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FOREWORD

This report was prepared by the Remofe Sensing Laboratory of the University
of Kansas Space Technology Laboratories under Contract NAS1-10048, Under this
contract the principal investigator is Dr. R. K. Moore and the project engineer is
Dr. A. K. Fung.

This document covers a parficular fask in an on~going effort between INASA
Langley Research Center and the University of Kansas to demonstrate the value of
the microwave scatferometer as a remote sea wind sensor. Specifically the inter-
action between an arbitrarily polarized scatterometer antenna and a non=coherent
distributive target is derived and applied o develop a measuring technique to recover
all the scattering parameters. The results are helpful for specifying antenna polar- .
ization properties for accurate retrieval of the parameters not only for the sea but

also for other distributive scenes.
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GLOSSARY OF SYMBOLS

= Area of radar illumination

= Coherence mairix for scattered field

= Coherence matrix for transmit (receive) antenna

= evs?a + ehs.i-tb’ scattered field intensity in volts/mefer per steradian
= ew?e + ehf.;:f: ; incident field intensity in volts/meter

= Maximum directivity when transmifing (receiving)

= Normalized vertically (horizontally) polarized pattern in the surface
coordinate system

= As ahove, however, in the antenna coordinate system

='Antenna iﬁ;ﬁuf current

= Imaginary part operafor

= Unit spherical polar vector in the surface {(antenna) coordiﬁai'e system
= Unit spherical azimuthal vector in the surface (antenna) coordinate system
= Propagation constant

= Complex effective height vector

= Mutual coherence matrix for the scattered field

= Mutual coherence matrix for the recepticn antenna

= Degree of polarization

= Anfenna radiation resistance

= Radar range

= Real part operator

- = Scattering operator, for the jfh incident polarizaiion and the ifh scattered

polarization (3: jRz/A cos8)

= Scattering operator yielding resultant field (See A j)




GLOSSARY OF SYMBOLS (continued)

<Sijskl> = <'3ije't'8iil ei:_>/ej‘_ eTf, scattering coefficient

]
¥ = Time
< > = Time (spatial) average
T = Polarization rotation matrix
fr = Trace operator
(%,¥,2) = Surface coordinate system

{w.v',2") = Antenna coordinate system

xi

Wi, = Transmif power

w = Receive power

Z = Free space impedance

8 = Relative phase between the vertical and horizental antenna polarizations

. defined with respect fo the surface polarizations

g’ = Relative phase between the vertical and horizontal entenna polarizations
defined with respect to the antenna polarizations

e, = Incident angle

A = Radar wavelength

k, = Free space permeability

P = Angle between antenna and surface polarizations

Q = (8,4), line of sight

R = sin6dO do
2, = (Bo,q)o) antenna view angle
0 .= Radian frequency




1.0 SUMMARY

The non-coherent radar equation is derived within the framework of a general=-
ized reception theory. For scenes satisfying reciprocity, the resulting equation confirms
a previously derived theory [6]; this result, however, was extended to account for the
difference beiweei: antenna and surface polarizations. The present theory permits one
to interpret the radar refurn and its reception within the context of scatfering and co-
herence theories (see Section 5.2). Under the reciprocity assumption it is shown that
in addition fo the three commonly known real valued scattering coefficients there are
three complex valued coefficients (without reciprocity there are four real and six
complex valued coefficients), As a resuit of the new coefficients, the definition of
a scattering coefficient had to be extended. Specifically a descriptive definition was

suggested, viz.,

-—

!
» <§; .o, 8% > R?
et 1t A cose
where,
,'3 ij€jt . = scattered field component
.s = linear polarized scattering operator
i

= incident field component

j .

R = range to the illuminated aren

A = incremental area of illumination

60 = incident angle
The subscripts denote the polarization states of the incident and scatiered fields, either
vertical v or horizontal h, The above definition encompasses the old us well as the
new scattering coefficienis. In the new notation <S_ S§*

w vy
the polarized coefficients, < Svthh> is the cross polarized coefficient, and <SWSﬁv>

> qnd <Shhsﬁh> denote

<3 Sﬁ > ,ond < S, Shh> are the new complexed valued coefficients.
Oiher scattering coefﬂcnents participate in the scattering process as impliied by Equation (i~
i)" above; however, when reciprocity is satisfied the above set is sufficient (See
Equations (4-26) and (4-29).)
The complex valued coefficienis account for the relative phase induced befween
the vertically and horizontally polarized components by the scaitering surface. The

phase characteristic of these scattering coefficients interact with the relative phase pro-

L e




perties of the transmission and reception antennas to contribute an observed power com=
posed of real and complex valued scattering coefficients. This interaction occurs
within the coherent radar equation also; however the interaction must be inter—

preted differently for the non-coherent case. As a result of the spafial integration

to acquire an average return, the complex valued coefficient must, in general satisfy
Schwartz! inequal ity

2 21 (2
[<Si55k1>17 £ <ISg517><1s 17>

For the coherent case, equality is always assured., However, for the non-coherent

case strict inequality can occur, As a result of the strict inequality, one can aftribute
a partially polarized character to non-coherent radar returns (See Section 5.4), Also
as a result of the inequality, techniques for measuring the scattering matrix for coherent
targets cannot be employed for non-coherent targets, To illustrate the character of
these scattering coefficients several scatfering theories applicable fo sea returns were
examined (See Section 5.3).

On the basis of the above theory a measurement and inversion technique was
developed fo measure all six coefficients (nine parameters when the real and imaginary
parts are considered). The technique is based on intensity measurements by narrow
beam radar scatterometers (See Section 6.4). Inversions are proposed with and without
regard to the distinction between antenna and surface polarizations (See Section 6.4
and Section 7.2, respectively). It is demonstrated that the distinction between polar
izations is negligible for narrow beam antennas at all but small view angles 'See Sections
5.5 and 7.3). For small view angles, inversions based on surface polarizations are more
accurate, in general, if the measurements are fo b compared with theory or with other
experimenters. For example, a 50% error cceurs at nadir in inverting for <|svh|2>
(defined with respect to the surface polarizations) wher. .ne inversion technique is based
on antenna polarizations. Comparison of the inversions with and without regard to the
distinction are shown in Figures (7.3) through (7.8). Inversions based on antenna polar

" {zations can, however, be performed at small view angles if very small beamwidths
are employed. In this case nadir can only be probed in an asymptotic sense. The degree
to which one can approach nadir and yet meet the constraint that the antenna polar
izations across the main beam approximately mafch those of the surface is dependent on
beamwidth. Figure (7.2) paramefriccliy shows the beamwidth requirement as a function of
view angle to minimize unwanied orthogonally polarized content in the measurement.
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This latter technique is preferred in as much as the measurements may be restricted fo a
partial set of coefficients whereas when inversions are performed with respect to the sur=
face polarizafions the entire set of measurements must be performed, It is also advantag-
eous fo use inversions based on antenna polarizaiions and small beamwidth antennas when
an anisofropic characteristic is fo be measured af small view angles.

Computer simulations were conducted to determine the effect of deviafions
from the ideal antenna polarizations (required by the measurement technique) on the
accurate recovering of all nine scattering paramefers. The deviations, for example,
canbe iniroduced by the mis-match beiween surface and antenna polarizations pre=
suming the scattering parameters are to be reported with respect to the surface polar
izations. Also, deviations obviously occur because ideal antenna polarization speci-
ifications cannaot be realized by practical anfennas. Within these simulations a scatter—
ing characteristic similar to that of the sea was employed as iHustrated in Figure (7,1),
All simulatfons were conducted with the assumption that the relative phase between the
cross-polarizations was stafionary across the main beam,

The simulations indicated that there is liitle difficulty in recovering the three
dominant scatiering coefficients with off-the shelf antennas os illustrated by Figures
(7.9) through (7.12) and Figure (7,15}, Some difficulty can be anticipated when <|Shh|2>
is more than 10 dB beneath <|SW|2> as itlustrated by Figures (7.11) and (7.12), In this
case the cross polarized level must be better than 20 dB below the dominant (h) polar
ization. On the other hand, the antenna polarization requireméni’ must be more care-
fully observed when reirieving the six weak scaftering parameters as illustrated by
Figures (7.13) through (7.16). In some cases an adjustment in the relative phase of the
cross polarization (if possible) can relax the antenna requirement, When the relative
phase cannot be controlled in the case of cross polarized measurements, a rule of thumb
for the quality of the antenna was esi‘abhshed If the measurement is fo be performed
with a 0.5 dB accuracy and <|S hi > is X dB beneath the geometric mean of <[S [2

~and erhhl >, then the one~way cross polarized patiern must be X + 16 dB benecfh
the dominant,

When the dynamic range of the scaitering coefficients is large, it is
clear from the simulation studies that the experimenter must carefully design his
antenna fo accurately retrieve the weaker coefficients. Certain types of antennas
which have potential in achieving the ideal polarization states are suggested in

3




Chapter 6. The antenna specifications for ohservations over the sea or scenes
having similar scattering characteristics can be bosed on the results reported in
Chapter 7. However, for scenes having an entirely different characteristic, it

is advisable to conduct simulations similar to those reported here. The simulation
program, documented in Chapter 7 and Appendix D, may be easily modified

for this purpose. These chservations as well as others serve as a guide for designing

: it ?
meaningful and accurate scatterometer experiments. : :
|

The term scatterometer was infroduced by R, K, Moore of the University of Kansas,
A scatterometer is a radar designed to accurately measure the scaftering properties
of non-coherent scenes. The term scatterometer and non-coherent radar will be

used interchangecbly, ) ,




2.0 INTRODUCTION

Various resear ch programs have been proposed or are in progress fo demonsirate
the potential of monitoring, on a global basis, imporiant geoleogical, environmental,
hydrological, oceanographic, meteoroloical, and agrarian parameters. The usefulness
of remotely sensing certain parameters has been repeatedly demonstraied with optical
and infrared sensors. More recently however, satellife and microwave fechnologies
hove developed o a point where microwave sensors are also suitable candidates as
remote sensing devices, The microwave radiometer and radar scatterometfer are prime
candidate sensors.

In remofe sensing fechnology it is common knowledge that the retrieval of the
remofely sensed parameters often entails compensation of the measurements for sensor
ond dtmospheric effects. The antenna is one element of the sensor system that requires
special consideration. An understanding of the antenna~scene interaction is essential
fo designing meaningful experiments and for specifying the antenna with which the
experiments are o be conducted.

. The radio astronomers, for example, have developed a rigorous theory involving
the complex visiblity function fo describe the inferaction of a radiometer antenna with a
small celestial scene [1]. , Measurement fechniques were based on the theory io derive
complete emission properties of the scene. Recently Claassen and Fung [2] and Peake
[3] have reported radiometer interaction relationships for nominally flat scenes having
a simple partially polarized emission property. A measurement technique based on ihe
relationship was developed by Claassen and Fung. Grody [4] has illustrated how the
difference between antenna and surface polarizations impa ct radiometer experiments.
To date Hitle has been done to develop and use a comprehensive radar scatierometer
antenna=scene interaction relationship for non-ccherent targets. Most efforts have
treated only the spatial extent of the antenna paitern and have avoided general
antenna and scene polarization properties [5]. An exception occurs in the theory
developed by Williams, et al. [6]. Their characterization of the scene purume’rérs was
based on the coherent radar equation and no ne surement technique was reported.

In this study a complete non-coherent radar equation is derived and interprefed.

The resuliing expressions are valid for an arbiirary antenna, The resull is also extended

fo consider the differences between antenna and surface polarizations. The distinction




is imporfant when measurements are to be compared with theoretical predictions, It
is shown that six differentiul scattering coefficients are required to describe the antenna-
scene interaction when reciprocity applies. Three of the six coefficients are complex
valued. The coefficients are interpreted within the context of scaitering and coherence
theories, A retrieval technique based on intensity measurements is proposed fo measure
all the scatfering coefficients, Computer simulations , based on the technique and a
scattering characteristic similar fo that of the sea, were conducted, The results of the
simulation were employed (1) to validate an approximation used in the inversion, (2)
to demonstrate antenna requirements for accurate retrieval of the scattering coefficients,
and (3) to evaluate whether the distinction between aitenna and surface polarizations is
important,

The development of material in the subsequent chapfers is accumulative. Chapter
3 develops the background theory relevant o the derivation and understanding of the
complete non-coherent radar equation. An adequate number of references are cited so
that the reader can fill in background more deeply if he so desires, The derivation of
the non=coherent radar equation is presenfed in Chapter 4. In the laiter section of this
chapter the equation is altered to account for the difference between antenna and surface
polarizations. Chepter 4 is strongly supporfed by the contents of Appendix A and B.
Chapter 5 is devoted fo developing an understanding of the non—coherent radar equation
and the polarization properties of radar returns, Certain scattering theories deseribed
in Appendices A and C are visited to illusirate the behavior of the complex valued co-
efficients. The difference between antenna and surface polarizations is also illusiraied.
The measurement and inversion fechnique is presented in Chapter 6. The mathematical
aspects of the inversion are freated in general and then specialized to the radar problem.
Certain antenna properties which simplify the inversion are described. Anfenna types
capable of realizing these properties are suggesied. The medasurement and inversion
technique is evaluated within Chepter 7, A computer program which simulates the
measurement and refrieval of all nine scattering parameters is deseribed briefly. Full
documentation of the scatterometer simulation program is provided in Appendix D. The
results of the simulation are employed to illustrate anterna polarization requirements
o measure all nine scaitering parameters, Other practical ospects in making radar scafter
ometer measurements are also discussed. The measurement of the pottern amplitudes is

specifically treated. Appendix E describes a computer program which specifies the points



at which a pattern must be measured. The conclusions and recommendations are presented
in Chapler 8. A summary of all significant resulis is presented in Chapter 1, It is

advisable to read the summary befare entering the technical chopters.



3.0 BACKGROUND

3.1 Iniroduction

The theory and measurement of radar cross sections have been well developed
for discrete coherent targets. An excellent review on the measurement of radar cross
sections is found in a special issue of the Proceedings of the IEEE [7]. The theory of
measuring non—coherent radar cross sections, except for the isolated works of Williams,
ef al, [6] and to some degree Hagfors [8], is largely lacking. Williams, et al. simply
extended the theory for coherent fargets to a non=-coherent scene. In doing so, they
over-looked some subtle distinctions between coherent and non-coherent theories as
shown in Chapter 5. No measurement technique was presented. Hagfors, on the other
hand, related Stoke's parameters for the incident wave to Stoke's parameters for the
scattered wave in terms of the Mueller matrix [9]. In general, there are sixteen
parameters in the Mueller mairix, However, as shown by Hagfors, targets exhibiting
reciprocity and circular symmetry can be characterized by five independent entries
in the Mueller mairix. Hagfors related his measurements to some of the five inde~
pendent eniries but no attempt was made to isolate all five entries. By using
"Gedanken Experimente" as Hagfors did, one can show that for a flaf scene there
are nine independent enfriég. At nadir there can conceivably be only five if the
scene is cylindrical symmetric (isotropic). The fact that there are nine independert
entries in the Mueller matrix for flat scenes implies that there should be nine
scattering parameters, To date only three scattering coefficients have been reported
by the earth resources community [10] [11] [12].

In preparing the background for this effort the author chooses to avoid the use
of Stoke's parameters and Mueller mairices since the earth resource community is, for
the large part, unfamiliar with them, Instead polarization coherency mairices, an
entirely equivalent representation for the polarization state of the transverse wave, are
employed. The relationship between the entries in the coherency mairix and the standard
differential .scattering coefficients are clearer. To properly introduce the more general
reception theory in terms of coherency matrices, the background for the reception of
(polarized) monochromatic waves is first established. It is then employed to derive the
coherent radar equation. In doing so the imporiance of reception theory in understanding

the radar equation is clarified.




3.2 The Reception of Monochromatic Waves and the Radar Equation

3.2 Transmitted Fields ,
Schelkunoff has shown that the far field of any antenna has a dipole field

characteristic [13], viz.,

. - -.kr‘
+ ~3Z_N(o9.9¢)e J
E(6,¢) = g (3-1)
2ar -

where

N = radiation vector

Zo= intrinsic impedance of the medium

A = wave length

v = distance 1o the far field point

k = propagation constant
and where the time factor ¢ wt is suppressed. The radiation vector NI, in general,
has complex components and induces a relative phose between the far field exponents.
As a consequence, the far field has an arbitrary elliptical polarizaiion. Now since
N is propartional o the antenna input current I, Sinclair [14] proposed that a complex
effective height vector L be introduced so that

:(e,cp) = N(6,9)/1 (3-2)

The far field can therefore be expressed as

s + =jkr .
g demplte | (3-3)

dny
where
w = radian frequency
M germeabilify of free space
In general, L may have both 9 and § components in a spherical coordinate system and
both may be complex. Specifically to emphasize this property, we may write L in

normalized form

r = |} (coséiy + sinﬁejﬁ’i'q] ) (3-4)
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Ot ienn vumpactly as

L o= |0 (1,7, + 1h“{¢) (3-5)

% toflocts the orientation of a linear polarization when g =0 and when g# 0,
{t 18 1ha 1elative phase between the components, With a little effort § and B
et hin 1nluted to the axial ratio and orientation of a polarization ellipse [15].

3,7.7 Receiving Polarized Waves

Yuppose the above antenna is used to receive a plane wave described by

-iK-F (3-6)

—-—

E = (Ev"fe + Eh"fé,)e

whete k 1s the propegation vector. E, and E are the vertically and horizontally

Polurisal amplitudes, respectively. Then it can be shown by the reciprocity theorem

(&) that 1he open circuit vdtage induced into the terminals of an antenna having
effadtive |1eighft is given by [14]

v = E.T (3-7)
The power available at the antenna ferminals under matched conditions is given by
P = [ET|2 /8R, (3-8)

whoja Rr Is the radiafion resistance of the antenna.

32,1 Munochromatic Reception and the Radar Equation
It has been shown by Sinclair [17] and by Kennaugh[!8] that a radar targef

.- €an wut «y g polarization transformer. Sinclair expresses the transformation by a
scallen liy matrix which can be incorporated in the radar equation. The scattering
matilw Iy Jefined by .

j ip 3-9
YTyye W e e
s = PPy 3Py
/o8 /o ne




where
¢’ = radar cross section for a q linearly polarized incident wave and a p
reflected wave

Pog ™ phase center for each component of the reflected wave

p,g =vorh
If the incident field is denoted as

. By = (oyip + edyle (3-10)
or . + ~Jkr
- =Jwil I.Le
E, = o't ¢ (3-11)
dr v _ '
then the scaftered field Es in component form is given by*
e e
Vs vi -
 uE s @12
®hs | ®ht

Iftr denotes the complex effective height vector of the receiving antenna co~locaied

with the transmit antenna, then the power received under matched conditions is given

by

P = [E - L.%8R, (3-13)
or ) . (omg L V1L |21l 217,512 | (3-14)
8{4n) r"Rr
where

T‘t,r - ﬁt,r_l (1vt;r‘a+1ht,f~‘¢) (3~15)
1
Tht

}

?

. et |
*Matrix notation for fransverse wave componenis is frequently used throughout. %
L

i




1
vr (3-15)
r 1

hr

Now it is well known [18] that the antenna gain is given by

1

+
4w ILt’r(e:‘b) |2

Bgr T S (3-16)
[ 1Ty, 1200
and the radiation resistance by
- 2 2 -

Ry p Z,/(42%) }A]Lt’r] de (3-17)

As a result,.the received power can be written in more familiar form
A6, (e,¢) G (6,9)H
W - L(8:0) 6.(8,0)H,0 -9
(4w )3r*
where the radar cross—section has been identified as
= 2 3"']9
o = ]1,51,] (3-19)

The above expression for the radar cross section reduces to the linear pol'arized
cases when both 1 and 1_ contain a single non-zero component. For the coherent
target the above formulation completely describes the interaction befween three
apertures, the transmitting and recelving antennas and the targei®.

Methods for measuring the elements of the scaftering mairix have been re=
viewed by Huynen [21]. Methods of measuring radar cross sections & have been
reviewed by Blacksmith, et al. [22] and by Kell and Ross [23].

3.3 The Non-Coherent Radar Equation

Radar returns for a non “coherent scene have been defined in terms of a different~

. . . s . . o, . .
ial scattering coefficient ¢° rather than a scattering cross section @. @ is unitless

#1t has been shown that the target actually acts like two coupled apertures [20]..
12 |
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and expresses the equivalent average radar cross section per unit area. Moore [5] has
shown from elementary considerations that when o is employed the average refurn
is given by

r

- 3 Of 3-20
N W,/ (4n) JGtGr‘a /vt dA (3-20)
where the integration is performed over the illuminated area. For linear polarizaiions

the differential scattering coefficients have been defined in analogy fo ¢ for the
echerent case [5] [24]

41TP2<|E5&|2> (8-2h

0
o‘ -
QP A |E; |2
1p
where _
A '=illuminated area
r = distance between the illuminated area and the poini of observarion
qu = scaitered field intensity
E.
ip
Psq =vorh

= incident field intensity

Williams et al. [6] have shown that radar refurns cannot be characterized by linear
polarized scattering coefficients for an arbitrary antenna polarization and an arbifrary
scene. They offer an expression for the differential power coniribution by g small
paich of the scene, Their formulation, however, is entirely identical to the radar
equation for coherent targets, i.e., the effects of spatial averaging have not been
considered.

3.4 The Reception of Quasi~Monochromatic, Partially Polarized Waves

3.4.] General

~ The treatment of radar refurns for non~coherent scenes to date has relied
cn infuitive extensions of (polarized) monochromatic theory. Yet when ons con-
templates how the measurement of the non-coherent scattering coefficients is actually
performed, one is acutely aware that the measurement involves estimating the mean of

a fading signal having a certain doppler bandwidih. The resulting refurns ore, asa

13




consequence, quasi~monochromatic rather than monochromatic, Furthermore, it is
presumplive to anticipate that average returns from a randomly rough target are com=
pletely polarized®. Indeed one should anticipate that the actual return will be a
mixiure of randomly polarized and golarized waves, i.e., will be partially polarized.,
Hence, any derivation of the non-coherent radar equation should include this possibility.
Ko [15] has developed a comprehensive reception theory for quasi~monochromatic
partially polarized waves., This theory is reviewed below and will be employed in the
succeeding chapter, Important to this theory are the notions of an analytic signei as
defined by Guabor [26] and the polarization coherence mairix as originated by Wiener
[27] and Perrin [28] and later developed by Wolf [29]. An excellent discussion of
both topics appears in a text by Born and Wolf [30].

3.4.2 Quasi-Monochromatic Partially Polarized Waves

"Wolf [29] has shown that a quasi~monochromatic wave whose bandwidth is
small in comparissn to the mean angular frequency § can be represented in analytic

signal form of the type

E(ri8.0,t) = e, (r.0,0,t)7y + e (r.0,0,t)7, G2

where

e, = a,(r,0,0,t)ed (UE-krtay(8,0,1)) (3-03)

ey = ah(r=e,@,t)ej(“t'kr+“h(9=¢=t))

The actual signal may be isolated by faking the real part of the above expression.
The elemenis of this analytic signal have properties such thai av’h(r,i‘) >0 and
a{v' h(?,.t) is real. The correlation of the 8 and § components determines the state of
polarization of the wave. Wolf [29] defines the correlation by the complex factor
< eve; >
U‘.,h = : (3—24)
/o<le,><le, ">

“"Monochromatic waves are completely polarized,
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Where the angular bracket < > represents a time average. By Schwartz' inequality,
fu vh [$1. The absolute value of M b isa measure of the degree of comrelation between
v and h components while the phase angle of u , reflects the relative phase between
the two components, If |u vhl =1, the wave is said to be completely polarized, If
!uvh |=0 and if <| e, [">= < e |”> , then the wave is randomly polarized. The wave
is said fo be partially polarized when FHoh | is between zero and one. The state of
polarization may be complefely characterized by a coherency matrix
* %
. . <evev> <eveh> (3-25}
<ehe$> <eheﬁ>

as shown by Wolf[29] (See also Born and Wolf [30]).

Following Ko [25] and Collin [9] we may now suppese that a quasi~monochromatic
partially polarized wave with coherency mairix C is incident on an antenna with
effective height L. If the bandwidth of the wave or receiver is sufficiently narrow,

then the open circuit voltage i analytic signal form is given by

V o= E<T(0,0,u) (3-26)

where w is the mean frequency of the wave. If a coherency matrix is infroduced
for the anfenna

Wiy A
C. = . (3-27)
*
1,1 1,08

where | , ] 2, fly, | 2 1, then as shown by Ko [25], the power observed af the
antenna terminals under matched conditions is givea by
A26(8,0)

+
W(e,¢) = tr €,.C (3-28)
41rZ0

where fr is the frace operator and T is the transpose operator. The coherency mairix

for the impinging wave is the transpose of that defined by Ko, All coherency matrices
employed within this work are defined with respect fo a coordinate system located at
the observing antenna. Further interpretation of this expression is deferred until Chapter

5 where a similar expression is discussed in the contexi of the scatterom eter equation,
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4.0 DERIVATION OF THE SCATTEROMETER EQUATION

4.1 Introduction

A generalized reception fhéory [9] [25] and notions from scattering theory are
combined to derive the compiete scaiterometer equation for a scatterometer anfenna
having a specified but otherwise arbitrary transmit and receive property. The radar
refurn is freated as a quasi-monochromatic-partially -polarized wave. The quasi-
monochromatic character is induced info the return signal as the antenna linearily
scans the scene. The scan is, of course, important in achieving a spatial average.

The partially polarized assumption as well as the quasi-monochromatic characters per-
mits one to derive the scatterometer equation eleguntly within the framework of the
generalized reception theory. Intuitively, it is reasonable to assume that scatterometer
returns are partially polarized since a spatial average constitutes the return. This inter—
pretation will be illustrated in Section 5.4,

The scatterometer equation is initially derived assuming that the scatterometer
antenna fransmission and reception properties are defined in terms of the surface polar-
izations. In the last section of the chapter the distinction between antenna polarizations
and surface pollarizuﬁons is infroduced and the impact of this distinction on the scafter-

ometfer equation is shown.

4.2 Derivation

To determine the average power refurn from a homogeneous randomly exiensive
target, we suppose that o narrow beam scatterometer linearily scans across the scene
with its antenna pointed in direction o = (90, ﬁo). If the scene has an anisoiropic
character it is important that %be maintained constant during the scan (see Figure 4.1).
The incident (fransmitted) field E, may be related to the antenna complex effective
height vector Li" a reception property, in the standard way [25]*

£ = vt - —jwuoitLte‘](Mt-kr(t)) )
t (4-1

e .
ht 4oy

* Reception and scattering relationships in the far field adapt well fo the matrix
n?taﬁon'. Capital letters will denote mairices and lower case letters will denote their
elements.,
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MEAN PLANE
OF THE SCENE

FIGRE 4,1 The Geometry of the Scatterometer Antenna-
Scene Inieraction
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where e . is the vertically polarized component, ep; i the horizontally pelarized

component and

L 1\11‘.

t T (4-2)

The subscript v and h are employed to denote the vector components aligning with
the spherical polarized unit vectors TG and Tﬁ’ respectively, associated with the sur-
face coordinate system of Figure 4.1. The backscattered field arriving with direction
(8, §) from a differential patch of the surface will be denoted

e
E (6,0,8) = [ V° (4-3)

®hs
Only transverse components for each line of sight (8, §) are admitted in the mairix, The
field has the units of volis/ineter per steradian. Each component of Es must be regarded
as an analytic signal since the relative motion between the antenna and the rough scene
induces a time varying response for each line of sight.

