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Polarimetric Analysis of the Electromagnetic Waves Scattered
from Random Surfaces-Full Wave Solutions
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Abstract

In this work, the electromagnetic waves scattered from 2-dimensional random rough surfaces are
characterized by the 4 x4 Mueller matrix elements, The full wave solutions are used to compute these
elements. The results of the full wave solutions for 1-dimensional random rough surfaces were shown
to agree well with those of the experiment and the method of moments. The Mueller matrix elements
are related to the like and cross polarized radar cross sections as well as to the relative phase of the
vertically and horizontally polarized waves, The 4x4 Mueller matrix elements completely characterize
electromagnetic scattering from target. The computed results of this paper can be useful to the field of

active remote sensing or RCS.

so on. There have been numerous efforts to

1. Introduction obtain the solution through decades of re-

search works. Rice’s small perturbation sol-

The scattering of electromagnetic waves by ution™ was obtained based on the assumption
rough surfaces is challenging to many that the root mean square surface height is
researchers in diversified areas such as EM very small and of the same order of smallness
theory, light scattering, remote sensing, and as the surface slopes. When the surface radius
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of curvature and correlation length are large
compared with the free space wavelength,
Beckman’s physical optics solution®?! is con-
sidered to be a good approximation, If, in ad-
dition to the conditions for the physical optics
solution, the root mean square surface height
is very large, the limiting form of the physical
optics solution becomes the geometrical optics
solution. In an effort to exploit the advantages
of both the small perturbation and physical op-
tics solution, the two-scale model was intro-
duced®, However, the results based on this
mode]l depend on a particular choice of the
spectrum division, Recently the integral
equation was solved numerically using the
method of moments!!®, The main disadvan-
tage of this solution is that it takes too much
time. Until recently, these numerical solutions
had been practically restricted to one-dimen-
sional rough surfaces.

The full wave approach!®- is used here to
compute the 4x4 Mueller matrix elements
which completely characterize the electromag-
netic waves scattered from the targets(in this
case, 2-dimesional random rough surfaces).

The polarization state of an electromagnetic
wave can be described in terms of the four
Stokes parameters which are measurable. The
4x4 Mueller matrix relates the 4X1 incident
Stokes vector to the 4Xx1 scattered Stokes
vector. It completely characterizes the waves
scattered from rough surfaces, If the Mueller
matrix elements for a particular rough surface
are known, the Stokes vector of the scattered
waves is readily obtained for arbitrary excita-
tions. The elements of a Mueller matrix are
dependent on rough surface parameters and
medium characteristics above and below the
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rough surface. They are also dependent on the
incident and scattered angles. The main mo-
tivation of this work is to polarimetrically
characterize the waves scattered from random
rough surfaces through the Mueller matrix
elements.

The Mueller matrix elements are computed
for the backscatter direction as a function of
the incident angle. They are also plotted as a
function of the root mean square surface
height and the correlation length for a fixed
incident angle. Their relationships to the
ellipsometric parameters are also considered.

II. Formulation of the Problems

2-1 General Features of Jones Vector and Stokes
Vector

Let E, and E; be the two complex electric
field components given by

E, = |E lexp(ig) (1)
E, = |Ez|eXp(i¢2) (2)

The Jones vectors are usually defined as

Ek sz Eh
Er= " = =" (3)
E! E™ E}
where
k=i, f.

E' denotes the Jones vector for incident
fields and E’ denotes the Jones vector for the
scattered fields. The electric fields E, and E,
are orthogonal to each other. They may be E.



and E, in the Cartesian coordinate system or
they may be E, (or E¥) and E, (or E¥) in the
spherical coordinate system, We also define
the Stokes vector

TGO

G
G
L. Gs

[ <|E*+ |E2>
<|E1’2 - |E2|Z>
2Re< E E;> (4)
L 2Im<E E;>

[ <IEl2+ | E*>
< |E1’2 - |E2|2>
2< | E || E; | cosg>
L 2<|E\| E;|sing>

where

¢=0 ¢ (5)

and E,, E, and ¢ are random in general. The
symbol < > is the averaging operator.

