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ACTIVE AND PASSIVE REMOTE SENSING OF ICE

Principal Investigator: Jin Au Kong

Semi-Annual Progress Report

This is a report on the progress that has been made in the study of
active and passive remote sensing of ice under the sponsorship of ONR Contract
N0O0O14-83-K-0258 during the period of February 16, 1983 - July 31, 1983.
During this period we have: (1) derived the dyadic Green's function for a
two-layer anisotropic medium; (2) derived the backscattering cross sections
and the bistatic scattering coefficients for a2 two-layer anisotropic random
medium; and (3) participated in a planning meeting at the Cold Regions
Research and Engineering Laboratory (CRREL) concerning the winter microwave
remote sensing measurements.

The dyadic Green's function for a two-layer anisotropic medium has been
derived. The anisotropic medium is assumed to be tilted uniaxial. Inside the
uniaxial medium there are two characteristic waves, i.e. an ordinary-wave and
an extraordinary-wave. An incident wave with either TE or TM polarization
produces both TE and ™M waves when it is reflected at the interface of an
isotropic and a uniaxial anisotropic media because of its coupling into both
the o-wave and the e-wave. With the availability of the dyadic Green's
function, many electromagnetic wave radiation and scattering problems in

layered unfaxial media can be solved. A manuscript has been prepared for

submission to a journal for publication [Appendix].
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The backscattering cross sections and the bistatic scattering
coefficients for a two-layer anisotropic random medium have been derived.
The Born approximation is used along with the dyadic Green's function for the
two-layer anisotropic medium to calculate the scattered fields. The
theoretical results are used to match published experimental data. We are now

for the first time able to compute contributions from both the background

‘anisotropy and the anisotropy of the permittivity fluctuations. A manuscript

is being prepared to document the theory and the theoretical calculations.

We have participated at the planning meeting at CRREL concerning the
winter microwave remote sensing measurements. On June 17, 1983, the Principal
Investigator went to a meeting at CRREL concerning the measurement of the
physical and electrical properties of fresh water ice and artificially grown
sea ice for the determination of the effects of these properties on the
emissivity and reflectivity of the ice. A presentation was made to stress the
importance of measuring the cross-sectional profile of the ice which has been

shown to play a very sidﬁificant role in the random medium model.
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APPENDI X

Dyadic Green's Functions for Layered Anisotropic Medium

J. K. Lee and J. A. Kong
Department of Electrical Engiheering and
Computer Science and Research Laboratory

of Electronics

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Abstract:

The dyadic Green's functions: (DGF) for unbounded and layered anisotropic
media have been obtained. The anisotropic medium is assumed to be tilted
uniaxial. With the availability of the DGF's, many problems involving radia-

tion and scattering of electromagnetic waves can readily be solved.

......................................
................
---------------




I. Introduction

- The dyadic Green's functions (DGF) for various configurations have been
fgg . studied extensively in the literature[1'33. In applications to microwave
remote sensing, the problems of radiation and scattering of electromagnetic
waves in layered uniaxial media have presented a fundamental difficulty in

the absence of a useful dyadic Green's function. The DGF for a layered uni-

axial medium with the optic axes perpendicular to the planes of stratification

E, has béen derivedtz]. .However. in most practical applications, the optic axes

%% of the uniaxial medium is tilted. It is the purpose of this paper to present

kt the results of the DGF for both an unbounded and a layered anisotropic medium
‘5 corresponding to a uniaxial medium with a tilted optic axis.. In order to cast

the final results . in a simple and interpretable form, the reflection and trans-

mission coefficients at the boundary surface of the anisotropic medium are also

obtained.




11. Dyadic Green's Function

In order to facilitate the derivation of the dyadic Green's function (DGF)
for an anisotropic-medium layer, we first consider an unbounded anisotropic
medium whose permittivity tensor, ?., is taken to be uniaxial with its optic
axis tilted off the z-axis by an angle y in the y-z plane as shown in
Fig. 1. The permittivity tensors 2(0) and ¢, before and after the tilting,

respectively, are as follows:

€ 0 0
0.0 ¢ o (1)
1] 0 €, )
€N 0 0
e=1]0 €90 €93 (2)
0 &3 e33
where
n i (3a)
€0 % € cosZy + c, sin?y, ’ (3b)
€93 * €39 * (ez - €) cos ¢ sin ¢, (3c)
€33 % € siny + g, cos2y. (3d)

