V x E(x) = ikopH ()
V x H(x) = —ikpeE(x)

which is assumed to hold in all space which is filled with the materials
described in Section 2. The permittivity and permeability are given
by (1) and (2), respectively. The wave number in vacuum is denoted
ko = wy/€opto, where the permittivity and permeability of vacuum are
denoted €9 and pg, respectively. These fields are subject to boundary
conditions at the interface, x3 = h(y), between the two materials.

[D(x)
o(x)
[D(x)-eE(x)] =0 (3)
D(z)

where the bracket [ | denotes the finite jump discontinuity at the
boundary x3 = h(y), i.e., the limit value of the field from above minus
its limit value from below. We have here explicitly assumed that there
is no surface current density present.

3.1. Multiple Scale Analysis—Basic Equations

We are now in a position to scale the problem and to investigate the
limit of the solution to the Maxwell equations as the periodicity of the
corrugations approaches zero. The permittivity and the permeability
of the material are assumed to be Y¢-periodic in the é;-éo-directions,
i.e.,
e((y +elie;)/e,x3) = e(y /e, x3) :
R 1=1,2
n((y +elié;) /e, x3) = p(y/e, xs)

where the Y-periodic permittivity and permeability are given by (1)
and (2).
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The solution to the Maxwell equations then satisfies

V x Ef(x) = ikopu(y/e, x3) H® (x)
V x Hf(x) = —ikoe(y/e, x3) E° (x)
V- {e(y/e, z3)E°(x)} =0

V- {uy/e 23)H (x)} = 0

We adopt the method of multiple scales in this paper. This method
is well established and found in may places in the literature [1, 12, 18],
but for completeness some of the relevant steps in the derivation are
presented. To this end, the solution is assumed to be of the form

x:y+é3x3€R3

Ef(z) = EO© EW
{ () = B9(2,y) + BV (x,y) + seRiyey

He(x)=HY(x,y)+cHY (z,y) +...

The nabla operator takes the form V — Vg, + 871Vy, and the unit
normal vector is proportional to —e 1V h(y) + &3.

Identification of powers of ¢ after these expansions have been
introduced in the Maxwell equations implies (j = —1,0,1,2,...)

Ve x BV (z,y) + Vy x EVT) (@, y) = ikop(y, 23) HY (z,y)

Va x HO (z,y) + Vy x HUT) (2, y) = —ikoe(y, 23) ED (z,y)

V- {e(y,xg)E(j)(:n,y)} +Vy - {e(y,azg)E(jH)(az,y)} =0
Vo {u(y,2) HO (@, y) } + Vy - {uly, ) HI D (@, y) } = 0

(4)
The boundary conditions in (3) imply (j = —1,0,1,2,...)
Vyh(y) x BOD(z,y) - &5 x Eij)(w,y)} =0
Vyh(y) x HO (2,y) — & x HY (2, )| = 0
[ (+1) () = = h(y)
(y,w3) (Vohly) - BT (@,y) - B (2,9))] =0
1y, zs) (Vyh(y) - HI D (@,y) - HY (2,9))] = 0
(5)

where the bracket [ ] denotes the jump discontinuity at the boundary,
and subscript ¢ denotes the lateral (transverse) components of the
fields. The vertical component of the fields is denoted by index 3.
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3.2. First Order Term, j = —1

The lowest order term in equation (4) above is j = —1, i.e.,

Vy x EO(z,y) = V, x Ego)(m,y) + VyEéo)(a:,y) x e3=0
Vyx HO(@,y) = Vy x H (@,y) + V" (@,y) x &= 0
Vy - {elw. 2B (@,9)} =0

Vy- {u(y,ws)H§0) (wny)} =0

(6)

subject to the boundary conditions at x3 = h(y), see (5)
[Vyhiy) x BEO(z,9)] =0 [ ey, 25)Vyhy) - B (@ y)] =0
[Vyhiy) x HOz,9)| =0 | [u(y, 25)Vyh(y) - HO ()] =0

which implies

{ 2 x BV (2,y)] =0 { B (z,9)] =0
7 x B (z,9) =0 1 (@, y)] =0

The two curl equations in (6) imply that the third components
of the electric and the magnetic fields are independent of ¥y, and,
moreover, have the form

{ EO(z,y) = Vyd(z,y) + E(x)
HO(z,y) =V, V(z,y) + H(z)

r3 = h(y)

where E(x) and H (x) are the average electric and magnetic fields,
respectively, over the unit cell Y.

E(z) = ‘% Y/ EO(x,y) ds, = (BO(x.))

