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Introduction

This book collected some journal papers published by the author with his collaborators
during 1980-1999, whilst he was a graduate student for Ph.D. degree in the Massachusetts
Institute of Technology, USA and till now he holds professorship in the Fudan University,
China.

This book summarizes the contributions by the author with his collaborators on the
areas such as electromagnetic wave scattering, propagation in random media, modeling and
simulation for quantitative microwave remote sensing, data validation and parameters
retrieval from measurements of satellite-borne remote sensing, and computational
electromagnetics of complex media. It contains six parts. Each part is focus on one topic.
The first part discusses the vector radiative transfer (VRT) theory for the study of multiple
scattering and radiative transfer of polarized electromagnetic intensity - Stokes vector. The
VRT theory for modeling of natural media, such as atmospheric precipitation, sea ice,
vegetation canopy and land surfaces, and numerical simulation for space-borne
microwave remote sensing are developed. The VRT theory for strongly fluctuating,
anisotropic random media, and high-dimensional VRT equation are also discussed in this
part.

Advance of polarimetric measurement and imagery of SAR technology has greatly
promoted study of fully polarimetric scattering of the Earth surfaces. Part 2 presents
simulation of the Mueller matrix solution for multi-layered, multi-components, and non-
uniformly oriented, nonspherical scatterers for modeling canopy surfaces. The theory of
coherency matrix, eigenvalues and entropy are developed, and are compared with SAR
images.

Part 3 discusses scattering from randomly rough surface. High-order scattering from
rough surface and shadowing function are discussed. Angular enhancement of backscattering
is analytically derived. To model sea surface driven by strong winds, a composite model of
foam scatterers with two-scale surface approximation is developed, and is applied to active
and passive remote sensing of sea surface winds.

Part 4 is, especially, devoted to strong fluctuation theory. Scattering coherency from
strongly fluctuating media, and dense scatterers are studied. It is an important progress to
conventional VRT where independent scattering is usually assumed. This theory is applied to
remote sensing of snow fields. The VRT equation with multiple scattering for strongly
fluctuating random media is refereed to Part 1.

Part 5 contains a lot of simulation, data validation and parameter retrieval from
satellite-borne remote sensing, such as DMSP SSM/I. Theoretical simulation, measurements
and data from remote sensing observation are linked to quantitatively invert information for
the Earth surfaces, e.g. vegetation canopy, snow, sea ice, sea surface winds, sand, flooding,
etc., and spatial and temporal variations. Correlation of active and passive remote sensing is
demonstrated. Some novel retrieval algorithms such as meshed graph, ANN(artificial neural
network) method, statistics of spatial auto-correlation etc. are presented. A novel system of
combined scatterometer and radiometer at X band and fields experiments are introduced.

Part 6 discusses computational electromagnetics of complex media. For example, the
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T-matrix solution for collective scatteringof clustered non- spherical scatterers , the effective
dielectric property of particulate media, electromagnetuics of chiral media and dyadic
Green’s function, the broadened width of angular correlation function on non-memorial line
to detect a target situated over rough surface, the fast multi-pole method of the 3D volume
integral equation are discussed.

The author greatly appreciates the support from the Divisions of the Earth Science and
Information Science of the National Natural Science Foundation of China during his research
works at the Fudan University. He is very grateful to his advisors, collaborators and students
for their contributions.
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Part 1

Theory of Vector Radiative Transfer

in Random Media for Remote Sensing Modeling






Passive and Active Remote Sensing of Atmospheric

Precipitation’

Y.-Q.Jin , J. A. Kong

Both passive and active remote sensing of atmospheric precipitation are studied with the vector radiative
transfer equations by making use of the Mie scattering phase functions and incorporating the raindrop-size
distributions. For passive remote sensing we employ the Gaussian quadrature method to solve for the
brightness temperatures. For active remote sensing an iterative approach carrying out to the second order
in albedo is used to calculate for the bistatic scattering coefficients, the backscattering cross sections/unit
volume, and the interchannel cross talks. The calculated results are plotted as a function of rainfall rates
and compared to various available experimental data. The theoretical model is easily applied to the remote
sensing of aerosol particles, smoke, fog, and haze at infrared and visible frequencies.