Now the antenna does not respond fo the resultani field at the point of observation.
Rather, if LR denotes the complex effective height vector during reception, the antenna
integrates the field components arriving with different directions so that the open cireuit
voliage appearing at the antenna terminals is given by

Vo(a) = sz(ﬂ)Lr(sz,szo)dsz (4-4)

where Qs as the reader will recall, denotes the look direction and where the symbol

T denotes the franspose operator. For narrow beam scatterometers the integration may
be limited to the main beam and under worst circumstances to the first side lobes. The
average power observed at the terrainals of the antenna under matched conditions is given

by ' 2
way - SIS 4-5)

BRr

where Rr is the radiation resistance during reception {r) and < > denctes a time average

or equivalently a spatial average since the scatterometer is scanning across the scene.

18
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Expanded, the received power is given by

Hie,) =

+ ' 31
<ES(Q)Lr(9,QO) Eg*(g ) LE(ei9)>dado!

(4-6)

Define a mutual (polarization) coherence matrix for the scattered fields as

M (2.0') = Vs(ﬂ)e* (@')> <e  ()ef (a')>

()e* (a')> <e, _(2)er_(Q")
®hs VS hs hs > (4=7)

Similarly a mutual coherence matrix can be defined for the receiving antenna

MR MG L A S P L A EELN
r 1,.(2.2)1% (2,2 ) ‘hr(ﬁ 2,1 1%, (2" ,2,)
GO

Then the average return can be written in compact form

_ t '
W (2) = tr M M. de do' (4-9)

where tr denotes the frace operator,

For a rondom scene it is reasonable to assume that the scattered fields are
angularly non-coherenf, 1e€uy

(g) el (0')> = <ey (@) (q)> 8(a-a') (4-10)

The pragmatic aspect of this assumption is established in Appendix A. There it s shown
that for a finitely conducting=smoothly undulating surface the degree of coherency
(correlation) defined by '

Dis = <e; (@) efg(e)>/ < ej (a)ef(a) > (4-11)
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is given by

Bij = 2 exp (-kzsinze GZAZG/Z) Jdine(k coseRer)

(4-12)
where
o? = surface height variance
k =2/
8

ncident angle

—

A8 = small angular deviation from ©

Ro = radius of the illuminated area

i,j=vorh

The delta function type chgraci’er of the angular coherency Dij is illustrated in Figure
4.2 for a patch of rough surface having a radius of one meter and illuminated ot 13.9
GHz. A close examination of Di' reveals that, in general, the size of the illuminated
area rather than the surface roughness dominates the correlation property af all angles

of incidence except for the very large incident angles. The above result is based on
plane wave illumination., The degree of coherency is thought to have a stronger delta
function character in the case of spherical wave illumination since retumns arriving

from different directions arise from different paiches of the scene whose statistical
characteristics are poorly correlated. A discussion of this latter point within the context
of a scattering theory appears in Appendix B.

Under the above assumption the return power reduces to

! T
wtr‘mo) = ” f tr crcs d (4~13)
r
where
C = M (ngsgo)
) 2.2) (4-14)
¢, = Wgle, |

are the coherency mairices for the receiving antenna and the scattered fields, respectively.
.As a result of the integration the uniis of the elements within Cs become (v/m)“ per
steradian. The change in uniis is clarified in Appendix B.

Now also under the non-coherent assumption, it is permissible to introduce the
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notion of a matrix of differential scattering operators so that for each arrival direction
the backscattered field (coming from a differential patch of the surface) is related to
the incident field in the following way

Byv Buh
= E 4=15
ES tshV *shh t ( )

The second subscript indicates the polarization of the incident field and the first sub-
script denotes the polarizationof the resulting backscattered field. The objective for
introducing this operator is that it identifies the scattered field components for each
component of the incident field, With the infroduction of this matrix the coherence

matrix associated with the scattered field may be written as

— o~k >
[cs]vv = <ﬁvv33vevte$t> t 2Re<d, Blneviehi” *
>
<ﬁvh33hehteﬁt
. - > < * * >
) [Cs]vh - <3vv3ﬁvevte¢t> * <va3ﬁhevte;t * zvhshvehtevt
| < * x > (4-16)
By hntntsht
* >
[clin = BnvBincvi®ie” © 2ReBpyAhntyethe” ¥
- >
2nnhnthtCht
*
[-Cs]hv = [Cs]Vh

_ The action of the scattering operators on the incident fields is clearly evident in the
above expression.

If the incident wave were a plane wave, it is natural to define a scattering
coefficient as

&% * * / e*
SigSa” T Pt fa B B (4R17)
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If the above definition is employed for a spherical wave, the scattering operator will
have to contend with a quadratic phase factor in the incident wave and with a varying
intensity across the surface. The resulting scattering coefficient would depend on the
geomefry of the anfenna pattern. However, under the non-coherent assumption the
incident wave may be considered locally plane on each patch of the surfuce and the
scattering action is then interpreted in accordance with the plane wave definition for

the scattering coefficient. In parficular, the expectations in C, may be written as

¥
1t

* umo-it
Fi58;5¢K1° = [

2
ST
e | ikl g
where Equation (4-1) has been employed. The scattering coefficient is now allowed
to vary with (9,4) across the illuminated area. The infegrand of the equation can now

-—

equation can now be written as

. 2
(m uo1t)

2 2 2
tr G C = 'W{“W‘l [<lsva > [1,417 + 2Re

2 2 .
<vasth>1vt1ﬁt ¥ <Isvhl >|]h’t:l ] * 2Re

|2 * > 1

' 1vr1ﬁr[<svvsﬁv> |1vt ¥ <Svvshh Tve'he

2 2 2, 2
S, nSEa” e 7]+ gyl [<Isp 1ol 1o+

2 2
2Re<S, SEp” Tyeliy * <ISpnl®1Tpe! 1
(4~19)
As a result of the non-coherent assumption and the introduction of the scatfering co-

efficients, the fransmit antenna pattern parameters have been divorsed from the composite

scattering operafors., The reader will observe that the scattering coefficient employed
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here has the units of rnz/m2 per steradian. This definition is najural to this derivation
and is a direct éonsequence of the integrating action of the antenna about i#s observa~
tion point (Equation (4-4)). Further discussion of the scaitering coefficients is deferred
uniil Section 5.2, The dbove steps in the derivation are clarified in the context of
simple scattering theory in Appendix B, As illustrated there, the above theory can be
expressed as a confinuum limit of an incremental theory which freafs the backscatter on
a patch by patch basis. Each paich is associated with an arrival direction.

Now the following identificafions are helpful in re~formulating the results in
more common ferminology:

6 0] 1541°
9yi18.9) = 2 4~20
) g {1,517 1l 7p O
' _ -1
si(e,q)) = tan (Im 1\11-1’61./129 'lv_ili};_i) (4-21)
2 2
4 (l] .] +]-[ ! )
61(0,0) = B b (4-22)
f[“vilz"‘ 1417] ao
G, = mgf¢{G;(6,¢)]‘ (4-23)
i2 = 2W./R
£ t t (4"'24)
_ 2 2 2
Ry = (z2,/ 4x )J-[ll,n-l S AP ) aa  e2s
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where i =t (transmit) or r (receive) and p=v or h polarization. Descriptively, during
transmission g, is the normalized gain of the vertically polarized pattern whereas g, .

is the accompanying horizontally polarized pattern. The relative phase between these
two polarizations is denoted s 8,. In general all three are functions of the pattern
coordinates. G"f is the gain under a matched polarization condition and Gf is the
maximum gain (presumably on boresight). W, is the transmitted power and R, is the
radiation resistance when the antenna is fransmitting. Similar explanations apply to

the reception parameters, They are identified with a subscript r, With the introduction

of the chove paitern parameters, the scotterometer equation can be writfen as.

_ 2 .. 2
W(QO) = (af8w)" Gtuf‘wt“’lt\"/r dQ _ (4-26)
where
2 J/ * sadBt
L T gvr(gvt<‘svvl >+ 2 V9,90 Re<S, Sk >e ) *
. ' By & wadBy
2 gvrghrlévtRe<vasﬁv>e * ghtR8<svhshh>e

jlBg+B , i (Bt-Br)
t+Br) 4 <Sv S*V>e )].

¥ (,(gvtght Re(<SVVSﬁﬁe b

h
' T 38
+ ghr(<|shh'§ ght + 2V gvtght Re<5hv3ﬁh>e t )

2 2
* gvrght<|svh1 >+ ghrgvt<|shv‘ s
' (4-27)

It is interesting to nofe at this point that there are ten scatfering coefficients. Addition=

al simplification occurs when reciprocity applies. Under this assumption

3en = Phy | (4-28)

25




since field reciprocity implies that the operators must be identical. When the ohove
property is applied o the definition of a scattering coefficient

I =

2 B¢
tr Gypdy:<ISyyl > + 2Relg, v ¥

gvtghte
. - 5Bw ' B
gvt‘ gvrghre r )<svv53h> * ZRe(ghrf gvtght'

iBt | ig ——.
€ oG’ Gy Tpee TISSypSEn> 2 9y Oy

J(Bt+Byp)
V9,1 9nt Re<S,yShp>e BTy (dypOnt ¥ Ippdyt T
2v" g, . Re ej(Bt'Br)) <[S i2> +
gvrghrgvt ht vk
g, .9 <.|'S"|2>
hrdht*!>hn : (4-29)

When reciprocity applies the number of coefficients reduces to six,

" The above result is the complete non~coherent radar equation under the re-
ciprocify assumption. Although the equation was derived from the viewpoint of polar
izations ascribable to the surface, the same equation would have resulted had the
antenna and surface polarization states been defined with respect to the antenna. In
the latter case the scattering coefficients would not be comparable with those defined
by the theorist who derives scattering coefficients with respect fo the surface polari-
zafions. In addition, the scattering coefficients for an arbitrarily line of sight would,
in general, be a function of antenna view angle also. Pragmetically,the antenna polar
jzations are referenced to a coordinate system rigidly bound fo the physical antenna,
The antenna polarization vectors, consequenily, move with the antenna as it changes
view angle. The surface polarization vectors on the otherhand, remain rigidly oriented

" with respect to the surface. The fransformation between the two polarizations description
is derived in.the succeeding section. The distinciion between antenna and surface polar
izations on the scatferometer equation is freated simply by transforming the fransmission
and reception éoherency matrices, C, and Cr’ from the antenna coordinate system in
which they were measured to ihe surface coordinate system in which the surface polar

izations are naturally defined.
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4.3 The Scatterometer Equation Including the Distinction Between Antenna and Surface
Polarizations

Suppose that the anfenna patterns, both polarized and cross—polarized patterns,
are measured with the scatterometer antenna mounted on an azimuth=over—elevation
positioner. To describe the antenna polarizations measured from such an antenna
positioner, afix a primed coordinate system rigidly to the antenna. Let the x' axis
denote the boresight axis and lef the z' axis be oriented in a direction coinciding with
the vertical polarization sense (with respect to the antenna) for an observer on the bore-
sight axis. Then the antenna polarizations, vertical and horizontal, will coincide with
the spherical polar unit vectors _{B' and Tﬂ" respeciively, of the afixed coordinate
system. The anfenna coordinate system is illustrated with respect to the pattern measuring
antennas in Figure 4.3, Patterns are "cut" by incrementing the positioner in elevation
when the y' and y* axis coincide and then rotating the positioner about the z* axis. The
measuring anfennas are focated on the x" axis of the range coordinates (x*,y",z").

Within the antenna coordinate system the transmitted fields will be denoted by
egy and Sy and the complex effective reception heights by ‘e‘r and ‘,@'r*' Both
pairs of parameters are, in general, complex (fo convey the relative phase between
members within the pairs) and vary with 6" and gt

Now locate the antenna (primed) coordinate system so that its origin coincides
with the origin of the surface coordinate system (Figure 4.1). Without loss in generality
it is assumed that the antenna scans linearily in the x direction of the surface coordinate
system and that observations are conducted in the x = z plane. The antenna is so oriented
that its vertical polarization sense coincides with the surface vertical polarization sense
at the intersection of the boresight point with the surface. Within the xz plane the antenna
is pointed at an angle 80 with respect to the local vertical (z axis). The geometry of
the two coordinate systems relative to ane another is shown in Figure 4.4,

To develop the relationship between the antenna and surface coordinates consider
any line of sight vector .{r which emanates from the common origin and whose extension
intersects the surface (See Figure 4.4). By definition, the antenna polarization pair
(Te‘, 1.1) and the surface polarization pair (Teﬁg) are both perpendicular to 'fr. It

follows that the polarization pairs at every line of sight are related by a simple rotation,

* Not normalized das in Chapter 3.
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PATTERN MONITORING
3 "ANTENNAS

" FIGURE 4,3 GEOMETRY OF THE PATTERN MEASUREMENT
COORDINATE SYSTEM
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HORIZONTAL POLARIZATION

iz)“r

-f B
¢ |1, % i
VERTICAL POLARIZATION
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E9=I¢ X[r

FIGURE 4,4 COMPARISON OF ANTENNA AND SURFACE
COORDINATE FRAMES WITH THE SURFACE POLARIZATIONS
DEFINED WITH RESPECT TO A GENERAL LINE OF SIGHT
VECTOR
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say ¥. Define ¥, so thai*

o' b '¢. = cos ¢ (4-30)

and

g g ° Tyt T = sin y (4-31)
By noting the fransformation between the coordinate systems, the reader can easily

show that

cOs p = cos ¢ cos &' + gin ¢ sin ¢' sin 60 (4-32)

—

and

sin ¥ =.cos © ( sin ¢ cos ¢' - cos ¢ sin ¢' sin eo) + sin 8 cos 8  sin ¢
. (4-33)
where #' is the spherical azimutha! angle in the primed coordinate system. Now #'

can be eliminated by observing that

tan ¢' = { il“ . ::I-,V' Y / ( ?r . ?X' ) (4_34)
jo get

$' = 1:.‘:1n'1

[ sin 6 sin ¢ | (4-35)
Lcos 6 cos 8, + sin 8 sin 6, COs ¢

Finally from the above we have established the transform T between the antenna and

surface polarizations, viz.,

; 7 (4-36
I R N )
T Ty

where

cos si
po| oSSy (4-37)
-sin ¢ cos ¢ ——

* Note: An alternafe method of mounting the antenna could have resulted in defining
tso that cost = g “igie efc. The difference between the two is discussed in Chapter
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The entries in T are provided by Equations (4 -32) and (4 -33) with the assist of
Equation (4-35). When the antenna pattern is finally introduced the following
relationship

' (4-38)
or
cosp’ = cos@sing - sinBcosd cos¢ (4-yo)
in addition to Equation (4-35) will be helpful in identifying the pattern coordinates

when the surface coordinates are given.

Now from the preceding derivation (Equation (4=13)), we had

vooe A &
Ntr = ﬁ; fftr‘ Cr G dO (4-40)
where '
- .t* _
g =<BC. 2" > (4~41).
2 ]
l]vr‘l 1vr‘ ]hr‘
Cr‘ = (4-42)
11" 1|2
hr “vr l hr|
2 *
c levtl vt ®nt
S ) (4-43)
ht vt |%nt|

The dbove coherency mairices are written in terms of the surface polarizations
since the scattering operators are defined on the basis of these polarizations. When
the antennd transmission and reception properties are, however, defined within

another coordinate system (the primed coordinate system), these properties must be
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appropriately transformed. It is easily shown that if C' and C‘i_ are the c.:oherency

matrices in the primed coordinate system, then in the surface coordinate system

.— ] 1-
e =T L T (4m44)
and
C,=TC T (4-45)

t

From the above expressions the following identities can be established

2 _ 2 b2 . ! Vi . 2 V2
l]vrl = cos” W l]vr‘! +sin2p Re T T+ sin” g th‘l

* 2 "2 . 2
1\M‘ ]hr - [_Hhr_‘| h Hvr' ] sin ¥ cos ¥ + COSTY ]\:fr]i;;

' .2 1t

- sin” U 1hr ]vr‘
®

T, =1 1
hr “vh vr hr (4-46)

2 . v 2 . 1k 2 ' 2
”hrl = sin? P |1W'l - sin 2y Re 1 T, + cos”™ 4 llhri

A similar expressioh can be established for the elements of Cy. 1t is noted that the
coherency matrices reduce to those in the surface coordinate system when # =0,
Now let ggs;, dgftyr B describe the antenna during fransmission and dgtp 7
9y and B, during reception. When the transformed coherency matrices are in=
corporated into the scatferometer equation and relationships of the type as shown in
Equations (4-20) through (4-25) are noted in the anfenna coordinate system, the

scatterometer equation can be written as

2
AT G, G W I
Wy, (8, ) = ‘?*‘tf—-t-‘ldsa  (4-47)
, { A ,)2 r2 '
provided that the following identities are understood '
_ 2 '. N . B . . 2 .
9yp = Sgp COS ¥+ Vo 9gp Sin 2 cos B'y + gy, Sin- ¥
= 9 2 - . 1 2
9pp = Jgrp SN ¥ ‘lge‘p g¢.p sin 2¢ cos B D + g¢.p cos” ¥
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3p=

where p=torr.

transform

paramefe

scatterometer equation resulting from the transformation expan

form

11=[
[
I, = [
[

rrere.

1 galpg¢lp

< 3
s1n6p

tan~
(9g¢594p

)5'1"4’00511’ + gelpgcplp

cnsai;(coszq:-sinztp) (4-48)

The latter identities indicate how the common antenna paramefers

. 1t is noted that Bp' 9,5 OF 9y, is each dependent on all three antenna

s, B'P, gIE}p and g‘gp. To appreciate the additional compiexity in the

d the integrand in the

- 2 2
Ly = Iy < Isyyl7 >+ Tp < sppl™ > + 15 < Isynl” >
* *
+214Re<sw shh>-2151m< Syy Shh>
+21 R * )
6 " < Syy Sh\f>'217 |"n<s\.r\rsh'ur>
o * *
+218Re<svhshh>—219 Im< Syh Shh >
Then it will be noted that
2 .
Ggry COS™ ¥ ¥+ . gy SN 2¢ cos B;_ T 9y sin? lPJ .
2 . | ' :
Ggr OS2 ¥ + VBgry Ggrg SIn 20 cos By + gy, sin’ ¥ | (4-500)
. 2 . !
ggip Sin v - :/ge.r g¢.r, sin 2y cos Br + gq)'r c052 tp] + (4~50b)
. 2 o ! 2
ge.t sin” W - 9914 gzp‘r sin 2¢ cos Bt + g¢'t cos IIJ:|
. 2 . ! 7
_ge’r sin® ¢ - ﬁ;;:;?@;?; sin 2y cos B, + Dty c052 /I I
2 : ‘ -
Ggry COS2 ¥+ Vigig Targ SN 20 cos B, + gy, Sin” ¥ | + (4-50c)
. 2 , ' ]
Jgiy. COS™ Y + /ge.r 9ptp sin 2y cos B * 9ty sin2 Pp |-
. 2 . ' =
g+ sin™ ¢ - G gcp't sin 2y cos vBt + g¢'r 0052 v+
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I, =

2 [:(.9¢.r - ga‘r) sin ¥ cos ¥ + /g, Gyt COS 29 cos Bri] .

[:( g¢1t ~Gg1¢ ) sin ¢ cos ¢ + Jﬁth g&‘t cos 2y cos Btil +

1 ]

2 [( g¢.r - ge.r ) siny Fos LTI Y cos 2 cos Br ]'-

%ir Fprr
e % (4"50(:0
[( g¢.t - ge.t ) sin ¢ cos ¥ + /ge.t g¢.t cos 2y €os Bt ] -

sin g, sin B,

Mot S'r Mg %'t

—

.. — '
15 = [( gé'r - 9y ) sin ¢y cos ¢ + Jgs.r g¢,r cos 2 cos Br'J .

P . ' .
9g1y Gyrg STN By * [( Gprt = Jgrp ) STn Y cos  + (4-50e)

N S ——— J P 1
/ge't g¢,t cos 2y COs Bt ] /ge.r g¢,r sin Br

sin 2y cos 3; + g sin2 m‘] .

cos P+ /ge fp Gyt o'r

or

9¢|t 991 ) sin ¢ cos ¢ + /ge 't g¢ © €OS 2y cos Bt ]

[ge't cos B+ /ge 'y g¢ & sin 2§ cos Bt + g¢ sinzap] .

g¢ p ) sin ¢ cos ¢ + Jge o 9¢‘r cos 2y COS Br] (4-50f)

-—-—"-—-. ! .2
5'r COS ¢+ Jge ¢'r sin 2 cos Br + 9¢'r sin w] .
2 —_— 1
Jge 't ¢ £ sin Bt [ge.t cos™ ¢ + /ge,t g¢,t sin 2y cos Bt

91t sinztp] g e 9y'r sin B, (4-50g)
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- . 2 — . ' 2 K
18- [ge.t sin” ¢ - Jge.t g(p.t sin 2¢ cos Bt+g¢'t cqs w:\
. 2 . ' N
[gs,r sin” ¢ - m sin 2y cos B + gq).r cos q;-
[( 9¢:t = 951 ) sin g cos ¢ + Ga1y g¢,£ cos 2y cos Bt_. (4-50h)
. 2 . ! 2 .
I9 = [ge't sin® ¢ - /ge,t g(p.t sin2ycos g, + gq)'t cos tp]

-—

————— il . 2 . .

' . :

When accurate measurements of the scattering coefficients, say the complete
set of nine parameters is desired, one must contend with inverting a system of integral
equations of the type derived above, The scattering coefficients are rigorously defined
in terms of the surface polarization, a definition universally employed by the scattering
theorist. If comparisons with theory are necessary then the antenna properties must be
transformed fo conform with this definition. To date measurements have been reported
without the recognition that Equations (4-47) through (4-50) governor the interaction
between the scafterometer antenna and the scene. Yef reasonable agreement between
measurements from fargefs with known statistics and theory have been reported [10]
[31] for the polarized scattering coefficients. This indicates that the complexity of I
through Iy may be avoidable under some circumstances. To resolve this problem and
. related ones, the polarization coordinate systems will be compared and the character of
the scatterometer equation will also be examined in depth in succeeding chapters. _
Once the character of the scatterometer equation is established, o measurement technique
to recover all six scatting coefficients is specified. Computer simulations based on
the specified technique are then conducted to determine antenna requirements for
dgccurafe measurements, | .
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5.0 DISCUSSION OF THE SCATTEROMETER EQUATION

5.1 Introduction

This chapter is devoted to developing an understanding of the scatterometer
equation. The character of the scattering coefficients is established by reference to
previous definitions, both coherent and non-coherent. It is shown that the non=

coherent definition appearing in the literafure must be extended fo include new kinds

of coefficients, The compesition of the average return is examined from the standpoint 1
of coherence theory and the complete set of scaitering coefficients. The imporfance
of the phase characteristic of the wave and the receiving antenna in governing the
observed power is described. It is also shown that cerfain properties of the coherent
scattering coefficients cannot be exirapolated to the non-cohereni case. Well known
theories applicable to the sea are also employed to illustrate the behavior of the
scattering coefficienis having a cross=correlafion property. Other possibilities for the
cross—correlation coefficients are also treated intuitively. .
Within this chapter it is also shown that this formulation of the scatterometer
equation admits partially polarized returns. A previous formulation [6] failed in this f
respect, The degree of polarization of the average sea return is specifically illustrated |
using a simple scaftering theory,
Finally the distinction between surface and antenna polarizations is lllusfrafed
Ceriain aspects of this distinction are qualitaively applied to specifying antenna
requirements, ;

5.2 General

5.2.1 The Scaitering Coefficient
The scuttering coefficients within the scafterometer equation may be partially
identified with the differential scattering coefficients defined by Peake [24]. As the

reader may recall, Peake defines

2 2 N
_ Amrt < le; 14> .
Tiy © 2 (5-1)
A cosQ,l e,
where ]e | is the polarized incident |ntensﬁ'y,<|e | > is the i polarized backscaiter

mi‘ensnfy in volts*/m®, 8 is the incident angle and A is the illuminated area, The

scattering coefficient employed in this formulation is simply related fo Yij in the
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following way

qsijﬁ = a’ij/ur - - (5-2)

The difference by 4 occurs since the scattered infensities were defined in ferms of
inverse steradians, It is clear that, in view of the three addition coefficients, it is

more appropriate fo define the coefficients in terms of the scatiering operaiors

= 5"3
<S,Spp? < 8 3k| j,felfyR /eJir % AACs 8 (5-3a)

where 2;} Ejt yields a scattered field with units volis/meter. The operators in the
derivation are related to those in the definiﬁon in the following way

,8.’;3&1 ‘ /315*‘ R JAA cos@ (5-3b)

To understand the function of these cross—correlation coefficients one must
examine the coherence matrix for the scattered wave. Under the non-coherence
and reciprocity assumptions the elements of C, are given by

[Cs]Vv = <[SW|2>|evt|2 + 2Re<SVVS§h>evteﬁt~+
ISyl *>leps |
[Cs]vh B <va Ev>|evt12 * <Svvshh vtezt ¥ <ISvh|2>ehte:t
* <SypSpn>lepgl”
[Cs]hv = [cs]:h (5-4)
[Cs]hh = <|Svh|2>levtlz + 2Re<ShVSEh>evte;t +
<Ispnl “>leps ]
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The power in the scaitered wave is carried in the trace of C_ whereas the relative
phase between the orthagonal compenents in an average sense is carried in the off
dicgonal elements, From the structure of the coherence matrix it is evident that the
cross—correlofion coefficients can be complex valued. The cross—correlafion co~
efficients therefore alfer the phase property of the scattered wave. Some of the re~
lative phase is atiributable to the incident wave and some to the surface, eg., e
e and <S_ Sppes respectively, The cross-correlation terms also appear in the
diagonal terms and consequently contribute fo the fofal power available in the scattered
wave when both polarizations appear in the incident wave,

During reception the coherency matrix of the anfenna inferacts with the co~
herency matrix for the wave. The interaction is completely described by toking the trace
of C rC: . The irace is given by

-—

ot L2 * %
tr CC =
T bpbs 11vrl [Cs]vv ¥ ]vr1hr[cs-1'vh * 1hr‘T\n*[csIh\r +

2
”hr'l [Cs]hh (5-5)

(The expanded version of the trace is given in Equation (4~19) of Chapter 4). The phase
interaction between the scattered wave and the antenna is described by the middle terms
in the trace expression. These ferms are complex conjugate pairs and consequently make
a real contribution to the chserved power,

To show that the phase properties of the antenna and the wave are important to
the observed return it must be recalled that in the case of polarized waves, the antenna
polarization states must be matched to the polarization state of the wave to ohserve

maximum power [14] . This requirement in terms of coherency matrices implies that
*
C./trC. = Csltr‘ Ce (5-6)
Under the polarized assumpfion C_ takes the form

a c

C/trC, = o : (5-7)

where a+b=1, c= YEBe‘ja, and o is the relative phase between the v and h
componenis. The observed power will be proporfional to (a+ b)2 trCtr C or
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tr CrfrC ¢+ If the reception mairix had been given by
b ~C

C

) (5-8)

-c a
no power would be observed at the antenna terminals as can be easily demonstrated.,
In this case the anfenna polarization state is said to be orthogonal fo the polarizaiion
state of the arriving wave.