Hw) = o Z [ HO@.y) as, = (HO@.)

where the average (-) over the unit cell Y has been introduced.
Insert this form of the solution in the divergence equations in (6),
and we get

Vy ) {6(y7 .’Eg)qu)(m, y)} - _vy ’ {G(y,;(}g)E({B)} = _vye(%xB) : E(x)
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which suggests a solution @ of the separated form

qu)(wa y) = _vyxe<y7 $3) ' E(w) = _vae(% x3) : Et(a:)
where Xe(y,.’l,‘g) = X?(yaxi’))él + Xg(yv:l:?))é% and X?(y7$3)a J=12
solves the local problem defined as the solution x§(y) = x§(y,3)
to the following uniquely soluble boundary value problem for fixed
xs3 G]hf, th[
Vy - (ely2) (Tuxi(w) — &) ) =0
X5(y) continuous on z3 = h(y)
e(y,x3)n - (Vyxﬁ(y) - éj> continuous on x3 = h(y) j=1,2
X5(y) Y-periodic

(x5) =0

Finally, the first order field contributions are
EO(x,y) = (Ts — Vyx°(y, 23)) - E(x)
HO(z,y) = (I3 - Vyx"(y.23)) - H(x)
In the special case of piecewise constant permittivity, we have

[ V2XS(y,23) =0, x3# h(y)
Xj(y, x3) continuous on x3 = h(y)

ey, x3)n - (Vyxi(y,:cg) - éj) continuous on z3 = h(y) j=1,2
X5 (y, x3) Y-periodic

(x5) =0

The magnetic problem is solved in a similar fashion by the solution
of a local problem in x"(y, x3).

3.3. Second Order Term, j =0

The next order is 7 = 0 and is somewhat more complex to analyze and
provides explicit expressions of the homogenized material parameters.
The divergence equations in (4) are

Vy- {2 BV (@.y) | = Ve {c(y.22) BV (@) |
Vy - {nly. e HO@,9)} = Vo - {n(y,2) HO (@)}
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and the boundary conditions (5) are

c.25) (Vyh(y) - B (@.y) - B (@) ) | = 0
n(y,@5) (Vyhiy) - H (2,9) - H(2)) | = 0

Integrate the divergence equations over the unit cell (over Y, and
Y_, which depend on z3) and pay special attention to any contributions
from the boundary curve C. We get (E™ (z, y) is assumed Y-periodic,
and 7 is the outwardly pointing unit normal vector to C, into the region
Y., and the integration along C(x3) is in the counter wise direction in
the é1-és-plane), see also Lemma A.1 in Appendix A

r3 = h(y)

- / - ey, a0 B (@.y)] dly

//v (y 23) B (@)} dS,
// Vy {ely 2 B,y } a5,
// Vo {cly, 2B (2,y)} ds,
// Va {ew2) B0z p)} a5,

{e(y, 3) (12 — Vyx“(y,23))}) - E()

oy
- // s e BV @)} as,
Y_

_ ) GhCL‘ . T (O)w € #
=V, { (x3) - E( )}+E3 ( )HC/IVyh(y)| «

where [¢] = €4 — e_ and where we have introduced the homogenized



10 Kristensson

permittivity

€"(x3) = % // e(y,z3) (Is — Vyx“(y)) dSy
Y

The left hand side is rewritten, due to the boundary conditions, and
we get

_C/ﬁ, [e(y,xS)Eu)(m’y)] dly:/[ﬁ(yié?))}]L(E%O')(ac) i,

— B9 /
Vyh(y

Ve - {eh(:xg)-E(m)} —0

A similar treatment of the magnetic field gives the homogenized
permeability

p(x3) = ﬁ Z/ 1y, z3) (13 - Vyxh(y)) dSy

The effective (homogenized) parameters, €"(x3) and p'(z3), can
also be written in terms of a line integral by an application of the
Gauss’ theorem in the plane. We have (the unit normal vector is as
above pointing into the region Y, and the integration along C(x3) is
in the counter wise direction in the é;-éz-plane)

€'(x3) =

and we obtain

% (e |Yy[(z3) + e [Y_|(x3)) I3

+(er—e-) [ nx“(y,as) dly)
C(z3)

B (@3) = 7 (eelYelms) + i Vo))

+ (g —p-) [ ax"(y,x3) dly>
C(w3)

We now proceed with the curl equations (4), which are

Vo x EO(x,y) + Vy x EW(z,y) = ikop(y, 3) HO (z, y)
Vg X H(O) (:B, y) + vy X H(l) (mv y) = _ikoe(yv J}g)E(O) (ma y)
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and the boundary conditions are, see (5)

Vyh(y) x BO(@,y) - & x B’ (z,y)| =0

xz3=nh
[Vyh(y) x HO(z,y) — 3 x H" (m,y)} =0 2=y

The first line in the boundary conditions is split into its horizontal and
vertical components. The result is

és < [Vyhw) B (z,y) + B (@, )| =0

x3 = h(y)
és - [vyh(y) x ES)(x,y)} ) Y

Integrate the curl equations over the unit cell (over Yy and Y_,
which depend on x3) and pay special attention to any contributions

from the boundary curve C. We get (E!)(z, y) is assumed Y-periodic,
and the unit normal vector n is as above pointing into the region Y,
and the integration along C'(x3) is in the counter wise direction in the
él—éQ—plane)

/ Va >< wy)} dSy +/ Vaz X (0)(cc,y)} dSy
/ Vy X :L'y)} dSy +/ Vy % U(:my)} dSy

= iko <u(y7x3) (1 - Vyx <y,x3>)>  H(@) = iko" (a3) - H(@)

or

B @.y)]

Vwa—éx/idl
= X B(@) — & ) ol

—/ﬁ X [EU)(m,y)} dly = ikop" (z3) - H (x)
C

The line integral is simplified by the use of the boundary
conditions. We get

. 0
/fz x [EO(,y)] d, = —/ e x | B wy) dly,
C

Vyh(y)|
c
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€+ Hy €+ H+

€h($3)

p" (x3)

}

Figure 2. The original material (left) and the homogenized material
(right).

