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ACTIVE AND PASSIVE RENOTE 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

N00014-83-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 a 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

reote 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 TM 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 uniaxial 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 significant role in the random medium model.
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APPENDIX

Dyadic Green's Functions for Layered Anisotropic Medium

J. K. Lee and J. A. Kong

Department of Electrical Engineering 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

unlaxial. With the availability of the DGF's, many problems involving radia-

tion and scattering of electromagnetic waves can readily be solved.
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I. Introduction

The dyadic Green's functions (DGF) for various configurations have been

studied extensively in the literature[I 3J. In applications to microwave

remote sensing, the problem 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

has been derlved 2 ]. However, in most practical applications, the optic axes

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

the results of the DGF for both an unbounded and a layered anisotropic medium

corresponding to a unlaxial 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.
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II. Dyadic Green's Function

In order to facilitate the derivation of the dyadic Green's function (DGF)

for an anisotropic-iediun layer, we first consider an unbounded anisotropic

mesdium whose permittivity tensor, e, is taken to be uni axial with its optic

axis tilted off the z-axis, by an angle *p in the y-z plane as shown in

Fig. 1. The permittivity tensors e() and F=, before and after the tilting,

respectively, are as follows:

0 0

[1 0 :C22 e23 (2)

L 0 C32 £-33

where

£11 = ~,(3a)

£22 * cos2 * + C z sin,*, (3b)

'23 ''2*('z - ) cos ip sin DO,

£ 33-esin2* + e cos2q,. (3d)
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The DGF for this anisotropic medium, (F, '), satisfies the vector wave

equation

V xV x x(, ') . * •(F, F') = 6(r - F') (4)

where w is the angular frequency and p is the isotropic permeability of

the mediun. We write the Fourier transform pair of DGF as followsam
gaF, A d31 (k, P) ei " (5)

(2w.)3 f--

~~0 F) Jg (F, P') e- (6)

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

6(F(- F') (2)3 (7)

we obtain

(E, .')=- •~ . + .2x]" e i  F' (8)

where

= 0 A k-
-ky

k y kx

: "=Y YP""r"Y''W'' 'P,,Z 'r.+ . ' ,: '.+':'.';:'+
''' '.-, '.. . "." ""- ' "
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Performing the matrix inversion, we obtain

As,., A 23
1 (10)

w2 u D(E) o2(k) A22 A23

L1 A32 A331

where

D1 (R)= kx2 + ky2 + kz2 ( h2UC (Ila)

D2 (k) - ekx2 + E22ky2 + c33kz2 + c232kykz - w2u=e z  (lib)

A11 a kx 2 1 + k x 2zw (c - EZ) - Wz2 uD2  (12a)

A1 2  A21 z kx ky DI + wzukx(c - cz) cos * (ky cos * - kz sin ip) (12b)

A13 = A31 z kkzDI + wzukx( z - c) sin * (ky cos * - kz sin v) (12c)

A22 z k yD, - W2 uEckx2 + c33ky2 + c33kz2 - w 3u€c 333 (12d)

'A23  a A 32 - kykzDI + w 2 .a23(ky2 + kz2 w2 uc) (12e)

A33 n kZD I - w2i ek x2 + e22ky2 + 2 -2 € 223 (12f)

...............................
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In the derivation of (1l)-(12) we made use of the relationships

22'33 " 23 = "z (13a)

622 + E33 = e + ez" (13b)

Substituting (ll)-(12) into (5), we perform the integration over kz. The

poles of the integrand occur at the zeros of Di() and D2(R) denoted by

±kz and kz = keu and kzd, where

k z0 Z [W2UC - kx 2 k y2]1/2 (14a)

k yu

kd} 3: ky 3 y ll33 - 22E33ky +  33
z- e3 3 3  

2 Ci 2

(14b)

