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Mueller Matrix Elements That Characterize
Scattering from Coated Random Rough Surfaces

Yuzhi Zhang and Ezekiel BahaFgellow, IEEE

Abstract—The Mueller matrix completely characterizes scat- matrix elements are
tered electromagnetic waves. It relates the incident to the scat-
tered Stokes vectors. The Mueller matrix, which contains inten- M, =M,1 M, M,3 M,4] (4a)
sity and relative phase data, is very useful for remote sensing.

The Mueller matrix characterizing scattering from coated two- WhereM"i (4 = 1,2,3,4) are the following column matrices:

dimensional (2-D) random rough surfaces is obtained from full- SVVSVV
. . . . mi1
wave solutions for the scattered fields considered in the compan- SHVSHV 12
ion paper. The general bistatic scattering case is considered in M, = < ol > _ |2 (4b)
the analysis. However, for the numerical simluations presented 2Re<5” SHL > A,y mi3
here, the backscatter case is considered in particular, since 21m<50’V5HV > miq4
backscatter is usually measured in remote sensing. The uniformly GVHGVH
coated 2-D random rough surfaces are assumed here to be < ?{H (}{H>7 ) ma1
homogeneous and isotropic, with a Gaussian surface-height joint M., — <5 S5 >Z kg |mao (4¢)
probability-density function. The diffuse incoherent and coherent ™2 = | 9Re( 5V HS ), | T4y, [mas
contributions to the Mueller matrix elements are evaluated. The VH HH
. ) oy . [2Im{ Sy HS > 24
computer simulations of realistic models of relavent physical - OVV
problems related to remote sensing of irregular stratified media Re(Sg™V' S5 ). a1
can be used to determine the optimum modes of detection Re<sg’”"‘sg’">i k2 mas

involving the selection of polarization, frequency, backscatter M3 =
angle, and the specific Mueller matrix elements most sensitive

Re<SOfoS(§-[ H* + ng Hsé-fvft >Z 7I-Ay mas

to changes in medium parameters. LIm(SyV IR + SyHSIV), M3y
Index Terms— Electromagnetic scattering, nonhomogeneous ~ VV oV H* (4d)
media. _Im<5 S0 >Z M4t
ML — —Im(S{ sHV> B2 ma
I. INTRODUCTION e —Im( Sy ¢ — S5 S )i | TAy s
' Re(SYVSHH — syHsH V* 4 Ma4
HE modified Stokes vector is defined as follows [1]-[4]: L Re(S6S5 0 S ) (4e)
I <E1Ef>
I, — I | <E2E§> 1 _ _
M=)~ 2Re<ElE§> ; 1) The symbok-}; denotes the incoherent part of the (normalized)
1% 2Im<ElE§'> Mueller matrix element. It is defined as follows:
The modified Mueller matrixM that relates the incident (5288 ), = (SyOSET Y — (Sy(SFTY  (B)

(modified) Stokes vectd¥;, to the scattered (modified) Stokes

e ) and the statistical averaging is over the random rough surface
vector I, is defined as

heights and (large scale) slopes.
Iﬁ{ = MI},. 2) For the three media irregular layered structure (with a
uniform coating over a random rough interface) considered

The elements of the normalized Mueller matiid,,, which j, the companion paper [3], the scattering matrices are
are independent of the distance between the scatterer and the

observation point, are defined by the following dimensionless ! R E) P )
quantities (consistent with the definition of the normalized ' —ich+d ¢ ©
radar cross sections [5]): % DLU ) ds dz (6a)
(sraspsty = 4r(r)’ <E§E5 ") @  sp= “"ID Fin) 7o _ i p=Fin)-7ion
Ay EFEY b= ¢+l
where A, is the radar footprint on the rough surface [3]. The X DDU (7) dz, dz, (6b)
expressions for the incoherent (normalized) modified Mueller

where
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in which 5) The random rough surfaces are assumed to be ho-
_ mfon i mogenous (surface statistics are independent of position)