We finally get
Ve x E(z) = ikop™(z3) - H(x)
Similarly, for the curl of the magnetic field holds

Ve X H(x) = —ikoe" (23) - E(x)

3.4. Main Theorem of Homogenization

In the preceding section we showed that the corrugated surface, in
the limit of vanishing periodicity, is equivalent to an inhomogeneous
transition region or slab, with permittivity €”(z3) and permeability
p(x3) as illustrated in Figure 2. The explicit permittivity and
permeability dyadics, €?(x3) and p”(x3), of the slab were also found.
In this section we collect the main result of the paper given by the
following theorem:

Theorem. The scaled problem, i.e., x3 = h(x1/e,x2/e) (YE-periodic
surface in R?), converges in the limit e — 0 to the following Mazwell
equations in the region x3 €|lh_, hy]

V- ((z3) - E(z)) =0
V- (ph(x3) - H(z)) =0
and

{ V x E(x) = ikop" (3) - H(x)
V x H(a:) = —ikoeh(fbg) : E(ac)
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where (dSy = dyidys)

eh(zs) = |—;| / / e(y,3) (I — Vyx“(y)) dS,
Y

@
W) = 7 [ [ nlweas) (1= Vi) a5,
Y

The vector-valued function x¢(y, z3) = x{(y, z3)e1+x5(y, x3)éa solves
the local problem

Vy - (E(y, r3) (Vyxj(y) - éj)) =0
X5(y) continuous on x3 = h(y)

e(y,z3)n - <Vyx§(y) — éj) continuous on r3 = h(y) j=1,2
X;(y) Y -periodic

() =9
(8)

Outside the slab x3 € [h_,hy] the permittivity is €"(r3) = Izex,

respectively. A similar local problem holds for the magnetic field.
Note that the results presented by Nevard and Keller [13] have two

extra terms in the curl equations. These terms should not be present.
We conclude that the effective permittivity, €’(x3), and

permeability, pu"(x3), both have the form

A Az 0
A1 Az 0O
0 0 Ass

in a Cartesian coordinate representation of the effective permittivity
and permeability dyadics. The 33-component has always the form

€§3 = <€('7$3)> ) :U’gl?) = <,u,<,.f(}3)>

where the average over the unit cell Y is

) = ‘% [ 1w as,
Y
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€+ M+ €~ H- €+ M4
Yy Y Yy
Y
0 y' y? h
Figure 3. The unit cell for a surface with two-dimensional
corrugations.

4. ONE-DIMENSIONAL INTERFACE PROBLEM

There are considerable simplifications to be made if the corrugations
of the surface are only in one dimension, i.e., x3 = h(y;) (with
cross section as in Figure la)). In this section we investigate these
simplifications in more details.

We assume there are two regions in the unit cell, Y, and Y_,
with boundary located at y' and %2, respectively (we assume Y, is
the two intervals ]0,y![U]y?,l1[ and Y_ is the interval Jy!,3?[), see
Figure 3. These boundary locations depend on z3. Generalizations to
more complex geometries are straightforward.

The local problem in one dimension is easily solved. The solution
is (V] = by, [Yy] = b +y' — 3% and |V | = 4% — y)

(Y2 2y =y + V] —9?) (ex — )

, O0<y <yt
2V fe— + 2]V [es n=y
Y| (yl + yz - 23/1) (€4 —€) 1 2
X1(y1,23) = s < <
o) Vsl 2 Jes v <y <y
Yo | (2y1 —y' = Y| —9?) (ef —e_
v ( VI me) o
2Vl + 2 Jes
and consequently
Oxi(y1, 3) €y — €
— . = ) 1€EYy
O Yl v Y

The second component x§ = constant, where the value of the constant
is immaterial.
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The effective permittivity, given by (7), can be written as

et (x3) = e+ [V (23)| X e-|Yo(zs)|  [YR[YZ[(ef — e)?
; V] Y[ YTVl +1V-er)

which we rewrite as

el (z3) = Y]
V() e IV (@a)l/e

since

1 Vi|[YV-| (ey —e)?
et = b4 <€+\Y+| +e- Y| -

Yl + [Voles
e (P Y PAAVYL]) e Y]
VT(¥alee +V_ler) Vale +V_|es

The other two non-zero components of the effective permittivity are
trivial averages.

e (g) = eliy(wg) = SEYE@] eV (23)]

Y] Y|
The result can be summarized in
1 0 0
(1/¢€)(x3)
eiles) = 0  ((z3) 0 (9)
0 0 (€) (x3)

The solution to the corresponding magnetic homogenization
problem is

Y mIEy 0 0
e = [0 @ 0
0 0 (1) (x3)

The lowest order electric field is
EO(z,y) = (Is — Vyx°(y,23)) - E(x)
= (I; 7 |V — 161 ) - E
e L) R I

= é1b(x) + éx Lo (x) + é3E3(x)
Voo + [V Jer
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4.1. Perfectly Conducting Boundary as a Limit Case

The limit values of the effective permittivity and the fields as the lower
material becomes a perfectly conducting material is of interest. It is
important to realize that the perfectly conducting case already is a
limit of vanishing penetration depth. Since the homogenization also is
a limit process, the question whether these limits commute or not has
been debated [2, 11, 14, 15].