........................
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The DGF for this anisotropic medium, f‘:(?-. r'), satisfies the vector wave

equation

VxVxG8(F, M) - wlpe « 6(F, ) =T 6(F - ) (4)

where w 1is the angular frequency and u is the isotropic permeability of

the medium. We write the Fourier transform pair of DGF as follows

&F, ) = r a3k Bk, 7) el T (5)
(27)3 Jew
8(k, ¥) = I“ a3 &(r, ) g1k T (6)

Substituting (5) into (4) and using the identity

6(r-r') = ] I“ d3k eiE' (F'F'), ' (7)
(21)3 /=

we obtain

BR, 7) = [k - k + o287 TR0 (8)

(9)
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Performing the matrix inversion, we obtain

e, oy o P n A2 A
» ') =

w2y DI(E) DZ(E) A21 A22 A23

A Ap Ay

where
D](E) = kxz + ky2 + kz2 - wue

= 2 2 2 -l
DZ(R) ekx + e22ky + 533kz + 5232kykz wuee,

A]] = RXZD] + kxzmzu(e - ez) - m2u02

= = 2 - -
A12 AZ] kxkyD1 +w ukx(e sz) cos v (k.y cos y - k, sin v)

= = 2 - o - )
A]3 A31 kxkzD] + ukx(ez e) siny (ky cos ¢ kZ sin y)

= 2 -l 2 2 2 o .3
522 ky D] w u[ekx + e33ky + 533kz w uee33]
. s = 2 2 2 o 2

y

= 2 ,.2 2 2 2 o .2
A33 kz 01 w u[ekx + e22ky + ezzkz w usszz]

ATy

*.““.‘.‘.'.‘('.".':‘-"’T

(10)

(11a)

(11b)

(12a)

(12b)

(12¢)

(12d)

(12e)

(12f)
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In the derivation of (11)-(12) we made use of the relationships

'522 tegg=ete,. (13b)
Substituting (11)-(12) into (5), we perform the integration over kz. The

poles of the integrand occur at the zeros of D](E) and DZ(E) denoted by
ed

0 . LU
:kz and kz kz and kz ,» where
k,® = [wue - k2 - kyZ]‘/Z (14a)
Leu ., :
z1,_ 23 T2k 2 - 2 2 4 2 /2
(& k- [e33ky? - eqqea3k,® - eppeagky? + wiuee o331 7
Z 33 33 .

(14b)

Here, kz° (or -kz?) and k§" (or kgd) are the z-components of the up-
ward (or downward) propagation vectors for an ordinary wave and an extraordinary
wave, respectively. We also notice that the dispersion relations, D,(k) =0
and DZ(E) = 0, can be obtained by simply transforming the k-variables in the
dispersion relations of vertically uniaxial medium[z], i.e. by replacing kx’

k., kz by kx’ k

y Cos ¢y - kz siny, K

y siny + k, cos ¢ in (A11) and (A12)

y

of Ref. [2] which are shown here:
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o0 (k) = k2 + k2 + k2 - utie (15a)

(15b)

Déo)(k) = e(kxz + kyz) + ezkzz - mzueez.

Assuming the medium to be slightly lossy, i.e. Imk << Re k,, Im kz° >0
and Im k:“ > 0, and performing the contour integration over kz’ we obtain |

for z> 2!

B

- ISR G PR b B P A
AT ) = Z
UF ) - ”., A el LU L
z 2''z 4 B B B
31 32 33
e = = [t C ¢, J|
. ik .(r-v-')(ez - e)e 1 12 13 )
+ - C C C 16
eu .ed, _ euy |21 22 23((
31 Y32 ‘33
nhgre
KO = kyx + ky§ + kz°2 (17a)
-l - eu;
k® kek + ky + k2'z (17b)
Byp = (k, cos v - kz° sin p)? (18a)
812 = 82] = -kx cosy - Cos kz0 sin ¢) (18b)

-

= E : - o
813 831 kx siny (ky cos ¢ kz sin y) (18¢)
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k] By, = k2 cos?y (18d)

R 823 = 332 = -kx sin y cos ¢ (18e)

§ B,, = k.2 sin? (18fF)