Doou = TOFOOUTQ - (7b) and isotropic (rough surface statistics are the same for
Doy = TJFp, TiT: RS, R (7c) all directions). Thus, the surface height autocorrelation

cg fof of refen e function is only a function of distance.
Diov = ER R, Ty T1 Fiou To (7d) The first term in (9) is expressed as follows (Appendix A):
F ‘ ‘ ‘ ‘ . 2L 21
I —n,,Z—glRf R, T}, T/F, TiTi\ Ry, R (7¢) (S9st ), = - /_ (2= 2a)@L — |z
1
and x [x2(vy0, —vy0) — X(vy0) X (—vy0)]

. S x i venTatv0%a) ) g (11a)

Dp =Dyip = RIT] T ,F p T, TR (76) where
In (7) ¥5orr. ¥o100 Frors Fup, FTup. the surface element PQ ARS* 1 (= i | =\ =
scattering matrices (in the coordinate system associated with = // Dy Dy~ Po(, " | m)p(n) dii
the large scale rough surfacay,, T], T, T/, Ti,, T/

‘ - Lips — 007 PQ + OOIUUPQGiQ'vi*HD + OOIUUPQGiQU{*HD
the associated transformation matrices, &, R, T/ . o e me e
are defined in the companion paper [3]. + QIUULE e i D H L ST @ e 2l
The elements of the % 2 matricesDk (K = U/,D and + S{IUUgge”('”i* —v)Hp 4 %IUU{z’gei?(v{*—vi)HD
a,b = 0,1) are associated with the like and cross polarized o1 PQ_i2(o! vl v )Hp | 10 PQ _ized Hp
scattering coefficient®% (7a), (7f) as follows: +11lUURg e Lo + ool UUpg e "
Dy pun HRTUURR 0T Dt By eaed —
= K K — . W iw
DK = |:D;?V D;?H:| B (K = U, D) (8) + %(I)IU'U'II;SQGZQ('U{‘+'U1 7’U{)HD
. P —i2(v! 4ot n
The elements of the & 2 matricesD,,;,x andF7, .- (K = + é(lJIUURSQG 2l
U,D;a,b=0,1) (7Tb)—(7e) are defined in a similar manner [3]. + é}]UUﬁ?eiQ(”? —v{ —v})Hp

11 rQ i2('vf*—'vf—'vi YHp
IUULZ e\ "1 17
[l. EVALUATIONS OF THE ELEMENTS T 1o RS

DY I S T |
OF THE MODIFIED MUELLER MATRIX + U h@et2vr +or —vi —v)Hp (11b)

In this section, explicit expressions for the incoherent pag (11)
of the Mueller matrix elements (4) are derived. A typical term - o . . L
in the expression for a Mueller matrix element is (5) kap = ki = kj = vejde +vydy +ud. =01 (12a)

<Sé’QS§S*>i _ <(55Q + SRS (55Q I 555)*>i X(c_z) _and Xg(_a,b, R) are the characteristic and joint charac-
teristic functions and
_ <SPQS}§S‘> + <SPQSRS‘>
y PQD Rsi y PQD Rsi astUpg = // DPQYD}ZSJP(H)
+(Sp S07 ), +(SpSp” ) (9 ‘ f e
Thus, each incoherent term of a Mueller matrix element X \/PQ(ﬁ?:,ﬁz | @) Py (7L, 71, | 7) diit.  (12b)

includes four (incoherent) terms involving scattering at thltra1
upper(U) and lower(D) interfacesSUU, UD, DU, andDD).

To facilitate the averaging over the surface height joir%
probability density function, the following assumptions ar
made.

a
1) The mean square (large scale) surface slopes are smakfl

(12b), the shadow functio®s (73!, 7 | 7), (a,b = 0,1) is

pe probability that a point on the rough surface is illuminated
nd visible (at the far field observation point) given the value
of the slope at that point [7], [8]. For reflection from medium
ack to mediunmu the shadow function is