In this paper we present the limit of a perfectly boundary by
letting e — oo. The effective permittivity in the slab x3 €]h_, hy|
then becomes

€ 0 O
h _ Yy (z3)]
cij(wa) = 0 o 0
0 0 oo
and the lowest order electric field is
Y|
EO(x,y) = { [Vy| p &1E1(x) + é2Ea(x) + e3E3(x), y1 €Yy

0

5. PROPAGATORS AND SURFACE IMPEDANCE
DYADIC

As a result of the homogenization analysis above, the action of
the corrugated surface is equivalent to an inhomogeneous transition
region. This inhomogeneous transition region, x3 €|h_,hy[, can be
characterized with an effective surface impedance, Z, or a reflection
dyadic, r, if the incidence field is a plane wave from above (the region
x3 > h4). The incident direction of this plane wave is parameterized
by its horizontal wave vector k; (spatial Fourier variable in the é;-
és-plane). The angle of incidence is determined by the size and
the direction of this wave vector. Specifically, the length determines
the angle of incidence 64 (and the angle of transmission 0_), i.e.,
ki = |k¢| = b+ sin 01, where k+ = w,/€opigexfi=. The direction of k; in
the é;-éo-plane determines the azimuthal direction ¢ of the incident
wave, i.e., ky = ki (cos pé1 + sin ¢pés).

5.1. Surface Impedance

The relation between the horizontal components of the electric and
magnetic fields E; and H,, respectively, at 3 = h,, is characterized
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by the surface impedance dyadic Z defined as
Ei(hy) =mZ- (é3 x H¢(hy)) =noZ-J - Hy(hy)

where J = é3 x I3 = é3 x I» denotes a projection onto the é;-és-plane
followed by a rotation of 7/2 in the é;-és-plane. The identity dyadic
in R? and R? are denoted I, and I3, respectively.

The propagators, P;j(hy,h_), i,j = 1,2, of the inhomogeneous
slab, x5 €]h_, h[, relate the field at the top and bottom of the slab.
They are defined as

Ei(hy) ) _ (Pu(he ho) Prg(hy,ho) (0 Ey(ho)
nod - Hi(hy) Poi(hi,h-) Poa(hy, h-) nod - Hy(h-)
(10)
Efficient methods for analytical or numerical computation algorithms
of these propagators are found in e.g., [8, 9, 16].

5.1.1. Perfectly Conducting Backing

If the lower surface of the inhomogeneous transition region is perfectly
conducting the tangential electric field is zero, i.e., Ey(h_) = 0, and
we get from (10)

Ei(hy) = Piz(hy, h) - nod - Hy(h-)
= Pig(hy,ho) Py (hy,ho)-nod - Hy(hy)
This is an exact relation between the tangential electric and magnetic
fields on the upper part of the slab if the lower material has a perfectly

conducting backing. This then gives the explicit expression of the
surface impedance dyadic of the slab.

Z = Pia(hy.he) - Po (hy ) (1)

5.1.2. Dielectric Backing

We now address the penetrable case, and assume there are sources only
above the interface. In the region below the transition region the fields
satisfy a radiation condition which is most conveniently expressed with
the wave splitting concept defined as [16]

(Fed) =50k W) (o) o
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where
(k2 — k2)"? ke
W (ki) = epe——L— +é,é,
1€l k_ (k‘2 th)l/Q
. ele;|
= 0_
€| €| cos + S0

where & = k¢ /k; = cos pe1+sin pes and &) = J-&| = cos pez—sin ge;.
The appropriate radiation condition at the lower part of the
transition region is F*(h_) = 0 (only down-going waves) which implies

Ei(h-) =W~ -noJ - Hy(h-)
Equation (10) then implies
Ei(hy) = (P1i(hy,h) - W™ + Pia(hy, b))
(Por(hi,he) - W+ Pog(hy, ho)) ™ - nod - Hy(hy)
and the surface impedance dyadic can be identified as
Z = (P1i(hy,h-) - W™ + Pia(hy, b))
- (Par(hy,h ) - W™+ Pog(hy, b))

We observe that the perfectly conducting case, (11), is a special case
of this general expression, viz., W~ = 0.