33 = Kx v -

R C]] = kxz(ky siny + kgu cos )2 (19a)

_f' Ci2 = Gy = kx(ky siny + kgu cos w)[ky(ky sin y + kgu cos ¥) - wlue sin ¢]
(19b)

N |

- - . . eu eu . eu L2

% C13 C3] kx(ky siny + k;, cos w)[kz (ky sin y + k=~ cos ¥) - wue cos y]
; (19¢)

5 sz = [ky(ky siny + ki" cos ¥) - w2pe sin ]2 (19d)

“ 023 = C32 = [ky(ky sin y + kgu cos ¢) - wue sin tla][k‘:"(k‘y sin y + kgu cos y)
- w2pe cos ] (19e)

' Ci3 = [kgu(ky sin y + kgu cos ¥) - wlue cos ¥]2. (19f)

% The following relations are used in the derivation of (16)-(19).

: e[kx2 + (ky cos ¢y ~ kze sin ¢)2] = -ez[(ky sin ¢ + kze cos ¥)2 - w?ue] (20a)

o 2L T

e[kx2 +k 2+ kgz - wzuez] = (e - ez)(ky sin y + kze cos )2 (20b)

y
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Dy(k, = k%) = (& - e,)[k2 + (k, cos v - k,° sin 4)?] (21a) |
€ = €
X D,(k, = k.°) = Z (k. sinvy + k.2 cos ¢)2 - w?pe] (21b)
2 y z
*
y e _ .eu ed
:3 kz = kz or kz
;; €90 siny + €93 COS ¥ = €, sin ¢ (22a)
o
i- €53 siny + €55 COS ¥ = €, COS ¥ (22b)
;3 €gp COS ¥ = €53 siny =€ cos ¢ (22¢)
% €93 COS ¥ - €45 COS Y = -¢ siny (22d)
- = - 2 a2 -
€ - €9 (e ez) siny (23a)
- = - 2

- €, = €3 (t-:z €) coséy (23b)
A
92 € - €33 (e - ez) cos2y (23c)
- _
}’ €, = €33 = (ez - ¢) sin?y (23d)
e
E‘ For z <z', we obtain &(F, ¥') in a similar manner by noticing that
Im(-k,%) <0 and Im(k%) < o.
; | Finally we cast the dyadic Green's function for the unbounded anisotropic
%; medium, G&(*, ™) in the following form:

T T U R T T N
DS W S S A_L*-“._;A:-xu-x".;"f_.‘_‘_.lj




. Lo . 3 iK%« (7-7')
, &(r, ™) = ﬁ” dk (dk, k—lao(kzo) o(kzo) e
lf - z
]
: 2 - 2 2 euz iF€ . (P!
b2 e TR TR ) ey gy T
: &Y - ed w2ye z 2 |
; z " %2 33 |
: for z> Zz' (24a)
=0 (= =
] ; © a - iK™« (r-r')
&, ) = “ dk_dk_ {—— o(-k_%) a(-k.%) e
gr2 Jow XY kzo z z
2 - (k2 2 4 (&d2 iRe . (P
2 wlu(e + ez) (kx + ky + kz ) ;(ked) ;(kEd) e1k (r-r')
Keu _ yed wlue z z
z z K33
for z < 2' {24b)
!
where
e 9y o z' x k°
? O(kz ) li' 3 Rol (25a)
z' x R,°
o(-k,%) = ——1— (25b)
’ |z' x Kl |
f eu
a(keY) = olkz ) xRy (25¢)
| 2 Ik,
u
f ed
! R o(k>") x R
; e(k®dy = —2 ____u (25d)
AT
: u
-~ Al e
o(keY) « ZLx K _ (25e)
z |z' x K8

) ‘A,AMM'.-...L‘.;_T'».'.‘.J
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o(k:d) a #K__ (25f)

.‘\ A

3 |2' x R®|

E RO=k -k
P

T .

i R® = kK +k89;

i P z

A

7‘ R =%k

2 - e

}" ¥ = 3 K

; Ku € K

#

k = kX + kyy

~

2' = ysiny + 2z cos y.

?