For the monochromatic wave with constant
field amplitude and constant phase difference

4,

Gy
6=| @
G,
G;
[E|* + |E,|2
— |E1|2 - |E2|2
2| E | E;| cos¢ (6)
21 E || E; | sing

A Fdo 2 e Aeke & ARote) Aoy H4

In this case of completely polarized waves,
it can readily be shown that G2 = G* + G:+
G3

Another extreme case is that of an
unpolarized wave (or natural light). For natu-
ral light, G,=G,=G,=0, because ¢ is com-
pletely random and thus <cos¢> and <sing>
g0 to zero.

However, in general, G:>G’+G*+G:x0.
The degree of polarization is defined as

Gi+G:+G;
V=—l—b# (0<v<1) (7)
0

If ¥ = 0.7, it means that 70 % of the waves
are polarized and 30 % of the them are
unpolarized, The typical polarization states are
shown in Table 1. The Stokes vectors in this
table have been normalized.

Table 1. Typical polarization states and their

Stokes vectors

Polarization state Stokes vector
Vertically polarized wave 1 1 o0 or
Horizontally polarized wave | [1 =1 0 0]
Linear +45° polarized 1 o 1 oI
Linear —45° polarized 1 0-1 oF
Right circularly polarized 1 o o0 1r
Left circularly polarized 1 0o o0-1r
Unpolarized (Natural light) | [1 0 0 o

Sometimes the Stokes vector G is modified as
follows since the first two elements are
associated with the scattering cross sections
for vertically and horizontally polarized waves
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Go <|E*>
2
Gm: Gml e < |E2‘ >. (8)
Gz 2Re<E\E;>
G 2AAm< E\Ex>

Table 2 shows the typical polarization states
and their modified Stokes vectors of which

elements have been normalized.

Table 2. Typical polarization states and their

Stokes vectors

Polarization state Modified stokes
vector
Vertically polarized wave [1 o o0 oF
Horizontally polarized wave | [ 0 1 0 0OF
Linear +45° polarized (12 12 1 oF
Linear —45° polarized (12 12 -1 orF
Right circularly polarized (12 12 0 1F
Left circularly polarized (12 12 0-1F
Unpolarized (12 12 0 oI

(Natural light)

Using the full wave approach, the diffusely
scattered fields from two-dimensional rough
surfaces are given by 1940

S i i W QVH i
El :S El :GOSO Elv :Go Sﬂ S 0 Ell
E E; E; ST SV | E

ZGoﬂ{ i D”} lexp(iv -7,) —exp(iv +1.)]

DH DHH

E

dxdz, {E‘ (9a)

2

where
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_ kbexp(—ikor)

0 =

(9b)

2mivyr
v =k_0f—E)i=vxa +v g +v:4q (%)

7=k, (sin® cos¢’ @ + cos8a, + sin®fsind a)
(9d)

%= ko (sin®'y cos¢'a — cosby g, + sin6ysing'a.)

(9e)
=xaxtysatza (9f)
7[ = x: Ex + ZS EZ (gg)

D% (P,Q = V, H) are the elements of the
2x2 rough surface differential scattering coef-
ficient matrix D(%k’, E')i" which accounts for
the slopes of the rough surface (hs, k), and
S/(P, 0 = V, H) are the elements of the
scattering matrix So(E’, 2') which relate the
scattered fields from the whole radar footprint
to the incident fields. Sy™ depenas on the inci-
dent and scatter angles, rough surface par-
ameters, and electromagnetic characteristics
of the medium above and below the rough sur-
face. In order to make the scattering matrix
S.(E’ E") independent of the distance r from
the target to the receiver, G, has been
factored out from S, r, is the position vector
from the origin to the position on the rough
surface and r, is the projection of 7, on the
mean plane y,=0,

2-2 Coherency vector and Mueller matrix



For the derivation of the Mueller matrix, we
also define the coherency vector J* (k = i, f)

as follows!!
o= (5] e
b — (pk By —
JtE=(E* X E¥> < B EF >

CEF B¢ Ji

_| EFEFY| _ Ji5
(E Et*) ot
CEF EZF*) Ja (10)

where X denotes the Kronecker product.
If Q is defined by

1 0 0 1
0 1 1 0 (11)
1 =i i 0

the Stokes vector G is related to the coher-
ency vector J by

Gt = QJ* (k=i f) (12)