5.2. Reflection Dyadic

The reflection dyadic r of the slab can also be calculated. It relates
the up- and down-going fields F* at z3 = h, by the use of a wave
splitting similar to the one in (12), i.e.,

F+(kt7h+) =r: F_(kt7h+)

and
Ei(hy)=r-F (hy)+ F~ (hy)

{ W -J-Hy(hy) =—r-F~(hy) + F~(hy)

where
1/2
WH(k,) = ¢e (2 _kktz) : éLé by 3
: - H)
. 1el

(13)
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We recombine these expressions to
Ei(hy) = (L +71)- (I — 1) - oW+ - 3 Hy(hy)
and the surface impedance can be expressed in the reflection dyadic as
Z=>O+r) I—r) - W*

This expression can be inverted to find the reflection dyadic in the
impedance dyadic. The result is

r=— (IQJFZ-W“l)_1 : <12 —Z.W+’1)

For a perfectly conducting backing, the impedance dyadic in (11)
implies

1 +-1 -1
r:—(12+P12(h+,h_)-P22(h+,h_)-W )

' (12 —Puio(hy, ho) - Py (hy, ho) 'W+_1>

or
+ -1\ 7!
r:—(12+P12(h+,h_)-(w Poo(hy, b)) )

: (12 —Pyy(hy b)) (W PQQ(m,h,))‘l) (14)
= (Piz2(hy he) = WT - Poy(hy, ho))

: (PIQ(h-i-, h_) + VV+ . ng(h+, h_))il

which is in agreement with [9, p. 11].

5.3. Uniaxial Materials

The theorem in Section 3.4 shows that the inhomogeneous transition
region in general is anisotropic. A special case of anisotropy with
many applications is the uniaxial case. In this section we treat the
propagators for such a material in some detail. In [16] the propagators
for homogeneous uniaxial materials are derived for some special cases,
and in this section we extend these results to inhomogeneous profiles.
The material is assumed to be non-magnetic, py = p— = 1.

The permittivity dyadic of the uniaxial medium can be written as

6(1‘3) = GJ_(.’Eg) (Ig — ﬁﬁ) + GH(xg)ﬂﬂ
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where the unit normal vector @& defines the optical axis of the material.
The permittivity € (z3) is the permittivity along the optical axis and
€1 (z3) is the permittivity orthogonal to this direction.

To proceed, the Maxwell equations are rewritten in a system of
first order equations in the tangential components [16]

8%§<mjgégi;ﬁ>zzmmkﬂk“lg)'<WJ?§§?Q@>

(M (R, w3) Mya(ky, x3) E(x3)
= iko <M;(kt,:r§) M;z(kt,x§)> ' (UOJ - Hf(96‘3)>

The blocks of the material dyadic, M;;(ks,x3), i,j = 1,2, for a
nonmagnetic, electrically uniaxial material are [16]

( (€ (w3) — €1 (w3))us
Mll = - 3 tUt
ko (el + (€ — EJ_)'UB)
1
My, = —T, + kik
12 2 ]{:(2) (EJ_ + (6“ — EJ_)’LL%) thvt
€1 (z3)(e(23) —er(x3)) 1
M = — I, - — =T kky - J
21 el (z3)Iy P P Uy w2 ks
(e)(w3) — €L (w3))us
Mag = ——1 scucky = MY,
ko (€1 + (e — e1)uf)
(15)

where the projection of the unit normal vector & on the é;-é5 plane
is u; = Is - & and the projection along the és-axis is ug = u - é3. The
identity dyadic in R? is denoted Is.

Notice that the result holds for materials that are stratified in the
és-direction, not only for the homogeneous case.

5.8.1. Vertical Optical Axis

In our first example we let the optical axis be vertical, i.e., u = é3.
We have u; = 0 and the projection along the z-axis is uz = 1. The
dyadic M then is, see (15)

M (23) = Maa(23) =0

k2
Mlg(wg) = —(é e+ éJ_éJ_) + 7té e
18 Rl
Mgl(xg) = —el(xg)(e”e” + eJ_GJ_) + FGJ_BJ_

0
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The four two-dimensional propagator dyadics, P;j, 4,5 = 1,2,
satisfy the same set of ordinary differential equations (ODE) as the
fields [17], i.e.,

d
d—P(kta-’E:ﬂah*) :ikOM(ktaxfi) 'P(ktvxfivh*) (16)
3

together with the initial condition

_ (Pu(kt,h,h) Pig(ki,h b)) (In 0 _
P(kt’h_’h_)_<P21(kt,h—ah—) Pos(kt,h—,h-) ) — \0 I =1

Due to the fact that M3 = Mgy = 0, we immediately see that
propagator equation, (16), splits into two non-coupling sets, viz.,
d .
d—xgpn(m, h_) = ikoMi2(z3) - Pa1(z3,h_)

d )
d—P21(903, h—) = ikoMag;(x3) - P11(z3, h-)
3

and

d )
£P12(CE37 h_) = ikoMi2(z3) - Paa(z3, h_)

d )
£P22(/£3, h—) = ikoMay; (z3) - P12(z3,h-)

which is a relation between two of the propagators P;;(z3, h—_).
The propagators are diagonal in the basis {&|, e}, i.e.,

Pij(.%'g, h_) = P%‘M(xg, h_)é”é” + PEE(xg, h_)éJ_éJ_, i,j = 1, 2

The TM-case, ||-polarization, splits in two non-coupling sets of
first order ordinary differential equations.

d k?
—P M =ik [ 5—— 1| P
deg 1! 1o <k(2)e(x3) ) 2 { PIM(h_h_) =1
PEM(h_,h_) =0

d .
d_ngQ’IiM = —lki()GJ_(IL’;J,)PlTlM
i ™M _ jpo 7:2 1| pt™ -
dws ' kge) (3) > { Plng(h—ah—) =0
3 PQEM = 1k06J_($3)P11;M
3
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Note that the equations are similar, but the initial conditions differ.