. ~
L

We notice that 3(:kz°) is a unit vector in the direction of the electric

field for an ordinary wave and é(kgu) or é(k:d)' is a unit vector in the

DVCRALS s pe

direction of the electric field for an extraordinary wave. It is seen that

5 is linearly polarized perpendicular to the plane formed by the optic axis

E

(z'-axis) and the propagation vector (k%-vector) as it represents an o-wave,

SR
e i e

and e is linearly polarized parallel to the plane formed by 2z'-axis and

(B

Ee-vector as it is an e-wave[zl. We also notice that for an o-wave, the di-

rection of power flow determined by the Poynting vector E x A* 1is the same

as the direction of propagation vector (E°), while for an e-wave the direc-
N tion of power flow is different from that of propagation vector (Ee). In
R: fact, for an upward propagating e-wave, the electric field (E), the mag-

netic field (A) and the Poynting vector (E x H*) are in the direction of

S5t

9
-y

SR P DA I O L PR
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v é(kze), 8(kze) and Eu, respectively.

3 The result checks with the expression of DGF for a vertically uniaxial
uadium[]] in the 1imiting case as v = 0. For an isotropic medium where v =0
and € = ¢,, the o-wave becomes a horizontally polarized TE wave and the e-

pd
wave becomes a vertically polarized TM wave as follows.

ok v > -

e Lo KA

o(£k,%) » h(xk ) = L2 x & (26a)
ok
J o
- e(kSY) » v(k,) = L h(k,). x k (26b)
4, Kk
: |
?
! e(k&%) » v(=k,) = i h(~k,) x R (26¢)
% where
7
x
3
1/2
= 2 2

k, = (k2 + ky) (27a)
;
¢ 1/2
g kz = (kz - kpz) (27b)
3‘: kK = w/pe (27¢c)
g k = Rp + k2 (27d)
:t R = Ep - k,z. (27e)
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I1II. DGF for Two-lLayered Anisotropic Medium

Next we consider the two-layered stratified medium as shown in Fig. 2.
The upper and lower media are isotropic and characterized by € and €95
respectivefy. The medium in the middle is anisotropic as described in the
previous section. In the principal coordinate system it is characterized by

€ and €12° The permittivity tensor after the tilting of the optic axis

is given by
€11 0 0
el = 0 €22 523 (28)
0 ez e33
where
€-'<' = S], (293)
€99 = €4 cos2y + €14 sin2y (29b)
= 2
€33 % € sinZy + €1, €0s%v. (29d)

A1l three regions are assumed to have the same permeability u. Let the source

be in region 0. DGF's EOO(F’ r), Ew(?‘, r') and §20(F, r') satisfy
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!
v x ¥ x BoglF, ¥) - wiuey Byo(Fs 7') = T 6(F - 71), 250 (30a)
VX9 x aw(?-, ™) - wluey - §,o(F, ¥) = 0, d<z<0 (30b)
v x9x azo(;’ ) - wlue, Byo(F, ') = 0, z<-d (30c)

and the appropriate boundary conditions at z =0 and z = -d and radiation
conditions at z = t=, The first subscript of the DGF refers to the region of
the field and the second subscript to the region containing the source.

Since the DGF for an infinite unbounded media assumes the form in (24),
it is appropriate to assume the DGF's for this two-layered geometry in the
following form:

s oy L ([T e iRy - ¥ - k- T
Bg(F ¥ = L [ deea, L l[ho(.koz) e O e Ry h(k,)e
0z
: iRy F . A iR -
+ RHV vo(koz) e ] ho(-koz) + [vO(-kOZ) e
A 1&0';‘ R iEo.F . _-ilzo.?.l
*+ Ryy Volkyp) @ *+ Ry hky,) e T vol=koz)p e
0<zz<z' (31a)
iR,% .7 A iK% ¥

b ) = 2 [] o, i ety o
0z
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el s 2Tl

R, o8, %4, WA,

P
Py ‘e.\:".ix:tii .