L U(= AU, -7

((h2) < 0.2 and (h2) < 0.2). The surface heights and  p, (@, % | ) (a=0,1).
slopes are assumed to be uncorrelated [5] /1 r, |/ T
p(ﬁ, ', hst s h./ﬂ) = p(ﬁ, ﬁ/)p(hsla 21) (10) (13a)
2) The radii of curvature of the (large scale) rough surfage,, backscatter(i/ = —iii) the above expressions are

is assumed to be large compared to the wavelength. jgenically the same as those derived by Sancer and Smith
3) Since the scattering coefficients are slowly varying funcf7 , [8]. For transmission from medium to mediumb, the
tions of the (large scale) surface slopes, the slopes {qow function is

two neighboring points (within a correlation length) are )
gboring poms ( oth) U (= - 7)U (7] - 7)

aproximately the same [5]. PQ(ﬁ‘{’ﬁz | i) = (a,b=0,1).
4) The probability that a point on the surface is illuminated /1 IV rf
and visible depends on the slope of the surface at that w '\ uy)

point. (13b)
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In (13), v/, andIY are defined as follows:

uj=cos(®)): Ti= [ (o= ul)p(ha)dbs G =if)

a

(14)
Similarly, the second term in (9) is
IS 2L
(SFOSE, _12/ / — |wa]) (2] = |za])
X [x2(vyo, =vy1) = x(vyo)x (—vy1)l
x ¢ty Hp piveoatveoza) go do (15a)

In (15a),

I = ??IUDgg OIIUDPQ —i2viHp + 1OIUDPQ —i2o{ Hp
U7 DEG =20t Ho (15b)

where
‘f‘{IUDgg—//Dﬂ%DnDp( )

x \/ Pa(iid, %, | ) Pa (] . 8L | ) it
(15¢)

The third term in (9) is

(SpISE), = 1Is / / " (01 fral) (@~ J2)

x [x2(vy1, —vy0) = x(vy1)x(vy0)]
x VD imozatv02a) go ) g7, (16a)

In (16a),
Iy = S IDURS + S IDUFe2i Ho L L pUEQ vl Ho
+ U IDURD 2 el Hp (16b)

where
IDUgg—//Dﬁ%Dch P( )

X\ Pa i . 11y | ) o (AL 0 | ) dif

(16c)
The fourth term in (9) is
2
(SPASERS". —14/ / (20 — |zal )2 — |2a])
X [x2(vyt, —vy1) — x(vy)x(—vj1)]
% 6—7(1y1 yl)ei('l;n,gmd—l—'n:gzd) d.’L'd dZd.
(17a)
In (17a)
I, =HIDDEY
//DlplQDDlle )
~f o AP (af = |2 g
X \/Pg ”1D7”1D|”)P2(”1D7”1D|”) dn. (17b)

In (15)—~(17). 5, @], 7%, andif (a = 0, 1) are the following
unit vectors:

o Re[kp]
Mo = e (t=1i1) (18a)
and
/& , Re[kt p]
St 1D _
iy =10, i} eE]| (t=1,f) (18b)
where

ktp = ki [sin 6! cos ¢!, + cos 6@, + sin 6% sin ¢'3. ]
t = f upper sign¢ = ¢ lower sign (18c)

and

EL =k, [sin 6, cos ¢'@, & cos 0}, + sin 0! sin ¢'a. |
t=1, a =1 upper sign; t=¢1
a =1 lower sign (18d)

a=0 and t¢t=¢1,
a=1 and t=F,

When medium 1 is dissipative, the vectdrs,, &/, ki, and
k{ are complex. In this case, the unit vectors (18) are taken
to be in the direction of the average Poynting vector

_ RelE x H*|

P=————-=Re
2

F*(E - E*)
2/10(4) '

For homogenous, isotropic random rough surfaces

M3 = My = Moz = Moy = Mz,
=Mz = My = My =0. (19)

. | LLUSTRATIVE EXAMPLES

In this section, the incoherent Mueller matrix elements are
calculated for different random rough surfaces. For all the sim-
ulations, the two-dimensional (2-D) heights are homogeneous
and isotropic. The surface height and slope probability density
functions (pdf) are assumed to be Gaussian with Gaussian
surface height autocorrelation functions, thus

W2—2nrhsh! 40’2
2(h2)(1— R2>

1 _

21 (h2)/1 - R? R

In (20), (h2) is the surface mean square height dids the
normalized autocorrelation function

=3 /1)

p(hs, b)) = (20)

R=c¢ (20c)
wherery = /z2+ 23 is the distance between two points
on the reference surface and is the rough surface height
autocorrelation length. The probability density function of
surface slopes are

1 _nZ4n?