The coherency vector for the scattered waves
Is given by

J'=<Ef X E/*> = <SE‘ X S*E"*>
= <(SXS*)(EXE™")>
= <SXS*>KLEXE*>=<S5xS*>7(13)

Thus,
G/'=QI=Q<KS x §>Ji
=Q<S X S$*> Q1G'= MG’ (14)

M is called the Mueller matrix and relates the
incident Stokes vector to the scattered Stokes
vector,

A o2 Vel 45 E AAse) Hokd o4

The elements of the Mueller matrix are

CSHS> SIS LSS LSS

CHIS> SSHSHTS CSHSHS HSHTS
M=Q) comors <smerrs cgmgirs (gungnrs |

KIS L SHIS < SIS & SHIGHS

=[141BIC|D] (15)
where

My
My
M,
My

_§< SYV SV - SVH SVH' 4 GHV GHV' | GHH GHH'
_§< SYV SYV' - SVH SVH' — GHV GHV _ GHH QHH'
- <Re(§" §™'4§¥H i) >
<Im(S¥Y S#+ SVH grir) >
(16)

M,
M,
My
M,

A;< SVV SVVT —SVH SVH'  GHV QHV* _ GHH SHH'
%< SV SVt —SVH SVH _ QHY GHV' | GHH GHH",
- <Re(§" s —§vH gnr) >
<Im(S"V s+ Ve gy >
(17)

M
My
M
M43
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<Re(SV SV + SHV SHI)>
<Re(SW SV — SHV SHIT)>
<Re(S SHI + SVH SH)> (18)
<Im(SP SH + SVH SH)>

and
M14
D — M24
M,
M,

<Im(S""" S¥H + SH" SHH)
<Im(S"" S¥H + SH SHI)
| <Im(S*" SHH + SVH SHV)

( )

>

>

5 (19)
Re(S"¥ SHH' — SVH SH")>

A

The Stokes vector G is related to the modified
Stokes vector as follows

Gy <|E I E 2>
G <|E 12— |E|?>
G, 9Re <E E; >
Gs olm <E, E; >

1100 <|E >
1-100 <|E|>
0010 9Re<E E; >
0001 Am<E E; >
= NGn (20)

Substituting this relationship in (14) leads
to

NG.L = MNG, = Q <SxS$*>Q-' NG, (21)

Thus, the modified Mueller matrix M,, is
given by
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M, =N-IMN =N"1Q <SxS5*> Q!N

=(|Am| |Bn |Cm |Dn)
where
M < SV §V>
Mle <SHV SHV'>
An | My | = | <2Re (87 577>
Mua <2Im (S*” S#°) >
Mo | < SVH SVH>
M i < SHH SHH">>
Bm Mun | — | <2Re (S8 SHH)>
Mz <2Im (SVH SHH")>
Mm13 1
Mm23
Cn Mo
M3 |
<Re(SYY S¥H*)>
— <Re(SH SHH*)>
<Re(SVH* SH L SVV SHH*)>
<Im(SVH SHY *4-SVV SHH*) >
and
Mml4
M4
D | Moy
Mopas
—<Im(S"” S¥#*)>

— <Im(S% SHH*)>
—<Im(SVH" S SV SHH*)>
<Re(S"¥ SHH'—SVH SHV*) >

Based on the definition

(22)

(24)

(25)

(26)



SPQ = GOSOPQ
1) Vdx; dz,
(27)

=Gof[ D™ lexp(iv - r,) —exp(iv -

the quantity <S§7 S&>, is defined in a
manner analogous to the definition of the inco-
herent scattering cross section as

<SPQ SRS'>in
Y

Unless otherwise mentioned, the operator <
> in the Mueller matrix (15) and the modified
Mueller matrix (22) denotes incoherent
averaging (28).

For the assumed isotropic random rough
surfaces, the full wave expression for <S¢
SE*>. can be shown to be given by!® (0!