€.7 iK% .
+ A e(ked ! B e(K]3) e L ho(=k,,)
Oy g ¢ sty o
+ Ao elk 1119 " + Byq e(k]“) e1 ]e .-] Vol=koy) e-IK° .F..
-d<z<0

Bl ¥ =

i ® 1. - R )
an2 ff-. dkxdky k_ [XHH hZ(-kZZ) + x1-|v Vz('kZZ)] ho(-koz)

0z
- . . iK] .r -1Ko- r
* [va VZ('kZZ) * X hZ('kZZ)] Vo('koz) e € ’
2<-d
where

b = —]- ;5 i =
hi(:kiz) " Z x ki’ i=0,2

[o]
- 1 - .

i
; =L g 2

AanO

|z x E] |
) 2'XK~I
12 li' N K]°|

~ 0
o(k]z)

o( k9

(31b)

(31¢c)

(32a)

(32b)

(32¢)
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ky = w/uey, i=o0,1,2.
The boundary conditions to be satisfied at z=0 and z = -d are
z x Boo(F, #) = 2 x §y(F, ), z=0 (33a)
z x Byo(F, #) = z x By(F, 7)), z = -d (33b)
2 x9 x BoolFy #) = 2 x 7 x §yo(F, #) z=0 (33c)
2 x 9 x Byo(F, ') = 2 x 9 x By(F, 7) z = -d (33d)

where (33a) and (33b) refer to the continuity of tangential electric fields
and (33c) and (33d) refer to the continuity of tangential magnetic fields at
each interface. Substituting (31) into (33), we obtain eigﬁt linear algebraic
equations for the eight unknown coefficients. However, it is very difficult
to solve these equations analytically and to express the unknowns in a simple
form. Instead, we will express these two-layer coefficients in terms of the
half-space reflection and transmission coefficients using a matrix method.

Let the amplitude vectors of the incident and reflected waves in region
Obe a and b, respectively, as shown in Fig. 3. A and B are the ampli-
tude vectors of the upward and downward propagating waves in region 1, respec-

tively. C 1is the amplitude vector of the transmitted wave in region 2. Then

.............
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these amplitude vectors satisfy the following matrix equations

=B Wl

B R
-1
c le

where RO] s TOI ’ R]O’ T]O’ RIZ’ T]2 are the half-space reflection and trans-
mission matrices. It should be noticed that R.I2 and T]2 also account for

the phase difference because the boundary is shifted. Essentially (34a) and

(34b) reflect the boundary conditions at 2z =0 and z = -d, respectively.

From (34b),
B = RpA (35a)
Cs= T.le. (35b)
From (33a),
b = RO'Ia * T'IOB (36a)
A= To.la + R'IOB (36b)

Substituting (35a) into (36b), we express A in terms of a:

At R R R O Y e R L
...............

.......... . . S . RS
PR Sy PP I R T T L S S
A il PRI W R TR N YO N N SN W) LYK DRI R
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-1

A= (I - RygRy,)™ Toa (37)

Combining (35a), (36a), and (37), b is given by
= -] {

b {R10 + T]0R12(I - R10R12) TOI} a. (38)
If we letv

b = Ra (39a)

A = Da (39b)

B=Ua (39¢)

C=zTa ' (39d)

then R, D, U and T are considered as the reflection matrix, downward
propagation matrix, upward propagation matrix, and transmission matrix, re-

spectively. Using the equations (35)-(38), we obtain

-1
R = Ryp * TygRya(1 = RygRyp) T (40a)
-1
D= (I - RygRiy)™ Ty (40b)
-1

(40d)

----




- -

!
The components of the two-layer matrices are written as
‘:i - Tr
Re | W W (41a)
Fiv Pl
D= Mo Mo (41b)
P Pvel
B, 8
u=|Ho V"] (41c)
_BHe BVe
| X, X
: ra W Yl (41d)
‘ v Ay

The half-space reflection and transmission matrices are expressed as

Ry - Rowm  Rorw (42a)
Romv  Forwy
(X X
T = |0 Ve (42b)
_xHe Xve
R R
P (42c)
Roe  Reel
: X X
To= | " (42d)
Xov ey

PP P L
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The equations which all these half-space coefficients govern and the expressions

for them are shown in Appendix A.

Substituting (42) into (40), we finally ob-

tain the expressions of two-layer coefficients in terms of half-space coeffi-

cient

RBa =

S.