278 (21)

p() = p(ha, h.) =

2702

wheregs, is the root mean square slope in thandz directions
andh, andh. are the derivatives ofi(z, z).
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TABLE | 108
INPUT PARAMETERS FORFIG. 1 (05 = CONSTANT) , % .
10! & i
op (um) | I (pm) O Hp(pm) | e | er F s _
0.2 1.6293 | 0.1736 5 315 10 .
0.4 3.2586 | 0.1736 5 3|5 10% L O ]
0.5 40732 | 0.1736 5 315 s [ “O\ﬂ\;
1 8.1464 | 0.1736 5 3 5 = L d
= 07 | i
10 | i
102 ] oul 0=0.0875 ]
T o | [ —&— 0~0.1763 ]
100 L KO\:\I' i 108 L o 002679 §
L j\: 4 10715 I N S S SRR S S N
102 L B | 0 10 20 30 40 50 60 70 80 90
2: 104 : %\3\“ : Fig. 2.  Mueller matrix element/;; for rough surface withr;, = constant.
| —O— op=02pm = O
106 | —v— o=04um TABLE I
| Gy= 0.5 um INPUT PARAMETERS FORFIG. 2 (07, = CONSTANT)
0% - 5 6=10um on (pm) [l (pm)| o, |[Hplpm)]|en |
wl y 0.4 1.6293 | 0.0875 5 3 5
10- n ! . | . ! ] 1 ] L ! n | i
0 10 20 30 40 50 60 70 80 90 0.4 3.2586 | 0.1736 3 3 5
04 4.0732 | 0.2679 5 3 5
Fig. 1. Mueller matrix elemend/;; for rough surface withr; = constant.
_ - . . 3 i
The surface characteristic and joint characteristic functions 10 ]
for Gaussian pdf's are 10" |
101 7
h2)a? _
x(a) = exp (— % (22) 05 1
s 10% )|
and
107
h%)(a? 4+ 2abR + b* .
x(a,b, R) = exp <—< ) 5 ) . (22b) 10°
10

For remote sensing, the computations of the modified 10
Mueller matrix elementsM,;, (a,b = 1,2,34) are usually 0
carried out for backscatter. Thus, the incident and scattag. 3. Mueller matrix elemend/;; for rough surface with. = constant.
elevation angles are equdl, = 6§/ = # and the difference
between the scatter and incident azimuth angle€ is¢* = m.  contain relative phase data”" — ## (which is ~180° at
For homogeneous and isotropic rough surfaces, there are afdymal incidence).
eight nonzero backscatter Mueller matrix elements. TheyThe input parameters corresponding to the plots in Fig. 2 are
are Myy, M1y = Moy, My, M3z, Mzy, My3, and Myy. When given in Table Il ¢;, = const). The Mueller matrix element
depolarization can be ignoredl{s; ~ M,y andMsy ~ —Mys. My, is much more sensitive to the variations in rms slope than

The input parameters are the incident wavelength= to variations in rms height (Fig. 1). For the cases considered
1.06 pm, the surface rms slope;, the surface rms heightthe larger the rms slopes, the smaller the valueshhf,
(h2>% = op, (. = @), the thickness of the coatingM;> = Mo, and M»,, at normal incidence. The plots for
material, H>, and the relative permittivities of media 1 andlifferent rms slopes cross over at backscatter angkesl 5°
2, £,1 ande,.2. Medium 0 is assumed to be free-spdegy = (for > 15°, these Mueller matrix elements increase with
1o = 1). Media 1 and 2 are nonmagnefig,; = 2 = 1).  increasing slope). At normal incidence the magnitude&/gf

For the input parameters given in Tabledl; (= const) the (~M44), M34 (Rs—M43) (NOt shown) increase with decreasing
Mueller matrix elemenfi/;; is plotted in Fig. 1. The elementsslope and they vanish at near grazing angles.