4
< §FQ SP*>, = ﬁ; - 2n
vy
2r?
l?d )

) {1 (v,) |2 [exp(—z—v,r,,2 exp(—

_—ig—) )JD(V/xz ra) —Jo(vx, rd)]

X[/ z$(n

+<m>viexp(—

2 2
;’ 2riexp(— 212"' NJo(v 1)

—Jo(vez 12) 1} P(hs, ) radry dh, dh. (29)

x(v, ) exp(

where
fRB(n) = pre(n) DR (n) P.(w, w'lm)  (30a)

Ve = R, v = SO (V)R (30b)

= y,+v, he exp( - (30c)

412

Ay Erjo 2 uE AHE WAske] Wiy 84

ra
413) (30d)

v, = v+, h exp(—
In (29), P(h, h.) is the probability density
function for the surface slopes in x and z
directions (assumed here to be Gaussian), 1 is
the unit vector normal to the rough surface, P,
is Saucer’s shadow function!® ¥ is the surface
height characteristic function, <#*> and ¢
are the mean square height and slope, I i1s the
surface correlation length, and r, is the dis-
tance variable!I®!,

2-3 Ellipsometric parameters

The ellipsometric parameters ¥ and A are
defined as follows [ Azzam and Bashara, 1977]

s __ 187 |exp(i"”)
SHH |SHH|eXp(i¢HH)

= |§;,;| expli(dvy—dun) ]

= tan(¥)exp(iA) (31)

We immediately see that they are related to
the Mueller matrix elements as follows

Y = tan'l( <SYST> )

<SHHSHH'>
- My
= tan~t (/40 ) (32)
and
in(A
tan(A) — sin{A)
cos(A)
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Im(<SY SH#>)  My—Mg

= = 33
Re( <L S"V SHA> ) My+My (33)
Thus
My — Mg
— - (MM
A = tan (M33+M44 (34)

The ellipsometric parameters ¥ and A are also
associated with ellipticity X and orientation
(see Fig. 1) by

tan ¥ = b (33)
a
tan 2a = tan 2¥ cos A (34)
and
cos 20 = cos2¥ _ sm2.‘I’cosA (35)
Cos 2a sin2a
oW / N .
2o / X\// \
B A
I_ y = / :?.t{ /_,m\ \
I Ay~ B
| v |r\ / //ﬂ | L \
P ’/ 3P ! y V) .
L S o
. P / |
] B % |
Fig. 1. Ellipsometric parameters.

II. nustrative examples
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In the following illustrative examples, the
scatter wave vector is the negative of the inci-
dent wave vector (kj = —k,). The remote
sensing problems are usually related to the
scattering in this backscatter direction only.
The mean square slope is a fixed quantity o?
= 0.01 (for Fig. 2 through 6) or % = (.36 (for
Fig. 7 through 11). The root mean square
height and the correlation length are gradually
increased keeping the mean square slope con-
stant, This results in a gradual increase of the
surface radii of curvature,

For the three cases of surface roughness
specified in Table 3, the modified Mueller
matrix elements M, (Fig. 2), M. (Fig. 3),
M.s (Fig. 4),M,,, (Fig. 5), and M.y (Fig. 6) in
the backscatter direction are plotted as a func-
tion of incident angle,

Table 3. Surface roughness parameters (with a
fixed mean square slope o%=((]) for
Figures 2, 3, 4, 5 and 6 (Modified
Mueller matrix in backscatter directions)

kh Kl. 7 &

0.05 1.0 0.01 50.07
0.1 2.0 0.01 5-i0.07
0.2 4.0 0.01 5i0.07

In Fig. 2 and 3, M., and M, are plotted for 8
¢=0°~90°, respectively. M,; and M,» corre-
spond to the like-polarized scattering cross
sections <¢) > and <¢7 > (see (23) and
(24)). The surfaces with small root mean
square heights (kA=0.05 and 0.1) are shown to
give much smaller radar returns than the sur-
face with the large rms height kh=0.2. In any
of these cases, if the incident angle is beyond
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Fig. 2. Modified Mueller matrix element M, for
o57°=0.01 in the backscatter direction, &,

=5-10.07.
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Fig. 3. Modified Mueller matrix element M, for
as7°=0.01 in the backscatter direction, &,
=5-10.07.