For the other polarization, 1-polarization, we obtain the TE-
case, which also splits in two non-coupling sets of first order ordinary
differential equations.

(d e ., oTE
d—l'gpll = —iko Py { PlTlE(hf,hf) =1
d . k2 PrE(h_.h )=0
\ d—xg,PQTlEzlkO (k_tgq(xg)> PrE o1 (h—h_)
d .
ao; 12— ~ikeFa” PEP(h_,h_) =0
d 2 { PEE(h_,h_) =1
d—xg, 2T2E_ ko <k_tg_q(x3)> PszE 22 (h—,h_)

(18)

Again, the equations are similar, but the initial conditions differ.
For a general permittivity profile, the equations (17) an (18) have
to be solved numerically.

5.83.2. Homogeneous Case

For an homogeneous profile the propagator dyadics can be found
explicitly. The general solution of (16) for an homogeneous profile
is (M independent of x3). The result is
P(kt7 €3, h‘—) = eikO(CﬂS—h—)M(kt)
where the material dyadic M has the form
. 0 M12
M- (o)

This form of dyadic has four distinct eigenvalues, viz.,

1 1
)\1727374::|:\/§TI‘ (M12'M21)i\/1 (TI‘ (Mlg'Mgl))Q—det (Mlg-Mgl)

which are arranged in two pairs (A2 # A\2)

AM=-M=X,  do=-\3=A_
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The propagator can then be obtained as [16] (d = x3 — h_)

, 1
ehodM —__ ~ (1,02 —M-M
eyl )

: (14 cos (kodA.) + )\LM sin (k:od)\+)>
Jr
1

—m(h)\i—M-M)

. <14 cos (kodA_) + )\LMsin (kod/\_)>

5.83.8. One-Dimensional Profile

For a one-dimensional profile the homogenized permittivity profile is
given by (9). Moreover, in this case the optical axis is w = &; and
therefore uz = 0, which imply that the dyadic M is, see (15)

Mi; =M =0
k2 . .
Mz = —I: + Gaomeel
~ A 2
My, = —% — <6> (1:3)?32(32 + Z_zg)éJ_éJ_

since by (9) 6[1(.7}3) = (1/€) (x3) and €, (x3) = (€) (x3). The results in
Section 5.3.2 can then be applied to obtain the propagators.

6. EXAMPLES

In this section, we present two examples that illustrate the theory
developed in this paper. In the first example the corrugations have a
circular cross section so the material is uniaxial with optical axis 4 =
é3. The second is the most simple one-dimension case with constant-
width corrugations. This second case can be solved analytically by the
results in Sections 5.3.3 and 5.3.2.

6.1. Conical Corrugations

Consider circular cones with radius at the base b and height h in
a quadratic lattice with periodicity a, see Figure 4. This geometry
has important applications in radar absorbing materials and has been
treated in the literature with different methods [4, 5, 10]. The
permittivity of the inclusion is e_. These cones are on top of an
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a

Figure 4. The geometry of the cones in Section 6.1.

isotropic material with the same permittivity e_ such that the total
height is d. The radius r(z3) of the cones then varies in the interval
|d —h,d| as

r(zs) =b(d—x3)/h, (d—h)<z3<d

The cone structure is backed with a perfectly conducting plane at
xr3 = 0.

The Maxwell Garnett mixture formula [19] is used as an
approximation to the solution of the local problem, (8), in two
spatial dimensions. Due to the circular symmetry of the problem this
approximation is very good [7]. We get

2f <€r - 1)
2+ (1- f)le—1)
The permittivity €, is relative to the background permittivity ey, i.e.,
e = €_ /ey, and f is the volume fraction of the inclusion.

The homogenized material becomes uniaxial with vertical optical
axis, and by the Theorem in Section 3.4, we get

€ef = 1+

= 0<x3<(d—h)
€| (z3) = 6++(e_—6+)#’ (d—h) < 5 <d

o 0<z3<(d—h)
€1 (r3) = 2112 (x3) (e — €4)/a )

ot 2¢ +(1—7r2(w3)/a?)(e- —ey)’ (d—h)<z3<d
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Figure 5. The reflection dyadic in the complex plane for the cone
geometry shown in the inserted figure. The cone structure is backed
with a perfectly conducting plane. The material parameters are
b/a =0.45, h/d =0.3,d/a =6, 0 =30° e_ = 10(1 +1), and e; = 1.
The finer dashed line depicts the TM-case and the coarser dashed line
the TE-mode. The frequency varies along the curve. The dots show
koa =0,0.1,0.2,... ,1 (kpa = 0 at —1).