If the wave is partially polarized Ko [25] has shown that the observed power
may vary from a minimum of )\26‘_(1 - P)h'Cs/S Z , to a maximum of ?\zGr(l +P) i’rCs/B Z.
where P is the degree of polarization (See Section 4 of this chapter). To understand
this result it must be noted that a partially polarized wave can be uniquely decomposed
into a sum of a randomly polarized wave and o complefely polarized wave [30] . As a
consequence for an arbitrarily polarized backscattered wave,_the decomposition can
be written as

1/2 0 p 0
! s op| vV VR (5-9)

¢ = tr)C (1-P) -
[J 0 1/2 Phv Phh

s

where P is defined in Equation (5~30) and

I T—— [FJVV- 1/2(1rP)]

P tr Ejs]
_E_Jﬂ_ (5-10)

P tric.)

Pyh

Phy PYh

1

phh = —;—;[T%— “E:S]hh - 1/2(1-1’)]

The first ferm is the randomly polarized component and the second is the completely

polarized component. If the receiving anfenna is orthogonal fo the completely polarized
parf, then only the randomly polarized component is observed at the antenna terminals,

If the antenna is matched to the completely polarized part maximum power is observed.
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The extremas in the observable power are a positive indication of the impoitance of

the phase interaction of the antenna and the wave. The cross~correlation scattering
.coefficients and the cross—polarized scatfering coefficient can be gffective in .
altering the phase property of the return.

The cross-correlation terms have their analogues in scaftering theory for coherent
targets [21]. 1n the theory for discrete targets the complex scattering matrix is commonly
employed to define scattering properties. The elements of this mairix have the
property that

IsisSscrl = Isyllsyl 51

However for a statistical target this property is not necessarily true. Since the scaffer-
ing coefficients can be considered as a inner product of the form

<S S*> = < e
S5i55k> % Biifie BjkCre” (5-12)

where ;e * =1, it is concluded by Schwartz! inequality that

2 2
]<sﬁsjk*>| < ‘/<|sﬁ[ ><|Sjk| > (5-13)

As a consequence the magnitudes of the scattering coefficients may not be simply re-
lated as suggested by William, et al, [6]. The inequality is an admission that the
amplitudes or phase centers between scatfered field components can be correlated.

One can identify two scattering parameters with each complex valued scattering
coefficient, viz., its real and imaginary paris. As aresult one may atiribute nine
scattering parameters to Equation (4-29) where reciprocity has been applied. Similarly
from Equation (4-27) where reciprocity has not been applied, sixteen scattering para-
meters can be identified, These observations are in agreement with the "Gedanken
Experimente” cited in Chapter 3.

5.2 2 Special Cases

An examination of the scatterometer equation indicates that the equation under

appropriate conditions reduces to the classical cases. For example, when vertically -
polarized measurements are conducted, i.e., Ot = Iy = 0, the integrand factor Ifr of

the scatterometer equation becomes .

Ln = 98, <IS, 1 %> (5-14)
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Similarly when horizontally polarized measurements are conducted, i.e., 'gv,r =9, =0/

and when cross-polarized measurements are conducted, i.e., O = Gy = 0,

e = 99, <Is,, %> (5-16)
It should be noted that the reductions result from highly idealized representations of
practical antennas. Invariably antennas have cross polarized leakage; and when leckage
is present other scattering coefficients, both auto-correlation and cross~correlation
fypes, will be excited, As shown in the last section of Chapter 4, even if the leakage is
not present, the difference between antenna and surface polarizations can introduce,
in effect, cross~polarized components in the incident wave and in the reception antenna.
The impact of undesirable antenna properties and polarization mis=match on the
measurement of isolated scattering parameters will be treated in Chapter 7.

An understanding of the cross—correlation coefficients from theories applicable

to sea returns is developed in the succeeding section.

5.3 Characteristics of the Correlation Terms

Several scattering theories are examined to disclose the. character of the cross~
correlation terms in the scatterometer equation. Approximate backscatter solutions to
the small perturbation theory [32] [33] [34] [35] and the Kirchhoff theory [36] [37] are
specifically examined. These theories with some stight alterations are thought to apply
fo ocean backscatter and have shown reasonable agreement with measured results. The
selection of these theories by no means exhausts the possibilities. Physically intuitive
arguments are given at thz end of this section to further enhance our understanding.

When returns are considered from o surfuce having a small roughness, satisfying
k20'2c:052 8 2 1, where & is the rms surface height and k is the wave number, it can be
shown that (see Appendix C)* ’

' 4
<S S . %> = ; 3 . -
vwhh —5 cos BRV.RhW( 2k sing, 0 ) (5-17)

* The reader should be aware that in constructing the scattering coefficients from
scattering theory and identifying them with measured coefficients involves an
ergedic assumption, i.e., an ensemble average is equated with a spatial average.
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In the above equation

. 2 . 2
5’2.\! ) (Gr-l)[er(lJr sin“e ) - sin%]} - 518)

. 2. 42
(ercose + # €.~ sin"e }

cos 6 - g{er- sinze

R = (5-19)

h i/ ?
cosg + Er‘" sin™ 8

Comparison of the magnitude of this term with the polarized ;cui'i'ering ceefficients
shows that

>

il

< vashh ‘?/ < ,SV‘J!%<I Shh’2> (5-20)

The equality is true ot least to the order fo which these soiutions are valid, The
magnifude of this term is illusirated in Figure 5.1 wherein it is also compared with the
polarizea coefficients. The computations were based on a slightly rough sea. The
phase of the cross correlation, defined by

- -1 * -
& = tan (Im<S >/ Re<SWShh>) (5-21)

vvsﬁh
was computed and is shown in Figure 5.2 for three different water temperatures, The
sea water temperature alters the complex dieleciric constant of the surface and con~
sequently influences &, and R, . It is observed from the graph that the imaginary part of
“Syy Spp'? s small in comparison to its real part and only tends to become significant
. at the larger angles when compared with the real part..

An examination of the integrand of the scatterometer equation (4~29) indicates
that the above cross—correlation term can make a significant confribution o a radar refurn

when like and cross antenna polarizations are present during fransmission and reception.
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The contribution can be positive or negative depending upon the value of (g + 18‘_) and

can be comparable to the sum of the contributions arising from the polarized scaftering

coefficients. To illustrate the above statement it is sufficient to observe that the polarized

contributions are proportional to g - <]S l2> and Ihi e <lShhl> . On the other-

hand, if the imaginary part of ‘vashh*) is smull so that (SW hh*> = v W
<W3 then the coniribution by the cross-correlation coefficient is given by

2\./qvi:gvr-qhtghr‘VL ' sw|32><| Shhi 2> Re e J(Br+8t)
If right circular polarization® is transmitted and received, then cos Pi_+?) = =1 and
9yt = Okt = 9yp = Op,e [t is apparent that when <| SWI% = <|Shhl >, the magnitude
of the cross-correlation contribution is identical to the sum of the polarized terms.
The sign of the contribution is, in this case, negative. However, had the wave been
received with a LC polarized antenna, the sigh of the contribution would have been
positive. The contribution by this scaitering coefficient can also be very effechve
when attempting measurement of a weak scattering coefficient such as «|S hl> with

a "linearily” polarized antenna having some cross polarized leckage. This will be
illustrated in Chapter 7.

When the cross—correlation terms of the type €S, Sun’r and <SpoSpL%s
are examined in the context of small perturbation theory, it is easily shown that these
coefficients vanish af the lowest order where <|SW|2> , <i Shhl% and ¢ISVhI2>
are non-zero (see Appendix C)*% The lack of correlation is physically reasonable since
it is believed that the cross—polarized fields result.from multiple scatter. When higher
order solutions are included these cross-correlction terms will not vanish; however,
their magnitudes will be extremely small,
The above theory is thought to apply with some modification to the sea for angles

of observaiion between 30 and 80 degrees [37]. At smaller angles Kirchhoff theory [37]
has predicted sea refurns reasonably well. When the theory reporied by Fung [36] is
ermployed to explain near vertical returns it can he shown ’rhcn‘ (see Appendix A) for

an lsofroplc stationary gaussion surface
Ry R, exp { - tan 8/ om? )

wohh' T A— (5-22)
' 8% m cos"e

<S

* Circular polarization is defined with respect to the antenna; but for narrow beams and
sufficiently large angles, the circular polarization state fransforms to the surface with-
out significant alteration. This will be clarified af the end of this chapter and within
Chapter 7. 9

** Recall <iS_ |5 and <|Shhl> are first order solutions and <15 hl> is a second
order solutibh. 45
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where

Rl = RV [cosa + sin@ + Tv cos e] (5-23)
= ne+ T coso]
R2 Rh [cosa + sin@ + h cos o (5~24)
ZET, sing

T, = : "
v (5-26)
Ver— sinze { €, cosze - sinza )

-2'sin®

o= ; (5-27)
\}er - sin @

Comparison of the magnitude of this cross~correlation terms with the magnitudes of
the polarized scattering coefficients again shows that (Appendix A)

2 2
|<S, Spn>1 = \‘ <Is,, 15> <5 %> (5-28)

The equality is valid to at least first order in corrections to the reflection coefficient for

the local slepe. The magnitude and phase of the above result is illustrated in Figures
5.3 and 5.4, respectively, for an isotropically rough sea surface having a moderate
rms surface slope. It is noted that the phase property may be atiributed to the linear
corrections of the reflection coefficients for the local slope, The resulting reflection
coefficients compare favorably with that for normal incidence.

When cross~correlations involving S\zh or Shv are considered within the Kirchboff

approximation litfle can be said regarding their character. A typical cross—correlation
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between field components is given by

<E E ¥> =

?
wvEvh 4 [k} R, {8) [cosa * ( sine + T cosa ) tane]

f/f/z (R * Ry )(cosez - sing) -,]Zk(rl-rz)
' > dxldyld"zdyz

+ ( sing - cos® Z, )2
(5-29)

where integration by parts has simplified E,,,, and the reflection coefficient Ry has
been linearily approximated. Since the expectation involves higher order slope
terms it is anticipated that the correlation will be weak, The stationary phase tech~
nique for solving the infegral, for example, would cause the integrand to vanish.

On the basis of the above simple scattering theories, it is clear that the cross-
correlation coefficient < Syv Spp*? can coniribute to a radar return when both like
and cross polarizations are present during transmission and reception. The theory for
the slightly rough surface indicates that the phase of the correlation product is depend~-
ent on the relative phase between the so-called Rice reflection coefficients. The
phase factor is somewhat significant af the larger angles, Correlation products contain-
ing svh or Shv vanish for the slightly rough surface and appear to be negligible for
Kirchhoff type surfaces also. These two theories by no means exhaust the possibilities,

Consider, for example, radar returns from a strongly de=polarizing scene such
as a fenuous vegetated terrain in which the depolarization is attributable fo linear re-
radiation. Intuitively, one would expect sizeable contributions from the crosscor=
relation products containing Soh or Sy, The correlation contributions will likely arise
from a single scatter process, particularly at the canopy. The coniributions, as an
examination of C_ shows, will arise if like and cross cnfenna polarizations are present
during fransm[ssmn or reception or both, When <[ S h' > s somewha’r less than
<1SW|g and <1Shh\2 and one attempts retrieval of <[S hl> with a "linearily"
polarized antenna possessing a cross leakage pattern one can anticipate contamination
notonly by <|S, 15 , <518 and <5 S *> butalsoby <SS, *> and

p: Svh Shh*> .
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5.4 The Degree of Polarization of Radar Refurns

Another important aspect of the scatterometer equation derived here is that the
backscattered fields can be considered partially polarized. The partially polarized
character is induced by measuring average returns from a non-coherent scene. This
permits us to consider a statistical coherency matrix as a suitable representation for

the return. It is well known that the degree of polarization of a wave is given by [30]

\/1 ey 5-30
(tr ¢)° &=20)

where C,is the coherency matrix of the wave and [IC lldenotes its determinant, If

v
"

P =1 the wave is said to be completely polarized. This occurs if and only if /C,Jf= 0.

To show that the present formulation admits partially polarized waves {possibly randomly
- polarized, P =0), it is sufficient to show that lle | #0. Now Cs is given in Equation

(4=16) and with a liftle tedious effort one can show

~ 4 2 2 2
legh = Loyl [ <15y 1%> <15,y 2> - [<5,8,,5>12 ]+ le,lle, 12 [ <Is,, 1%

2 2
<Isp > = <58, x> ] + ey I* [<[Shh| ><|5hv‘2>' |<5hv5hh*>ﬂ

+ 2le | Reeveh*[ds 15<s. s

>—<SV S

v hh*> <va*shv>] + 2Re

hv hh
* - 2 ] 2
(8,212 [ <5\ Sun™ <SpySp*> =<8y 8p*> <15, 1% + 2le |%Re

<ey®, >[<vasvh ><ls 1% - <5vv5hh*><svh*5hh>]

(5-31)

where the subscript t has been dropped. If the determinant is to vanish independent of
the transmitted fields then each difference term in the above expression must vanish.

50 -




A non-statistical target having a scattering matrix

:Swl el® lsvh|‘335

. 5-32
s, le s o

will obviously meet the requiremeni. However, the general result indicates that the
backscaitered wave is partially polarized as the examples below 1. lustrate,

For the case where terms of the fype <Syy Svh*> are assumed negligibly small,
as we suspect they are over the sea, we have

2
2 2 2 N S
gl = Ievl4<[5\,v[2?<|5hv| > + le 1 leyl [<|sW|2><[shh| > -[<S,Sn |]
. ‘ ) .
+ feyl* <5y, 5> <|5h\,|2>- 7Re (e,2,%)" <SSy > ISy |
(5-33)

At moderate fo large incident angles over the ocean it is anticipated that the above
term can be significantly different from zero. Specifically ifrahorizontally polarized
wave is fransmitted, we have

4 2 1 12
“Cs" = |ehl < Ishhl ><|Shv] > (5-34)
The corresponding degree of polarization is given by

<lShh|2> - <|svhl?'>
Ph = (6~35)
I N L R S W K
hh vh

Similarly when a vertically polarized wave is transmitied, the degree of polarization
is given by
<ls. %> -<]s 12>
vV vh
P, = (5-36)

v
2 2
<[s, I">+<]s ">
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If a circularly polarized wave is transmitted, then

= 2 [ 2 2
= < 2
IIcs” is'h'.rl > <.|svv| > +<|shhI >+ 2R9<S\Nshh*>] +<lswlgqshhl >

-{<s *>|2

vv>hi (5-37) |

and the degree of polarization is given by Equation {5-30).

The above cases were evaluated as a function of incident angle for the scatter- i
ing characteristic of Figures 5.1 and 5.2 . The results are shown in Figure 3.5,
It is apparent that the partially polarized character is an important factor when the

non*~coherent scatterometer equation is appropriately interpreted.

5.5 Visualization of the Polarization Properties of the Antenna and Scene

Within the latter section of Chapter 4 the scatferometer equation accounting ,
for the difference between antenna and surface polarizations was derived. 1t was shown
that the polarization mis~alignment could be characterized by o simple rotation of either
orthogonal polarization pair through an angle ¢. To show this mis—alignment character,
rather than study the functional behavior of ¢ on (8, @), it is more convenient to fall
back on the properties of the spherical polar vectors TB and _i:@«.

Regardless of whether one considers the antenna or surface coordinate system,
the projection of the polar vector ?6 and the azimuthal vector Tﬁ on any sphere whose
center is located at the point of observation can be depicted,respectively, by longitudes
and latitudes on that sphere. For any line of sight emanating from the origin of the
sphere the longitude and latitude lines intersecting the line of sight on the sphere will
correspond to the orientation of vertical and horizontal polarization, respectively, for
that line of sight. We can therefore employ spheres marked with longitudes and latitudes
to visualize the antenna or the surface polarizations.

To compare the alignment between antenna and surface polarizations choose
the radii of both polarization spheres so that the spheres are tangent to the scattering
surface af the sub-observational point as il{ustrated in Figures 5.6 and 5.7. A pole of
the surface polarization sphere will be afixed to the sub-cbservational point. This
polar axis will correspond to the z axis of Figure 4.4 The xy plane coincides with the
equatorial plane and is parallel the surface. The antenna boresight axis lies in the xz
plane and points at an angle of 0, with respect to the z axis (Figure 5.6). Now, on

the otherhand, the equatorial plane of the antenna polarization sphere coincides with the
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plane containing the boresight and the y axis. This plane corresponds to the x' y'
plane in the anfenna coordinate frame (Figure 5.7}, The polar axis of anfenna
polarization sphere aligns with the z' coordinate. Comparison of the orientations of
the latitudes and longitudes for any common line of sight will indicate the polar—~
izafion mis~alignment property (Compare Figures 5.6 and 5.7). Within the plane

of cbservation (the xz or x'z' plane) regardiess of view ongles the polarizations co-
incide. For any other line of sight there will be a difference in alignment. The mis~
alignment is greatest in the polar regions of th~ antenna or surface polarization
spheres. When the antenna is pointed toward the horizon the alignment is everywhere
perfect {one must mentally rotate the sphere in Figure 5.7 so that the x' axis points

to the horizon). When the antenna is pointed at the sub=cbservational point, the
misalignment is severe everywhere in the vicinity of the sub~observational point.
Within the nadir region the scaftering coefficients defined with respect to the surface
as compared to those one may define with respect to the antenna differ radically.

For example, if a significant anisofropic scattering behavior occurs af nadir, any
finite beam scatterometer would tend to integrate this behavior. The measurement,

as a consequence, would be difficult to refer to the surface polarizations. The surface
polarization character at nadir indicates that infinitesimai beamwidths must be used if
the nadir region is to be probed and if scaitering coefficients defined with respect to the
surface are to be reported, This is clearly frue if there is a difference in <‘ISW12 > and
<[Shh[2> scattering properties as viewed with respect fo the surface,

As pointed out in Section 4.3, there is an alternate method of mounting the
antenna which will produce a different polarization character, Suppose the antenna had
been mounted so that its horizontal polarization vector (i) op the boresight axis (x')
aligned with the surface vertical polarizafion at that line of sight. The polar axis of
the antenna polarization sphere (z') would coincide with the -y axis of the surface co-
ordinate system. The corresponding polarization sphere s illustrated in Figure 5.8,

. Comparison of the polarization property with that of the surface indicates that the mis~
alignment is invariant with view angle and the polarizations do not align globally for

any view aﬁgle. The polarizafions continue to align in the plane of observation; however,
the same mis-alignment in the nadir region remains a problem.

Regardless of the mounting position it is evident that for non~zero beamwidth

antennas the discrepancy between antenna and surface polarizations prevails in the
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nadir region. It is clear that nadir is a forbidden region when one views it from
the point of surface polarizations. At all but small view angles the polarization
discrepancy over the main beam of narrow beamwidth antennas is generally small
(how small will be shown in Chapter 7). At these angles as the beamwidth becomes
narrawcer for a linearily polarized antenna, the percent anfenna power occurring in
the orthogonal surface polarization becomes smaller. As one approaches nadir

the beamwidith must become increasingly narrower for the same degree of mis~align-

ment.
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6.0 THE INVERSION OF SCATTEROMETER MEASUREMENTS FOR THE SCENE PARAMETERS

6.1 Introduction

The recovery of the scene scattering parameters entails an appropriate sef of
measurements and the inversion of a corresponding system of scatterometer equations
of the type derived in Chapter 4, Within this chapter a measurement and an inversion
technique is derived to recover a complete sef of scattering coefficients, The technique
is also specialized fo the case where the scattered fields may be regarded as completely
polarized. To assure that the technique is both as simple and as accurate as possible,
certain antenna properties are specified. The consequences of not employing a suitably
chosen antenna is illusirated in Chaper 7. The mathematical and physical aspects of
inverting scatterometer measuremenis are treated in the following sections. Ceriain
antenna properties which are helpful in approximating the measurements by a system
of algebraic. equations are identified. In this chapter the distinction between surface
and antenna polarization is appropriately discarded to simplify the presentation.
The consequence of this action is ireated in Chapter 7.

6.2 Mathematical and Physical Aspecis

The inversion of scatterometer measurements falls into the same mathematical
category as do many remote sensing problems. Typically, the observational relation-

ship reduces to solving a Fredholm infegral equation of the first kind, viz.,

, o) = J Ky, ) fixlex (6-1)

where K(y,x) is usually a continuous function over a rectangular domain atiributable

to a sensor, f(x) is the unknown sensor stimulus and g(y) is the observed sensor response.
The scatterometer equation s a generalization of the above expression. Since there

are nine unknown scattering parameters, it is clear that there must be at least nine
different kinds of measurements to retrieve all the parameters, If each kind of measure~
ment is identified by a subscript i and if the scattering parameters are denoted by

Ej(ﬂ) where Q= (8,4) ,then the system of measurements can be written as
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i=1 ;

T = 1,2,004,9
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where
il (5;‘4r1"g\4r1:)1‘/"'2

_- 2
Kig = (9ppSpe)s/T

= s - 2
K13 ; (gvtghr+gvrght+2 /gvtghtgvrghrcos(et Br))i/r

._.' 2
Kig = 20/8y 9Ty Tppcos (B B) )y /T

- 2
Kig = ”2(ngtghtgvrghrcos(Bt+8r))i/r

I " [ — 2
Rig = z(gvr g cosBitg, ¢ gvrghrcossr)i/r

ib vtInt

Ki? N "z(gerP§;;§;£c°SBt+gvtgr§;:§;}cossr)1/r2

Kig = 209p07 8,1 90sC08 B0,y ¥ 0, G cosB) /v

Kig = ~2(8y, /9,1 9 4C08 Btap Y Ty 0p, CO8B,) /r”
(6~3)

are the kernel functions with respect to an integration on a sphere and where
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£, = <ISy 1%
E, = <|Shh|2>
£, = <|Svh]2>
£, .Re ?vvsﬁh>
£, = _Im <5, S§p>
B = Re <S,,5Up>
£, = Iml<va53h>
gé = Re <Svhsﬁh>
Eg = Im <5 u5%p”

(6-4)

are the unknown scattering parameters. The parameters leading the integral are constants.
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For each { one must specify receive and transmit antenna polarizafion states and pat-
terns such that the resulting system of equations can be solved approximately. There are
undoubtedly many such specifications, However, there are certain physical considera-
tions which make the search for the appropriate kernel function {antenna polarizations)
simpler,

It has been shown, for example, that in the measurement of a auto-correlation
coefficient, the kernel function can be approximated by a delta function if the antenna
beam is sufficiently narrow to resolve the angular behavior of the coefficient B8], The
method assumes that the scattering parameter is constani across the significant portion
of the kernel function, The unknown parameter is withdrawn from the integral and
the resulting infegral expression evaluated, The solution then becomes algebraic. This,
in effect, is equivalent fo assuming that the kernel is a delta function with a weight
correspondirlng to the evaluation of the integral expression. The method is feasible
since the kernel function is sharpened by a product of paitern terms as indicated in
Equahon 6-2, The two-way sharpening effect is illustrated in Figure 6.1 where both
g and g are plotted, 1t should be noted that the ordinate scale has been transformed *
fogarithmically to dB. The kernel function is consequently significant only over a
very small domain of {(8 ,9),84m,0 /_cb_/—_.Zn} .

It would be helpful if the delta function approximation could also be used
to recover the cross=correlation scaitering paramete. . An examination of Equations
6~2 and 6-3 indicates that the two-way sharpening effect is present in the gain functions,
However, there is no guarantee that B ¢ and Br will remain constant across the signifi~
cant domain of the gain functions, Generally the antenna phase factors are functions
of (8,8). On the other hand, if these factors are stationary on the main beam, then
the delta function approximafion can be employed for these parameters also (see
Equation 6-6). The ability to realize the stationary condifion is freated in the sub-
sequent section.
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6.3 Desirable Antenna Properties

If the delta funciton approximation is to be employed, then it is desirable to
have the relative phase B and B, constant across the main beam (See Equation (4-29)),
This objective is equivalent to requiring that the gain and polarization be stafionary
across the main beam. Chu and Kouyoumjian {39] have derived the conditions under
which stationary gain and polarizations can be achieved, Coincident stationarity,
they state, can be realized by any planar aperture distribution which is symmetric
with respect to two orthogonal axes in the aperture plane. An aperiure is planar
only If the excitation lies in the aperfure plane and nof orthogonal fo it,

For some center fed paraboloids the chove requirement can be met; however not all
feeds result in a planar distribution even though the symmetry property is observed,
This is illustrated for the case of a dipole feed. Although the distribution in the
aperiure plane is symmetric, it confains excitation components orthogonal to the plane,
The orthogonal components are induced by the depolarization property of the para=
boloid. The far field of such a dish is illusirated in Figure 6.2. The computation was
based on a -10 dB taper, a f/D* ratio of 0,36 and a wavelength of 2.16 cm.

The introduction of variable cross polarized content can clearly destroy the
stationary polarization requirement. Admittedly the cross—polarized content in the illusrated
case fs sfnall; however, as will be shown lafer in Section 7.4, reirieval of the cross-
polarized scattering coefficient can be affected by weak cross polarized paftern levels,
Furthermore, dipole fed paraboloids with smaller /D ratios will have a larger cross
polarized level than illustrated here [44] .

Recently, corrugated horns {401 {41] and dual mode horns [42] [43] with
circularly symmeiric patterns have been recognized as capable of eliminating cross=
polarization in cenfer fed paraboloids. The feed pattern of these horns are said to be
balunced. Mathematically their radiation takes the form

- @ &) (cosda’)_ (si-ncb')r exp(-ikp) (
E = F(@&, Ly ¥ P (6-5
f sino’ )] ° cos ¢’ ¢ p )

where the z' axis is directed along the axis of the paraboloid. Chu and Turrin [59]
have shown that center fed paraboloids with balanced illumination exhibit no cross-

polarized content in the aperiure plane. The farfields of the above described para-

* focal length + paraboloid diameter
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boloid with a balanced feed was computed and are shown in Figure 6.3, The cross~
polarized field was tofally absent in the numerical computations,

Balanced fed paraboloids are suitable condidates for scatterometry work when
a complete set of scene parameters are desired. Since support struts and aperture
blockage, in general, introduce cross~polarized radiation if is important fo minimize
blockage in addition fo choosing an appropriate feed, The Cutler fype feed with
balance radiation may be a suitable approach.

Alfernatively, an array of broadly direct ional radiators is also a suitable can=
didate,. If the interaction between elements is weak, then the paitern of the array
is the product of the array foctor and the pattern of one of the elemenis, The polar
ization property in the main lobe will be dictated by the polarization property of the
ceniral segmeni of the elementary pattern. The polarization will generally be station-
ary across a small segment of the elementary pattern; and, fhgrefore, the array polar=

ization will ‘also be stationary there.