Here, kz° (or -k 0) and k ) 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, D1(E) = 0

and D2() - O, can be obtained by simply transforming the k-variables in the

dispersion relations of vertically uniaxial medium[2], i.e. by replacing kx 2
Sy, kz  by kx , ky cos * - kz sin , ky sin * + kz cos q in (All) and (A12)

of Ref. [2] which are shown here:
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D(OI(E) - kxZ + k 2 + kz2 - uc (15a)x y

a r (k + k 2) + c k z - wzueFz  (15b)x y z zV

Assuming the medium to be slightly lossy, i.e. Imkz << Re k., Im kz° > 0

and Im keu > 0, and performing the contour integration over kz , we obtainz

for z > za

f- 0 0) 21 22 23
eWe (k'z d(, " £

)I  
B 1  B B13

8+ JJ - X ck20  B2[  B2  1 >UL31 32 B33

e _u ed - Ic C (16)
(ke k )d W2UC3  DI(kz k eu) 21 C22  C23,- kz ) c33 D( z  C C

L31 C32  3I

where

a kxX + ky + kz°z (17a)

keeu k + kz kz (17b)

Bil a (k cosv kz° sin 9),)2 (18a)

12 6 k cos, ' cos k-0 sin,) (18b)

B13 ' B31 a kx sin (k cos, - kz0 sin q) (18c)

'; i , ;'" ' : ';."-;.,'..,,.,'',"- '...'. .,......".",.. .. -...-.'- ...-...-. ,"- .-,.,-y.. - .
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B22 xk2 cos 2, (1 8d)

B2 3  B 832 = -kx2 sin p cos , (18e)

B33 = kx2 sin2, (18f)

C = kx2(ky sin , + keu cos ,)2  (19a)
y z

C12 = C21 = k (k sin , + k euCos )[k (k sin , + keu Cos) - sin21 xy z y y z

(19b)

C3 31 kx(k sin + k cos ,)[k z (k sin , + keu cos )- W2uCOS ]

(19C)-

eu -k 2e
C22 z [k (k sin * + kz cos 1,) - 2 sin p] 2  (19d)

y y

C23 = C32 a [k (k sin* + keu COS,) -W 2U sin f][keU(k sin e+ kz  cos)
y y z zinW k

_ 2C COS P] (19e)

c [k eu(k sin * + k eu Co w~cCo ]2 (9feu eu
C33 =k z (y si z  co )-= o ].(19f)

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

c[kx2 + (ky cos * - kze sin ,)2] = [(ky sin * + kze COS )2 W24E]  (20a)

e[k 2 + k 2 + ke2 - w2 uizc = - cz)(ky sin , + kze cos ,)2 (20b)
x y z z z
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D(k z  kz°) = (- z)[k x2 + (ky cos - 0 sin q)2 ] (21a)

e 
eZ

D1(k z = kze ) = [(ky sin , + kze cos *)2 _2pe]  (21b)

eeu ed

kze ke or ke

e22 sin * + E23 cos * = cz sin (22a)

e23 sin * + e 33 coS * = eoz Cos (22b)

£-22 Cos * - £23 sin * = e cos q, (22c)

e23 COS * - E33 Cos V = -e sin (22d)

2= -
-  ) si n2q, (23a)
- (22 -) "

ez - e22= (z e) COS2* (23b)

e - e33 = (c - £z) cos 2p (23c)

ez " e33 (ez ") sin 2* (23d)

For z < z', we obtain , ') in a similar manner by noticing that

Im(-kz0 ) < 0 and Im(ked) < 0.

Finally we cast the dyadic Green's function for the unbounded anisotropic

medium, ( j') in the following form:
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ga 2 AJ X~ kz 0 ok) kzoe

+ keu 2 w2 u~(c + c) (k 2 + k 2 + k eU2) kU)ek)e

~k uked £~u J

for z > z'(24a)

d(V d') ;(-k z0) Q(-k z0) e k

8'-ff1 kk dk 0

2 e? i Re * _
2 4pe+ ez ( 2 +( )ze e e+ k e kec d w~ u ec z e kz e

z z 3

for z < z'(24b)

where

;(k) 0 z (25a)

Z I xR0

e(k eu) o(keu) u (25c)

.ed

e(ked) o(k~ z x Ru(25d)
z ~IR UI

o(k~u a z (25e)
z IZ x ke(



o(ked) = z' (25f)

R ° - I -kzZ

Re = , + kedZ

I= * ~

K = ReU

Ep - kxx+kyy

z = y sin * + z cos *.