These values of the permittivity are then used in the numerical
solution of equations (17) and (18) to find the propagators. The
reflection dyadics is then found by utilizing the results in Section 5.2.
The result is depicted in Figure 5. For high frequencies the
homogenized profile does not model the interaction of the incident
electromagnetic wave with the cone structure very adequately, but
independent computations indicate that the solution is accurate up
to koa ~ 0.2-0.3 [20].
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X3

Figure 6. The geometry of the problem in Section 6.2.

6.2. One-Dimensional Example

The most simple one-dimensional geometry is depicted in Figure 6.
The width of the corrugations in this case is constant and the transition
layer is therefore homogeneous.

In the limit of a perfectly conducting material in the lower
medium, we get in the é;-éo-basis

_itan(kohkll)

Z = Y
0 0

where U = /€11 —sin?0sin® ¢ = ,/e11 — kg/k2, and €11 = eya/(a—w)
(0 < w < a is the width of the ridges, h is their heights, and a is the
periodicity of the corrugations, see Figure 6). This result is consistent
with the result reported in [6] provided the permittivity of the material
in the trough is interpreted as €1;.

The reflection dyadics of the corrugated surface is

_ Wecos 9+i(1—sin2 0 sin? ¢) tan(koh¥) —2isin? 0 sin ¢ cos ¢ tan(koh¥)
r= W cos 9—i(1—sin2 0 sin? ¢) tan(koh¥)  Wcos 9—i(1—sin2 6 sin? ¢) tan(koh¥)

0 -1
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N

/f/

Figure A1l. The cross section area S(z3) of the intersection between
Q) and the plane x3 = constant. The plane S(x3) is perpendicular to
the esz-axis.

7. CONCLUSIONS

It is shown in this paper that a corrugated surface can be replaced by
an inhomogeneous transition region in the limit of vanishing periodicity
of the corrugations. The explicit expressions of the homogenized
permittivity and permeability profiles can be obtained by solving a two-
dimensional local problem. Several cases can be solved analytically,
which leads to simple numerical computations.
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APPENDIX A. DIFFERENTIAL GEOMETRY

Lemma A.1. Assume Q is a bounded, open set in R® with C1!
boundary, 0. The outward pointing unit normal vector to 0S) is D,
see Figure A1. We denote by S(x3) the intersection between 2 and the
plane x3 = constant. The boundary curve of S(x3) is denoted C(x3),
and the outward pointing unit normal vector to this curve in the plane
x3 = constant is denoted 1. Then, for every function f € H'(), we
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of(p,x3)

S(x3) C(z3)

have

where the position vector in the €1-éa-plane is denoted p = e1x1+eé2x9,

and
iU3 //f P,«’U:a

S(z3)

Here dS, = dxidxy denotes the surface measure of S(x3), and di,
denotes the curve measure of C(x3), which is oriented such that
the direction in the right-hand sense coincides with the positive es-
direction.

Proof of Lemma A.1: Let n > 0 and apply the divergence theorem to
a vector-valued field é3f(p,x3) in the volume V', which is a subset of
Q2 bounded between S(z3) and S(x3 + n). The result is

///V (e3f(p,x3)) dv = F(x3+n) — F(x3) // D - &3) f(p,as) dS

0NV

where dv denotes the volume measure of €2 , and d.S denotes the surface
measure of 9€). In the limit n — 0 we get

//8fp,333 dS, = F'(z3) + /fP,CL“:ineA dlp
8:U3 .

S(x3)

A

since for sufficiently small n, dv = ndSp,, and dS = ndi,/(¥ - n), and
the lemma is proven.

Corollary A.1. If the surface O be defined by x3 = h(p), then

- e3 +1

v [Vyh(y)l

>

The plus-sign is applicable if n - Vyh < 0 and the minus-sign if
n-Vyh > 0. The Lemma A becomes

af pa $3 _ / f(p’ ‘T3)
// 8;1;‘3 dSp =F (Z’g) + / W dlp

S(x3) C(z3)
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Proof of Corollary A.1: This is easily proven by using the form of the
normal vectors ¥ and n in Section 2.

REFERENCES

1.

10.

11.

Bensoussan, A., J. L. Lions, and G. Papanicolaou, Asymptotic
Analysis for Periodic Structures, Vol. 5 of Studies in Mathematics
and its Applications, North-Holland, Amsterdam, 1978.

Felbacq, D., “Comments on “Photonic band gaps: Noncommut-
ing limit and the ‘acoustic band’”,” arXiv:cond-mat/0104488 v1,
April 25, 2001.

Holloway, C. L. and E. F. Kuester, “Effective boundary conditions
for rough surfaces with a thin cover,” Antennas and Propagation
Society, IEEE International Symposium 1999, Vol. 1, 506-509,
1999.