6.4 The Inversion of Scatterometer Measurements

When o narrow beam scatterometer antenna with a coincident stafionary gain

and polarization property is employed,the scatterometer equation may be approximated
&

by

2 2 - 2
W (@) = K{1]<|swl > + 12<'5hhl > +[1g+21, cos (& BYI<IS 17>+

ir
i(8, +8) is j
gRe[e T TS SE>] + Mel[lge '+ e 1<S,, Spi >+
I[2 I8
el Iy +lge r1<5vh5hﬁ>} (6~6)

where

* The degree of accuracy wiil be demonstrated in Chapter 7,
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K = 3H.6,.6./(4nz) (6-8)

It has been assumed that observations are conducied over a planar earth so that r = z/cose .
It has also been assumed that the kernel function has sufficient resolution that the scai- 43’
tering coefficient may be considered constant in the domain where the kernel function is
sigrificant. Now suppose that the scatterometer is equipped with a dual linearily polarized
feed or if necessary two antenna with orthogonal linear polarizations to assure good isola-
tion, The amplitude and phase of each feed channel is assumed controllable. Then as

will be shown below, a series of fifteen infensity measurements with different polariza-

#ion combinations is capable of exiracting a complete set of nine scattering parameters,viz.,
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<l SVV|2
Im «<SW hv* > Re <5 Spp*>, andIm <SS %> . A pair of measurements is
required to isolate the real or imaginary part of the complex valued coefficients. The

transmif~receive polarization states are indicated for each measurement:

1) w (gvt = g‘ﬂ“ =9 Oy © 9 © 0)
" 2
Wep = KL <[S,, 17> (6~9a)
2) H-t Coye = 9yp = 05 gy =g =9 ) 7
Nep= KI <Isyyl > o (6=9b)
3) v-H - U9y = 9y = 95 Gy =g, =0 )
= 2
We.= KI <]svh| >. (6-9¢)
4a) LC-RC . - @
s Lbs C9y¢ = Ohg = Syr = Yy 590 B = o908, = 907)

vv“hh
(6-9d)

| 1 1 1
- 2. 4
Hep= K1 [—4- s, 15>+ - <Isyyl?> —Re<Sy,S *>]

4b}) Cross-Linear(g, , = 9t = yp = Tpp =-2—g, B, = 0, B, = 180°)

W 1<1[1 <ls |2 ' 2 !
tr P T ;""*lshhl >- o Re <va5h7§>]

(6-9¢)
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Ba) E1liptical ( 9yy = Opp = Gy = Ipy =9 B, = -45°, B, = 138°)

1 2 1 | s 1 .
Wees KI [T <Iswl >+ :< shh[ >+—2— Im <swshh>]

. (6-9f)
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Qa)H—RC ( gvt = 0, ght = g, qu - ghr =?g’ Br = 9@ )
1
1 (6“9“)
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o ? (6-92)
where ‘
2 2 -
= cos 8df
f g (6~10)

The transmit and re ceive polarizations may be interchanged without affecting the dbove
equations, The abey : set of equations assumes that the scaitering coefficients are de~
fined with respect v the antenna frame. As will be shown for narrow beam antenna,
the above polarization states will retrieve scattering coefficiunis defined with respect
to the surface ot all but very small incident angles. The above polarization states may
be incorporated in the equati v :+hich distinguish surface and antenna polarizations
to develop an inversion technique based on the distinciion. These equations are de-
veloped in the succeeding chapter. '
From the dbove set of equations it is nofed that ¢ |5 | 5 4 <] shh" and

<[5 hl > are each derived from a single measurement i.e. meusuremenfs (1), (@, and
(3), respectively. The remaining parametfers are isolated by differencing pairs of
equdtions. It is clear that if o complete set of scattering parameters is desired, the

. measurement sef is over=specified. f a minimal set of equations is required, then all
measurement pairs can be reduced fo one of the members, 1f is advisable, however,
to work with an over-specified set of measurements to reduce the sensitivity to measure~
meni errors if all the coefficients are desired. 1t is a distinct advanfage fo specify
equatii:: pairs if a parficular complex valued coefficient is fo be isolated. The dbove

technique does not pre~suppose that the scattered fields are completely polarized,
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If one further assumes that the scattered fields are completely polarized, then
the inversion problem reduces to that for non=statistical targets. Various measurement
schemes have been reviewed for this case by Huynen [21]. One of these schemes is .
based on field amplitude and phase measurements of a pair of orthogonal returns from
each of the two orthogonal illum nating polarizations. Another scheme involves
ompl itude measurements at differeni polarizations. The latter technique yields a set
of target invariant parameters which must be trancformed fo a scattering mairix, In-
tensity measurementis as described above will, of course, also work. The set of
measurements may be solved subject fo the constraints i

*
|<Swshh>‘g = (<15W12> <|Shh12>
* 2 2
]<sw.s_vh>] = {dswl > <[5, 17> (6-11)
* . 2 2
1<SpySpp >l = J<lshvl > sy, 17>

for additional acecuracy. Norn-linear regression techniques as described in reference
[45] or 146] may be employed to solve the system of measuremenis subject to these
constraints, .

In refrospect one can also use correlation and cross~correlation techniques to
isolate some of the non-coherent scattering coefficients. For example to measure
<SW Shv* >, e is fransmitfed. During reception both €\ and ey re cross~correlated
without and with 90° phase shiff injected into one of the channels to isolate the real
and imaginary parts, respectively,

Either correlation techniques or infensity techniques as proposed will suffer
~ from poor realizations of the desired antenna properties, Since intensity measurements
are commonly made, this investigation will resirict its attention to the intensity | : ,

technique.- -




7.0 PRACTICAL CONSIDERATIONS IN RETRIEVING THE SCATTERING COEFFICIENTS

7.1 Introduction

In attempting to refrieve the scattering coefficients by the method developed in
Chapter 6, one is immediatzly confronted with the fact that the ideal antenna polar
ization states specified in each measurement are seldom achieved in practice. To de-
fermine the sensitivity of the measurement fo deviations from these ideal states, computer
simulations were conducted. Measurements were simulated on the besis of the complete
scatterometer equation as developed in Chapter 4 and a scattering characteristic similar
to that of the sea under low wind condifions. The scattering coefficients were expressed
with respect to the surface polarizations; and, consequently, all simulated power returns
involve fransforming the pattern information to the surface polarizafion states to compute
accurate power returns, Measurements were compused based on known deviations from
the ideal antenna polarization requiremenis and were inverted on the basis of the ideal
antenna specifications. The sensitivity in reirieving each coefficient was thus establish-
ed, nomely, by comparing the aciual coefficient with the estimated coefficient.

. The computer simulation wes designed not only to determine the sensitivity of
the measurement to non—-ideal antenna poiarization states, but was designed to establish
the beamwidth limitation fo realize the delta function approximation for the integrand
in the scatferometer equation. lf was also designed to defermine whather the distinction
between surface polarizations and antenna polarization is important; and if so, under
what conditions it is important.

Within the latfer portion of this chapter special consideration is given to the
sampling requirements when measuring an antenna pattern. The simulations described
above were based on idealized functional representations for anfenna patterns, In
reality these ideal symmeiric representations are seldom achieved (See Figures 6.2 and
6.3, for examples of non~symmeiric patterns). As a consequence, fo accurately specify
" the scatterometer integrand recourse to patiern measurements is necessary. The laiter
section of this chapter develops the theory which specifies the density of points af
which the pattern must be measured tc uniquely represent the paifern. This section
of the chapter is important in numerically evaluating the inversion parameters in the

scatterometer equation,
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7.2 Description of the Scatterometer Simulation Program

The reader will recall that the inversion technique developed in Chapter 6 was
derived without regard to the distinction beiween surface and antenna polarizations,
As a consequence to compute the refurn power accurately from scattering coefficients
defined with respect fo the surface polarizations, the scatterometer simulation program |
was specifically designed to compute the return power on the basis of Equation (4-50) of
Chopter 4 rather than Equation (4-29), i.e., with the pattern fransformation included.
-or an anfenna pattern and a view angle selecied externally to the program, the exact
return power is computed for all fiffeen measurements described in Chapter 6,

The inversion of the resulting measurements is performed in two ways. In the
first method, called the approximate method, the inversion is performed without regard
to the distinction beiween antenna and surface polarizations . It is (ecroneously)
assumed, as in Chapter 6,thal the scatfering coefficients are expressed in the anfenna
coordinate system. Equdﬁon (6-19) served as the inversion model. Since the return
power was computed on the basis of the difference between surface and antenna polar
ization and the inversion was performed without regard fo the difference, the distinction
between surface and anienna polarizations could be evaluated, The second methed,
called the exact method , does not ignore the difference between antenna and surface
polarizations. The inversion is based an anfenna weights that are computed by frans=
forming the pattern polarization states to the surface polarization states for each of the
fifteen measurements. The fransformation, in general, "excites" additional scattering
coefficients above those recognized in tha approximate methed (See, for example,
Equation (4-49),) ‘

A delta function approximation was also employed in the matrix inversion

model, The model was based on an approximation of Equation (4~47) and takes the form

= 2 2 2 2
wtr = A GtGr wt/(a,ﬁz) { <\SW| >gllcose dg +
<|Shh|2> J~Izcos®2d§a + <|Svhlz>J13cosG)2dQ +
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coscda +

= 2
2Re<SWShh> 314(:050 - ZI"KSwSﬁh) jIS

% 2 - 2
2Re<Swsvh> Ilacose do 21m<SWS\=’;h> J17cose dge +

* 2 - q 2
2Re<ShVShh>j18c05e de - In<S, St j 14c050 dsz}

{7-1)
where the Is are defined in Equations (4~50), The resulting fifteen equations are
employed in a least squares estimation fechnique fo recover the scattering coe:ricients.
The matrix technique was developed to test whether the fifteen measurements were
sufficient to invert for the coefficients when the difference in polarizations is recognized.

In addition to specifying the choice of antenna view angle, the program user
may, through the use of the inpuf control card, introduce cross pattern amplitude bias
and relative phase bias into those measurements employing vertically or horizontally
‘polarized transmissions or receptions. The return power is accurately computed for all
fifteen mecsurements with the biases included. The inversions, both approximate and
exact methods, are performed, however, without regard to the biases, i.e., they are
based on ideal antenna states. The sensitivity of the inversions to partern deviations
from ideal conditions could thus be studied.

Cross pattern amplitude and phase biases have precise meanings for vertically
and horizontally polarized transmissions or receptions. However, for those measure~
menis requiring simulationeous vertically polarized and horizontally polarized patterns
{eg., LC, RC, linear * 45°%%), it was more meaningful to conduct Monte Carlo
studies on amplifude and phase. This technique requires many simulctions to be con-
ducted. Each simulation is based on a different set of deviations in amplitude and/or
in phase, First and second order error stafistics are accumulated from all the experi-
ments conducted in this fashion. In the measurements requiring simultaneous cross

patterns, it is evident from Chapter 6 that balanced patferns are required, i.e.,

* Assuming the antenna is not simply rotated,
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g, =9, 1/2g. So it was appropriate to specify the pattern amplitude perturbation in the
Monte Carlo studies as a deviation frem a balanced condition. For each experiment
the amplitude and phase are randemly perturbed within bounds specified by the user.
The deviations are based on samples from a uniform distribution so that the perturbed

gain ond phase satisfy

9, = 1/2g, + Ao

am § -
g\', 1"gh (7-2)
i =
B f-:H-BQB

where A <1/2, 0 <8< T and p_and pg are random samples from a population distrib~
uted uniformly over {-1,1] . 1/2 gy, and B are the ideal gain and phase requirements.
Both approximate and exact inversions are performed for each experiment. The error
statistics are formed independently for each. The above studies are initiated by
soecifying 2A and 78 on the input controf card. .

This program allows the selection of one of four symmeiric anfenna patierns.
For any selection it is assumed that both dominant and cross paiterns have identical
functional forms. The relative phase between the patierns (if both exist) was assumed
stationary, When amplitude error is iniroduced into any one of the fifteen measurements,
the deviafion is applied so that the normalized gains sarisfy gv(O) +gh(0)=1 on the bore~
sight axis. The specific paitern options are given by the following functions:

pl = ( sin X/X)z
b, = (J(x)/x )
_ (7-3)
X
J,(x)
yd
p - S ————
4 x2
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where

% = kasin®’
a = aperture radius

k= 2u/A

The above pattern functions correspond to one~way patterns having respective side lobe
levels of ~13.2, =17.6, -20.6 and ~24,6 dB. In addition to providing a choice in
pattern functions, the program requires an input parameter denoted as ka to control the
beamwidth, The beamwidth for the respective patterns are related to ka by the follow-
ing expressions:

Ael = (.88 1 /ka
Aez = 1.027 /ka —

. (7-4)
Ae3 = 1.157 /ka

A94 1.27 7 /ka

For a fuller understanding of the pattern functions the reader is referred to pages 9,14~
9,21 of reference [5] .
The scatfering characteristics on which the simulations were conducted are

illustrated in Figure 7.1. The coefficients except for the real and imaginary paris of
< S Sh *> are based on theoretical results reported in reference [10] . The magnitude

F< S Shh > was sel ot the geomeiric mean of <[S | > and <|5hh| > in accord~
ance wﬂ*h the results of Chapter 5. The phase characfenshc of < SW Shh*> was
assigned to be that for small perturbation theory for a sea water temperature of 293°,
The characteristics are similar to that of the sea under low wind conditions. In accord-
ance with small perturbation theory the coefficients <S5 *> and <§ . 5, > are
_extremely small. For the sake of the simulations weak but identical characteristics
were arbitrarily assigned to the reai and imaginary paris of these coefficienis. All
characteristics were assumed isofropic,

| For a complefe descriprion of the scatterometer simulation program the reader
is referred fo Appendix D,
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7 .3 Resolution Requirement

7.3.1 General

Angular resolution in scatterometry hos been achieved either by employing a
narrow beam or by doppler filtering or by a combination of beth. Angular resolution
is clearly required to search the scattering characteristic. 1t is also required to realize
the delta function approximation in the inversion technique. It has been common prac-
tice. to specify the resolution on the basis of some notfion of the scattering character-
istic. However, when the difference between surface and antenna polerizations is an
important consideration, a resolution guideline can also be established to assure that
the antenna polarization coincides with the surface polarization over the significant
portion of the beam. An expression is developed showing the percent power incident
on the surface in the orthogonal surface polarization for an antenna whose polarization
is pure with respect o the antenna frcune, The results can be interpreted in terms of -
resolotion (Beamwidth).

Resolution requirements are also established for the assumed scattering character
istics by employing the simulation program. The result expresses the measurement
aceuracy achieved by the delfa function approximation with ideal antenna polarization

specifications.

7.3.2 Polarization Decomposition of the Incident Beam

Suppose a scatterometer transmits a horizontally polarized wave E,G" when point-

ed in direction 9 . The total power incident on the surface is given by

o 1 2
: A f Egl® da 7-5)
When Ey, is decomposed into orthogonal surface components, the above expressions
can be writien by

oy (7-6)
P = =z f}E¢f|2 [ig - i1+ iy - iy 12] do

The percent power appearing in the orthogonal surface polarization is given by

2. . 2

P E g in + i

(De)%ﬂoofl‘b!le o] a2
P

7-7)
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or
2 . . .2
p /. E * 4
(-——-9 )% =100 |1- | [Eal” [y | dQ
p J -

(7-8)

The latter expression is simpler to evaluate numerically.

The above expression was evaluated as a function of view-angle for various
beamwidths, A Jinc paitern function was employed in the computation, The results of
the evaluation are shown in the grophs of Figure 7.2, The polarization mis-maich as
anficipated from Chapter 5 is greatest af nadir regardless of beamwidth, If is evident
that small beamwidths cre able to probe closer to nadir without introducing significant
orthogonally polarized components. The permissable level of orthogonal polarization
will be ireated in o subsequent section. Although the above results were based on a
horizontally polarized incident wave, a similar result could have been computed for a
vertically polarized incident wave,

If one chooses to avoid fransforming the pattern polarization states to the sur
face and accurate measurements of the surface scattering coefficient are desired near
nadir, then the graphs of Figure 7.2 are helpful in choosing the proper beamwidth., If
the experiment requires that the cross polarized content be less than, say, =20 dB,
then the 1% ordinant will specify how close one can probe nadir with various beamwidths.

An dlternative to the dbove procedure is to employ the exact inversion model
based on the differences between antenna and surface polarizations. The delta funciion

accuracy of this fechnique for small angles is developed in the succeeding section.

7.3.3 An Evaluation of the Delta Function Approximation

To determine the beamwidth {resolution) requirement to realize the delta
function approximation,scatterometer simulations were conducted in the vicinity of
nadir where angular resolution is required to search the rapidly varying scuifering char~
acreristicss The ability of the delia function approximation to retrieve each scattering
. coefficient was established at incident angles of 0°, 4° and 8°, Beamwidths from 1
degree to 12 degrees were considered. The results are illusirated in the graphs of
Figures 7.3 and Figures 7.5 through 7.8 for both the approximate and exact methods.

The performance of the delta function approximation af nadir is shown in
Figure 7.3 for the approximate method, It is evident that there is liitle difficulty in
refrieving <SS, *>, <5, 5 *> ond Re <§ 5., %> except for beamwidths in

excess of 10 degrees. The degradation at large beamwidths is, of course, the result of
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the antenna beamw dih interacting with the scattering surface "beamwidth", The beam-
widih interaction problem is clearly evident in the error characteristic of Im < vashh*> .
Since this coefficient has a nofch character at nadir, it is impossible for any non-zero
beamwidih antenna to refrieve this parameter.

Unusual error performances are apparent in refrieving <| S 2, e Re <5 S 7>
and Re< 5, Sp1*> . A constant 50% error occurs for <| § |*> regardless of beam~
widih; whereas a 100% error occurs for the latter two parameters, An explanation for
the error in <5 ¢ [2> can be consfructed soiely on the basis of the difference between
antenna and surface polarizations. A similar explanation is thought fo apply fo the
other iwo parameters, although no quantitative argument could be consiructed. The
error in < |Svh|2> can be best understood when the antenna and surface polarizations
are projected on the surface, The surface polarizations will project as a polar grid
whereas the anfenna polarizations will project roughly as a rectangular grid as illustrated
in Figure 7.4, From these diagrams it is understood that when a vertically polarized
spherical wave is incident on the surface, half the power appears in the surface vertical
polarization and the other half in the surface horizontal polarization, As shown in the
accompanying decomposition diagram both incident components are depolarized by the
surface and upon their refurn fo the anfenna each depolarized component is fransformed
(T) back to the ontenna polarizations. Upon fransforming back to the antenna polar
izations, one half of each depolarized component is transformed into the antenna
horizonially polarized state., As a result, the inversion based on the antenna polarizations
is 50% low. This result indicafes that it is futile to recover <lsvh|2> as defined with
respect to surface polarizations with a recovery technique based on the antenna polar
izafions,

It is also informative to examine the power structure for a cress~polarized
measurement. The third row of Table 7.1 shows how the return power is disiributed
among the scaitering coefficients for a cross=polarized measurement. A sizedble
contribution arises from the polarized coefficienis (columns 1 and 2); however, the sum
of those componenis is forfunately cancelled by the contribufion from Re <SW Shh*>
(column 4}. The cancellation is assured by the isofropic character assumed for the
surface.,

For the same incident angle no results can be reported for the exact method.

For the nadir angle the observation matrix is singular. The singularity is plainly evident

in the observation matrix as shown in Table 7.2. The reader will observe that the

83



P B

j& Hg
22

A) PROJECTION OF AND ANTENNA AND SURFACE
POLARIZATIONS
s dshVI? He =V,
1/2 4s, 1 % #
1/2HS _— hv S~ ?
/ 1/4 cIShvl Hs = Ha
v

ey, ———

B) DECOMPOSITION DIAGRAM

2
/2 <|Svh]> L

2 =
s UadS TV =Y

™ g4 4Svh*g Vg

1
=

FIGURE 7.4 COMPARISION OF ANTENNA AND SURFACE POLARIZATIONS
AT NADIR WITH DECOMPOSITION DIAGRAM TO EXPLAIN

CROSS POLARIZED MEASUREMENTS

84



¢8

HEAS/COEF vV

W NDI L e

Od d0
NIOEgE

VY
Yd v,

a

Rrry
81 {7y

e FAPDE
0.6829F

0.2276E.

D+ 4553E
Be2276E
0, 1GE
0e3L15E
D« 4553
o 45%3E
Da bS5 3E
0 0L553E
0 WS533E
Denw5S3E
Ge 455 3E
Do 4553E

HH

G0 0.FAP9F
00 0.RA829E
00 0.227LE
00 B.uS553F
00 0.2276E
60 D0.341SE
00 0+3L18E
08  Q.4553F
D0  De445S3E
00 0.4%53F
00 0.4553F
00 0.&553E
00 044553E
10 0.4553F
00 0e4553E

TABLE

HEAS/COEF  yy

e

041654E-01
Gv1654E=01
Oe5513E=~02
D.1103E~-0%
0.5513E~02
0+ 8270E-D2
D.B270E=02
0,1163€-01
De 1103E-21
0.1103E~01
0.1103E=-0L
Fe1103E=81
D.15103E-02
B.1103E-01
0.1103E~01

TABLE

POKER MATRIX

vH VVHHR VVHPI VUVHR VVVHI HVHHR HVHHI PONELR
08 N.139AE=02 O0.4853F 08 4, 0. 1Y 0. De 0.18221 0%
00 0,1398F-02 0.4553E OG0 Q. Oe 0« Oe 0. 0.,1822E 0L
00 0.13907-02 =0.4553L 00 Qs [ . a, 1Y O Ual 318L=02
00 0.2328F«09 0,9105€ G0 ~0.6595E=19 ~0,E857E~17 0. «0.5857E=17 0. 0.1823€ 01
00 D0,1398E=02 =0.4553E 00 0.1309E-16 Q. =0 «L376E=-12 . -0,43I76E-12 O0O.139RE=02
00 D.6948E=03 0.2276E 00 ~0.6596E-08 O, . 0. 0. 0.9112F a0
00 0.6h908E-03 0.2276E 00 0.659GE=0B8 Q. O 0. O« 0.49112F 00
00 D.1398E-02 OD. 0. =0, 2979E=-08 0. -0.2924E~08 D, 0.711.2 00
00 0,1398E-02 0. 0. 0.2979E=08 «0,4376£-12 0.2924E=08 =0.437HE=12 0.9119€ 00
00 0.:398F-02 0, 0. =0,2941E«17 0,2205E~03 «0,2808T7E=17 0.2705F-03 0.3125F 00
00 0.1398F=02 0. O =0+2969E~17 =0.2205E-03 -0,2916E~17 -0.2205~03 O0.9115€ 00 .
00 041396F=-02 P G =0,2924E-08 0. -0 .2979E~08 0. 0+9119F Q0
00 0.1398E-02 £, De D2924E~00 =0 437HE=42 0.2979E-08 ~D.4376E-12 0,9119E 00
B0 0.1398e-02 Q. De =0+28R7E=17 D+2206E=03 «0,2941E~17 0.2205p=03 0.9124E 09
00 0.,1398E=02 L. Oe =0,2916E=17 «D+2205E~03 ~0.2969E~-17 ~0.220%E=-03 0.9I15E 08
7.1 POWER COMPOSITION MATRIX FOR A NADIR MEASUREMENT

HH ¥H VVHIR VVHHT VUYVHR VVVHI HYHHR HVHH]

0.1654E-01 0,22056~01 0.1103E-01 0. 0. D. 0. 0.
0.1654F=-01 0.2205E-01 O.1103E~-01 Q. O 0. 0. D.
Ds5513E=-02 D.2205E~01 =0.1303E-01 0. D 0. O« d.
0+3103€-01 0.3725E=-00 D0.2205E~01 «0,29608E~i¥ «).EB56E=15 D, =De5r7 -E=15 0.
0,5513E=-02 0,2205E~01 ~C,1203E~01 0,5891E=15 0. =0,4376E=40 (. =0 .4376E=10
0.8270E=02 Bs1103E~DL 0.5513E-02 =0,2969E~06 0, Oe ' 0
048270E=-02 0,1103E=-01 0.5513E~B2 0.,296%E~D&6 0. D. G o.
0.§103€E-0% 0.2205E-01 0. Oe «0.29785~06 0. «0.2924E-06 0.
B 1103E-01 0.7205F~01 O« 0. 0,2970E~06 ~044376E<10 D+2924E-06 =0.43756F=10
0.1103E~01 0.2285F~01 .0. Qe -0429640E~15 0.2205€-01 =0.2806F=15 D0.2205E-01
0.1103F=01 0.2205E-01 D« [ -0 «2971F =15 «0,2205E-01 ~0,2915E=15 -0.2205€-01
0.1103E-01 D0.2205%E~D1 0O« 0. =0,2924E=06 B =0.2978E-06 0.
0.1303E-01 D.2205F=-0L O, 0. 0.2924E=~06 =0,4376E~10 0.2578E~06 —0,4376E-10
0,1103e~01 D0.2205E~0 0. 0. «0«28B6E-15 0.220%E-01 -0,29R0E-1% Q,.,2205E-01
0e1103E-01 D.2205E-0" Qs O =0, 23LSE~15 =042205E~01 ~0.2971E=-15 -0.2205E-01
7.2 OBSERVATION MATRIX BASED ON SURFACE POLARIZATIONS

~r



following pairs of observations are identical: 1 and 2, 3and 5, 6and 7, 8 and 12, 9

and 13, 10 and 14 und 11 and 15, The ronk of the mairix is consequently 8. For iso~
tropic scenes the singularity may be removed by solving the system of measurements

S
< va Shh*" = ,/-?SW[Z; < Shh|2> . As aresult of the constraint there are only

five independent parameters. This result was anticipated from the *Gedanken Experi-

subject to the constraints: <] SW |2 > =<'| Shhl2> , <va Sh *, ='<Svh Shh*> , and

mente" referenced in Chapter 3,

In general, refrieval of the scattering coefficients at nadir is a difficult task, if
is merely coincidence that the approximate method yielded as many accurate estimates
as it did. If a scene is anisotropic or if it has a peculiar character where '(sw;shh‘b, b

< < SWj 2, <| Spp F >, then there is no assurance that either method will work,
See the fourth column of Table 7.1 where it is evident that Re< SWShh*> plays an
important role in forming the polarized measurements., Careful investigations at nedir
will require very narrow beams %o search nadir asymptotically if the coefficients are to
be reported with respect to the surface polarizations.

The accuracies of the delfa function approximation fer the approximate and
exact models at @ view ongle of 4° are shown, Figures 7.5 and 7.6, respectively. From
Figure 7.6 it is apparent that the approximate method can be employed with reasendble
accuracy (0.5 dB) to retrieve all coefficients if the beamwidth is less than 3°. A beam~
width as much as 10° can be tolerated for the recovery is resiricted fo the polarized co~
efficients, The exact inversion method will permit beamwidths up o 9° in refrieving
all the scaitering coefficienis. Similar resulis are apparent in the error characteristics
for a view angle of 8° (See Figures 7.7 and 7.8).

7.4 Antenna Reguirements for the Accurate Recovery of the Scattering Coefficients

7.4.1 Generdl

A number of simulations were conducted af various incident angles with and
without biases and also with and without random perturbations introduced into the
measurement, These simulations served as a training set to identify the particular
scaﬂ'ering' coefficient or coefficients which primarily contributed to the error character
istic for each scattering coefficient. Invariably the best single parameter to which the
error could be atiributed was the magnifude of < vaShh*> . The mognitude of this
parameter conveys a notion of the size of < ISW [2 > and <|Shh‘ 25 a5 well, These
- three coefficients generally interacted to iniroduce an error in the measurement when
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the antenna transmission and reception properties deviated from the ideal state specified ‘
in Chapter 6.
The fraining set also made it apparent that the error characteristics were primarily |

governed by the level of the cross'polarized leakage for those measurements involving
linearily polarized i:ansmission or reception, The level of the leakage is expressed in
terms of one~way depression relative to the dominant pattern, The relative phase
beiween the dominant and leakage patterns was freated as an independent error parameter.
A bias error study was, therefore, applied fo the reirieval of < SW shh* >, < Shhl 2,

S Sh > and <svh Shhb . Although the latter two coefficients involve balanced
cross pafterns during reception, studies showed that the error performance was largely
insensitive fo small deviations from a balanced condition . small deviations from the
required phase condition in comparison to leakage appearing in the linearily polarized
transmission, Now in the case of < SW Shh* >, it is more medningful to consider Monte
Carlo studies since both transmissions and receptions involve balanced eross patterns.