We notice that o(±kz0) is a unit vector in the direction of the electric

field for an ordinary wave and e(k e u) or e(kd) is a unit vector in the*

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

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

(z'-axls) and the propagation vector (R°-vector) as it represents an o-wave,

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

Revector as it is an e-wave [23 . We also notice that for an o-wave, the di-

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

as the direction of propagation vector (Ro), while for an e-wave the direc-

tion of power flow is different from that of propagation vector (Re). In

fact, for an upward propagating e-wave, the electric field (E), the mag-

netic field (R) and the Poynting vector ( x R*) are in the direction of
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e(kze), O(kze) and Eu , respectively.

The result checks with the expression of DGF for a vertically uniaxial

mdiumL1 3 in the limiting case as = 0. For an isotropic medium where = 0

and e - e z , the o-wave becomes a horizontally polarized TE wave and the e-

wave becomes a vertically polarized TM wave as follows.

O(_kzO h(±kZ) , zx (26a)k
P

k

e(ked) v(k = _ h-(k) x (26c)Z Z k Z

Z k Z

where

k -=(kx2 + ky2) 1/ 2  (27a)

k = (k2 - k p2)1/2 (27b)

k W " (27c)

*,+ k z (27d)
P Z

R- k kz. (27e)

S.4* * '' * * * * .-
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III. DGF for Two-Layered 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 Co  and 22

respectively. The medium in the middle is anisotropic as described in the

previous section. In the principal coordinate system it is characterized by

C1 and £lz" The permittivity tensor after the tilting of the optic axis

is given by

El1 0 0
£1 [ :22 c23 (28)

L32 £33

where

£11 = F1, (29a)

£ 22 e 1 cos2* + elz sin2* (29b)

c23 = £32 2 ( z " c1) sin cos i (29c)

£33 = cl sin2+ cs 2e. (29d)

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

be in region 0. DGF's 00(, '), 10 (r, ') and 920 (r, P) satisfy

If" " "" " "
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v x X x o ,') -900 o .') Y () - z > 0 (30a)

V V' -0 ',") 0, -d < z < 0 (30b)

V x X o - W2 ue 2 o(, i;,) = 0, z < -d (30c)

and the appropriate boundary conditions at z = 0 and z = -d and radiation

conditions at z - ±-. 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 %his two-layered geometry in the

following form:

90(a, ro=i. dkxdky 1 .[o(koz) e 0 + RHH ho(k oz e o
8 2  ff ftY k oz ,

iko • i~o. •" 'iv o(k oz) e o ho(-koz) + [v(-koz) e

+ RVV Vo(koz) e + RVH h(koz) e Vo(-koz)} e

0 < z < Z' (31a)

fl10(F,0 0* ff 1kdk 0 iR0 *dk - E[AHO o(-klz) e + BHO o(koz) e
w f f k oz 

H I
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+ ~ed le +B eke e 1 )h (-k)
HeBzHe Ikz 0, oz

+ CAV0 o(-ko ) r + B 0 ~~) e 1

+ S d ) e. A ( eu )) (-k e 0

+ Ae e~Iz V Be eI 1z 0 oz

-d < z < 0 (31b)

820(r, x YL. ddk oz~ {XHH h2(- 2z) + XHV v2(-k2z)] ho(-k 0z)

+ EXVV v2(-k 2z) + XVH h2(-k2 ) vo(-koz)} e1  e

z < -d (31c)

where

hi(A±k) -zx kii = 0, 2 (32a)
k
p

;i(ki) -L ;ih(k1 z) x k, 1 0, 2 (32b)