I. Introduction

Electromagnetic wave scattering at visible, infrared,
and microwave frequencies by a turbid atmosphere
(precipitation, cloud, smoke, haze, fog, etc.) was studied
extensively for both passive and active remote sens-
ing.1-6 The scatterers are generally modeled as
spherical Mie scatterers, and the radiative transfer (RT)
equations are applied. In passive probing of rain rates
the scalar RT theory has been used.?4 In active remote
sensing of the atmosphere the single-scattering as-
sumption is often used.” Inscalar RT approaches the
assumed Gaussian phase function® is proposed, which
is based on small angle approximation.

In this paper we apply the vector radiative transfer
equation to study both the passive and active remote-
sensing problems. The Mie scattering phase function
matrix is used and averaged over the raindrop-size
distributions to solve for the brightness temperatures
and the scattering coefficients. We use the Gaussian
quadrature method to solve for the brightness tem-
peratures in passive remote sensing. In active remote
sensing all four Stokes parameters ([,,I;,U,V) are
employed. Every term of the phase function matrix is
expressed as a truncated series. We use the iterative
approach to the second order in albedo to calculate for
the backscattering cross section, bistatic scattering
coefficients, and interchannel cross talk.® Both the
passive and active remote-sensing results are compared
with experimental data. The same technique.can be
applied to the remote probing of atmospheric aerosol,

cloud, smoke, haze, and fog at infrared or optical
frequencies.

Il. Theory for Passive Remote Sensing

Consider a precipitation layer consisting of spherical
raindrops with permittivity ¢, which is calculated by
the Debye formula.l® The layer consists of a distribu-
tion of different drop sizes and extends fromz =0to 2
= —d (Fig. 1). Medium 2 is assumed homogeneous.
The radiative transfer equations inside the rain layer
take the following forms:

d [I,(6,2) 1,(0,2)
0— = i + 4 CT = (Ke, + 3
cos dzllhw,z) Ve gl = "‘)ll.,(oz)
R [10(0,2)]' "
0 (h,v’) (hh)UR(0,2)

where 1,(0,z) and I, (6,2) are the specific intensities for
the vertical and horizontal polarizations, T'; is the
temperature of the raindrops and the atmosphere, C =
K/\2 with K denoting the Boltzmann constant and A
the free-space wavelength, k.qg = K;g + Kqq 1s the ex-
tinction coefficient of raindrops, ksq and k.4 are the
scattering and absorption coefficients, x,, is the ab-
sorption coefficient of atmospheric gases (water vapor
and oxygen), 0 < f/ < m, and (v,v’), (v,h’), (h,0’), and
(h,h’) are the Mie scattering phase functions.!

We assume an ocean or land background with tem-
perature T5. The boundary conditions are, for 0 < <
w/2,atz =0

* This paper was published in Applied Optics, 1983, 22(17):2535 — 2545.
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Fig. 1. Geometrical configuration of the problem.

I,(m— 0,0
[u(’r ) - @)
In(7w — 6,0)
andatz = —d
[10(0,—d)] _ [rl,(())lv(r —0,—d) ll = ry(0) @)
In0,—d)] ~ |rn(0)n(x — 6,~d) li-rol’ ‘

where r, (0) and ry, () are, respectively, the reflectivities
for the vertical and horizontal polarizations.2

The brightness temperatures as measured by radi-
ometers are simply

Ta| _1 [10(0,0)] -
Tenl C In(6,0)
atz = 0 and

Tgy 1 [l,(x —6,-d)

Tas] € [1,.(1r -0,~d) 2
at z = —d. The task is to solve the radiative transfer

Egs. (1) subject to the boundary conditions (2) and
(3).

Numerical solutions are facilitated by replacing the
integral in Eq. (1) by Gaussian quadratures!-7:

d [1.(0;,2) 1,(6:,2)
= = (Ko + kag) CT1 — (ke + Ka
" e 1,,(0,»,2)] > KTy = e “")[uw.».z)
+ % o (v,v.uj)(u,-,h,-)”]u(ﬂj,z)l, ©)
j==N  l(hi,v;) (hihp) LR (0,2)

where i = x1,...,%N, u; = cost;, and a; are the
Christoffel numbers. In our calculation we use N =
6.