Rotea * Xaolb1% * Meo)Xos + Xgoll10e + M) X,

+ xBe(Lzoo + Mleo)XOa * xBe“‘2°e * M1ee)xea

where

Rgo = Xgoby * %gel2

Age = XgoMh * XgeMy

= xso(L1°y + MzeY) + xee(L2°Y + MleY)

Xga = XBO(thOé + Mzteu) + xse(LZth + M1tea)

.(43a)

(43b)

(43c)

(43d)

(43e)

 Lged 5 g B Al i ol A - R < S B Tk o N A A M i MR A= SR g i Bt RSN AN,
21
—.,0 ., 0 . ed 0
eik]zd ? e1k.|zd e-1k]zd . e1klzd
1200 12e0 0 0
Ri2 = | k9.4 1k8Yq -ik%9g k84 (42e)
e 12 g e 12 e 12 g e 12
- 120e 12ee e 0
REX -ik,.d -ik8d4 -ik
1z 22 1z 22
€ xl 20H € € x] 2eH e toH teH .
T12= ] k%4 -ik,.d -ik8d4 -ik,.d| * (42f)
e 12y e 22 e 12 e &2 t, t
- 120V 12eV oV “eV
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A6
P il
’
i 1-5
L = —= (44a)
D
S
L, =2 (44b)
D
1-5
My = —2 (44c)
D
S
e "2 = 9¢ (44d)
% D
i R +oR
- S00 = %Ro0 * %Reo (44e)
Pt
ST =
F Soe = %Roe * %Ree (44f)
| Seo = €oRoo * CeReo (44q)
o
) See * €oRoe * CeRee : (44h)
| D=(1- Soo)(l - See) - Soeseo (444)
o B,a=H or V
e r=o0 or e.
.-
*’}3 The expressions in (43) can also be derived independently by using the method
;'“ of series expansion where we express each two-layer coefficient as an infinite
g series in terms of half-space coefficients by identifying all the constituents
and summing the series.
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IV. Reflection and Transmission Coefficients

First, consider the wave with TE polarization incident from a free space
(region 0) upon an anisotropic medium (region 1) as shown in Fig. 4a. The

electric fields in each region can be formulated as follows

iR -7 . ik . ik -7

Eo(F) = Eo('koz) e ° + ROIHH ho(koz) e ° * ROlHV ;o(koz) e ° ?
z>0 (45a)
E(F) = X, o(-kS,) ei|‘<1° T, X,e €(kSD) e,-g]e " z < 0. (45b)
The boundary conditions to be satisfied at z =0 are
z x E(F) =z x £,(F) - (46a)
2 xvxE(F) =2x7xE(F. (46b)

Substituting (45) into {46), we obtain four algebraic equations. Solving them

for four unknowns, we obtain

U, 2k

- .4 oz 2 0 ‘
Xe = - - kx(kp + kozk]z) sin ¢
e o

where
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= cos2y k 2(k. 2k - k 218d 02k 2 - k8o 2 0
De cos®y kp (kl koz ko k12) * sin "’{kl (koz k12)('(x * kozklz)

0 ed
+ koz)(ke - k]z)

+ kka]z(klz - k,2)} + cos y sin y ky(k?z

2 o
(kp * klzkoz) ’

s de1 2 2 482 _ o 2 > o ed
d et - (k* + ky® * kg wiuey) [k 2 + k= + kyz?
z
1/2
- wluley + &p,)]

94 1 I(oz
=4d 2(k. 2k - L 2,8d
D (ko + 0 ) 2 ) {kp (k] koz ko k]z) cos ¥
e ‘oz 1z P

%40

2192 _ 1 2, p8dy s
+ ky(ko k.lz k] kzk]z) sin y}

where

94 = {kx + (ky cos y + k]z sin )2}

X k 2 X
R = =1+ = = (k.2 cos v + kykyz sin o) - Lk siny 2
94 ko k Ug
X kK X K
2.9 _0Xx,0 e 0 2 ed _ 192 X
Ro1vy 0. k Kk ki sinv + " _k 5 (k2ky, cos v k]zky sin v).
d o0z d poz
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Second, for the incident wave with TM polarization [Fig. 4b], the electric

fields satisfy

- - iRO-'r'- R iRoo?- R ik _.r
Eo(r) * vo('koz) e * ROlVV vo(koz) ¢ * ROI\IH ho(koz) ¢ ’

- ~ o iKy"er n KT

Applying the same boundary conditions as (46), we obtain

Ud 2k° 2 0o . :
Xve = D—k— (kozkp cos y + kykozklz sin ¢)
e p
2 _ od
X, = 34 Zkokozk1 Ky Koz K1z sin
Yo p k k _ +k° '
e P 0z 1z
Y k 2 Y
Ropyy = == = (k2 cos v + k k3, sin ) - ==k siny £
o y 1z X
9 k, Ug
Y kKk Y k
__0 _0X ,0 . _e o 2,ed _ 02 A
Rotvy e Ky, sin v + = (k 2k7; cos v kyzk, sin v).