30°, the radar returns of the scattered waves
are very small. We also see that for this case,
there is no particular difference between the
scattering patterns for the two polarizations
(V-v and H-H). M,x(see (25)) in Fig. 4 is ma-
inly related with the cosines of the phase dif-
ference between $" and $#* because the order
of |S%|(P#Q) is usually 1072~10"3 of |S7|

A Fozve] Hest HAste) BohH &4

0.00

5 o : kh=0.05, kic=1

-5 | 4
Mp33
Tl v 1 kh=0.1, klc=2 ]
o :kh=0.2, klc=4

~25 -
-3} )f

o

o

0 10 20 30 40 50 80 70 80 80

oy

Fig. 4. Modified Mueller matrix element M, for
os7=0.01 in the backsatter direction, e,
=5-i0.07.
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-1e-§
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o

Fig. 5. Modified Mueller matrix element M., for
os7=0.01 in the backsatter direction, e
=5-10.07.

(P=Q). For small slope surfaces as given by
this example, [§"|=~|S#| and they are 180°
out of phase. This is why M.,z looks to be
almost similar to the negative of M. (or
M,).

In Fig. 5, M.y, is plotted for 8:=0°~90°. M,
is the same as the cross-polarized scattering
cross sections <g"# > (see (24)). For scat-
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Fig. 6. Modified Mueller matrix element M, for
6+°=0.01 in the backscatter direction,
&=5-10.07.

tering in the backscatter direction, M, =
M... What is immediately noticed is that at
near normal incidence (up to 60=27°) M, is
larger for the cases with larger rms height,
These three cases have peaks at 80=13° (the
third case), 29° (the second case), and 51°
(the first case), respectively. Fig. 6 shows
that at normal incidence M, almost vanishes.
This is clear when we check the expression
M, in (26). The second term dominates over
the first term and the second term is related
to the sines of the relative phase difference
between $" and S§*#, which go to zero at nor-
mal incidence,

In the next set of illustrative examples, the
mean square slope is again a fixed quantity but
it is increased to ¢°+=0.36. The root mean
square height and the correlation length are
gradually increased keeping the mean square
slopes constant. The modified Mueller matrix
elements M,. (Fig. 7), M.» (Fig. 8), M.
(Fig. 9), M, (Fig. 10), and M.y (Fig. 11) in
the backscatter direction are plotted as a func-
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Fig. 7. Modified Mueller matrix element M, for
0-=0.36 in the backscatter direction,

& =5-10.07.
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Fig. 8. Modified Mueller matrix element M, for
o-=0.36 in the backscatter direction,
&£=5-10.07.

tion of incident angle for the three cases of
surface roughness given in Table 4.

In Fig. 7 and 8, we see that as the root mean
square height becomes larger, M,, and M.,»
become larger, The levels of these cases con-
sidered here (¢’ =0.36) are all higher than
the cases considered in Figures 2 and 3 (¢
=(.01). The results also show that for sur-



Table 4. Surface roughness parameters (with a
fixed mean square slope g:r=0.36) for
Fig. 7, 8, 9, 10, and 11 (Modified
Mueller matrix in backscatter direct-

ions)
kh ki, ar &
0.3 1.0 0.36 5-i0.07
0.6 2.0 0.36 5-i0.07
1.2 4.0 0.36 5-i0.07

00} “omoww
o e G T
p
1} o 2
r"" o
y-4
.2t el :
o
M3 sl s 1 kh=0.3, Klc=1 ]
d.f" 7 1 kh=0.6, kic=2
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4 A s kh=1.2, klc=d
5 =
-8 L 1 I 1 1 i 1 n
0 10 20 30 40 50 80 70 80 90

Fig. 9. Modified Mueller matrix element M, for
04=0.36 in the backscatter direction,

A ERo Ve 4tse AAste) Hskd o4

faces with larger mean square slopes (¢%=0.
36), significant radar returns can be obtained
if the incident angle is less than 6,=60° as
compared to 30° (Fig, 2 and 3).