In Figs. 2 and 3 we illustrate the brightness temper-
atures calculated for an ocean background for a pre-
cipitation layer with 4-km thickness. The Marshall-
Palmer distribution is used to average over the rain-
drop-size distributions. We see that both Ty, and Ty,
are cold at a small rain rate due to the cold ocean
background. As the rain rate increases, the brightness

Z

q
REGION 0
o' Yo
2=20
v u
90 10"*0,
REGION 1 o @ @)
O o OO o Q
o) o
070, 0™ o
2" 7o r2
REGION 2
Fig. 2. Brightness temperature vs rain rate at 19.35 GHz. Data
given in Ref. 3.
280  Tgl k) T T

0.1 1.0
RAIN RATE (mm/hr)

Fig. 3. Brightness temperature vs rain rate at 37 GHz.

temperature increases due to emission from the rain-
drops. However, compared with the calculation with-
out taking into account the Mie scattering effects as
shown with dashed lines, the scattering induces dark-
ening effects, especially at higher rain rates. In Fig. 2
we show that the rainfall model calculations are in good
agreement with data collected by Wilheit et al.? Dots
are from simultaneous measurements of the brightness
temperatures over ocean by the Nimbus 5 ESMR and
the rain rates by the WSR-57 meteorological radar.
Crosses, are inferred from ground-based measurements
of the brightness temperatures and direct measure-
ments of rainfall rates.

lil. Theory for Active Remote Sensing

The atmospheric precipitation is modeled as a layer
of spherical Mie scatterers with permittivity ¢, and ra-
dius a governed by the Laws-Parson distribution, which
has been used in most studies of active probing of
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rainfall. For active remote sensing the vector radiative
transfer equation takes the form'

d - _ -
cosl e [10,p,2) = —n,[(0,0,2) — n110,¢,2)
d:

+ f:d()’sin()' fiﬁdﬁ'm.w:w, 10, o 2), (7
0 0

where the specific intensity I contains all four Stokes
parameters

1.10,¢,2)

_ 1,10,¢,2)
T0,6,2) = | (8)
Uf,p,2) |

Vi(0,p,2)

P(0,¢:0V",¢") is the scattering phase-function matrix, and
xo and k. are the absorption and scattering coefficients
calculated by the Mie theory incorporating the Laws-
Parsons size distribution for atmospheric precipita-
tions.

For a plane wave propagating in the direction /,,;,¢.;
and impinging on a precipitation layer of thickness d

we write the boundary conditionsat z = 0and z = —d
as, for 0 <l < w/2,

T — 0,0,z = 0) = 1,;8(cos — cosfl, ) = di). (9a)
Ti0pz=—d)=0. (9h)

The bistatic scattering coefficient is defined as the ratio
of scatterer power of polarization (3/unit solid angle in
the direction of f; and ¢, to the incident power of po-
larization in the direction ,; and ¢,,; averaged over 47
rad:

\

1,500, 95) cosd,
Y io O b0, i) = 41M N

Lo cost,,;

(10

where «,8 = v or h denoting vertical polarization or
horizontal polarization, respectively. In the back-
scattering direction as f, = fl,; and ¢, = © + ¢, the
backscattering cross section/unit area is defined as

'l l0,:) = cosfli Yo (B + o il apoi)

Loatllim + o)
=4r msﬂ,,,"‘—‘l""’—’ ; (an

The backscattering cross section/unit volume o, is
obtained by dividing ¢'}, by the layer thickness d.
Another parameter that is of importance in the
communications applications is the cross talk CX de-
fined as the ratio of the power received through the
offset channel to that through the direct channel. The
total power in the line-of-sight direct channel is equal
to the sum of the coherent and incoherent intensities

P, = 1, expl—r.d secfl;) + f AT T — )

s [, exp(—«.d secl) + I .(r — 0 p;.—d) - Q. (12)

The scattered power as received by the offset channel
is

P, = f AW =) ~ L — O pei—d ) - . (1)

where it is assumed that /, is uniform over a very narrow

radiant angle £, of the antenna. The cross talk is de-
fined as

R L(r = 0. ~d) -,

- ﬁ N I, exp(—«.d secl;) + [ (7w — O «p;,—d) - Q, '
Notice that'' Q. =~ w((,,/2)* and ), = 7%/(i is the
half-power beamwidth of the receiving antenna with
gain (i, where (7 is assumed to be 40 dB in our calcula-
tions.