Vi(-kiz) - hi(-k1 z) x K., i - 0, 2 (32c)

* I k1  0

;(ko IzH xI

O Iz lit x R Ol
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e~kie)

ed o ek)
e(k ed) a = l I x l

R + k iz i= 0, 2

K. j - Ii = 0, 2

1 p lz

*Re = + k eu

I p z

fku~ 1 2 1 2  /

k l .z k 2 - 1e3~ 0, 2 2 3 k 2 i
£33 £33

*~ ~ 0. -,* k 2. . * - . - .. * * * .' - *

Iz 1- p* ~ . .

IA kS .55... k2 2 k 25 k 2. +5 k 2
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kt - w'i1. i 0, 1, 2.

The boundary conditions to be satisfied at z = 0 and z = -d are

Z o ') X 40o((F i ), z = 0 (33a)

Z x 0  o' ), z = -d (33b)

z xV X G00( , z') z xV x 10 (, F') z = 0 (33c)

Z xV x = z x 7 x o20(, ) z = -d (33d)

wher (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 eight 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

0 be 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 is the amplitude vector of the transmitted wave in region 2. Then
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these a plitude vectors satisfy the following matrix equations

O[ T (34a)

(1)- [R12  
(34b)

where Rol. To1, R10, T10. R12, T12  are the half-space reflection and trans-

mission matrices. It should be noticed that R and T12 also account for

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

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

From (34b),

B - R12A (35a)

C - T 12A. (35b)

From (33a),

b = Rola ' TloB (36a)

A = T01a + R10B (36b)

Substituting (35a) into (36b), we express A in terms of a:
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Au (I- R10Ad To, a- (37)

Combining (35a), (36a), and (37), b is given by

b = fR 10 + T 10 R12(I - R, 0R12)_ T0 }l a. (38)

If we let

b Ra (39a)

A Da (39b)

B Ua (39c)

C Ta (39d)

then R, 0, 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

R x Rol + T10R12(I - R10R12) 1' To, (40a)

O x (I - R 10 R12 ) 1 To, (40b)

U =R 12(' - RI0R12 Y1' To, (40c)

T a T 12" - R10R12 Y1 T 01  (40d)

V.. * - . *t'* **. *.* . . .-. , - . . . .



20

The components of the two-layer matrices are written as

Ra RVHJ (41a)Rv IV V

D a 'AHO AVo~ (41b)

u e Bveo V° (41c)

TaF H XVH (41d)

LXH V X W.

The half-space reflection and transmission matrices are expressed as

FlHH ROIVHl (42a)

LR°mv Rol VV
lHo X 1

TO1 _ (42b)

e Xvei

R 1 r : 0 Reol (42c)

TI o H (42d)XoV Xe V

', " ,: e'". . " -' 4 " , ." . - " .","."." ". . . .
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e ikzkz d  e-ikd eik z  eS120o R12eo e
12 ik R lkd i dikeu ~ ed eu = l(42e)

lZ Ri e lz eIklzd - .

e i l dX -ik 2zd e-ik lzd X ik 2 zd t

FloV e Xl2eV e toH te

T12 iko d iko die V~k~ ikk 2 dekz e ed Li d(42f)

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-

cients.

Rac a 0%IS + X0o(L 1 o + M2 eo)Xo. + X o(LiOe + M2e e)Xea

+ XBe(L2Oo + MleO)XO + X e(L2a e + Mle )Xea (43a)

Aso = X00L1 + X~eL2  (43b)

ABe = X SO2 + XseM1  (43c)

B B = X 0o(LaoY + M2 eY ) + XBe(L 2 oY +MleY) (43d)

XOO - XBo(Llt 0  + M2te) + X e(L2toa +MItea )  (43e)

where

.5'

-. -
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1 - See (44a)

DSL eo (44b)
K2 D

4 = 1 0 00 (44c)

D

=o (44d)

S0= Oo0oo +OeRe (44e)

Soe = OoRoe + OeRee (44f)

Seo a e0Roo + eeReo (44g)

See a eoRoe + eeRee (44h)

D ( 1 S00)(1 - See) - SoeSeo (44i)

, =H or V

r a 0 or e.