M.,z in Fig. 9 shows similar results to those
in Fig. 4. However, the levels in this case are
larger.

Fig. 10 shows that at near normal incidence,
M. is largest for the third case (kh=1.2,
kl=4) but it becomes smaller than M., for the
second case (kh=0.6, kiL=2) beyond the
crossover angle 6;,=13°. What is interesting
about the plots in Fig. 11 is that M, for the
third case (kh=1.2, kl.—4) goes through a
fluctuation in sign as the incident angles be-
come larger than 20°. The crossover in sign
occurs as the phase difference between S** and
S#4 becomes exactly 180° as for near normal in-
cidence, These fluctuations in the relative
phase is more pronounced as the rms height
increases.

In the next set of examples, the incident
angle is fixed at 6 ; = 20° and the modified
Mueller matrix elements in the backscatter di-

4.00e-5

20008 -

0.000+0 850l
S n0g00 :::,o,,ﬁ

=5-10.07.
005 . T T
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o}
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0.000 | \\
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0. b3

0.000 + \\’m Nc“’&‘h_

o w2 iogais'o w70 8 0

Fig. 10. Modified Mueller matrix element M., for

a7=0.36 in the backscatter direction,
=5-10.07.

000,
~2.00e-5 |

-6.00e-5 |

I\ImJM.‘Wo—S

-8.00e-5 |-

-1.00e-4 |-

-1.200-4 L

R
00000 00000

o
/f
: kh=0.3, kle=1 |
: kh=0.6, kic=2 |
e :kh=1.2, kle=4

0.00 10.00 2000 3000 4000 5000 6000 7000 80.00 90.00

Fig. 11.

o

Modified Mueller matrix element M, for

0+=0.36 in the backscatter direction,

&=>5-10.07.
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rection are plotted as a function of surface
height (0<kh<0.35) and correlation length
(1<kl.<10).

In Fig. 12, it is shown that M., increases as
kh increases. For the surfaces with small
slopes (large &kl and small kh), M,, Is
negligibly small because the waves are
reflected mostly in the specular direction, not
in the backscatter direction. For a fixed root
mean square height kh, M., is largest when
kl.~3. M,» in Fig. 13 shows similar results to
M., except that its magnitudes are smaller. In
Fig. 14, the M, is shown to be similar to the
negative of M,.{or M,»). This is because that
for the incident angle 8 ; = 20°, || = |S#],
and they are 180° out of phase (see (25)). In
the expression for M,s the second term is
more important than the first one since |S$7|
(P#Q) is 102~107% of |S*| (P=Q) in most
cases.

M1
2 -

Fig. 12. Modified Mueller matrix element M, in
the backscatter direction with 8i=20°, as
a function of kh and kL, &=5-10.07.

M, in Fig. 15 shows the depolarization
tendency of the horizontally polarized waves to
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Fig. 13. Modified Mueller matrix element M,» in

the backscatter direction with 8i=20°, as
a function of kh and kl., &=5-10.07.

M3
0.00

Modified Mueller matrix element M, in
the backscatter direction with §i=20°, as
a function of kk and kl., £=5-10.07.

Fig. 14.

the vertically polarized waves. M, is shown
to increase as kh, increases. For a fixed root
mean square height kh, M, 1s largest when
kl.~2. Its levels are about 20 dB less than in
the like-polarized cases given in Fig. 12 and
13. In Fig. 16, M.y decreases as kh increases.
For a fixed root mean square height kh, M. 1s
smallest when &l.~3,



Modified Mueller matrix element M, in
the backscatter direction with 8:=20°, as
a function of kh and kl,, &=>5-i0.07.

Fig. 15.

Modified Mueller matrix element M,s In
the backscatter direction with 8:=20°, as
a function of kh and /., &=5-10.07.

Fig. 16.