All simulations were conducted for o one degree beam having a (2 J1 (x)/x)2

pattern, The resulting error characteristics apply equally as well to approximate or
exact inversion methods. When translating the performance fo small incident angles
where the anfenna and surface polarizut‘ions differ significantly across the beam, then
one must assume that the inversions had been performed by the exact method, The
graphs of Figure 7,2 serve as a guide as to when the matrix method must be used,

Simulations with the other pattern functions yielded similar results and so are not reported.

7 4.2 Error Characteristics

The error characteristics for the recovery of 5,3, v > are shown in Figures

7.9 and 7.10. The resulis are shown for two phase conditions in whick B.=B.= 0°

and Bl‘ = Br = 90°, respectively. These two conditions result in extremal error character

istics in which the maximum error results from one phase condition and a minimum error

from the other condition. The extremes are induced by a sign change in the

contribution from Re< va Spn” >r @ dominant parameter. As shown by Figure 7.9

there is no difficulty in retrieving the dominant scattering coefficient <] S 12> except

for a cross polarized pattern less than 10 dB beneath the vertical pol urlzed paﬁern and

a large separation between <| SVJ 2 and <{ shhl % . The wedkened dominant patiern

results in less return power from <| S J . A fun“her reduction occurs when <fShh| 2':- and
< S,,5hh *, are significantly weaker than<{$ [ > o A similar result occurs when

- By =B = 90° (Figure 7.10). The error is si lgh’rly larger because the coefficient

i
]
!
}
j

21

e e e e ey R q . N R b



PERCEST  ERROR

| 19 DB ABOVE |<s\,\,s"" > |
© 5 DB ABOVE |48, S|
M [ o 2 DB ABOVE I<5,,S%»]
. 0 DB ABOVE [<S,, 8" ]
0 F
1 , by
1k
01 : ' ) —
40 30 20 -10

CROSS POLARIZATION DEPRESSION  (DB)

FIGURE 7,9 ERROR CHARACTERISTICS OF <IS,, 12>

'FOR VARIOUS ANTENNA CROSS POLARIZATION ISDLATIDNS'

WITH PHASE CONDITION B = By =0°




PERCENT ERROR

A 10 DB ABVE JeS, St of
o 5 DB ABOVE [<S\ySh i
w0 ko ® 2 DB ABOVEKS,, St ol
e 0 DB ABOVE1<SVVs;Hﬂ
0 k - === 0.5 DB
l -
9.1 [
B S Y S S

~40 -30 -20 -10
CROSS POLARI7ATIOH DEPRESSION (DB).

- FIGURE 7,10 ERROR CHARACTERISTICS OF <|SW|2> FDR
VARIOUS ANTENNA CROSS POLARIZATION ISOLATIONS WITH

A”PHASE CONDITIDN DF BT = BR = 900



Re < Swshh*:' causes a "negative" power confribution, resulting in an even smaller
resultant power. Recall that <$ vwohh > responds to the product pattern J'g—vg_g and
its sign is conirolled by the sum B + B (See Equation 4-29),

The refrieval performance, when attempting measurements of <| Shhl >, is
illustrated in Figures 7.11 and 7.12 for patiern phase condthons corresponding to B = .
B.= 0° and B, 2ﬁ =90°, respectively. Since <[Shh| > is generally less than or i
equal to< S |">, one can anticipate a poorer error characteristic. For the case
where 8, = Br_ 0%, the ability to recover < lshhl > is shown fo be strongly dependent
on ifs separai.n from I<Swshh >| . Positive power coniributions are made by both
< Isvvl > and <5 5p. %> . The resultant power in this case is excessive, When B.=
B=90°, the contributions by <5, Shh*> Is negative and partially cancels the
<SS,cw contribution, As a consequence, one may suspect that the letter phase
- eondition yields a slightly better error characteristic. Comparison of Figures 7.11 and
7.12 demonstrqfes that this is the case. From either graph it is observed that when
< lshhl > is 10 dB lower than [<S,,,Shh*>| + the antenna cross polarization level must
be less than =30 dB for a arror less thun 0.5 dB. When the separation is 5 dB, the
antenna cross polarization level must be better than =20 dB. The latter is probably re~
presentative of the sea for angles of incidence up to 70°

The error characteristics for retrieving <|$ h| > for the same two relative phase
conditions are shown in Figures 7,13 and 7.14, From Figure 7.13 it is apparent that
the weakness of the scattering coefficient in the presence of cross~leakage makes it
very difficult to isolate. The ability to measure <_]Svh]2> is shown fo depend strongly
on its depression from the polarized scattering coefficients as conveyed parametrically
by |<SWShh*>1 . Figure 7.13 represents a worst case situation in which all the
dominant coefficients to include Re < SWShh*':- make positive contributions to the
return power. This situation is consequently useful for formulating a criteria for accurate
measurement of <|Svh|2> « It has been common practice to judge the ability of an
anfenna to measure cross-polarized coefficients by its one~way and in some cases by
its two~way isolation in comparison to the separation between the polarized and cross~
polarized coefficients, The graphs of Figure 7.13 sh‘;nw explicit  the antenna require= ' -
ment. 1f a 0.5 dB accuracy is desired and if <]Svh|"> lies X dB beneath |< Suvdhh™>l e
then approximately X + 16 dB one~way isolation is required. The above result indicates ;
that one must not only consider the polarized coefficients in making e judgement on

an antenna but a complex valued coefficient must also be considered.
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It is apparent from the graphs of Figure 7,14 that if the phase of the leakage
pattern can be adjusted fo 90° during transmission and recepﬁon', the level of
leakage is almost immaterial. In this case contributions by <lval2> and <lshhl2>
are almost entirely cancelled by the coniribution from Re < vashh*> . These resulis
show that if the phase of the cross leakage can be adjusted for Bi' = Br = 90°, the
stringent requirements on the cross pattern amplitude can be relaxed.

The error characteristics for Re <5 Shh*> and Im < Sov Sy > are shown in
Figure 7.15. Monte Cerle studies were performed to construct this characteristic. The
random deviations in amplitude (from balance} and in phase were uniformly distributed.
Maximum deviaiions are indicated on the graphs. It is apparent that the real part of
< SW Shh* > is easy to recover, Phase perturbations have little effect on the accuracy.
The recovery of the imaginary part appears to be more difficult; but this is mainly a
resulf of its weck response in comparison to <| Swl2> and <| Shhlz> .

The error characteristics for the cross—correlation coefficients < svvs'nv*> and

<Svh Shh*> are all shown in the graphs of Figure 7,16, Both exiremal phase con~

ditions are superimposed on the same plot. The graphs show that the real paris of the
coefficients are difficult fo retrieve if B, =8 = 0. Similarly, the imaginary parts are
difficult to refrieve if § =8 = 90°. On the otherhand, the imaginary part and the
real parts are easily recovered if B, = 8 = 0° and B =B = 90°, respectively. The
graphs also indicate that the ability to retrieve the coefficients is dependent upon the
separation of the coefficients from the real or imaginary part of <vashh* >, It is
again evident if the correct phase property is employed that a reasonable accuracy can
be anticipated,

7.4.3 Aliernatives

When the idea! antenna states as specified in Che  er 6 cannot be approximated
rzasonably and if as. a consequence significant error is introduced into the measurements,
the experimenter has recourse o specifying the compliete antenna polarization states he
is able to achieve. As long as he approaches the desired states and performs an adequate
number of measurements, he can be reasonably assured that inversions based on the com=
plete scatterometer equation will yield improvements in the estimates of the coefficients.
The inversion model should be tested to determine whether his system of mecsurements
is well conditioned. At least nine measurements must be performed unless one has prior
knowledge that some of the coefficients are negligible. In this technique one must re-

concile with making at least nine measurements; whereas if the beamwidth constraint
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is mef, asingle scattering parameter can be recovered with at most two measurements

if the anfenna specification can be realized.

7.5 Evaluation of the Inversion Parameters

7.5.1 Introduction

Essential fo accurate inversion of scafteromefric measurementis is the knowledge
of the actual antenna pattern. To form the integral weights for each scattering co=
efficient, the pattern and phase functions must be numerically integrated over the main
beam and perhaps the first side fobes, Since pattern information is seldom available in
functional form, one is dependent on measuremenis. In measuring the paitern, the question
arises as to what sampling density is required to adequately specify the pattern, The
sample requirement is derived an the basis of simple aperture theory, The results of
the theory are applied o the SKYLAB S=193 antenna *o illusirate the sampling require=

meni.

7.5.2 Derivation of the Pattern Specirum

It is well known that the far field E of an aperiure type antenna is related io
the aperture lluminafion function, A(x,y), through an inverse Fourier transform
relationship [19]

£ (ry 0,00 =K [[ACxy ) e [30 kex + oy )] ax gy

where (7=9)
o~ (/A1) exp (-jkr)
kx = ksin® cos @ (7~10)
ky = ksin® sinf
k' =25/)

The relationship is considered valid for spherical polar angles € satisfying cos 620.,9.
A is assumed to be a real function® so that the main beam of the antenna is located about

the positive z axis. Now it is convenient to rewrite the above expression in the form

E(r, fes fn)=K1 fA( £,n ) exp jZﬂ(ng*-fnn) dg dn |
{7-11)

* A uniform phase distribution across the aperture.
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where

f.=sinB cos @
Fn= sin® Sinﬁ (7“12)
£ =x/A

K= (i ¥r) exp (=jke)
The far field power pattern P is given by

*
P fg » ) = K,EE (7-13)
where K, is a suitable constant. The Fourier spectrum of  is given by
" :
A[P1= K, FLEE ] (7-14)
or
= K, A¥A (7-15)

where * is the autocorrelation operator, Specifically

FIPl=k ffA( €0 ) Al &, ntB ) dg dn (7-16)

and implies that the spectrum of the power pattern is proportional to the autocorrelation of
the aperture distribution and is therefore band limited for finite apertures.

For circularly symmetric aperture distribution a similar theory eould have been
derived if the initial expression had been transformed to the Bessel-Fourier integral .
However, seldom are aperture distribution circularly symmeiric, os a consequence, we

have a more general result.

7.5.3 Sampling Requirement

Now suppose that an aperture has maximum length x, and maximum height y, .
From the above result and the illustration in Figure 7,17, it is clear that the spectrum
of P is restricted to the product domain (x o/}\, -xc/ N X (yd/}\,’ "yo/ M. By the sampling
theorem, the pattern can be specified uniquely if samples are taken at

. (_m A
(o %) = (-, 52) (7-17)
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where m; n € ... ~2,-1,0,1,2,... . The above result can be written in ferms of
6 and @ by means of (Equation 7~14), Specifically

Mma

sin_e cos¢ = 7, (7-18)
and
sing sine = —Hi -
o (7-19)

As can be easily shown the above relationships require that the antenna pattern be
sampled at points (emn’ ﬁmn) satisfying

= . =1 A m2 2 1
Omn s1n [“2— ( N * nz ) 2] (7-20)
o -]
= -1 n Xo :
P = AN g = (7-21)
In the principal planes the above smﬁpling requiremenis reduce to
= 3 "1. .l'ﬂk | -
8o sin 7x, | (7-22)
in the "x" plane and
5 = sin"l DA 723
on 2y, , (7-23)

in the "y" plane. Between the planes in the pattern must be sumpled in accord with
Equations (7-22) and (7-23). -

7.5.4 lllusiration

To develop an understanding of the sample requirement, Equations (7-20) and
(721) were evaluated for an aperture having a maximum dimension of 1,12 meters in
the x as well as the y dimension and illuminated at 13.9 GHz, The sampling points
for one quadrant out to approximately seven degrees in theta is illustrated in Figure
7.18. Sampling in the remaining quadrants is performed in an idenfical fashion.
It is noted that the sampling array forms a square mairix in polar coordinates where
theta is represented as the polar radius and phi as the polar angle. |
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The above results are representative of the sampling requirement for the $-193

antenna {12], Although, since the physice! aperfure was underilluminated, the
above result is a very conservative sampling density. A description of a program
which computes the sampling points when given the aperfure dimensions appears in
Appendix E. '
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8.0 CONCLUSIONS AND RECOMMENDATIONS ' ' r

8.1 General

The scatterometer equation was derived for scenes whose mean plane is flab N
and for an anfenna having an arbitrary polarization. Ten scattering coefficients were
identified for scenes not satisfying reciprocity and six were identified for scenes |
satisfying reciprocity. Some of the scattering coefficients were demonsiraied fo be . |
complex valued and were shown fo impart a relative phase between the verfically .
and horizontally polarized scattered components. As a result of the complex valued
coefficients, the definition of a scattering ceefficient had to be generalized. A new
descriptive notation for the coefficients was suggested. '

As a consequence of linearily scanning the scene to obtain a spatial average,
it wos demonstraied that the scattering coefficients must saﬁs‘F’y Schwartz! inequality

[ SygSpelt s Iyl <lsgl® @)
where i, j, kor | = v or h, This naturally implies that equalify is assured for the
polarized ond cross—polarized coefficients. However, equality should, in general,
not be anticipated for the cross-correlation scattering coefficients. It is this feature
which distinguishes coherent and non~coherent scattering coefficients. As a result of
this inequality, scatterometer returns can be partially polarized, Furthermore, the
inequality also implies that one cannof employ the properties of the (coherent) scattering
mairix fo describe non—coherent measurements. For a coherent farget five independent
parameters (from the scatfering matrix) are required to describe ifs scattering coefficients,
However, a non-coherent scene requires as many as nine independent paramefers.

The scatterometer equation under the reciprocity assumption was extended to
account for the difference between antenna and surface polarizations, 1t was
illustrated that the difference in polarizations was significant only a.  nall view angles
. for narrow beam radars. The effect of misalignment can be minimized by reducing the
beamwidth as one approaches nadir as illustrated in Figure (7.2). Minimizing the mis- :5
alignment is important if an experimenter wishes to compare his measurements with
theoretical predictions which are invariably reported with respect to the surface

polarizations. It is shown, for example, that a cross polarized measurement af nadir :
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cannot be interpreted as an attempt to retrieve <| Svh‘ 25 o defined with respect to
the surface polarizations. In view of the difficulty in interpreting measurements af
small angles with respect to the surface polarizations, it is recommended that the
nadir region be probed in an asymptotic sense with a very narrow beem antenna when
scaltering parameters are to be reported with respect to the surface polarizations,
When a scene hos an anisotropic behavior af small incident angles, it is particularly
advantageous to report parameters in this fashion.

A measurement and inversion technique was proposed to measure all nine
scattering parameters, The téchnique wos formulafed without regard fo the distinction
between anfenna and surface polarizations, Since the difference between the polar
izations is negligible for narrow beam radars af &'l but the small view angles, the
formulation without alteration is valid there. In oddition, it waos shown that the
system of measurements (antenna polarizafion states) is sufficient fo retrieve all the
parameters gt small incident angles under an isoiropic surface assumption if the inversion
is bosed on the extended formulation, i.e., accounting for the difference between
antenna and surface polarizations,

The computer simulations based on the above fechnique demonstrated that the
dominant scattering parameters could be recovered with modest realizations of the antenna
polarization requirements. However, retrieval of the weaker scaftering parameters, as
shown by the simulations, requires more careful adherence to the antenna polarization
requiremenis, Cross polarized leakage in the case of linearily polarized transmissions
or receptions causes the antenna fo couple to the dominant scaitering parametfers, The
leakage results not only in coupling to the real valued coefficients but also to the
complex valued coefficients. The degree of coupling depends strongly on the relative
phase of the leakage as well as on its amplitude. For scattering characteristics similar
to that of the sea {where < vashv*> and Sk Shhb are considered weak), strong
undesirable confributions can be anticipated from<| SW|2'> . <Ishh |2> , and

<Syy Shh™> + os demonstrated by the simulations. For a scene having randomly oriented
linear re~radiators such as vegetation one can anticipate not only sirong contributions
from the above coefficients but also from <va SIW*>, <SW Svh*> , <Svh Shh*> and
<SpySppt >« All four scatter ng coefficients have been cited fo emphasize that the
_scattering processes are differe i although under the reciprocity assumption there are
.only two independent coefficients.
It 1s evidenf from the simulations that whan only the amplitude of the ortho-

gonal leakage is known and not its phase, stringent specifications on the emplijude
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are required to achieve, say, an accuracy of 0.5 dB for the weaker cosfficients. This

is itlustrated when< | S vhi > isto be recovered from scenes having weak cross-correiqhon
coefficients <S Shv > ond ¢ S hshh ;,2. When it is sgspected fhui-o:[ S hl s> is X%

dB beneath the geomefrlc mean of <5 |> and <[5 | >, then the permissible level
in the cross leakage is =(X+16) dB. On the otherhand if the phase of the leakage can
be adjusted so that it is at or near 90° (or it is known to be near 90°%) during transmission
and reception, then the amplitude specification can be relaxed as demonstrated by

Figure 7.14, For scenes in which Re <SWShV"'> and Re <Shvshh*> are dominant,

this same phase condition can minimize contributions by these terms in the case of
cross-polarized measurements. This may be concluded by an examination of Equation
{4-29).

Although the assumed scattering characteristics reflected o wide latitude of

conditions, the error choracteristics generated here are by no means exhaustive, The
refrieval accuracy to some degree is dependent on the assumed scaitering characteristics.

<§_§_ *
For example, v vy

> and <Svh Shh"‘? were assumed weak and their error character
istics reflected this weakness. It is recommended that simulations similar to those repori~
ed in this effort be conducted whenever significantly different scattering behaviors are
encountered, The antenna specifications can be established on the basis of these
simulations. One may employ the program described in Appendix D in which case sub~
routine SIGMA must be replaced with a subroutine that will compute the scattering
paramefers of interest.

It is evident from these efforts that there is a fine cpportunity to extend the
three standard measurements to nine measurements, When the distinction between
polarizations is not importani,* any combinations of measurements can be selected to
isolate particular coefficients. It is iniriguing to consider certain combinations of
measurements to observe soil moisture, crop maturity, etc. From small perturbation
theory there is evidence that the cross—correlation coefficienis may contain additional
information on the dielectric property of the scene when compared with the auto-
correlation coefficients. The comparison of like and cross~correlated coefficients may
be the key to distinguishing dielectric effects, say in agrarian scenes, from volume
roughness effecis,

This can always be acnisved at all view angles except nadir if the beam is
sufficiently small, o



The dbove results also have an impact on emission theory and radiometer measure~
ments, It is clear inat the backscatter coefficients employed within this effort can be |
extended to the bi~static case. As a consequence, we may address emission theory
from the aspects of bi-static coefficients as Peake [24] did. ‘ Generalizing Kirchoff's
radiation law, Peake has shown that the definition of emissivity, when assigned
standard surface polarizations, may be related to the bistaiic differential scaftering
coefficients in the following way

ey = 1= [(<Isyl% + <lsl%) do (6-2)
p#q

where the integration is performed over all incident angles. The corresponding brighi—
ness temperafures were given as

= 8-3
Tp Ep T S (8-3)

where T_ is the physical femperature of the emitiing surface. Peake's formulation for
brightness ignores the possibility of correlation between emitfed components, When
correlation exists between the components, the concept of brightness femperature must
be extended as shown by Ko [47] . Ko had shown that an emission of total brightness
(intensity) Bo and with a normalized coherency matrix p can be regarded as a unique

superposition of fwo coherent oppositely polarized emissions, i.e.,

P11 P12 P11 Piz P11 Pi2
B ! Lt B L
° P23 P22 P21 F_’zz P21 P22
where . (8-4)
piy = P22
plz = ~p21
P21 = =~pPi2
1352 = Pt : (3"5)
: 9;1 + p3p = 1

pii + p2z = 1




o e s i e

Temperatures are assigned fo the brightness according to the Rayleigh~Jeans law

- 2
Ty = By A%k (8-6)

Arbitrary measurement of this emitted field, say, with any two orthogonal polarizations
will not necessarily result in any unique temperatures. The correlation between emitted
components plays an important role in defining the brighiness temperatures. Within the
context of bi-static theory, the cross—correlation coefficieats <SWShh*> ’ <va3vh*> ’
<shv shh* >,< SW Shv*> and < Svh Shh*> establish this correlation. For some surfaces,
the first three coefficients are not important unless the emissions within the radiating
body are correlaied., Under this circumstance the correlalion is governed by < Svv Shv*>
and <Svh Shh*> , i.2., by the correlations which the emiiting surface induces. These
cross~correlations for the sea are assumed negligibly small. The brighiness temperatures
are, therefore, given by the vertically and horizontally polarized emissions and the
corresponding decomposition into coherency mairices is given by
b ouz Jr oo Jo o

B, = kT e L + kT /A (8-7)

: P21 P22 c .0 0 1,
For an agrarion scene the above simple decomposition may nof occur af all, since
multiple reflections are likely to induce correlations info the emissions internal to the
radiating boundary and because <Swshv*> and < S, S, *> are not negligible.

Therefore the brightness temperature concept must be altered for agrerian scenes.

8.2 Final Remarks

The above observaiions as well as the developments in the earlier chapfers
indicate the importance of having derived the complete scatiercmeter equaiion and in
particular having derived it in the framework of coherency theory, The interaction of
the fransmitted fields with the scattering surface was expressed as o fransformation of a
coherence matrix (Equation (4-41)), Interpretation of the scattered fields from its
coherence matrix imparied meaning to the cross=correlation scattering coefficients.
The complete scattering action of the surface, when interprefed in the context of
emission theory also enables one to interpret the coherency properties of microwave
emissions, The reception of scattered or emitied fields is also expressed as the product
of two coherence matrices.
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Alithouah a fuiler interpretational basis lies in coherency theory, practical
application of the theory has led to a technique for measuring all six scattering
coefficients, The measuring technique was evaluated for practicol antennas. As a
result of this evaluation it becomes apparent that measurement sfandards or standardized
reporting procedures or both should be instituted. There is also a clear need to dis-
tinguish scattering parameters reported with respect to the antenna polarizations from
those reported with respect to the surface polarizations. The measurement of weak
scattering coefficients requires siringent realization of the antenna polarization require~
ments. The documentation of the antenna fransmission and reception property must be
complete, to include amplifude and phase properties, o validate a measurement. Unfil
such a procedure is followed it could be erroneous fo report, for example, "cross~
polurized" measurements as cross-polarized scattering coefficients. To assist the ex—
perimenter it is also clear that a program should be initiated to develop a scatterometer
antenna which is capable of meeting the antenna specifications for most if not all the

scattering parameters for a variety of scenes.
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APPENDIX A
Carrelation and Cross~Correlation
Products from Kirchhoff Theory

1.0 INTRODUCTION

The scattering and coherency properties of a finitely conducting random
surface satisfying the Kirchhoff approximation are investigated within this appendix.
The expressions for the polarized scattered fields in the plane of incidence are
specifically derived for both verfically polarized and horizontally polarized incident
plane waves, The scaftered fields are derived under the assumption that the surface
slopes are small. (Only zero order and first order slope terms are retained within
the derivation). The resulting expression is specialized to the backscatter case to
derive the seif-correlation and cross—correlation scattering coefficients. The angular

ccherency of the scattered fields about the backscatter direction is also considered.

2.0 THEORY

2.1 Generdl

For a plane wave Eo incident with direction Ei on a gently undulating finitely
conducting bounded surface Fung [36] has shown that the for field scattered in direction

fi; Is given by

(T T )
Es = K"ﬁs X ff[ﬁxf - ‘r)ﬁsx'(ﬁxﬁ)] eJ (,ns n,[) pdS (A-1)

-JkR
where -jke

K = ———m -2
4nR (A-2)

R = distance from the surface fo the far field point

b= position vector from an origin local to the surface to a point on that surface
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(A=4)

(A-5)

TE = [ (1R )(EF,) (RXE;)- (1-R) (77, (5, 'f]IEI (A=3)
nxiH = [~(1+RV)(a-d1.)(nxti)— (1-R ) (E-T )‘*Ei][Eol
— j(wt“ E{E)

E = Eae -
ki = kn.i

k = 2n/A

. s xn

i [Tf,ix"ﬁl

d_‘ = ; t

7 = infrinsic impedance

Rv h = Fresnel coefficient for horizontal (vertical} polarization

4

The geometry associated with the scattering problem is illusirared in Figure A~1,

{'ﬁi i i & .| forms an orthogonal triad of vectors af each poini of the random surface.

The plcme of incidence coincides with the y = z plane. Now expanding the terms

Figure A-1. Scattering Geometry

——— e — .

¢s) \‘\"\
. X .
within the integrand we have
T x(mE) = IR (1+ry ) (37, [, T0W -

(1-R,) (77, (7T, (7,0, |

. e -

(ng n)t_i] -

(A~6)




and
“ngx(ngx (nxi) = IE| “"le”a'Hi)[(ﬁs'Ei)ESXT’ - (ES'E}ESX'Ei] )
(77 ) (18 ) (3-E T, )

where a radial component was dropped under the far-field assumpiion. Now restrict

observations to the plane of incidence so that

nS = 51neS ’51ncbs 'ly + coses 12 (A-8)

with ﬂs =17/2 or -1/2, depending whether the forward or back scatter quadrant is, re~
spectively, chosen, Denofe

ni = 51n QiTy
where 0, is the incident angle. Now it is ecsily shown that [36]

-~ €0S 91.1'2 (A-9)

T - in .- Z % Z 1+ sine.Z_i :I .
¥ [(smai cos o, y'hx + cos (1312)(1)’r 51n912x1z /DI (A=10)
and
d, = [Zx_i'x + €0S ai(coseizy-sin ai)"i'y + si\nai(cos BiZy-sinei)_i'z]/_Dl
{(A=11}
where
2 2 . 2
By Z, * (smei-cos Bizy) (A-12)
Z F Z(st)
. aZ
Zxa.'f 09Xy
Then
Nty = '(sinassindnscusai + cosassinei‘)_zx /1)1
n.emy = -(sineizy + cos B,i)/EJ2
ngn = (cose, - sinessin‘bszy)/i)a (A-13)
“sxti = [(sinﬁssintpssin 6;-cos esc:ost?)iv)zxix + cos Bs(sin ai-cos aiZ‘y)iy
-s'lnessinnps(smai-cosa_izy)iz]lnl
ngxn = [(smessmes + cosaszy)*lx - cusBSiny + sinessinq‘:szxiz]lnl

120



where

2 2
03 = Lzl (A-14)

2.2 Horizontally Polarized Incident Wave

Suppose a =i, i.e., the incident wave is horizontally polarized. Then

3-%. = _fed _ 1/2 -
a-t, (s1n81. cosaizy)/ Dy (A-15)
and
a.-d = . 172
2rdy Zy/ Dy (A-16)
The horizentally polarized field scattered in the plane of incidence may be shown to be
given by -
Estly, = K[fIhhexP[ik(ﬁs-ﬁi)-ﬁ]dxdy (A=17)
where '
Ty = -sTneg, A1)

L, = sing [-(1+Rh)(coses-sinessinqbsz_y) + (I—Rh)(r_:ose1-+s1'n91-2_y2A] lg?l

Only terms to first order in Zx and Zy have been retained, To the same order it may be

shown that the depolarized component is zero, i.e.,

By Ty= 0 (A-20)

2.3 Vertically Polarized Incideni Wave

Suppose a = =cos Gi"i' - sin 6{1' g7 1480, @ vertically polarized wave is incident

on the x = y plane. Then

E-ti -ZX/D1 (A-21)

and

m
|
I

; {sin 9;-cos EJ].Z.V)/D1 (A=22)
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The vertically polarized scattered field may be shown fo be given by

Eg’ i_es = K Ivvexp[jk(ﬁs-ﬁ,l.)-b']ds (A-23)
where
Tes = cosﬁ\ssinqnsi—y - sineSTz (A-24)
Iy * sincbs [—(1+RV)(coseS-siness1'n¢SZy) + (l-RV)(cosei + sineily()] fso)! :
A~ ;

Only temms to first order in Z,_and Z_have been retained in1_ . To the same order if

may be shown that the depolarized component is zero, i.e.,

Eg- T¢ = 0 (A~26)

2.4 Linear Approximations for the Reflection Coefficients

It is necessary fo understand that the reflection coefficients are functions of the
local incident angle and are therefore functions of the local slopes, Zx and Zy. For
small slopes we may =pproximate Rh and R linearily by
oR, (0,0) AR, (0,0

h,v 7 4 h,v( ) .