X th

IV. Rerative Approach

A. lterative Procedure

When absorption is dominant over scattering, we can
obtain closed-form solutions by using an iterative ap-
proach using the albedo (x./x. ) as the small parameter
to carry out perturbation analysis. First, we break up
the intensities in the scattering layer into backward
propagating intensities 1(,4,2) and forward propa-
gating intensities I(m — f,¢,2) for 0 < f# < w/2. We then
incorporate the boundary conditions to obtain the fol-
lowing integral equations:

1(0,4,2) = secll exp(—&,.z secfl) f: dz" expln.z seclh
—d

w/2 25 a _
X f dfV sinfl’ f dl/»’kﬁ(/),(ﬁl”’.(/)') S 2
0 0
+ DBl — 07.9) Tl — 0.2, (15a)

Tiw —0,p,2) = T,i6(cos, — cosll,; )lh, — po;) explaez secll)

0 /2
+ secll exp(k 2 sect) f dz" expl(—rez’ secll) f dit sinl)’
o 0

x f T Pl — 0l ) - T 27) + Bl = O — 07.)
1

X T(r — 09" 2"\, (15b)
where the first term of Eq. (15b) is the incident intensity
in the 0,;,¢,; direction. The zeroth-order solution takes
the form

10f,0,2) =0, (16a)
TOV (7 — 0,p,2) = Iyid(cosh, — cosf,i)

X 0(po — Poi) exp(kez sect)). (16b)
The first-order solutions are found to be
T(0,6,2) = exp(—k.z sech) seclP(b,d; — 0;,p;) - I

" exp[rez(sech + sech;)] — exp[—«.d(sechl + sech;)] ‘ (17a)

Ko (secl + secf);)

T — 0,p,2) = —explkez secll) sechP(xw — Hpim — 0;,;) - 1,

» 1 — exp|[—«.2(secl — sect;)) ) (17h)

Ke(secl — secl;)
The corresponding first-order scattered intensities are,
in region 0,
T8 (0os pos) = TBy 5,2 = 0)
= secl P(0y.pe:m — O i)

x I.; 1 — exp|—«kqd(secl, + sech;)]

(18a)
Ke(secll, + secll;) 5

and in region 2
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TS = oy poy) = TV 0 = O, 4y = —d)
= —expl—+.d sectl,) secll,
P = Oy = i i) - 1,

1 — exp|k.d(secll, — secll;)]

(18b)
Kelsecll, — sech;)

It is noted that, in the first-order solutions, the cross-
polarization contributions are zero, and we must carry
the iterative process to at least the second order to ac-
count for the depolarization effects.

The second-order solutions in region 0 in the direction
(dos,m + ¢y ) are

=05 w/2 .
1By, + bo) = sect), f 0’ sint’
0

X f T APl + dull )
0

X A0 0') + Pl + s — 07,0 - Ao(#,0)],  (19a)
where
.= 0 o
A9 = f dz’ exp(ke2’ sect YWVl p',2")
—d
— - 1
=secll - P(),p"sm — Bi,pi) - 1y - ———————
Ke(sech’ + sect;)
X | Do(f,,0;) — D (B,,0°) exp|—k.d(sect’ + sect; )]}, (19b)
_ o
Ay ') = J‘ d2’ exp(k.2’ secll;) exp(k.2” sect’)
—d
X secll’ - Pl — 0 ,p"; — Op.p5)
- —1
X [y - ——————————- 1 — exp|—~Ke2 (sect’ — secl;)
! Kel(sectl — sect;) } Pl—xe ol
= - =1
=secl) - P(r — W' " sm — O; ) - i o ———————
see b aim - Ke(secll’ — secll;)
X [Dafs,0°) = Dally,0;)], (19¢)
1 — exp|—ked(sech; — secfl,
Dyb0.) = exp|—red(sectl; — secfly)] ) (19d)
Kelseclt; — secll,)
1 — exp|—ked(secl, + sectl)
Ligth ym 20U R, + 0G| (19)