M1, Mis = Msy, and Mo, are related to the normalized like For the plots ofMy; in Fig. 3, the input parameters are
and cross-polarized cross sections. They decrease monotbsied in Table Il (the autocorrelation length is constant). The
cally with increasing backscatter angleThe cross polarized results for this set of input data are similar to the previous
terms areM;, = My (not shown) are about two ordersresults (rms heights constant) because the root mean square
smaller than the like polarized cross sectidis; (vertical) (rms) slopeqs, = \/E‘;“) also vary for these cases.

and M», (horizontal, also not shown) is similar fa;;). The The input parameters corresponding to the plots in Fig. 4(a)
Mueller matrix elementsizs, Myy, M3y, Mys (not shown) and (b) are listed in Table IV. The effects of varying the

10 20 30 40 50 60 70 80 90
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TABLE I 10?
INPUT PARAMETERS FORFIG. 3 ({. = CONSTANT)
100
ap (pm) | I (g m) ] Hp(pm) | &1 | &2
0.2 4.572 0.0618 5 3 5 102
04 4.572 0.1237 5 3 5 104
0.5 4.572 0.1547 5 3 5
1 4.572 0.3093 5 3 5 E: 108 —O— &=3, 557531
108 : —O— sr1=3’ €r2=5
103 1010 -V €r1=3’ Sr2==5'i
: —A— £,=3,8,=5-2i :
10! 1012 L . . N
. O €4=3-.1i, g5=5-1 i
107 04 L 0 e
- 0 10 20 30 40 50 60 70 80 90
103
L (@
= -5
S 10 .
107 L
o | 40 |
10 I Vv Hp=5pm 1
10" : —O— Hp=%um — 20 -
10-13 PN ST SRR WU I S SO R R £1=3,8&,=5-3i
0 10 20 30 40 50 60 70 80 90 3 b T
= €1=3,€,=5
(@ .
40 €1=3,€,=5-
€1=3 =52
-50

£1=3-1,€p= 5

] | ]
25 30 35 40

Backscatter angle O (degrees)

(b)

Fig. 5. (a) Mueller matrix elemenfi/;; for different permittivities. (b)
Mueller matrix element\f33 (~—Ma4) for different permittivities.

TABLE V
INPUT PARAMETERS FOR FiG. 5(a) AND (b)
(PERMITTIVITIES OF MEDIA 1 AND 2 VARY)

on (pm) |l (pm) o, Hp{pm) €r1 Er2
Backscatter angle 0 (degrees) 0.4 3.2586 | 0.1736 5 3 5
(b) 04 3.2586 | 0.1736 5 3 5—1
Fig. 4. (a) Mueller matrix element/;; for rough surfaces wittifp, = 3, 0.4 3.2586 | 0.1736 3 3 5 - 22,
5,7,9 pm. (b) Mueller matrix elemenf\f34 (=—2My3) for rough surfaces 0.4 3.2586 | 0.1736 5 3 53
with Hp = 3,5,7,9 pm. 0.4 3.2586 | 0.1736 5 3-01:| 5—-1
TABLE IV . . :
INPUT PARAMETERS FORFIG. 4(a) AND (b) (H ) VARIES) coating thickness could be used to remotely sense the coating
o) [ Gm | o [HoGm) [enlem Fhmkng;s. The other Mueller matrix elements are practically
0.4 39586 | 0.1736 3 3 1 5 insensitive to the thicknesH p.
0.4 3.9586 | 0.1736 5 31 5 The effects of introducing dissipation to media 1 and 2 are
0.4 39536 | 0.1736 7 3| 5 examined in Fig. 5(a) and (b). The corresponding parameters
0.4 3.2586 | 0.1736 9 3 5 are given in Table V. The Mueller matrix elemenfd;;