Ruu(ZoZ,) = R (0,0) + A-27
a0y Y oz, % az y (A-27)
Y
Now the relation between the local incident angle 8' and the Incal slopes is
cose’ = -nj-n : (A-28)
or
= [Zys-inELi + c0591.]/1)2 (A=29)

The derivatives within the linearily approximated reflection coefficients can then by
the chain rule be writfen

aR oR '
vh _ Ryn 06 (A=30) |
| azx'y 36 32, y : 5 1
An evaluadtion of the derivatives yields o l
Ry __2simR (o)

98" |Z.=2 =0 ———
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-25rsmeiRv( Bi)

. 2 2 . 2
vev,-sm Bi(ercos 8;-sin 91-)

aRv.
b Zx=Z‘v=0

, (A-31)
28 -
azx ‘zx=zy=o
—9.9— _ - ...1
azy zx—zy—o

It has been recognized in the above expressions that 8' = 8, when Z = Zy =0, We

finally have the approximate expressions

zerSi"eiRv(ei)Zy

Rv(zx,zy) = R,(6;) + (A-32)

€ --S'in2 2

. 2
(e .- .
A 61( €05 8, -sin 91)

and

2sin6.R.(06.) Z
= _ iR’ Ty

i (A~33)
1} er-sinzei

2.5 Partial Evaluation of the Field Integrals

The evaluation of the polarized field expressions requires thai integrals of the fype

Intg = f f Zyexp [ik(ng-n.)- Aldxdy | (A=34)
be considered. By employing an integration by paris technique, specifically by letting

dv = exp[jk(cos 8 *cos 8, 1Z1 Zydy (A-35)
and
u = exp[jk(sinessind’s-sinei )yl (A-36)
we gef
Intg =

s = =y =
f "‘me dary dx - / _[T:' exp [jk(n -n; )] (A=37}
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where . ]
§inG sing - s1ng;

s =
T c0s 8_+C0S 8, (A-38)

The first term is identified as the edge effect and may be neglected.
When the above results are incorporafed in the field infegrals we ean write a
unifying expression

Es(6g.0,) = - KB I{ng.n;) E, | (A-39)

j].exo[ak(n -n }B] dxdy

‘ BR
is S1n¢s ;(1+R ———a—J)cose - (1-R. +_T)CDSB - [(1+R )sing s1n¢
-‘f .V (A-40)

where

B

+ (1-R;)sing; ] f

E.(j=v or h) denotes the like polarized field componeni‘ when a jth polarized wave of
amplitude E illuminates the surface. The reflection coefficient and ifs derivative cre

evaluated at the incident angle,

3.0 THE BACKSCATTER COEFFICIENTS

Now specialize to the backscatter case., Specifically, lef 6, =8, and 8 =~ V2,

Then
Ej(ei’ "'g") = KB;‘iI(-ﬁi’ﬁi)EG ‘ . (A-4])

where
Bj = Bj(eszei: ‘I)="HI2) 7 . (A"'42)

The differential scattering coefficient employed in this effort is given by

* 2
. <E;E >R .
<3355k = 2 . (A-43)
[Eyl  Acos 6



where A is the illuminated area. Consider the ratio of the intensities

*
<E.E >
k- _ 2
12— = [k[’B;B, <IT%> (A-44)
TE,
where
<II*% = ff[f exDp [-jEky(yl-yz)kEXP [jZthzl-zz)] >dx,dx dx,dy,
ky = ksin 91. ) (A-45)
kz = kcos 6 (A-46)

Suppose that Z; and Z, are joinf gaussian variables with zero mean, variance o2 and
correlation  Alxy, %o, Yir o)+ Then it is easily shown from the characteristic funciion
properties of gaussian variables that

<exp'[j'2k_;(zl-zz)]> = exp[-4k22 a2{1-A)] (A-47)

Now transform the resuliing infegral to the center of mass coordinates. Let

u = xl-xz'

v = Yi‘.‘la

%y = %o (A-48)
Y7 Y2

The integral then can be wriiten as

<I*> = f [ f f exp 32k V] exp [k, o%(1-a)] dudvdx,dy, (A=49)

Further fransform the integral to cylindrical coordinates where

: pcosg

n =

v 7= PSiﬂf (A_so)
xa = P'Cosg

¥, = pSing
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If it is further assumed that the surface is statistically stationary and isofropic, then

<Il*> = /I/f G(P)G(P’) exp [-j2k s1n§p]exn[ ak, 0-2(1 Ap)] p dpdgp'dpty
’ (A=51)

where G(p) is a gate function describing the limits of the illuminated area. Specifically

1 if p< A/
G( p) = 0 if p> A/." (A=52)
where A is the area of illumination in the mean plane of the surface. Now recall that
27 -
/ exp(tjasing)de= 2ml,{a) (A-53)
0
The integral will then reduce to
<]
<II*> = ZTI'A/ G(p)exp [-4k 202(1«1\(9))] J (stinB-P)ﬂdP (3-54
(v} A TG )
An osymptohc evaluation of the above integral for lurge k2c52 yields
-tan 0. /2m
whe
<Il*> = —55 (A=55)
2k’n’cos? 8, .

where o2/ p*{0) has been identified as ’rhe slope variance m2.

Combining the above resulis it is clear that

, % -tan‘e./an’

B.B'e :
<s”skk = ik (A=56)

32mn2c053 a].

where j, k=vorh,
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4,0 THE ANGULAR COHERENCY OF THE SCATTERED FIELDS

At this point consider the mutual coherence function
X #
€508 825 85) = <E;(8;,0)E;(6,,4.)> (A~57)

where i(j) = v or h. The coherence function denofes the cross~correlation between fwo
field components scaitered in the plane of incidence af scaitering angles 8; and 8, with
a common range R, The expectation is an ensemble average over all random surfaces
satisfying the Kirchhoff approximation. Now in view of (A=39) the coherence function
can be written in the form

= |EgKl cuffff-:enplak(n -7, ) By~ (7,-T) p2]>dx dyldxzdya

(A-58)
where
é _ *
ik T Bk (A-59)
Now transform the center of mass coordinate system where
. " .
172 (A=60)
vOE Ny

Also let 9] = Gi and 62 = Gi + A8 where A9 is a small deviaiion from the backscatter

direction. We have

('ﬁ'l-ﬁi)-ﬁl -2(sin 8y, *+ cos 3121)' ‘ (A=61)

(ﬁa-ﬁi)- Fz (-2sin B + Aecosei)ya + {2cos ei—ABsin 8 )Z2
Now for a gaussian random surface having a surface height characteristic with zero mean,

variance o? and correlation function A , the expectation within the integral becomes

< > = expl-d2k veik, M0y, ] expl-k Zo?e?/2 1 exp -4k, Zo? (1-a)]
‘ (A-62)

The integral then can be written as

Intg = exp[-k 202A92/z][/:/fexp[ jzkyv + jk 228Y,]-

exp [4 242 (A=63)

(1-A)] dudvdx,dy,
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Now transform the infegral expression to cylindrical coordinates by lefting
U = pcOsg

v = psing (A=64)
Xa ‘= pCosg

¥y = p5ing

Then

En(01,02)

Intg ff//ﬁ (p)G(p')Yexp[~j2k 51n§p]exp[3k Agsinge’]

exp[2k,20?(1-A(p) )] pdpdgrdpd;  (A-66)

2 2
|K|ZCjk |E0|exp(-k;o A@%/2)Intg

where (A~65)

and where it has been assumed that z Is stationary and isciropic. G(p) is a gate function
defining the region of uniform illuminaticn on the mean plane. Using Equation A~53

twice, we can write the integral as

Intg = (21:)21112 (A-67)
where

]
4]

2.2
1 .fﬁ(p)Jq(ZkyD) exp Mkz o“(1-A}lp dp (A-68)

I, fﬁ(p')d., (k, Aepo'de’

For a circularly illuminated area of radius R the latter integral can be evaluated to

gef :
1, = RZJinc(kRpe) (A-69)
where dinc(x}) = J (x)/x. ‘o« As a consequence, for a circular region of area A
we have
Ejk = 4 A |K[2 cexp{- nzozAGVZ)J1nx(k R A0)1 |E | 2
{A=70)
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Now normalize the mutual coherence function in the following fashion

2
- H g 12
Pig= gjk bk 7 ( |lr_0| Acos @;) (A=71)

Now recognize that for small 48
o= - 2 2 2 . *
rjk = 2expl k.Y o“AR /2)‘]1“(")4"<_Sj‘jskk>

where x = szOAG. {See equations A~43 and A=54). The degree of coherence or

correlation is consequently related o the mutual coherency function by

o
1]

Pjg/(4n<5jj3"l§k> } | (A=72)

or

2 egp(-k;czaez/z)ainc(kZRoae)
Consider the character of the degree of coherency. Except for exiremely large
ko values the exponential ferm coniributes negligibly to D af small incident angles,

The decorrelation is consequently largely governed by the Bessel function for small

incident angles. D vanishes af the zeroes of Jinc. The fiist zero occurs where
AekRoco'sO = 3.832 ' (A=73)

The corresponding angular separation is given by

AD = 3.832/kR0c0:G) (A=74)

Suppose k = 291 (f=13.9 GHz), R,=10mefersand & = 25°: then decorrelation occurs

when 48 = 0.00146 radians or at .08 degrees, If is concluded that radar returms de~
correlate rapidly with changes in view angles.

At large incident angle (grazing angles) the exponential factor will pre=
dominate, This result is physically reasonable since the surface roughness predominates
the view; whereas of small angles the area of illuminaiion as conveyed in Jinc is the
dominant factor,

129



APPENDIX B
The Scaiterometer Equation Within

the Context of a Scattering Theory

1.0 INTRODUCTION

The scatterometer equation is once again derived within the confext of a
specific scattering theory. The structure and meaning of the formulation, asa
consequence, readily becomes apparent. Specitically, the angular correlation
assumption is shown to be equivalent to the non-ccherent property of scattering; the

relation between scattering operator and the scattering coefficient is clarified also,

1.1 Derivation and Discussion_

Silver [ 19} has shown that the far fleld radiated in the direction 2 from a

bounded closed surface S having surface excifa’rionE and H is given by

- -3k : : '
= . "JkR - - - - - - TP
E5 - e nsxff[an..nsx(an)] eJkpns ds
S

(B~1)

where
R = distance from the surface to the far field point
P= position vector from an origin local to ths surface to a point on the surface
surface unit normal

=2n/A

1 = infrinsic impedance

p
il
k

The geomeirical eniries of the above expressfdn are iltustrated in Figure B-1,
Suppose that the surface is smoothly undulating and perfectly conducting. Then under
the Kirchhoff approximation the tangent surface fields are given by

AXE = 0 o (8~2)
and

=1
X
i
"
n
=1
X
Xt

t ‘ (8-3)
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FIGURE B-1 GEOMETRY FOR SCATTERING INTEGRAL
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where ﬁt is transmitted field incident on the surface. The scattered field, therefore,

simplifies to

, jkn |
E = "’J kR ff % n x H J kp n _AY
s - { ) e ds (B 4)

Now when specializing to the backscatter case we can write

¢* A x (AxH ) = -(f;+0)ng xH, (B-5)
so that
L LR
Es = “n) E, e 5 ds (B-6)
where for the backscatter case ‘
E = ﬁ x H, (8-7)

In beginning with the far field expression we have in effect anticipated the use of a non=
coherent assumption since in scatterometry one would not necessarily be in the far field
if the entire scattering aperture were coherent.

Now the spherical incident field is denoted as

£ oL e Jdlwt - KR ‘ .
E, ==K .Lte ( ) (B-8)
where ]
K=t i/4FR (B-9)
if = antenna input currenf
T.'.f= complex effective height vector of the antenna

The range R is measured from the antenna as illusirated in Figure B=1. The spherical
wave can be approximated by segments of plane waves each Hluminating a pafch of the
surface, In addition, the incident field amplitude componenis as conveyed by T‘i‘ may

be considered constant on a given paich. Suppose the entire illuminated surface is
segmented. into N pafches. Then the incident field on the mih patch may be approximated
by : ‘
Etm =-j K Etm eJ'( wt - kR + k Bm'ﬁsm ) ®-10)
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where
= range to the ceniroid of the mth paich

P = Position vector from the centroid fo a surface point in the mth patch
A, = unit vector in the backscatter direction for the mth paich
K= vy |/4 R
Now from Equaiion (B~6) we note that the backscattered field for the mih paich is

iven b :

s Y _ X Km g™d ZkRm -

om ” 2R o ff( Mgy ) e’ ek esngy gs
S

(B=11)

The integration is performed on the surface within patch m.
Now define the scattered field per differential steradian subfended about the

antenna as - 3 E R°

- sm_'m (B-12)
sm AAm cos em

where 8A_ s the area of the mth patch in the mean plane of the surface and Gm is the
inciden: angle on the mth potch, The scatfering operator employed within Chapter 4
may be identified with the above expression, viz,,

A, (e

v

£ sm " TomAdrR,
-ijm (B=13)

b Y= Tim

i .
AAm->0 -3 Km 1

vtn(f\

—

2«3, 47k
A ( Opstiy )= Vim ——S__Op
M0 -3 Ky Tpye

where .
Wt Lt . ?em
1htm= [Tt * :'- o
¢m

The inner products dbove isolate the vertically and horizontally polarized components as

defined with respect to surface. It is appropriate to denote d _ as an operator since it

must recognize the phase of the incident field relative fo the ceniroid of the patch. :

Whether these differential scattering operators exist is not important to the development .

within the appendix. However, within the main fext they are assumed to exist af least ;

in approximate form,
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Within the context of this theory ,e%h =’£}1v = 0, This is simply a statement of a well
known result that a smoothly undulafing perfectly condueting surface does not depolarize
the incident field. In general, the lafter operators are not zero. The above incremeni=
al field is defined so that the total field at the antennc is given by

- N _

E, =n‘1§’1 Eqn b (B~15)
or in the continuum limit _ R

E = fé’s dg (B-16)

It must be recognized that the antenna does not respond to the total field, a
quantity offen computed by the theorist. Instead the antenna responds so that the open

circuit voltage induced info the antenna terminals by the mth patch is given by

Moc =g T"rm A (B-17)

where T"rm is the complex effective height vector in the direction of the mth paich

during reception. The total induced voltage is clearly approximaied by
N

Vo = mZ=:1 Een * Lem 29 (8-18)

The average power available under matched conditions at the anfenna terminals is given

by the ensemble average

. 1 2 -
W, Tl [Vogl > (B-19)
= < .1 o . -
r BRY- miz:’; %-'_:_1 Esm Lr‘m Esn Lr'n > Agm A‘Qn (8-20)

where R, is the radiation resistance of the anfenna during reception,
Now the scaitered fields and effective heights can be decomposed info polarization

components coinciding with the surface polarizations, viz.,

sm Esmv 1lem * fsrnh iti)m B-21)

(RS

and

= 1

rm = Tvrm Tom * Them Tom (8-22)
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The expectation can then be wriffen in the form

-t -l -

. - . - % * v *
<Esm Lr-m Sm Lrn > =< (Evsm 1vrm * ‘Ehsn 1hlr'n ) gvsn 1w'n + Ehsn ]hsn ) >
(B-23)
or - +
= tr Mr'mn Msmn (B-24)
where
L3
< Eysm Eysn > < &ysm Ehen?
M = (B"'25)
Smn " *
< Ehsm € ysn > < €hem Ehsn >
and * *
1w‘m 1\nf'n 1\.nr*m Ihrn
h!rmn = | . . (B-26)
hem Tven ) Y ]hr'n

are identified as mutual coherence mairices. The mutual coherence mairix for the
scattered field is composed of elements correlating fields arriving from patches m and

n or equivalenﬂy from different angular directions (Gm , ,Gfm) and (Gn , Gn). Now within
Appendix A it is shown it is reasonable to assume, on pragmatic grounds, that returns
arriving at different view angles from the same patch are uncorrelated, The assumption
is exact in the geometric~optics limit. It is even more reasonable to assume here that
fields arriving from different angles are uncorrelaied since they arise from different

afches. As a consequence the mutual coherence matrices have the special propert
P q P property

Moik = MNgyiSix (8-27)

for every jk. § a4 i the Kronecker delta and

2 *
< IEvst > < Evs'j Ehs’j. >

<€ psj€¥sy” 'Ehs | 5

The non-coherent assumption, consequently, allows us to write the received power in the
1

form N N ' T g
: 1 i
W= tr 3, ( M. Ay, ) N . g
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, or

oy "
S T \ ¥
ar 2 B Gy (MNgg5 95 ) ao; (3-30)

where

C. = -
LY (8-31)

is the coherency mairix for the receiving antenna in direction (9j ; E'j) . Now expanding
N_.. 4Q. we have
551 1
21, 1252
4 k= IKA°RE B. B.
J_J Jjvwv Tjvh (8-32)

jbv - Bink

Nsjg 09 =

2
(47[) AAj cos Gj B

where : e pm = -
* - - - - . —ﬂZk[D°n .= pen _] '
1ptj1qtj j[<(n-nsj)(n'-nsj)e N sj*> dS dS
55

B.
JPq (8-33)
From the above expression we note thai the. incident field complex amplitude components
At and lps have been separated from the scaftering integrals. The relative phase
between incident amplitude components is retained in the products | f.1 g1+ Now the
non-ccherent differential scattering coefficients per unit steradian for the jth patch is

defined as
*

2 .
_ &k oo G2k [BeR. - Brer .
< pp %9 > (am)2 /f‘ (ivfgg) (') o2 Loy - Bleiigy] > & oS
) Sj (. )

(See Equuﬁoﬁ V(A.-;43}, Appendix A). As a consequence we can write the coherency
matrix for the scaffered fields based on infensities per unit steradian in notaticn similar
to that of Equation (4-16) of Chapter 4, We have

“si 7 Msag 0% (8-35)
2 2 *
<|§ > (1. *
. [ wl | VtJI < SW Shh > ]th 1ht3 )
= [kl
! < S* > 10 2 2 ' ?
w hh” Tvtd Thtg <[8, 1% 11t o

=
1

&0

&
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We have shown ahove that the elements of the coherency matrix change units
after the non~coherent assumption has been applied to the double summation. The
return power can now be wiitten as

N
- ¥ -
o= R & Gy O 9 (8-37)
J=1
or upon taking the limif of the sum as AQk-a- 0, we get an infegral approximation
1 .
W= f 4 B-38
B8R, tr €. C. do {8-38)

where the above equufion has a form identical to that of Equation (4-13) of Chapter 4
when ’9vh =0,
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APPENDIX C
Correlation and Cross-Correldtion
Scattering Properties of a Slightly Rough Surface

1.0 THEORETICAL DEVELOPMENT

For a plane wave incident with angle 8, in the x = z plane on slightly rough

surface, satisfying the requirement
(k Cfcus&l)z«l c-1)

where o2 = surface height variance and k = 25/, the solution for the scattered fields is
expressed in a perturbation expansion of spatial Fourier components [32] [33] [34] [35] .
The Fourier components are interpreted as an angular spectrum of plane waves. Suppose,

the spectral-components are denoted as AVP (kx . ky) where

kx = ksmescoscps
- . . C-2
k, ks1nE\ss1n¢s- (C-2)
P=X,¥,2

Figure C-1. Scaitering Geometry

.4

A

SCATTERED WAVE

INCIDENT WAVE
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when a vertically polarized plane wave illuminates the surface and as Ah (x,y,2) when
a horizontally polaiized plane illuminates the surface, (See Figure C-1), For either

case the eleciric field E 9 ot po:nf (x,y,z) is given by an inverse Fourier transform re-

1 Jlk x + ky - k.z)
r Yy
E = (L X : z
' 2 jff ;\D LRy s ky) e dkxdky
(27) (C=3)

2

lationship

-

where !\2 = |2 -k 2. The superscripts denote the incident polarization wherecs
the subscrtpts denoi'e the scattered cartesian components (E EF, EN. If we suppose
that a highly directional antenna points in the direction (9s ,@' (w;fh beam-volume

AQAf, then only cerfain speciral components near

kx = ksinescos(bS
ky = ks1nessin¢s (C-4)
kz = kcoseS

will be observed. The angular speciral space surrounding ®,, ,@'s) with angular volume
sin8_ 8044 is given by

Bk, Bk, = |3]AsA¢ _ (C-5)
where
akx akv
99y Qg
J] = - 2 s
[J] akx akv k sing, coseS (C~6)
Ode A

Now the cross~correlation of electric field components observed within the

antenna beamwidth is given by

<AE " AES*> ¥ '[jff,q A, ‘
p “q (277)4 > |

AxA 3(kx+kvy —_](HX-!-Kyy

dk)‘:dkydkxd Ky
(C-7)

whese
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Axd = (Ak,( Aky) x ( AkxA k ) denotes the cartesian domain of inizgration, The solution
for the speciral components are given by the form [35]

- _
Ay (koK) - Aop (KK)Z(k +ksing,, k,) (C-8)

for the first order solutions and by the forms

3" . - af r - )
X,y (kx,ky) B°x,y,/:/’qx,y Z(k, a,ky gldadp +
r = =k -
le’y j%l(k’ k) Z(o+ ksine , B) Z(kx-u, ky-B)da dg +

Br fﬁ E,E'Zu-}-ks‘g, - _
2, o(ks k) Zf ine, 8) Z(k-a, k-8)dadg +

r
BBx,y j[fAy,x Z(kx-ﬂ, ky-B)dadB

C-9)
and K
k
B r . X _V
z lheky) = oa gt (c-10)
z ok, Y
z

for the second order fields, Z(kx' k. ) is a random variable dascribing the Fourier spectral
heights of the rough surface and k .= V K2 - kxz - kyza The coefficients Aro . Brox y
BEK,Y and ng, are deferminstic functions depending on the propagatior constants in
the upper and lower media, For the purposes of this appendix it is sufficient fo observe
that the first order fields are dependent on Z{k_, k } whereas the second order fields
are dependent on Z(o+ ksin@o, ) Z(kx -a, ky-B)., The functional form of the A and

B coefficients is at this point immaterial .

2.0 CORRELATION PRODUCTS FROM THE FIRST ORDER FIELDS — CASE I

Now consider a typical correlaiion product from the first order solutions, We
have from the infegrand of (C-5)

S %
°p L
<Z(k tksing,, k )Z (fcx+ks1n8°, xy);.

| 1)

L _ r o= =t e
Ap(kx’ky) Ap(rrx,rcy) = Aop(k K ) A (K,K5
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The expectafion can be written as

<Z(u ,v )Z*(u’,v')> = //[[<z(x ¥ Jz(x',y')> . (C-12)

=i(ux + vy) jlu'x'+viy*)
= e dx dy dx'dy'
where z and Z are Fourier fransform pairs. If the random process is stationary, then

<z{x ,y ) z(x',v')> = R{x-x', v-y') (C-13)

where R is the auto-correlation function of the surface heights. Now transform the

variable fo the center of mass coordinates, i.e., lett =x~ X, =y~y, x'=x

4
and y'=y'. Then

<Z(u ,v )Z*_(u',v')> = fffﬁ(TX’ 'cv)e-j('r"‘u ' Tyv) dr dt
‘ y

j[(U'-U)X' + (V'..V)y']
e dx ' dy"

_ ff'd(u,v) e-j[(u-u')x' + (v—v')y'] dy

(C-14)
where W(u,v) is the spectral density of the surface heights. Finally we recognize that

or

<Z{u ,v )Z*(u',v')> = (27:)2 Wlu ,v ) 6(u-‘u',v—v') (C-.15)

When the above results is substituted into the correlation integral we getf

1
e" ARTS - r a*s .
< AEp AEq = . /onp Aoq Wik, + ksing,, ky)dkx dk-y (C-16)
(2m)" AxhA _ _
When A is sufficiently small, the incrimenfcl complex infensity may be approximated by
AL aS
CAETAE™SS = (k_tksing,, k )A
p Bk > = (2”)2 ( L Hksineg, ky) kxAk.y (C-17)

The cross=correlation per unit steradian is therefore given by

r Ac¥s 2 r L*s
<:AEp AEq > k cosesAap Aoq

W(kx+ ksing, ky)

- C-18
$1 nesAGSMJS (2‘”) 2 ( )
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where {C-5) has been used. The total cross~correlaticn in direction (95 , ﬁs) is given by !

2. .2 r‘As*

k A + ksi ¢ J
N cos" 6, op Poq N(kx ksing,, ky) AR
<Ep Eq >
S (2m)? g2 €19

where AA is the illuminated area in the x ~ y plane and R is the range to the element of
ared.