Kelsecl, + sectl;)

B. Backscattering and Bistatic Scattering Coefficients

We consider a vertically polarized incident wave and
calculate the vertical and horizontal polarized scattered
intensities to the second order in the iterative process.
Using Eq. (19) we obtain

% /2 27
”n{‘[(”m 7+ ‘/’U.ﬁ) = lull' SBCU,» - f dfl’ sinf’ f d(/” secl’
( (

) )
XA[PrWy,m + ¢y’ p) - Ky (07,7) + P, m + ¢sm — 07,¢))
X L] + [Pralllea + dpoilV ) - Kol ")
+ Ppolll,,m + pm — 07 ")« Lot )]
+ [Piatlly,m + hesll ') - Kall ) + Prally,m + pgsm — 87,0
X Lalll | + [Prstfya + gsll ') - Ky(0' ')
+ Pyl + = 00p") - Lyl )] (20)

where

1
Ky(rawy = Pl gptm = o) —————————
relsecll” + secll;)

XAD W) = Dl 1) exp|—=nedsect!)” + secl)) |1, (2la)

1

Ko, ¢') = Po(0V p'sm = 0 p)) —————————
2(0,¢7) 2 (" i i o (sect)” + secl))

XADol ;) = Ditth 'y expl=nodisect” + sect; )]}, ik}
1
Kay(0,9p) = Py (0" — Ui ) ———————
3(07,97) (0" il Ko (sectl’ + sech;)
X 4D (0,,0;) = Dy(0),,8") exp|—«.d(sect” + sect);)]}, (21c)
1
Ka(t' ') = Pa (@m0 i) ————————
4(0",¢") a ¢’ i Ke (sectl’” + sect);)
X Dot 0;) — D1(0s,0") exp|—ked(sect’ + sect; ]|, (21d)
-1
Li(t'¢p)=P =t = 0,0)  —————————
W0 ulm b ¢ Ke(sect’ — sect;)
X 1DZ({)§;0’) = DE(H.\',HI')]’ (223)
-1
Lot/ ") = Poylmr — 0,95 = Bi,) - ———————
20",4") ol ¢5m @ Ko (secll’ — sectl;)
X [Dall,,8") = Datb,.0;)), (220)
-1
L0, = Pn(m — 095w = bini) - — ———~
3(0",¢") n{m 5w = bii) Ke(sect’ — sect);)
X [Da(8,,0) — Do(8,8:)], (22
-1
L@, =P —0ghm = i)
4(07,¢") a(m o U ke (sect) = sect;)
X [Da(05,0") = Dotb,0:)). (22d)

Pj(0,6,0/,¢) is the term of P(f,¢;0/,¢) (i = 1,2,3.4). Its
expressions are given in Appendix A. Note that as ¢’

~= i,

1

Da(B,,0') — DB, 0;)] = ——————————
1D 20, 0)] Ke(secl, + sec;)

im ——
o —f; Ke(secl — sect;)

X {Do(B,0;) — D1(6,,0;) - exp[—ked (sect, + sect);)]}. (23)
Thus we can obtain the backscattering cross section

T80, + o) + 10,7 + ¢)
oue = 4w cosll,; ase (i, ™ ¢L]l Wi, + & ; (24)
oiv

and we can obtain the horizontal polarized scattered
intensities

iy w/2 ) 2
T2 (Bos7 + bos) = Ioiy sech - f d#’ sinfl’ f S sl
0 0

XA[Par (0,7 + 930,97 - Ki(0,6) + Poy(fy,m + o — 07,0")

X Li(0,¢")] + [Paalfs,m + ¢4;07,0") - Kol ,¢p")