[Fig. 5(a)] (M12 = Ms;, and Ms2 not shown) are practically
insensitive to variations in the dissipation in medium 2.
thickness of the coating material (medium 1) are illustratédowever, the magnitudes of all the Mueller matrix elements
in Fig. 4(a) for M. decrease with increasing dissipation in medium 1. This is
The Mueller matrix elemenf\fs, (~—Ma3) Fig. 4(b) is because waves are attenuated in medium 1 and the contribu-
most sensitive to changes in the thickness of the coatitigns from the multiple bounce terms in medium 1 decreases.
material as expected since the relative phase depends criticathe Mueller matrix elements related to horizontal and cross
upon the thicknes#f,. The sensitivity ofMs4 (=—Ma3) to  polarized cross sectiongz, and M»; oscillate when medium
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10° APPENDIX A
10t EVALUATION OF THE INCOHERENT
w0 L (MODIFIED) MUELLER MATRIX ELEMENTS
100 L The first term in (9) is defined as
105 | PQ ¢RS™ PQ ¢RS™ PQ\ { cRS™
= - (S, ST > = (S St ) = (Sp (S ) (A1)
= 07 L
10° - 6700875 where, in view of the small slope assumption (10), (A.1)
100 [ 6202679 reduces to
100 L —a— =0.1763 PQ ¢RS*
B v (Sy~85°)
10415 s 1 s | ) | ) 1 L R | s L . ! s L I L I
0 10 20 30 40 50 60 70 80 90 i .
:/ / / / {//D{;QD{}S Py(7f 7@ | n) dit
Fig. 6. Mueller matrix element{;; for rough surfaces witl,; > €. and —LJ—-lJ-LJ-l
(o = constant. y / / [T _ B —Fiprn]
TABLE VI ( —Fk )71 ( ko)Te10
INPUT PARAMETERS FORFIG. 6 (€71 > €72 AND o, = CONSTANT) x |e' st — ¢t °

o Em) [L(am) | o, [ Hoam) [e
0.4 1.6293 | 0.0875 5
0.4 3.2586 | 0.1736 5
0.4 4.0732 | 0.2679 5

-~

-
[y]

[t

X plhst, hly) dhsy, dh’sl} drs dzs dx’ dz)

L L L

( deo 751 _ deo 1510)

o Oy on
Wlw| Wi

1 is lossy. For lossless medium Ms3 (=Maq) [Fig. 5(b)]
and (Mss (~—Ma3) not shown), are more sensitive than X plhst, hly) dhst, dh’sl}dars dz dx’ dz) (A.2)
My, M2 = My, and My, to variations in the dissipation

of medium 2. where the large radii of curvature assumption has been made.

In the previous illustrations,; < ,2 (for lossless media).
The scattering coefﬂments are slowly varying functions of
In the next set of data, the effect of total internal reflection a
Slope. Furthermordfdj is given by (12a) and

interface/i12 is examined. The effects of varying rms slopes
and correlation lengths (with,.; > &,2) are illustrated in ) ‘
Fig. 6. The input parameters corresponding to Fig. 6Xhr I = // D{CDES py(itf it | i) di. (A.3)
are given in Table VI. For the lossless layered structures the

Mueller matrix elements (as functions of backscatter angleghe radar footprint is;, € [I,{] andz, € [~ L, L]. Thus [5],
decrease less rapidly when; > e,2 than whene,.; < £,

since for near grazing incident angles total internal reflection L pl pL pl
' SPQS}?S):I [x2(vy0, —vy0.R)
occurs at the lower interface when; > «,-. < U RPU 1 X2(Vyo, —Uyo

X~ x( o) 1)
IV. CONCLUDING REMARKS x ieoTatvaoza) go o dai! d. (A4)

Using the full-wave approach to scattering from irregular
multilayered structures, the Mueller matrix elements are evifherex:(a, b; R) is the joint characteristic function anda)
uated as functions of the backscatter angle for different routshthe characteristic function. The coherent contribution can
surface parameters Figs. 1-3, different thickness of the coatlt®y expressed as
materials Fig. 4, and different (complex) permittivities Figs. 5

and 6. . - <55Q><55Q Y= < lim SPQS >

The Mueller matrix elements are more sensitive to the |ra|—o0
changes in the rms slope than to changes in the rms height. . SPQS AS
The elementMs, (~—M,3) [Fig. 4(b)] is most sensitive to T\ At (A-5)

variations in the thickness of the coating layer (medium 1).