To consider the horizontally and vertically polarized backscatiered components
we must realize that the horizontal polarized component is reiafed to the carfesian
components by

r .
Ah(kx’ky) = -A; (kx’ky) sing, + A; (kx,ky) cos¢_ (C-20)

and the vertical component by

r o r .
Av (kx’ ky) = Ax (kx,gy) cosB_Cosd_ + Ay (kx’ ky) cosess1n¢s -
r .
A, (kx’ky) stne, (C-21)

When we specialize to the backscatter direction (Gs = 80, ﬁs =1T), we see that

n

r r

and

r r _ar .
A, (kx,ky) A (kx,ky)cose° A, (kx,ky)smao (C-23)

with kx =ksin 60, k, =0, k, =kecos 0, Itis well known that the first order backscatter
fields do not involve depolarized components [34] . From reference [35] we now identify
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h .
Ap (kesky) = -j2kcose,R. Z(2ksing,,0) (C-24)

and

v
Ay (kosk ) = -jekcoss, T, [ e

y A1+ sin %) - sin %, 1Z(2ksine,+0)

(C-25)

where

Ry, = Fresnel reflection coefficient for horizontal polarization
Tv = Fresnel fransmission coefficient for vertical polarization

g, = relative (complex) dieleciric constant,

and where a unit amplitude incident wave has been assumed. Therefore the correlation
components in the buckscaﬂ'er direction become

a4
. 4k cos 8 2
V V¥ ) AA
<Ev Ev > = ———Z—OITV [er(1+ S1n26°) - sinze‘;“ V(2ksing,, O)-—z—
(2m) (C-26)
v o 4K cos, ) AA
<‘Ev h> = — [e (1+ sin e ) - sin‘g, R W(2ksine,, 0) —5
2 V h -k}
(27) (C-27)
4 a4 -
4k 'cos € AA
h -h*
<Ep B> = ———2 R |% w(zksing,, 00—
(?.ﬂ) R (C-28)

The corresponding generalized differential scaftering coefficient per unit infensity per
steradian is given by

2
roo*s * R
<S$ = r.s -
, AAcose,
(See the generalized definition of the scattering coefficients in Chapter 4). So
N k4 s
2 .
<|SW| > = -3 cos e IT [e 1+ sin e )- sin e]l W(2ksing,, 0)
4 - (C-30)
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k43

<S8,y Shn> » [Tv[ er(1+ 5in“g, )- sin eo]]Rh W(2ksin 8, 0)
n (C-31)
lS |2 k4cos3e 9
< > = ——IR W(2ksin6,, O

3.0 CORRELATION BETWEEN FIRST AND SECOND ORDER FIELDS — CASE Ii

To develop the correlations between first and second order fields it is sufficient

to note that the correlations involve expectations of the type < Z(kx ,ky) Z* (o, B Z% (Kx

-0, Ky" B “and of type Z(kX’ky) Z* (o+ksin®, B) Z* (Kx-a , Ky"B) . These
expectations involve independent gaussian random variables with zero mean and con-
sequently vanish, The first and second order fields are therefore uncorrelated. It is
concluded that <5 S 4 *> =0and < Sty k™ =0 at the lowest order.
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APPENDIX D
Scatterometer Simulaiion Program (SCATSIM)

1.0 INTRODUCTION

The theory and operation of the scafferometer simulation program is described
within this appendix. The following section shows how the scatteromeier equation of
Chapter 4 was implemenied with ideal and non-ideal antenna parameters, The compu-
fation of the inversion models with and without recognition of the difference between
surface and anfenna polarizations is also deseribed. Finally the operation of the pro-
gram is freated by means of a flow charf. A source listing and a sample output is also
presenfed. Additional program documentation is provided by comments within the pro-
gram,

2.0 THEORY

2.1 Simulation of the Scatterometer Equation

Since the scattering characteristics were based on surface polarizations, Equations
(6~47), (6~49) and (6-50a) through (6-501) were implemented for use on the computer. The

equation was simulated using identical functional forms for the vertically and horizon=
tally polarized patterns (if they are both present during a transmission or reception}.
Recall that the normalized patterns are given by

ro g P
11, (646"

Iv,n (D-1)

|1,€0,0)1% + [1,(0,0)] 2

where (0', @) = (0, 0) is the boresight point. As a consequence, we require

9,(0,0) + g, (0,0) = 1 (0-2)
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Now if g denotes the functional form for the pattern and has the property g(0,0) = 1
and if g is assignec’ the value ag where a <1, then we require that g,= (1-dg. The

scatterometer equation under the above assumption can be written as

2

ATG.G
_ oy 2 -
Wia,) = e fItr(g cosh)” de (D=3}
(4mz)
where
2 2
Lyp = I <iSyyl> + T, <Ispl> + 15 <[s 1>+
21, Re<S, Shy> - 2IgInes, Sfy> + 2LgRess, Sf,> -
217 Im<SVVS'}";V> + 2I8Re<5vh3i’]‘h> - ZIgIm<SvhS'|f1"h>
(D-4)
where
I, = (1'ar)(1“ﬂt)0054$ + aratsin4¢ + ((1-a,)a, Zb .
(1-af)ar + 4thr)sfn2$0052w
I = a.a cos4w + (1-a,}(1-a )sinqw + ((1 ) +
2 t%p t P “Rpidg
-6
(l"at)ar + 4ctcr)sin2¢coszw (0-4)
I, = ((l-a.)a, +(1-a, )a, -2c,c )(cong + sin4w) +
3 t'r r’t tor

+ (2a,-1)(2a,~1))

®-7)

2((1"ar)(1'at) taa, - Gctcr

sinzwcoszw + Estsr
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I = ¢,¢C (cos4w + sin4¢) + ((Zar-l)(Zat-l) 'thcr)°
4 Tty o-g)
2 (
sinzwcos b - 5.5,
2 . 2
- sin"¢ )
Ig = { c.5p * S, Y { cos“¢ - si -9
= 1-a_)e, + /1-a.)c.) cos4w --A(a\,.::,c + atcr)
Ig = ((1-a,)ey RS ] 2
in® - + {2a,-1)c.) sin"y cos'¥
+ 3 ((2a,-1)c ¢ ,
sin ¥ " & .
¥s.) coszw + (a,8, * 2,8 ) sinzw
1, = ((1-a,)sg + (1-3,)sy rSt r
O-11)
18 = (atcr + arct) cos4m - ((1"ar)ct + (1"at)cr)
sin*yp - 3 ((2a,-1)c, + (2a,-1)c ) cos®y S"“z(‘f)_l)
Ig = (ags. + arét) cos?y + ((1-a.)s, + (f-at)sr)
sinzw ©-13)
Ty = Ya (i -] cosBy
¢, = va T - aé) cosgy
(D-14)
sp = va ll -a.) sing,
S, = Jar(l - a,) singr

The infegration is performet;l in the surface coordinate sysiem (See Figure 4,1), In the
above expression all odd powers in siny have been pragmatically dropped. These factors
are odd functions of # and will not contribute to the integral (See Equation 4~33),
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Now since the scattering characteristic waos assumed isofropic, the return

ﬁower can be approximated by
J\ZG Y
(8 ) = ——1 %~ ,
(4ﬂz) >w A I;(g cose) dn

UJ:

w
2
t <yl >w«/s‘; I,(g cose) de

w
2 2
*<s,, | >“’_/ I,(g cot8) d
*ﬂw 2
+ 2 Re<|swshh>mjs; I,{g cose) dp
1)

- * 2
2 Im<'svvshh>m fQIS(g c0s8) do

* w 2
+ 2 Re <svvshv>m fIS(g cose) dg ~-
. Qo \
- 2 Im <svvshv>mf I7(g cos56) dg
¢
+ 2 Re <s hshh>m_/5; IB(g cost) df
[iV]
_ 2
2 Im <Svhshh>mf Ig(g cos8) dg
2 {D-15)

and where {Qm , w=1,2,,..,N}is aset of half degree anruli centered about the sub-
observation point. < > = denotes an evaluation of the scattering coefficient on the
Q annulus. Funciion subroutine SIGMA contains the functional representations for all

The integrations are performed, of course, only over those

nine scattering coefficients.
The above approximation reduces

annuli where the paftern function g is significant.
the computation to integrals of the following kinds:

1l
n

2 2
f g~ cos“9 cos4lp de JS(m) [ g2 cosze sinzlp coszgp da
2, e,
f g2 c0529 sinzw dg
2

a.

Jq(w)

J,{w)
do(w) = f g% cos%e sin*y do 4
£

w
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Js(m) = [ g2 c0528 COSle de ‘js(“’) = f 92 cosze do
" 2 (D-16)
These integrals are evaluated in subroutine DINTEG using a two-dimensional Gaussian~
Legendre quadrature technique [48] . For a selected anfenna pattern and a selected
view angle the refurn power is computed in accord with the above expression. The anfenna

gains G, and G, are formed in a separate computation, These foctors are based on an
evaluation of the expiession
2

t r fg sine do' (D-17)

The evaluation of the dbove integral is performed in subroutine SOLID, which employs
a single dimension Gaussian~Legendre quadrature. The numerical evaluation of the
paitern functions s provided by subroutine LAMBDA, All of the above infegrations are
executed from the mainline of SCATSIM,
Since the relative phases B, and B were assumed stationary over the main beam
and first side lobe , the return power could be evaluated for various combinations of a ,
a,, B, ond g without re-evaluating the double infegrals. As a consequence, an arbifrary

pattern condition within the above constraints (gv= (1~a)g and 9, = ag) could be esta~
blished. The combination of relative amplifudes and phases for the fifteen prescribed
measurements are shown in Table D,1. Subroutine ANTENNA, when addressed with
Zero arguments, generates those prescribed values, When amplitude and phase biases
and/or perturbations are enfered os arguments, subroutine ANTENNA will apply biases
of the prescribed value to all measurements in which a_ or a, is zero or unity. Random
perfurbations are applied to the remaining cases if the perturbation arguments are non-
zero, In this fashion either measurements based on 15 ideal or 15 deviated anfenno con-
ditions con be generated. The actual coefficients required in the integrand foctors
{ v i=1, 9}are computed in subroutine COEF, COEF fills a 15 x 9 x 6 array with the
appropricte values so that the refurn power can be computed for each of the 15 measure~
ments. Let C.op denote the array. The i subscript designafes the measurement number,
the j subscript identifies one of the nine scattering coefficients within the infegrand,
and the k subscript identifies one of the six kinds of integrands (Jk(m)). See Table D.2

for the entries in Ciik' Let v;, i=1,9 denote the nine scatiering coefficients and
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MEASUREMENT
“NO.

1

_— el ek e ped e
g b N = O

A~ S+ B N « %) T -y % T N1

TABLED .1

COEF

2
<ISW| >

<Is, 12>
<is 12>
Re <SW Shh*>
Re <SSy, *>
Im<S_ Sy *>

Im Sy Shh ™

'Re<5 S, *
vv "hy

Re <5W Shv*>
Im <SW Shv*>
Im<§ _§, *>
vv“hv
Re <S hShh™>
RE <5Vh Shh*>
Im <Svh5hh*>
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% B
0 —_
1 —
0 -
0.5 -90°
0.5 0o°
0.5 45°
0.5 =45°
0 -
0 -
0 —
0 -

0.5
0.5
0.5
035
0.5
0.5
0.5
0.5
0.5

0.5

0‘5
0.5



TARLE D=2

THE COEFFICIENT MATRIX C

Y

isl

tjk
ROW/COL, 1 2 3 4 5 é

: | (l.-ar)nf + ('l"uf}ar 0 o o

(l-ci_) (I*ar) aa, +4ctcr

- - 1- +(1=~

2 ao, (i-a,) (1-a ) (=) o Ef. e, 0 0 0
. { l-ar)ar + (I-ar)af (1 -z::{_)ar + {1 -clr)u* {1 -ar) (l-ar) +ag + 0 o 22

=2¢ <, ~2c|_c " (20; 1) (2a r—'l )~ 6crcr
4 e, 2¢c, 2[(201) (2a,-1)-2c,c 0 0
5 0 0 0 -2 (crst-!- ctsr) 2 (craf-s- ¢ rsr)
4 ?{ (1 -ar)c i (1 -af)cr 1 -2 [urci_-i- o tcr] 61 (2ar"l)c it (2a t-] )cr] 0 0

~2[(1-a )s, + _
7 0 0 0 7 2ag e
(1-a)s. 1

8 ' 2 [chr'i' a.c, ] -2 | (l-ul_)ct + (l-ar)cr] -6] {20r-'l)ct+ (2u*-l)crl 0 0
9 . 0 . ] . -2 (a'_sr-l- as, )y =2 ('l-c.'l_)sr +

(1-a,)s ]

NOTE: The different plares of cijk i=1,2,...,15, are
4
formed by substituting values for a By 9, and Br
from Table D,2,

AR A ey ot
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let Yi( w} denote its evaluation on the Qw' annulus, Furthermore let

‘ N
Rep = 2 vqlw) Jp (w) (D~18)
w=1
where J, (w) denotes the evaluation of J; on the £ annulus. Then the refurn power is
given by
0 (0,) 78,6, [% ] (D-19)
A = ] tr C.., K =
i (4“2)2 k=p 1k kI

J1

Subroutine EXACT performs the above computation for i =1,2,... .15, For each
mecsurement (i) the coniribution by each v, is isolated by EXACT and stored in its second

argumeni. The power mairix is clearly given by

VEE e K
P17 Tawa) ko 1K (b-20)
The structure of the return can thus be examined.

Another routine, called IDEAL, also estimates the return power but without regard
to the distinciion between surface and antenna polarizations. The computaiion follows the
above scheme, however, it recognizes that ¥ = 0, In this case. all the necessary inform-
ation is carried in J (W), Again IDEAL isolates the power contributions by each scatter

ing ~cefficlent and consequently forms a power mairix also.

2." The Inversion Models

The above formulation of the return power was designed so thaf the exact or
approximate inversion model paramefers could be isolafed from infermediate steps,

Either model assumes that the measurement can be approximated by

?
Wiz v500.) = W(e,) (-21)
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where M., is a 15 x ? matrix, Each row of M corresponds o one of the fiffeen measure~

ments, When the distinction between surface and antenna polarizations is required, the

elements of Mij are simply filled by forming
6
i T 21 Cige 2y dle) (D-22)

M.. is constructed in subroutine EXACT. Once M. i has been constructed the inverse
model is computed by forming the normal equations M., Mik and computing ifs inverse
(HEMINYV in the mainline). The inversion for this model is performed in subroutine
MATRIX. Within MATRIX a least squares solution is executed, viz,,

vile,) = (M M),,ZM (e, (0-23)

This subroutine also accumulates the first and second order error statistics during a Monte
Carlo study. A call to a secondary entry MATSHOW will display the statistical results,
Similarly when the distinction between polarization frames is not required, an
approximate inversion model may be formed from Equation D-22 above by simply setting
¥ =0 in each JK(LO) (See Equation D-16), Symbolically we have
N
ig T X Cag 2 lus v=0) (D-24)

The infegrals need not be re-evaluated since all the desired information is confained in
Jé(w). Particularly J](w, y=0)= J5( wth=0)= Jé(w). The remaining J are identically
zero. These special properties were recognized and accordingly a routine (IDEAL) waes
prepared fo evaluate the elements of M.. for this case. The inversion of this medel is

ij
peiformed as suggested in Chapter 6. Recall that the <|s sz‘ lshh,% and
<} Suh |“> are each computed from a single observation {a row of M), The remaining

coefficients are computed by differencing pairs of equations (rows). The inversion for
this model is performed in subroutine DIFFER, Again first and second order error statistics
are accumulated, They are displayed by calling the secondary entry DIFSHOW,

The reader should note that routines EXACT and IDEAL play dual roles. Either
can form their respective inversion models or they can compute the return powers for
the fifieen kinds of measurements, Only EXACT computes the exact refurn power since
the scattering coefficients are defined with respect to the surface polarizations. The

option to use IDEAL to compute return power exists to compare the fwo polarization frames.
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2.3 Documentation for SCATSIM

A macro-flow chart of program SCATSIM is shown in Figures D.1 through D .4,
The program is organized into roughly four functions. Each figure covers one of the
program functions, Figure D.1 documents the part of the program which reads the in-
struction cord and initializes various narameters for use in the actual simulations., This
portion of the program, once validating the insiruction, prepares various desciipiive
antenna parometers such as beamwidih and gain. These parameters and the input para~
meters are displayed o document the case sfudy. The second zero in the pattern funciion
is employed to establish the domain of integration. The domain is broken into N half
degree annuli. On each annulus J k(d’ =1 %\1. «band w=1,2,,..,N is computed,

Once Ji (W) are formed, Kkh 4 Jk(w ) and z J (u: p=0) are computed and scaled
for the ontenna gain effect. -

Following the above initialization, the program simulates the fifieen measure~
ments under ideal anfennd specifications. The siructure of this program portion is
illustrated in Figure D.2. Subroutine ANTENNA is called with zero arguments to pre~
pare .an ideal antenna parameter set {9 B4r 9r By i=1,2,00.4,15. Subroutine
IDEAL forms the approximate (ideal) inversion model and a power mairix which ignores
the distinction between surface and antenna polarizations. Both the inversion model
and the power mairix are displayed. The inversion mode! is stored for subsequent use
by DIFFER. Subroutine COEF forms C, ik from the ideal antenna parameter set, In tumn,
EXACT then uses C, ik to compute the exaci’ inversion model, It is again called to
form the exact power mairix. The normal equations are pE'EPOI'EdI from the modinl and
then is inverted by HEMINV, If the system is singular, a flag (ISING) is set frue. All
matrix inversions are subsequently by~passed by an appropriate test. The exact inversion
model and the inverse of the normal equations are sfored for subsequent use by MATRIX,
Once the refurn power is compuied, both difference and mairix inversions are performed
and the statistical {accuracies) resulis are shown for the ideal antenna,

If the bias parameter ABIAS is non-zero, a bias error study is performed, This
portion of the program is itlustrated in Figure D.3. The processing follows, for the most
part, that performed in characterization of the ideal antenna; however, the two bias
parameters ABIAS and BBIAS are employed in the arguments of ANTENNA fo introduce
pattern deviations from the ideal case. The inversions are performed using the ideal

antenna models. j

If the perturbation parameter AMAX is non-zero a Monte-Carlo study is performed,
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SET FLAG TO
oFALSE,

;

READ
INSTRUCTION

YES
STOP

ROUND 8, TO
NEAREST 1/2°

INPUT PARAMETERS

ANTENNA TYPE - ITYPE = 1,2,3, or 4
BEAMWIDTH PARAMETER - ka

YIEW ANGLE - tnot {9,)

AMPLITUDE BIAS - ABIAS

PHASE BIAS ~ BBIAS

MAXIMUM AMPLITUDE PERTURBATION (AMAX)
MAXIMUM PHASE PERTURBATION (BMAX)

FORM SIN @,
AND COS o,

COMPUTE
1 ANTENNA
BESCRIPTORS

Figure D.la — MACRO-FLOW CHART FOR SCATSIM —
PROGRAM INITIALIZATION AND ANTENNA PARAMETERIZATIONS
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DISPLAY
PROBLEM
DESCRIPTIO?

COMPUTE DOMAIN
OF INTEGRATION
N

{

COMPUTE J, ()

k=1925u°n96

w?lgzsuonnm
(DINTEG)

¥
COMPUTE Ky ;s

w%’dk(w)’
g‘]k(w sq’= 0}
(MAINLINE)

1

ADJUST FOR -~
ANTENNA GAINS fmmtrf

Figure D, 1b ~ MACRO-FLOW CHART FOR SCATSIM —
PROGRAM INITIALIZATION AND ANTENNA PARAMETERIZATIONS
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FORM IDEAL FORM C.;\ FOR
8ys fe o3y 5 fr IDEAL ?ﬁéﬁ??“
{ ANTENNA) &
, FORM EXACT
FORM IDEAL M s
M. .
i
(1DEAL) @ _
l PREPARE M“M
-~ AND INVERT
FORM IDEAL (INVERT)
POWER MATRIX

{PACT), & ¥.(8,)

¢16eAL)" °
SET FLAG TO
. .TRUE.
y

DISPLAY M. .,
POWER MATRIX, !
AND W.{8,) FORM EXACT

1 POWER MATRIX le

AND W, (0 )

Figure D .2a — MACRO-FLOW CHART OF SCATSIM — COMPUTATION
OF THE IDEAL ANTENNA RESPONSE
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DISPLAY

Mi i and

POWER MAT,

INVERT BY
THE DIFFER- 195
ENCE METHOD _

: (DIFFER)

J DISPLAY
RESULTS

iy '
K INVERT BY
THE MATRIX

METHOD  maTRIX

—_—

Figure D .2b — MACRO-FLOW CHART OF SCATSIM — COMPUTATION
OF THE IDEAL ANTENNA RESPONSE
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ZaEE N
he
-
¥ Vi
N

FORM ANTENNA
PARAMETERS WITH

BIASES
(ANTENNA) DISPLAY [{
RESULTS
i ‘j
g TRUE
FORM €.,
INVERT BY
(COEF) FLAG? ™\, ____I'THE MATRIX
SE|  METHOD
(MATRT'
\
.} compuTE |
POMER MATRIX ngvg?éFgéENCE
AND (8, ) *IMETHOD
(EXACT)] (DIFFER)

Figure D .3 — MACRO FL.OW CHART FOR SCATSIM —
COMPUTATION OF THE BIAS RESPONSE
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DISPLAY
RESULTS /

FORM ANTENNA e
PARAMETERS WITH

BIASES AND PERT-
URBATIONS (ANT.)

I =1+ g

/

FORM C.. . INVERT BY

13 | THE MATRIX
METHOD

(COEF) (MATRIX)
14

COMPUTE EXACT INVERT BY THE

u;(8,) DIFFERENCE

(EXACT) METHOR D 1FFER)

Figure D .4 — MACRO FLOW CHART FOR SCATSIM —
COMPUTATION OF THE MONTE CARLO STUDY
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The documentation for this portion of the program is illustrated in Figure D4, The
course of this portion of the program is identical to the bias study except that many cases
are examined. The number of cases is specified on the instruction card. For each case

the antenna parameter set is perturbed randomly within subroufine ANTENNA,

2.4 Program Listing and Sample Ouiput

The source listing of SCATSIM is shown in Figures D.5 through D, 18, Sufficient
commenis have been inserted to identify variables with the theory and to irack the

operation of the program. A sample output is shown in Figures D.1%a through D, 19Ff.
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SCAT SIHULATION PPOGRAH
SCAT SIMULATION PRUGRAM

THIS PPOGRAH EMAALCET Vi€ USER TO STUDY THE PERFOR=
HAHCE OF WIS SCATTERQOHMETER ANTENNA wWHEN IT POSSESSES
LEAKAGE PROBLENS FFROH THE ORTHODGONAL PQLARIZATION OR
HMEN ITS POLARIZATICHN PROPERTIES AREN'T KHOMN HITH
CFaTalbrY,. THE PROGPAM PPE-SHFFNSES THAT THE USER
WILL ATTEHPT ANYQHE OF THE FIFTEEN MEASUREMENTS A3
CESCRIGED [N THE REFOPT DY J.P. GLAASSEN ENTITLED

(D3] e THE USER HAS FCUP CHOIGCES OF ANTFNNA
FATTEPHS 48 SPECIFIED BY ITYPE =1,243 OR 4. THL
TYPES COWHESIOND TO THE LAMPLA PATTERNS OF TYPE
Fr=1/2¢0,1/2y1 A5 CESCRIQED TN THE RADAR HANDIODK,
CHP. 9 , THE BFaP wIODTH CF THE ChUSEN PATTERN IS
GOVERNOREN BY The IMPUT PARAMETE® KA. THE BEAMHIDTH
15 PELETLD TO HA I STATEHENT KC. OF TuF PROGRAM
THE VIfW ANGLE AT HWFICH THE USER HISHES To CONOUET
kIS STUOY IS SPECIFIED IN TNOT. THE OUTCOHE OF THE
CIMULATION IS QASEh OM A SCATTERING CHARACTER=

TSTTC STMILAR To THAT OF ThE SEA.  BY REPLACING
SUIPCUTINE SIGHA, THE USER HAY INTHCIUCE ApnoTHER
LHASACTERISTIC. HOTE THAT THE ROUTINE MUST COMPUTE
TeE SCATTEFPING CAEF PFR UNIT STERADIAN. BIAS

LEAKAGY DY THE OWTRCGONAL POLAKIZATION IS INTROBUGCED
EY THE USE OF THZ INFUT PARBMETER ADLIAS.

THE PHASE OF THIS LEAKAGE IS OCFINED IWELATIVE

To VERTIJAL POLARTZATION ANC 15 COMTROLLED WITH

INPUT PAQAMLTER BBIAS: TO CONCUCT MONTE-EALRLO STUDIES
OF THE OQUTCCGPE OF TRE SCAT PMEASUREHENTS HWHEN SHALL UN=-
EFRTAINTIES TN THE AMPLITUDE AND PHASE PROPERTIES OF
TME ANTEMMA EXIST, INFUT PARMETERS AHMAX AND BMAX

»aY OF SPECIFIED TO NE OTHEH ThAy ZERO. WHEN AMAX=0
LnD BMLY¥=0. IT IS ASSUAEG THAT NO SLZH STUDY IS OE-
SIRELs THE CONTRALANTS ON ThHF BIAS AND RANOOH PARA=
PETFRS ARE DESCRIBFD IN SUDRDUTINE ANTENNA.

MHEH BIAGES £RE HON-7ERO THE MONTE CARLOD

STUDIES ARE LONOUGTED HITH BIASES IANSERTFO.