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

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

o()  o(-koz e iRO• F + k eik o •F (k iko 0

0 + ROlHH h(k oz)e + ROHV vo(koz

z > 0 (45a)

iK 0  ed iRIe .r
= ) + )e e(kz) e, z < 0. (45b)

The boundary conditions to be satisfied at z = 0 are

z o(x ) = z x (-) (46a)

Z x V x 1() = z x V x l (46b)

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

for four unknowns, we obtain

U d 2ko
- d z k (k 2 + ko in 

"He De k x p

where

V , ~ 4 ., . .. ... . .- . . . .. . . . . . ..-. . ... . - . - . . . .; : ,
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COS 2 * k~ 2k 1 k - k o+ sin2 ed(k2(k) 2+kko

+k 2 kl(kl2 - ko2)} + cos p sin , (klz + ko )(ke 0 -kz)

(kp2 + kzkoz)

Ud= 1 (kx2 + ky2 + ked2_ W2el)[kx2 + k 2 + ked2
d x y y lz

~1/2

- W 2 
11c + E

-I2.(¢1 + 1'z)J}

_- 9d 1 2 k" fk 2(k12koz - k 2kedl C
D10 De (koz + kz) k Z Ozz

+ k (k 2k°2 - kl2k ked ) s
y 0 1z I'z lz

where

= R 2 + (k cos , + k z sin )2 }1/2

d y z

%I1HH = -1 + -  1 (k p2 cos + k yk0z sin k) - k k sin X
gd ky k x Ud

XX k 
X° k ki sin , + !e ed 02k

OIVV = 9gd kpkoz Ud k ko2klz cos k - 2 sin)

.koz
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Second, for the incident wave with TM polarization [Fig. 4b], the electric

fields satisfy

eiRO. i .0 iRo.

Eo( 0o(-kOZ ) e+ RO1VV Vo((oz) e o + ROIH ho(koz e

z>O

ei K1°0 - " r ed iK Ie-T

= XVo o(-kOz) 1 XHe e(kz) e , z < O.

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

X Ud (k kp 2 cos + kkko sin4,)

XVe De kp ozP yozlz

gd 2kokozkl2kx koz ked I
_V lz iDe kp koz + koz

Y o I k kz s n - x si

Y ~12  e%lVH -L± (k 2 cos * + k) kI nz kY UdOl H gd k p y 17 S k p Ud

1 - kko sin * + o (k 2ked cos k02k sin

O gd kpkOZ Ud kp k oz P Z lY

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

EI(F) o.(-k ) e + R o(k)e e(kl)

-'I z > 0
..........................

.z>O
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= Xl2oH h2 (-k 2z) e + X12oV v2(-k 2 z) e 2 z <0.

Applying the same boundary conditions, we obtain

.gu Ge k z" k-
R12oo -z 2

gd Fe +2z

where

Ge cos 2? kp2(k1ak 2  +k 2keu) + sinZf{k12(k2z + kl)(k x2 - k2 zkz)

-k 2 kuz(k z - k 2)} + cos * sin * k(kz- kz)(kuz- keu)(k2 - kzk)
y izi1 2 y 2z lz lz 1z P 2z 1z

1/2"

= {k 2  + (k y cos -k z sin ) 2} .