94 %o 0z Ya % %oz

Now consider the wave incident from an anisotropic medium (region 1) upon an
isotropic medium (region 2). For the ordinary wave incident as shown in Fig.
5a, the electric fields satisfy

iR, - ¥ ik,% . 7 ik.&. ¢

=\ =l k© “ 1,0 1 L 1
E\(F) = o(-ky,) e *+ Ryggo O(kyz) @ * Rygoe e(ky,) @ .

z2>0
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Eo(F) = %1204 27) ©

Applying the same boundary conditions, we obtain

9 G k2 - kZZ

12
kZZ

R =
1200
% Fe K1z *

where
a 2 2(k 2 2 U ) 2 eu 2 0
Ge Cos<y kp (k] k22 + k2 k1z) + sin w{k] (k2 + k )(k k22klz)

- ky 2k° (k] - kp2)} + cos ¥ sin ¢ k y(kag - k?z)(k?z ke")(k 2 k22k$z)

2 0 . 21/2
g, = {kx + (ky cos ¢ - k]z sin ¢)<}
R1 = U" L 2k k2 (k,., - k9 (k. siny + k,_ cos y) sin y
2o0e "y Fe X 12'722 127y 2z
where

= 2 2( 2 eu 2 2
Fe cos2y kp (k] K, + k22k ) + sin w{k1 (k + k]z)(k + ko K 1z)

22
+ k 2k%_(k 2 - k,2)} - cos v sin y k. (K2 + k,_) (k22 keu)(k 2 4+ k%k,.)
y 1z2'"1 2 y' 1z 2z’ ‘Mz 12722

1/2

€
u = -—-l-—-(k 2 +k,2+ k1 - wluey) [k, 2 + ky2 + k?gz - wluley *+ eq,)]

- y
€1 7 €12
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R1200
X - (k 2 cos y + k k% sin y) + -——-—(k 2 cos y - k k% sin y)
120H K y 1z 12
94%o gu 0
120e k]zk sin ¢
U k
Ky s —2 L 40 in g - J1200 kK9, siny + Bizoe (j 492 54y
120V k. K x 12z v - 1z v U y 1z v
2z°p {9d % u
2,8U
- k k]z cos )
For the extraordinary incident [Fig. 5b], the E fields satisfy
A CiR.& .7 ik.®. ¥ iK% F
“\ a ed 1 (LU 1 ) 1
E,(¥) = e(ky;) e * Rygee elky;) € * Rygeo olky,) € ;
z>0
- -~ ikz d ; ~ ikz . F
Ey(F) = X0y hpl-kp,) e *+ Xygey Vol-kp ) @ , z < 0.
Applying the boundary conditions, we get
U H
R 2 - _._
12ee
Ud Fe
where
= cne2y k 2(k.2 2 8d 020k 2 &d
Hy = o2y k 2(ky2ky, + ky2K]7) + sin2e(k 2(ky, + KIPH(K2 + kypkq,)
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240 2 .k 2y} - : o 0
+ ky k]z(kl k2 )} - cos v sin ky(k12 + kZZ)(k12 +

p Ud gu

sin y

u

ed 2
k]z)(kp + Kk

u

A MO MY A L R L A BT A e s B oA B AR St St Bt Baf A i

9
=4l .2 eu ,edy,0 _ : - :
R]Zeo k] kx(klz k]z)(klz kZZ)(ky sin y kZZ cos y) sin ¢
| Uy F
e
Ky =2 L (k%K sin y - k 2k cos )-R‘Ze°kk°
12ev k lu 127y v p 12 v x 1z
2z \"d S
+ Egg-(k k%2 sin y - k 2k%Y cos )
y iz SV = K %k cos v
u
X =1/ Eli kK. siny + Elggg (k 2 cos v - k k. siny) - Elggg k,2k_ sin
12eH ~ | X v o LA P v 1% Ve