+ Pao(fl,,m + g3 = 07,¢9") - Lo(t,¢p")]

+ [Poalls,m + ¢4;0",¢") - K3(0,¢") + Poa(By,m + $gim — 07,¢")

X Ly(0, )] + [Poalls,m + ¢y:07,¢") - Ka(0,0)

+ Poyllly,m + ¢gsm — 07,¢6") - La(t?, )]} (25)
Thus the bistatic scattering coefficient y,u, (s, +
GDos; 001 ,00i) In Tegion 0 is

€080, L o5 (B ,p5)
cosflyid i
ﬁi i) - D‘l(”a‘ -ﬁi)

‘Ynhv({}<m‘p(;s;ﬁaiy(pui) =4
= dm secll, - Pyy(fly. 7 + i —
/2
+ dy el f Al sint)’ sect’ - [Fy(8,.0) + Faltly.6)
O

+ Falll ) + Fyt, 00, (26)

where
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9

=7
F.uh-.u'»=f A Pay (B + o VR (1)
o

+ Poyfe + gizm — 7.0V A0 7). (27a)
Fath, ) = .f‘hdll'll’»_»-_.(ﬂ,‘w + bl AVK )

+ Poslfe.m + pam = 070V A0 0] (27h)
Fall ) = j“)hdﬂ'lf’gn(ﬂ,.n + bl K ()

+ Pos(llea + i — 07 WLy (B (27¢)
Fy i) = j;z'drrlpym,.n + 00" VK (04)

+ Pogllpr + b — 07 VL8 0"). (27d)

Using the similar approaches we can obtain aup,00,,0.4
in region 0. The second-order bistatic scattered in-
tensity in region 2 in the m — flog,¢9, direction is

T2 (1 — Aog,pos) = 127w — By 5,2 = —d)
= secfl; exp(—k.d secfl)

0 x/2 2
X f dz’ exp(—kez’ sectl) f df’ sinfV’ f d¢’
—d 0 0

X AP(m = 0,,05:0",0") - TO(00",2") + Pl = O,,05:7m = 07,4")
XTN(r = 0,¢",2')} = secll, exp(—«.d seclly)

x/2 2%
b g f df’ sinfl’ f d¢’
0 0

X P — 0,,05:0",¢') - B1(0/,¢") + P(w — 557 — 07,0
X Bal#, ), (28)

where

_ 0
B(0',¢) = f . dz’ exp(—k.2’ secl) I V(0 ,¢',2")

1

= 0"’30,‘ ’; _Bir f '70['—
se¢ W ¢:) Ke(sect’ + sech;)

” {Dn(ﬂiﬂ.«) __exp[—ked(sect; — secfl;)] — exp[—k.d(sect + secli.')]} )
Ke(secly + sect’)
(29a)
== 0 -
Bo(0',¢') = fd dz’ exp(—k.d’ secl,) - TM (7 — #,p",2")
sect’ - P(m — 0/,¢’ 0:,6i) - T, L
=g Pr =00 — 0 ,8) Ty —m
RO K e(sect — secfl;)
X [Dy(8;,6,) — D1(6",6,)]. (29b)

C. Cross-Polarized Scattered Intensities

We consider a vertically polarized incident wave and
calculate the scattered (i.e., incoherent) intensities
(vertical co-polarized and horizontally depolarized
scattered intensities) to the second order in the iterative
process. Using Egs. (28) and (29) we obtain co-polar-
ized scattered intensity

Foelm = O o) = 15 (0 = g o) + 15500 = (la, o)
= secll, - expl—n.d secll ) - Pytm = O ez — )+ 1,
X Dyl 0.+ 1, secll, - expl—r.d secfl,)

®/2 2z
X f dafl’” sinf)’ f do’
0 O

= sectl 21 (m — gl p’) - R0 )

+ Pyl = lgapim = 07 4")

XS0 p] + [Pratm = Opill ') « Rot V' p)

+ Ppalm — e pm — 07" - Sulll )|

+ [Pralm = sl by « Rl ") + Pratmw = O bz = 07"
X Salt )] + [ Pralm — tpill ') - Ryl p")