Holloway, C. L. and E. F. Kuester, “A low-frequency model for
wedge or pyramid absorber arrays—II: Computed and measured
results,” IFEFE Trans. Electromagn. Compatibility, Vol. 36, No. 4,
307-313, 1994.

Janaswamy, R., “Oblique scattering from lossy periodic surfaces
with application to anechoic chamber absorbers,” IEEE Trans.
Antennas Propagat., Vol. 40, No. 2, 162-169, 1992.

Kildal, P. S., “Artificially soft and hard surfaces in electromag-
netics,” IEFEE Trans. Antennas Propagat., Vol. 38, No. 10, 1537—
1544, 1990.

Kristensson, G., “Homogenization of spherical inclusions,”
Progress In Electromagnetics Research, J. A. Kong (ed.), PIER 42,
1-25, EMW Publishing, Cambridge, MA, 2003.

Kristensson, G., S. Poulsen, and S. Rikte, “Propagators and
scattering of electromagnetic waves in planar bianisotropic slabs
— an application to frequency selective structures,” Progress In
FElectromagnetics Research, J. A. Kong (ed.), PIER 48, 1-25,
EMW Publishing, Cambridge, MA, 2004.

Kristensson, G., P. Waller, and A. Derneryd, “Radiation
efficiency and surface waves for patch antennas on inhomogeneous
substrates,” IEE Proc. — Microw. Antennas Propag., Vol. 150,
No. 6, 477-483, December 2003.

Kuester, E. F. and C. L. Holloway, “A low-frequency model for
wedge or pyramid absorber arrays—I: Theory,” IEEE Trans.
Electromagn. Compatibility, Vol. 36, No. 4, 300-306, 1994.

McPhedran, R. C., N. A. Nicorovici, and L. C. Botten, “The



30

12.

13.

14.

15.

16.

17.

18.

19.

20.

Kristensson

TEM mode and homogenization of doubly periodic structures,”
J. FElectro. Waves Applic., Vol. 11, No. 7, 981-1012, 1997.
Milton, G. W., The Theory of Composites, Cambridge University
Press, Cambridge, U.K., 2002.

Nevard, J. and J. B. Keller, “Homogenization of rough boundaries
and interfaces,” SIAM J. Appl. Math., Vol. 57, No. 6, 1660-1686,
1997.

Nicorovici, N. A., R. C. McPhedran, and L. C. Botten, “Photonic
band gaps for arrays of perfectly conducting cylinders,” Phys.
Rev. E, Vol. E52, No. 1, 1135-1145, 1995.

Nicorovici, N. A., R. C. McPhedran, and L. C. Botten, “Photonic
band gaps: Noncommuting limits and the ‘acoustic band’,” Phys.
Rew. Lett., Vol. 75, No. 8, 1507-1510, 1995.

Rikte, S., 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-221 00 Lund, Sweden, 1998.

Rikte, S., G. Kristensson, and M. Andersson, “Propagation in
bianisotropic media—reflection and transmission,” I[FE Proc.
Microwaves, Antennas and Propagation, Vol. 148, No. 1, 29-36,
2001.

Sanchez-Palencia, E., Non-Homogeneous media and Vibration
Theory, No. 127 in Lecture Notes in Physics, Springer-Verlag,
Berlin, 1980.

Sihvola, A., Flectromagnetic Mizing Formulae and Applications,
IEE Electromagnetic Waves Series, 47, Institution of Electrical
Engineers, 1999.

Sjoberg, D., C. Engstrom, G. Kristensson, D. J. N. Wall, and
N. Wellander, “A Floquet-Bloch decomposition of Maxwell’s
equations, applied to homogenization,” Technical Report
LUTEDX/(TEAT-7119)/1-28/(2003), Lund Institute of Technol-
ogy, Department of Electroscience, P.O. Box 118, S-221 00 Lund,
Sweden, 2003. http://www.es.lth.se.

Gerhard Kristensson received his B.S. degree in mathematics and
physics in 1973, and the Ph.D. degree in theoretical physics in 1979,
both from the University of Goteborg, Sweden. In 1983 he was
appointed Docent in theoretical physics at the University of Géteborg.
He has held positions at the University of Goteborg and the Royal
Institute of Technology in Stockholm before being appointed Chair of



Progress In Electromagnetics Research, PIER 55, 2005 31

Electromagnetic Theory at Lund Institute of Technology. He has held
visiting positions at Ames Laboratory (Iowa State University) and at
the University of Canterbury (New Zealand). Currently, Kristensson
is a member of the Advisory Board for Inverse Problems, the Board
of Editors of Wave Motion, and the Editorial and Review Board
for Journal of Electromagnetic Waves and Applications and Progress
in Electromagnetic Research. He is the Official Member of URSI,
Commission B for Sweden and a Fellow of the Institute of Physics,
England. Kristensson’s major research interests are focused on wave
propagation in inhomogeneous media, including inverse scattering
problems and dispersion effects in anisotropic and bi-anisotropic media.
Antennas, especially antennas in mobile communications, are also
of interest, as well as radome design problems, frequency selective
structures, and homogenization of complex materials.