As a final configuration, the wave is incident from an anisotropic medium in

the lower region 1 upon an isotropic medium in the upper region 0.

incident ordinary wave [Fig. 6a], the E fields satisfy

0 = .= 0 =
er 1K] er

R i .
E](F) = o(k?z) e | + Roo o(-k?z) e

] . ik, - ¥ . ik, -
Eo(r) * on ho(koz) & * xov vo(koz) e ’

Applying the boundary conditions, we get

~, ed 1
+ Roe e(k]z) e

ik, ®©

er

For the

o
IszZ)
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where

= ence k 20k 2 - L 28d 200k 2 K&y (k 2 - 0
Ee cos4y kp (k] ko k k ) + sin w{k (k 1z)(kx kozklz)

- k 29 (kg2 - k 2)} + cos y sin y ky(k§’z - koz)(k? k]z)(k 2 .k k%)

y 1z 0z'1z
R U—d-l- (k -k _)(k, sin v - k__ cos y) sin y
oe 9 D x lz 0z’ ‘\y 0z

2 R 2 .
k cos ¢ - Kk k.lz sin y) + — (k cos ¢ + kyk]z sin y)
9%
R
- 28 ky2k, sin ¥
Yg

k R R
=0 1 .0 .0 , 0 i _ _0€ 02 cin o - 1 2,8
xov - kxk]z sin ¢ kxklz sin ¢ " (kyk]z sin ¢ kp k]z
0Z p gu gd d

cos )

For an incident extraordinary wave [Fig. 6b], the E fields satisfy

.. ik, . 7 iR.% . ¥ ) iR,®. 7
E](?‘) 2 e(k?:)‘e L * Ry o.( -k? ) e | * Reg e(k?i) e | ,
2<0
. ﬂZO-F 1E°-T~
Eo(r) = Xy o(k ) e + Xy o(k ) e , z>0.
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Applying the boundary conditions, we obtain

R s-&lg
ee
Uu De

where
a 2 2(k 2 - k 2K&u 2 2 - K&u 2 0
Ie cos%y kp (k1 koz ko k'lz) + sin w{k] (koz k]z)(kx + kozklz)

210 2 . 2 : 0 o _ . eu 2 o
* k,y klz(kl : ko )} + cos y siny ky(klz * koz)(k’lz k]z)(kp + kozklz)

ed e 0 . .
o ky2k, (k35 - k]g)(k.lz - koz)(ky sin y + k_, cos ¥) sin v

g
R s._dl
UU De

X

R R
s L)l 1.2 Q0 2 0 s ee ;
eH —k —-k.l kx sinw+—(kp cos ¢ + k ky_ sin y) -—k]zkx sin y

y 1z
ol Y % Uq

k
X . - 0 l (k°2

R
_ L 28U eo 0 ..
k.y siny kp k]z cos ) + — k ki, sin y

ey 1z x 12
Kozko Uy 94
+ Ee_e. (k k92 sin y - k 284 cog )
ud y 12z v p 12 v

.......
- e W
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Y. Conclusion

The dyadic Green's functions (DGF) for an anisotropic (tilted uniaxial)
medium have been evaluated for the unbounded and the two-layered cases. Inside
the uniaxial medium, there are two characteristic waves, i.e. an o-wave and
an e-wave. A wave incident with either TE or TM polarization produces both
TE and TM waves when it reflectes at the interface of an isotropic and a uni-
axially anisotropic media because of its coupling into both the o-wave and
the e-wave. With the availability of the DGF for anisotropic media, many
layered-medium problems can now be solved. For instance, the problem of

radiating a Hertzian dipole with an arbitrary orientation on top of a two

layer anisotropic medium can readily be solved.
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Figure Captions

Figure 1 Geometry of an anisotropic medium.

b

2 .

2 Figure 2 Geometry of a two-layered anisotropic medium.

g

5 Figure 3 Amplitude vectors of the incident, refiected and transmitted
T waves.

:}j Figure 4 Reflection and transmission from an isotropic medium upon a

g anisotropic medium.

} . Figure 5 Reflection and transmission from an anisotropic medium (upper)
upon an isotropic medium (lower).

v Figure 6 Reflection and transmission from an anisotropic medium (lower)

LR

upon an isotropic medium (upper).
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