+ Py — O ypsm — 07") - Sy(07. ]} (30)

and cross-polarized scattered intensity
Losh (1 = faepa) = IS4 = Ooepoe) + IS (T = Dogbay)
= secll, - expl—ked sectl,) « Poy(m — O psm — O p) 1 o= D00,
/2 2x
+ I, secll; - exp(—r.d secfl,) f daf’ sintV’ f d¢’ sect!’
0 (

)
X |[Par(m — 8,,u38" ") - Ry(B.¢") + Poylar — O, i — 07 .4p")
X S1(0",0")] + [Pao(m — s,p550",6") « Ro(0V,¢p")
+ Poy(m — g pssm — 0,9 - Sa(l,¢")]
+ [Pos(m — B5,550",¢") - Ra(0,")
+ Poy(m — g 03 — 07,¢") « Sall,0")] + [Poslm — 0,030 ,¢")

X Ra(0',¢p") + Pog(m — by, — 67,¢7) - Sy(0",0")]}, (31)

10-! ~
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= oo O
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Fig.4. Backscattering cross section/volume vs rain rate at 70 GHz.

Data given in Ref. 5.
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1

Ryt o'y = Pyl g m — _
helsect) + secll;)

U/.(,’),)

exp|—s. d(secll; — secll,)| — exp[—«.d(sect’ + sect; ]|

X {[)1(0,.(1,) =
Ko(secll + secll’)

R, p'y = Py s — O p)) ———————
AW 21 ! L Kolsecl) + sechl;)

XD (0 0y —

exp|—k.d(secl), — sect,)] — exp|—r.d(sect’ + sec(l,)l}
Ko(secll; + sectl’)
1

Ratt ¢’y = Pyl ' — b ,p;)) —————
’ il OO e lsecl’ + sech;)

X ADy (i, 0,) =

Ke(secl, + sectl’)

Rytr ¢y = Pyt — b ) —————
Kelsecl) + secll;)

» JUM’, o) - exp|—x.d(secll; — secll,)] — exp[—«.d(sect’ + secﬂ,-)]} ‘
| Ko (secll, + secll’)
St =Pilm =00 — 0 ,¢p) o ———————
B " ¥ ot Ko (sectl — secl);)
X (D0 0,0 — Dy(07.0,)],
Sl ') = Poyle — 0 ¢/ — 0, ) o —————————
! T ke(sect” — sect;)
X [Dy(0,,0,) = Dy(07,0,)],
Sa(0, ) = Palw = 0" = 0 p) - ————————
' ' ! ‘ Ko (secll — secl);)
X [Dy(0,,0,) = Dy(0°.0,)].
Syl ) = Pylwe =0, — ;) ———————————
4 i ¢ . K. (secll” — secfl;)
X Dyl 0,) — Dy 85)).
Note that, as ( >0,
1 1
lim ————————— | D1(0,.0,) — Dy (0,0,)] = = d2. (34)
i -0, Kelsect) — secll;) 2

Thus by Eq. (14) we obtain the cross talk of a trans-
mitting wave with vertical polarization:
Loy — 05, ¢5,—d) -

X = exp(cned 5ecl) + Lone(r — B — ) - 0, o
% H:0.)-P3 St . Q

- et T

where
PYy = Pl = Opim = 8i,00), (36)

vyi= J; " Al sint) sect IV (0,0) + Vol ) + ValB,0)

+ VLN, (37)
wherel =1 ors
Va0 = j; AW [Pyt — B aistl” ') - Ryl ')

+ Pote = b = 0799 - S, (38a)
Valll ) = J‘: A |Prstm — Op.ps” ) - R )

Pyt = O = 07.°) = Sallt )], (38b)
V) = j: APl = Oy ll” o) - R0 ")

+ Pyt — pagppzm — 07"y < Sa(p)|. (:38¢)

exp|—k.d(sect, — secll,)] — exp|—r.d(secll’ + secﬁ,-)]}

CROSS TALK (db)

Fig. 5.
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Cross talk vs rain rate at 11 GHz. Data given in Ref. 8.