This result could be used to estimate the thickness of the cogherer, = (22 + 23)1/2 and R(r4) is the normalized rough
ing material. The magnitudes of the Mueller matrix element§rface height autocorrelation function (isotropic surface).
are considerably more sensitive to changes in dissipation in figthermore,

coating material (medium 1) than to changes in dissipation of

the substrate (medium 2) [Fig. 5(a) and (b)] Effects of the lim x2(a, b; R) = lim x2(a, b; R)|rj—o0

total internal reflection at the lower interfadg, are also |ra|—o0

considered (Fig. 6). = x2(a,b,0) = x(a)x(b). (A.6)



ZHANG AND BAHAR: MUELLER MATRIX ELEMENTS THAT CHARACTERIZE SCATTERING 955

Thus ACKNOWLEDGMENT

<SPQ><SPQ * The authors would like to thank R. Vietz and J. Craig for
their work in preparing this manuscript.

=h / / / / UJO UyO) - X(UyO) REFERENCES

—Zbyghgl _ tvy,0hot
X( v 0) - 1] [1] G. G. Stokes, “On the composition and resolution of streams of polarized
X el(“wol‘d""fzozd) dz, dz, dxs dzs, (A.7) light from different sources,"Trans. Cambridge Phil. Sacvol. 9
pp. 399-416, 1852 (reprinted iMathematical and Physical Papers
; ; London, U.K.: Cambridge Univ. Press, 1901, vol. 3, pp. 233-250.
Therefore, the incoherent scattered power 1S [2] E. Collet,Polarized Light: Fundamentals and ApplicationsNew York:
SPQSPQ Marcel Dekker, 1992.
< ; [3] E. Bahar and Y. Zhang, “Like and cross polarized fields diffusely
scattered from irregular layered structuregrans. Antennas Propagat.

=1 — ] —. this issue, pp. 941-948.
1/ / / / X2 U"O U"O) X(U‘“O)X( U‘“O)] [4] A.Ishimaru,Wave Propagation and Scattering in Random Mediblew

(V0 Ba+v=0%a) York: Academic, 1978.
X eNoTaTE0% dg s dz dﬂfs dzs. (A8) [5] E. Bahar and B. S. Lee, “Full wave solutions for rough surface radar
cross sections: Comparision with small perturbation, physical optics,

The four-dimensional integrals (A.8) are reduced to 2-D inte- numerical and experimental resultsRadio Sci. vol. 29, no. 2, pp.
grals upon changing the integration variables (assuming th%t 407-429, Mar./Apr. 1994,

o ] D. E. Barrick and W. H. Peake, “A review of scattering from surfaces
the random rough surface characteristics are homogeneous) ~ with different roughness scalesRadio Sci, vol. 3, no. 8, pp. 865-868,

1968.
Ty = Ts — x’s Zo = (s — x’s)/2 2d = g — zg [71 M. I. Sancer, “Shadow-corrected electromagnetic scattering from a
, randomly rough surfaceJEEE Trans. Antennas Propagatol. AP-17,
Za = (25 — 2,)/2 (A.9) pp. 577585, Sept. 1968.

[8] B. G. Smith, “Geometrical shadowing of a randomly rough surface,”

<S{)QS > IEEE Trans. Antennas Propagatiol. AP-15, pp. 668-671, Sept. 1976.

- / / )L — Jza) (g0 — v40)
— X(vyo)x(—vyo)le’ =m0 ) dyy dzg (AL0)

where I, is as follows: Yuzhi Zhang, for a photograph and biography, see this issue, p. 948.
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The individual terms of | (11b) are defined in (12b). The oth&f,ekiel Bahar (5'63-M'64-SM'72-F'85), for a photograph and biography,
three terms in (9) are expressed in a similar manner. see this issue, p. 948.