12oe - L 2kxkoz(k2z - 0 )(k sin + k cos 0) sin

gd Fe

where

Fe = cOS2* k 2(k + k2 kU) + sin2*{kl2(k2z + klz)(k x2 + k2zkz)

+kZk0(k 2 - k2 )} - cos * sin * k(koz + k )(k 02 + keu),k 2+ ko k
y lz 1 2' y1z ~2z Iz lzk P Iz2z

F+ eu2.a2pe )[kx2 +k 2 + eu2.W2C(,l + z) ]

u,2 + -+ klz 1 + k2 kez

' ,, ,,,. , ,, , "" ." '" '" '" " . .. . , . . . -, . • , . . . ., . .
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X (k 2 cos + kk sin p) + R 120k 2 cos - kyk sin p)
12oH k P y gk ylz

R1oe kIzk x sin

U k 1
upk 2  .. Lk

kX k kko z sin R12° kxkz sin 0 + sin

12oV k 2 (kyk plz

- k 2keu Cop Iz S

For the extraordinary incident [Fig. 5b], the E fields satisfy

ed " R 1 eu

e(k) =e(klz ) e + R12ee e(kz) + R1;eo O(koz) e,

z>O

• R,* iK2.•
-() X12eH 2(kzz) •e + X12eV V2(k2z) e , z< O.

~Applying the boundary conditions, we get

UH eRi2ee - ue

Ud Fe

where

2 k k 2 k )ed + sinZ*{k, 2(k2 z + kk)(k
oH e cOs2* kP 2(klIk2z + 2 K z) + d kz(x2 + k2zzk Iz)
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+ k2kz(kl2 - 2)1 cos 0 sin v ky(kz + kz)(kz + kz(k 2 + kozk2z)

R Ieo -L k k(k - kz)(koz " k2z)(ky sin k cos *) sin

*2e X1 dev 1 -kz y "z c 2z k 2z
R 1

UL sin k 2ke cos )

R12eH k k RU2e d si ) R12ee
R ke 12 e

+ yl (kkksiino knk z os0
Xle 1 k -U kx sin + + -g (kp cos k kko sin ) Uu klk sin .

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. For the

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

iRl 1• F eI~l e ik 1e

ll = o(k z) e + R o(-koz)e + R e(kld) ,

z<O

SXoH ho(koz) e + X V(k) e 0 z > 0.

Applying the boundary conditions, we get

0 k

gu De kz +koz
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Ee " cosZs p - + son20{k 1
2(koz - lz " oz l z

k2kz(k 2 - ko2)} + cos i sin V ky(k~z - ko)(ko) + ked)(k 2 - k ok )

Ud1 o
D-- 2kxkoz(kz - ko )(k sin s - k cos i) sinoegu D e l ozyz

XoH{ _- (k 2 cos - kk sin + Roo (kp2 cos + k kz sin s)

- - kl2kx  sin p

u d

kX i - Lo k ko sin Roe- - (kk02 si k 2k ed Co

oV5 0 k ~ -Ro Ro k- k CS'*)

kozkPlz gd xlz Ud y Iz p Kz

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

z<O

k e O• F + Vo(k eilo F z
0( ) XeH okoz) +XV 0 oz>O.
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Applying the boundary conditions, we obtain
Re Ud 'e

--. Re0  =

Uu De

where

eu) eu k0

S= COS2* k p2(k12koz - k02kz) + sinz*i{kl Z(koz klz)(k x2 + koz kz)

+ ky2kIz(ki2- ko2 )} + cos * sin , k Nz + k )(kz klz)(k p2 + ko

R~ ~gdI k )(k sin k+k.  cos, esin
eo Uu De yx z lz(kz - oz)y oz

Xe=uL{ I kl2k sin + N- O (k 2 cos * + kyk z sin e- e kl2k si }XeH kP Uu  gd

. 0k 1 y sin k 2k eu Coe kxk 0 sinXev k oz kp Uu (lzky sP V-" Iz cos x) + --

Re (k k° sin - k aked o
Ud ( y kz klz Cos 0)
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V. 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.

Figure 2 Geometry of a two-layered anisotropic medium.

FIgure 3 Amplitude vectors of the incident, reflected and transmitted

waves.

Figure 4 Reflection and transmission from an isotropic medium upon a

anisotropic medium.

Figure 5 Reflection and transmission from an anisotropic medium (upper)

upon an isotropic medium (lower).

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

upon an Isotropic medi um (upper).
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