In the following illustrative examples, we
plot the Stokes vector elements of the scat-
tered waves as a function of the ellipsometric
parameters ¥ and A (in this case A=¢) of the
incident waves as follows

Gi |Ei|2 + | E; |2
Gl |Ej|z 4+ Ej|?
¢, =M 21e1E) cosg
G4 2| E|| E;) sing

WY FHo2NE Ads s Az Hol 4y

sint¥ + cost¥
sit¥ — cos?¥
2cos ¥ sin ¥ cosA
2cos W sin ¥ sinA

1
—cos2¥
sin2 ¥ cosA
sin2 ¥ sinA

The incident wave is completely polarized
(Gi=G+G:+G3) and its total power is
chosen to be 1. M is the Mueller matrix. The
surface roughness parameters considered here
are kh=0.6, kl.=2, and &==5-i0.07. The incident
angle is 0;=60° and the scatter angle is in the
backscatter direction . For this specific case,
M is computed to be

02085X10° 08670X107 O 0
086670X10% 02558x107 0 0
M= 0 -0273%X10" —0478M1X10"

0 0 0.47841x10™ —0.25100x 107!

(37)

Note that the top right 2Xx2 elements and bot-
tom left 2x2 elements vanish. The reason for this
is that the scattering matrix coefficients S7
(P=Q) are even functions of the surface
slopes h, and h, and S (P#Q) are odd
functions of the surface slopes A, and #4..

In Fig. 17, G% is plotted. ¥=90° corresponds
to the vertically polarized incident waves and
¥=0" corresponds to the horizontally polarized
incident waves. This Figure tells that when
the incident waves are vertically polarized,
more radar returns are expected than when
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Fig. 17. Stokes vector element GJ based on

ellipsometric parameters ¥(Psi) and A
(Del).

kh=0.6, kl.=2, 0,°=0.36, g6=60" (backs-
catter), &=5-10.07.

SRR Q
.01 e xN\ \‘\\uh R
0.00 \ N \m\‘*‘“’\\\m\“

n \u\k

W m‘

\;* SRR *\\\\‘“‘\:" o
\*:.\ LIRS

u \“\\\u\,.\ \\\. u\\ ~ m\“
“ \,\» “\“\n 'Em
oy o e

S

Fig. 18. Stokes vector element G/ based on
ellipsometric parameters ¥(Psi) and A
(Del).
kh=0.6, kl.=2, 0,°=0.36, 00=60" (backs-
catter), &=5-10.07.

the incident waves are horizontally polarized,
but they are insensitive to the variations of
relative phase difference A. In Fig. 18, it is
shown that the difference of the powers in
vertical and horizontal polarizations of the
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Fig. 19. Stokes vector element G/ based on
ellipsometric parameters ¥(Psi) and A
(Del).
kh=0.6, kil =2, 0,°=0.36, 00=60" (backs-
catter), &=5-0.07.

Fig. 20. Stokes vector element G{ based on
ellipsometric parameters ¥(Psi) and A
(Del).
kh=0.6, k=2, 6s*=0.36, 6:=60" (backs-
catter), &=5-10.07.

scattered waves is also affected more by the
vertically polarized incident waves than the
horizontally polarized incident waves,

In Fig. 19, we see that while G, is the cosine
function of A when ¥=45°, it is independent



of A when ¥=0° or ¥=90°. In Fig. 20, we see
that while G’ is the sine function of A when ¥
=45°, it is independent of A when ¥=0° or ¥
=90°,

II. Conclusions

The various aspects of the Mueller matrix
elements have been considered for a wide
range of surface roughness (Fig. 2 through
11). The Stokes vector elements of the scat-
tered wave have been investigated as a func-
tion of ellipsometric parameters of the incident
wave (Fig. 17 through 20). For isotropic ran-
dom rough surfaces, the top right 2x2
elements and bottom left 2x2 elements van-
ish. For scattering in the backscatter direc-
tion, M,=M,. Furthermore, since |S?|(P#Q)
is usually 102~107% of [S7|(P=0Q), Mu~xM,
and My~—M, Thus, for scattering in the
backscatter direction, the 5 elements (M.,
M., Muz, M., and M,,) are practically im-
portant, The Mueller matrix data as given by
the Fig. 12 through 16 may be used as a guide
for remote sensing of rough surface charac-
teristics or RCS problems.
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