POE = INTEGRAL(PATTERM*COS(THETA)}**2

PSCIT) = INTEGRALIIPATTERNSCOS (THETA))**2*SIGHALTH)
POBS = ICFAL OSSERVATION HATEIX

PACT = ACTUAL ORSERVATION PATRIX WITH PERTURBATIONS
PINV = INVERSE OF THE NCRMAL EQUATIONS FORMED

FRON POBS ,

SC = ACYUAL SCATTERING GCOEFFICIERTS AT THOT

THOT = UTEN AMGLE

ITYPE = RNTENNA TYPE

KA = ANTENNA NORFALIZED RADIUS

AT = RELATIVE GAIN OF HORIZONTAL PATTERH

OURING XHISEION

AR = RELATIVE GAIN OF HORIZONTAL PATTERN

DI |

LABEL HATH

goooanzo
anoogoso
60000899
popop100
00000114
g0galtz20
t0aoo1 30
goaco140
10000150
00000160
popoGivo
onocat 0
oaepo190
pgdad200
0000210
pagoo220
goono? 3o
pnogoza0

0geoo02sn

000002E0
G00a0Z70
6o00g24d0
paoae29n
ngoacaon
pogonzin
0000uLi20
00000330
gouaclan
00gnE2s5D
0O0003ED
0apGO3ITD
09890240
0oGoe2a0
gooooatO
GoOCQWED
oopoc4zo
poaoon30
03000450
00000450
[(IIEATET:1H
GEJ00670
Qa000La0
fo000490
00000500
40900510
00004520
00000530
00000540
oaonassa
00008560
0gooos7o
goanosan

Figure D .50 — FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — MAINLINE
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Tatlut 01 02«15=75 23,089 SCAT SIMLLATION PPOGRAR LABEL HAZN PASE 2 .
53 c DUPING REEERTION 80000590
5h c T = PHASF PFLATIVE 70 V PATTERN DURTING TRANS 00ao¢san
55 [ PR = PHASF RELATIVE TO v PATTERN DURING RECP 00000610
55 c ABIAS = HATFLWN AMPLITUGE BIAS 00800620
57 [ ARTIAS o PATTFPN PHASF BIAS : . 00000630
58 c BHAX = MAX PATTERN PERTURBATION HIBNDFLO
59 [ pHAX = MAX PHASE PERTURBATION 0R000ESD
O X} [ 0OB0DEED
@w 61 CoMMpy /ONE/ WMI151, POOST{1549}s POOSE(1549)y PINVID:9)e SC{D o 0o0onor70
= A 62 L LABELI10)y AT(15), AR{LES), BTEL5}s BR(15)s SINTMe COSTH, 09000¢e a0
0 63 L KAy ITYPE 00C0069]
I’SE 64 ' CIMENGICH THFTA{150}, SHODC(4)s ANTIG) 4 HIDTHIW}s PACTH.EnlDle 00000700
o ka 65 L PSEE(E,G)4PSCTI9) 4Gl he1514PEELG,9),PRI(9)PATISLALG) 60000730
3 E 6 EXTEPNAL LAHBRA 00099720
67 REAL XKA+LAHPLALKAO * 000c0730
w0, 68 LOGICAL JUMPL,JunP?,TSING 09000740
e L= 69 c CATA STATEMENTS . 00020750
70 CATA ¥ACyTHOTOWTTYPED 72%=~1.04-1/ 80000760
71 © JATA WIGTH /0,48, 1,02 1415, 1.277 ; ooonG770
72 DATA ANT /7=[e5.14001454+2.07 000006780
73 DATA SHCO/6.2A347401647.72548016/7 ' po00C7 90
1 Te CATA PIZ341015920574PELTA/G436332313E~03/+0EG/0.0174532925/ ao9o0m040
- 75 G gnocGga1o
. 76 CALL SETCIH(PINV,?,9} ongoaszn
7 [ 00000430
78 [ INPUT BNTENNE TYPE, NORMALIZEC RADIUS, DROROALD
3 c viEW ANGLE, AMPL BIASe PHASE BIASs HAX AHPL BE020R50
a0 ¢ FFPTURATINN, HAX PRASE PERTUEBATION, GNAECARGD
51 c SAMPLE SYZE IN HONTE CARLO STUOY. 000CORTO .

a2 [ 02000880
N a3 10 READ (5+1000+EHD=230) ITYPE,KA,TNOT ,ABIAS +BPHASE, pOBGORYYD
bty ) L AHAXLFPFATE, JCASES p0000900
85 1000 FORPMATLI24BF £.5415) 00920910
8t IFLITYPE oGTe % oOR. ITYPE LT, 1) CALL ABORT(2HTY) 90090920
B? IFL NOTe (AHAY ,LTs Ooll «0ORs ABIAS oiLTs 0.0 DRs ng030930
LT & (ABIATH#AMAX) LGT, 1,00} GO TQ 20 000U0%450
a9 WRITF {6,2000) ADIASAMAX 00066950
R an 2000 FORMATI1H1,1X,"PERTURBATIONS TOO LARGE®+5X) D9BIDSED
91 L *ARTAS="F1D 45+ 3X*ANARZ*F10,5) , pO020S70
92 GO To 40 p0D009A0
93 c 00090990
a1 [ HOUND AHT LOOK ANGLE TO NEAREST HALF OEGREE. 0001060
a5 c pocoso1n
9% 20 JUHPE = KAD .EN. KA «AND. ITYPED «E0. ITVPE 00001020
q7 : THOT = IFIX(LTNGY ¢ (,25) # 2.0) 7 2.0 ' 00001030
9% JUHMPZ = THOTD .EQ. TNOT 00001640
93 ISING = «FALSE. 09081050

100 IF{JUKP2} 6O TO 2% - pato1060 '
101 THOTR o THOT * DEG pon01n7g
102 cosT = CoSt THOYR ) 80001660
101 sInutu »  SIHL TuoTH ) 0apn10Yg
104 25 HRITE (63000} THr. pogo01100

*

Figure D .5b — FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — MAINLINE




ol

T8i4n 01

105
106
107
104
164
110
111
112
113
116
115
116
117
114
113
12¢
121
122
123
128
128
12
127
128
129
134
131
132
133
134
135
136
137
138
139
16l
1n1
162
163
104
145
16¢
147
148
149
i50
151
152
153
154
15%
156

D2~15=75 23.649

o0

oQc

3000

30

OB

aon

080 ooaooan

aono

soo0¢e

35
40

50

SCAT SIMULATION PROGRAH

FORMAT (1H1//7* SCAT STUDY FOR VIEW AKGLE OF*y
L FSe1e® OFGREES*"/ /)

COMPUTE THETA(HAX ), .

IF{JUHPLY GO TD 30

SINTP = SNEOUJTYPE) /7 K&

COSTM = SGuT( 1.0 - SINTH * SInTH )
THAX = ATAH( SINTH,CCSTH V1 /CEG

THAX = IFIX{{INAX+0.25) % 2.0 ) /7 2,0

CCYPUTE AMTENMNA PARAMETERS.

CALL SOLIDC LAMANA,ITYPE KA +1404COSTHe1014,5}

GAIN = 2.0 7 S R

FACTOF = GATHSGAIN /7 ( 4.0 ® PT ® RA }¥=2

GDA = 10,0 * ALRG10¢ GAIN )

BEAH = WIDTHILTYPE)*PI/IKA®CEG)

CAIAT = 10.*ALOGINTANTAS+ 1, 0E=24)

COAND = M. *ALNGLOLAPA Y+ AFE-2A) .
HRITE(GyH00C) AUT(ITYPE) 4KAWDEAH,GDO, LAIAS,BPHASECRANDs RPHASE
FOPMATL/ 7, 20X+ *ANTERNA PARAPETERS*/ ’

10 " 1YPE*TX, "KA " 16Xy "HIDTH 45Xy *GATIN® 45X, "CROSS " 46X "RELA*/
20X ¢ * {DEGI* 4SX4 (DB " 46Xy *LCB) " 46Xy "PRASE ® o+ 5X 4 *AHAXY 47Xy *BHAX 7
Flualy1lX, 7FLD.277)

RAIAS = TPHASE“GFG

AMAX = RFPASE®*DES

Lol ol o

CHECK WHETHER SAME ANTENNA AND ANGLE
IF(JUMPL AND. JUHP2) GO YO 195
HRITE (645000}
FORMAT (/71X ¢ *STRIP® ¢ 2X o " THETA* 4 3Ty "HEIGHTS "+ 254,
L "PRECISICN®Z/)

COMPUTE HUMBER OF SAMPLING ANNULI.

8) RIGHT OF EOQORESIGHT. .
INCR = 2.0 * THAX
B} LEFTY OF BDORESIGHT.
IF { TROT = THAX 335440040
INCL = 2.0 * THOT
GO 10 58
THGL = IHCR
TOTAL HUHBER OF AHNULI.

ITOTAL = INCR + [HCL + 1

LABEL HAIN

00001110
ang01120
00001130
00001140
f0a001¢50
000D13&0
00001170
cpani1180
00001190
oen01260
000031210
€0001220
400951230
0001240

*00oD12%0

00001260
00001270
onoczaq
00001230
gnoldi130Q
acot13i0
anpdg32g
00001330
00031340
oggoeg2sg
pogn:leg
poQo1279
gaoen13sg
00001390
00001400
noogi1410
000031420
09001430
00DB1L4D
00001450
popniuen
geon14?p
oCcooL4an
600905490
00021500
000041512
40001520
pooois3o
800015460
04001558
gOBELERA
GCOG1E70
000D1580
DB0g1599
000D 1ELO
gagcisie
00801620

Figure D.5¢c — FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — MAINLINE
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g9

Talun 0%

157
1548
159
160
161
162
163
16%
165
166
167
164
169
170
171
172
173
174
175
17€
177
178
179
189
i81
8z
183
140
146
186
187
148
189
193
191
192
133
194
195
136
197
194
199
200
201
202
203
204
20%
206
2a7
208

o2-

aoon

o0n

[zE+ 1]

oo

oo

15=75

10
70

‘ag

a5

160
L3

110

114

23089 SCAT SIHULATTON PROGRAM

COMPUTE MIOPOINTS CF SAHPLING STRIPS,

IF | INCL «E0. O 3 GO TO 70 .
ITEHP = INCL + 1
CO &g I = 3.IHCL

THETA(I) = THOT = ( IVEHP =« I ) /7 24
CONTINUE
N0 80 I = 1+INCRe1

THETA{INCL ¢ I} 3 TNOT + L [ =« 1) / 2.0
CONTINUE

CLE&AR LCCUHULATORS

DG 83 I=1.9
£SCICI) = 0.0
PBILI) = 0.0
D0 B85 J=x1.+6
PRECJ+I1=0.0
FSCE(JsT1=D.0
CONTIHUE
Co 250 II = 1+1ITOQTAL
= II

A) LIKITS ON COS{THETA)

THETAR = THETA(I}20EG
x2 = COS{THETAR=DELTA)
IF (THETAR ,LT. D0,.0001) x2 = 1.0
f1 = COSIT-ETARSDELTA)

BY LIHMITS ON PHI.

CENOM = SINCTHETAR)®SINTN

IF {CENOY .LT. 0.,000013 GO TO 90

€Co3Prl = { COSTH - COS(YHETAR)*GOSTN )/DENOH
1F t COSPHI 46T, =-1.0 } GO 70 100

PHI = Pl

GO To 110 '
PRl = ATANZ( SORT{ ABS{1,0~-COSPHI*COSPHI) ) »
COSPHI } '

C} SET NO. OF INTEGRATION OCHAINS

INCY = PHI / DEG # 1
IFLINCY +GT. 3313 INCY = 31

C} IHITTALIZE CONVERGENGE TESTING PARAHETERS.
G0 116 J = 1,6

a4y = 0.0
COHTINUE

LaBEL HAIN

0Oon1630
000031640
00401€50
00g01€el
00001670
GogoDiEsQ
000D1690
000017040
opang7iQ
goog1720
0n001730
0e001740
0UDE1750
0dBu1760
tRoj1770
000017A0D
goani730
00031400
0O00B1A1G
popo1429
pop21830
00801440
0ga01aso
Gp00La60
000010879
00021880
00401A90
cooctsng
60901910
Dpae 1929
ae0e1930
08001540
Go0oniasg
0ngo13eQ
foo01570
genci19ag
002019490
g900z2400
10602010
aggepaizo
ggofnzcio
oroc2a40
gopraaso
00002060
oogo2070
00C0Z0R0
02002690
Doo0ai10d
pognaitn
ocpg02120
goar2138
00802148

Figure D,5d — FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — MAINLINE
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T8iut 01 02=15~75 23.049 SCAT SIHULATION PPOGRAM LABEL HRYIN ~ PAGE 5
209 € gogo2150
211 c €Y INTEGRAYTE HITH PRECISION J,. aon02169
211 c D00% 2170 -
212" DO 120 J = 4,8 . pone 23840
233 o= a04c 2190
214 C . ooDo2200
21% G F)} COHPUTE HEIGHT CN ITH AKNULUS. poap2219
216 c oogoz2228
217 CAlLL FXOPTIB7s141,0) . ooGR2230
218 CALL DINTEGT PATX2sXN1sPHI»=PHISINCY s Jdedd ) opop2240
219 CALL FXOPT(BTeleDy0) 00002250
229 c - ongez2e0
221 ¢ G} TEST FOR CONVERGENCE. . gpodz270
222 c ' 000L2280
223 LO 116 K = 146 . gnooz2so
e2h IFPAT(K) LY. 1.0E-28) GO TG $16 ougo2209
225 IF ¢ ADSIPATIKI=QIKI) /7 PATIK) ,LT. 1+E+5 } GO YO 116 gapczi10
225 GO 7O 118 N Doooz220
227 116 CONTINUE pogc233g
229 GO TO 130 Q0p0zis0
229 118 D0 120 K = 1,6 . ngopo23s50
210 0Ky = PATIX} ) 009823680
211 120 CONT INUE ) 0pQo2370
232 c 000G2380
233 C H) CONVERGEMNCE ADHMITTED 00002390
234 4 0g002409
235 130 . WRITE (6460001 (I,THETALI) yPATHJI) 0E002%10
31 6A0C FCOMATIILWFSa10BEL143415) 06002623
217 G 1) SYNTHESIZE PARAMETERS TQ COMPUTE EXACT RETURN AND pooo2u3n

—_— 234 C CeSERVATION MATRIX 00002440

O 237 : LO 150 J=1,9 ngab2450

O~ 2u0 Jd=d 00002460
241 SCATC = SIGHALJ), THETALIY) 046002u7Q
2u2 LO 1up K126 00002480
2u3 FSOF (e JYSPSCEIK, J) +PATIKI®*SCATC f00024%90
244 FRE{X,J) =PBE (K, JI+PAT LK) pngu2<0o
245 1ud CORTIHUE poNp2si0
ehh FOLY IS = PSCICJ) +PAT (63®SCATC 00002520
2u7 PRI = PATLUI+PATIR) §50002530
2l 150 CONTINUE DD9C 2540
2u9 [ HRITELG+5180) FACTOPR,PAL,PS(1 gun02es0
290 C 5100 FOPHAT{1Fr1119E12.L/9E12.077) 0GeJ025690
2951 c CALL HATOUT(PBE 16994k e IHFEECIHRAND 00002570
252 c CALL MATGUTIPSCE 46994699y 4HPSCE y3HRAH) . 00O02580
253 c 1} COMPUTE PEFEXRENCE SCAT. CCEF, . 90002%%0
254 20 160 I = 1.9 0poDegend .
255 11=1 0O0D62€10 g
256 SCLI) = SIGHMATII.THCT} gagn2ead
257 e ©Jb SCALE FOR ANTENRA GAIN . 0oo02e 30
258 FRILLY = PRYCIV*FACTOR (100 2ELD
2%9 PSCIC{I) = PSCICII*FACTOR 60002650
260 00 16D J = 1,46 0poo2€&d

Figure D.5e — FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — MAINLINE

T —————



RIFTVOD 9004 @0

£91

Taiun 02

SI YVd TVNIDINO

SPUSIRSTS

261
262
263
264
265
265
267
2en
269
273
271
272
273
274
275
275
277
2rs
279
280
281
242
283
284
285
246
287
248
289
230
29
292
293
FE
295
296
297
234
299
300
301
302
103
306
105
106
307
300
309
310
311
312

02=-15=75

160

oo 00

7000

175
140
c

c
1405

190

6500

23,089 SCAT SIHULATION PROGRAHN

PSCELJ 1) = PSCE(J, NI *FACTOR
PRE{J+1} = PRE(JsI}*FACTOR

CONT TnUE
WRITE(64,5100) FACGTOR.PPILPSCY
CALL HATOUUT(FOF 4H9Defs Q9 3HPLRE,3M5CAD -

CALL HATCUTIPSCE.6,9.,6+944FPSCE+IHSCAY
FO¥H IDEAL PENCIL HEAH WEIGHTS ANOD POWER HATRIX
WRITE(6,7000}
FOPHAT (1H1,"TOEAL ANTEHNA HEIGHTS AND POHER HATRIX®})
CALL ANTERNALD.0,0+0¢0.0,0.0)
CaLt JUFaL(PRI.POBSI}
CALL IBEAL{PSCI,PACT)
APPEND POHER VEGTOR 7O PACT FOR OISPLAY
00 170 I = 1,19 .
PACTIIL1CY = HIT)
CanTIRUE
CALL Hhquf(Pnn41.15.9.15.9.5huELTA.&HHEIGH?I
CALL HATCUT({PACT 15,10415410,SHPGHERs BHHATRIX)
FAPH EXAGT PENCIL WEIGHYS AND POHER HMATRIX
HRETF{6+7500)
FOPMAT {1k, *EYACT AHTEHNA HEIGHMTS AND POHER RETURNS®?
HRITF(6+7106) (ATLINZBTLID+AR(I) +BRI1) +I=1415)
FOPHRAT (2 /71514E12.07))
CaLl CAOFFIC}
WRITE(H+H10G] CLICTT+JsK) 3 J=14609I31¢9)4yK=1,15)
FORAAT (/79¢EE1244/))
CALL EXACTIPRE.PIISE+C K}
CALL MATCUTIPO3SE 1154934159 +5HOEL TAZBFHEIGHT)
FPEPARE NORMAL EQNS.
0O 180 I = 1.9
LO 1AD J = L1
PINV(I.J} = 0,0
N0 175 K = 1,415
PINVIELJ) = PINVIIyJ)+POBSELKII*PORSE(K )
CONTIRVE
PINVIJs I} = PINV(Iy D)
CONTINUE
COMFUTE AND CISPLAY TNVERSION HATRIK
CALL HEFINVIPINY,9,PBI5240) .
FOIM EXACT PONER HATRIX
CALL EXACT(PSCEPACT +Co )
APPEND POWER VECTOR TQ PACT FOR DISPLAY
CO 190 T = %415
PACTIT 100 = WH(I)
CONTINVE v
CALL HATCUT(FACT+15+10415,10, 5HPOHERs GHHATRIX)
COMPUTE SCATTERTNG COEFFICIENTS
A1 BY THE DIFFERENCE HMETHQD,
HRITE(G.£500)
FORMAT (11k1)
CALL DIFFER
CALL CIFsHOW

LABEL HAIN

00002670
04002680
00002690
00062700
poooz2710
goop272g
opoa2s3n
aoge2740
00032750
gogo276n
ftopo2?7a
ceoo27a0
oeooevan
g800C 24500
poog2Aasd
oogo02Azg
pnan2aso
goon2u40
00392850
00G02P&D
03002870
20002880
B002"90
cigez3sog
03002910
05002320
00002<30
00002940
00092950
00012960
40392970
copozsao
6¢o02390
poco3nag
0Co03010
BoOo03N20
00002030
00003040
0a0b 2050
JB06IDED
0po03gzo
04062080
060934990
0D0GE 3100
0co03110
goodii120
00083130
00003840
0000315p
aa0D 3160
oooo3ize
opaoaiag

Figure D ,5f — FORTRAN LISTINGS FOR THE
SCATTEROMETER SIMULATION PROGRAM — MAINLINE
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313
314
315
316
317
3148
319
320
121
322
123
3z2n
izs
326
327
324
329
330
At
T.e
332
336
315
136
337
318
339
Jul
361
342
3u3
Jun
145
Jut
L7
Jug
369
359
351
152
5y
3546
365
3158
357
315A
359
E1:01]
351
362
363
364
365
366

c

195

8q0d

200

210
9008

220

ok R iR = LAt gt s e i €

%

- g

23.089

SCAT STMULATION PROGRAM

B) By THE HATRIX HWETHOD

IF(ISINGY GO
CALL MATFRIY
CALL MATSHOW
TROTo = INOT
KAl = K4

TG 195

ITYPEQ = ITYRE .
CMECK IF CASE WITH DIAS IS DESIRED
IF{.FOT (89105 GTe 0u0)) GO TQo 210

HRITEth+ADOL}
FORMAT (1F1,*

CBIASDPHASE
ANTENNA HITH BIASES ONLY*//

1Ny *AHPL DIAG2" oFBa 1" DA+ SXe*PHASE BIAS3®*9F6e2a® DEG®/#DY .
CALL ANTENNA(D.0.ABIAS,0,0+00145)

CALL COEFIC)

CaLlL EXACTIPSTELPACT+CoH)
cPPEND POWER VECTOR TO PACT FOR DISFLAY
LO 200 I = 1415

PACTIIN10) =
CONT TMUF

HII}

CALL MATOUT (PACTy15+10+15+10+5HPOMEREHHATRIX)
#) BY THE GIFFERENCE HETHOD

ALl OQIFFER
CALL DIFSHONW

) 8Y THE MATRYX HETHOD

IFLISING) Go
CALL HATEIX
CALL MATSHOMW

TO 211

GHECK IF HONTE GARLO STUDY DESIp.e
IFC.NOT. (avMax JGT. 00033 GO TO 10
HRITE(6,9000) CATAS+EPHASE.CPANDy RPHASE
FOARKATILIHL//* MCNTE CARLO STUDY*Z/ )
1Xy*2MPL BIAZ=' 4FHals* OB* 15K 4" PHASE BIAS2"oF6e1s* DEG*S
GXe* KANLOY AMPL=*Fh,.1s* D2 45Xe"RANDON PHASE=* 45X,
Fhals® LEG 27
LERFCRH MONTE CAR! & %a.' ¥
ro 220 I=1,ICASES
CALL ANTFHNA CAHARLABIAS 8HL.  T_YAS)

GALL COEF(5)

CALL EXECTIPSCEWPACT ook}

caLy ( EFFER
IFLISInNG) e
CALL HATRIX
CONTINUE
GHON
GALL CIFSHOW
IFLISING)Y G0
CALL HATSHOM
G0 70 10
c1op
WRITF {64 95000

7O 220

RESULTS OF STUOY
70 18

FOPHAT (/1241003 H?) 4 "MATRIX STHGULAR®*10CLH*1/77)
ISING = JTRUE.

GO 70 185
END

LaBEL ®AIN

00003190
00402200
00003210
00003220
09003230
00Ga3240
06003250
0000 3260
pone 270
0600 3280
oooeo 2290
00003200
00003210
600022290
00003330
aroa 3ug
00003354
Q0003260
00003370
03093380
opocazap
aro034png
0e0G2uip
Beo03L28
60003539
000G 3440
8007 #u5p
BUaC 3460
N000 3470
08093480
ongo susn
oooozsco
003D 310
00an 2820
00002530
0c0d35n0
00002550
0000 35ED
00063570
0009380
00093590
0009 3e00
0308310
00003e20
DOGOZEID
0008 3F%D
a0t 3e540
000G 3660
0GOG3E?Q
00d03E80
0000 3eS0
00%L 2700
20003710
60083720

Figure D ,5g —~ FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — MAINLINE
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CARTENNA

23.092

A SUBROUTINE ANTENNA

SUBPOUTIHE ANTENNA

SUBROUTINE ANTENNALAMAN,ABIAS,BHAX ,BBIAS)

Lz ka ik ks K R L r N e N s s N A X e R s X xR a2l a K2R3 s Az s s Ny d s R e R e o R s a ke N Xy 12}

THIS SUBRQUTINE SYNTHESIZES THE RELATIVE AMPLITUDES
AND PHASFS OF THE TN ORTHOGORALLY FOLARIZED ANTENNA
FATTERNS DURING TRANSHISSSION T AND RECEPTION R FOR
THE FIFTZEN STANDAFD MEASUREMENTS. THE INPUT AR~
GUMFRTS PERMIT THE FRECISE ANTENNA EEQUIREHENTS FOR
£ACH OF THE FIFTEEN MEASUREMENT CONDITIONS TO BE
PERTURJEL WITH QIASES EITHER FIXED OR RANDOM OR AOTH

AMAXZHAXIYON RANDOM PERTURAATICN INTRODUGED INTC THE®
rORZONTALLY POLARIZED PATTERN

ABTAS=BIAS INMTROOUGED INTO THE HORIZONTALLY POLA-
RIZED PATTERM

BHAX=MAXIMUN RANIOH PERTURBATIGN I TRODUCED THTO THE
FELATIVE PHASE BETWEEN O THOGCNALLY POLARIZED
PATTEPHS

eeIAS=ETIAS INTROJUCED INTO THE RELATIVE PHASE
BETHEEN OPTHUGOHALLY POLARIZED PATTERN

IF THE INPUT ARGUHMENTS ARE SET TO ZERO, PRECISE
AHTEHNA REQUIREHENTS ARE ESTABLISHEL IN THE OUTPUT
VECTORS:

ATC(RI=FPELATIVE AHPLITUDE OF THE HORIZONTALLY POLA~-
RIZED PATTERN OQURING THANSHISESIGH (RECEPTION)

PT{FPI=PELATIVE PHASE EETWEEN ORTHOZONAL POLARIZATION
CUING TRANSHTISSIOHN{RECEPTICH)

OTHF9WISEs PFRTUPSATIONS ARE INTRODUGED IN ACCORD
HITH ALGORITHMS EBELOW. BIASES ARE EFFECTIVE ONLY
HHEHn POLARIZED TRAMSHISSIONS OR RECEPTIONS ARE MADE
IH THE FIFTEEN MEASURENENTS. IT IS ASSUMED THAT
LEAKAGE (R DE-POLAPIZATION IS ThE CAUSE OF THE
EIASES. THE USER MUST ADSERVE THAT

11AHAX GT. D.

21ABIAS LGT. 0.

IVAHAX4ABIAS «LE. 1.0

4)~P! .GT. BEIAS .LE. PI

5)=PL 4GTe BHMAX «LE. PL

THE RANDOM PERTURDATIONS ARE OISTRIBUTED UNIFORMRILY

QUER (D AHAK/ 2}
IF A7 OR AR IS5 ZERD IH THE UNPERTUREED CASEe AND

LABEL ANSENN PAGE

00003736
00003740
00003750
90003760
00002770
opoosran
gQ002790
00083400
poandrigQ
Boon3azp
06023830
0oQaD 3RHD
00003A50
00002860
0nQniazo
000D 3nnt
gege3agg
09993500
00002910
ploo39za
B0DC 3930
opof a4
06003950
DRee 360
00092970
po0op 3sed
0100 34990
00004900
0000uC10
poQaowden
000940230
00004040
06004050
GOJ04GED
003064370
6006046280
000047490
00964100
00906ts0
00606120
00974130
aoooL1un
06094150
00004160
po0J4170
go0cuian
008246190
00006200
08094210
00004220
08004230
00004260

Figure D .,6a — FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE ANTENNA
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041

f314h 01 02=15-75 23.092 a SUBROUTINE ANTENNA LABEL ANVENH PAGE -4

53 c CVER t1=AMAX/ 24 1) 00904250
54 c IF AT NP AR IS OHE IN THE UNPERTURBED CASE. AND 00004260
55 [ CUER {,5=AHAX/ 2+, S¢AFARSR) 0009270
56 [ 1F AT O Ax IS &% In THL UNPERIURBEC CASE. RANDOR 0000680
57 c FHASES ARE DISTRIBUTED UNIFGRHILY OVER - gorpL?9n
50 c (BT {(R)=BHAXZ 2,ET (R} $BHAX/2) 00004300
59 (W 800043%0
60 COHHON #C:Ef H{15), POBSII15,9)e POUOSE(L5+9) sy PINV(949)y SCISh, odfy 329
b1 L LAREL{IC). AT(15), AR(15)s BTi15)y BRI15)s SIMTH, COSTHNs 0a0nLI30
62 L K&+ ITYPE 03004340
61 [ATA ISY /33333333333/ 40004350
&b . NATA PICLPIO2+TPIOLGPT /0785398163 +1.57079633,2.35619449, " . 0000430640
65 4 3.,141592¢5/ . 00096270
bé& [ LRITHHETIC ASSIGNHMENY STATEHKENTS{AAS) Dogda2s0
74 AERRZLITI=(0.E-RCH{TIII0ANAX 00504350
6h BEPR2{1)=tl.5-RCH{I1)eBHAX 0f0nsL0e
B3 c . gt o0 4ui0
70 [ i 00004420
71 c . 0004430
72 AT(1)=AB18S . 000D 4uhD
73 AR{L)=REIAT . gaon4usp
74 BF(1I=0BRIAS gooCLu6BR
75 aR{41)=9E1AS 200044L70
76 [+ HH OCOR 446D
77 AT 121=1,0-4BIAS 00006490
78 AR(21=1.6~-2B1AS 000C45G0
79 BT (2)=021AS 0co04%10
&0 BR{2Y=BE14S 0pa0uLs20
81 4 VH 0CGsas530
A2 AT131=ARTAS 000n4LELD
83 ' ARU3)=1.2-A0TAS g0BUsS50
.IN BT L3)=281AS 000045610
85 12 (31=37 1473 0004570
86 [ WVHHD 60904580
ar AT14)=0.S+AEOR2 [IST} 00004590
LE] AR(4I=0.54AFPR2LIST) 40004€00
B9 ATIL)=PIC2+QEPP2 (ISTY 1000LELD
99 ER{6}==FTO2+PERRZLIST} B0004E20 -
g% AT(S) =N, S+AERR2LIST) 0900%E30
92 LR{S)=0,54RERR2 (ISTE Ba00LLLD
93 AT15)=NERP2(ISTY 000D &ESS
TS ARIS)=PI+BEPRZLIST) 00 004E6D
a% c YVHHI 000a&a70
95 LT{bI=0,544FRPR2LIST) 00D04ERD
97 ARIE}=(,5+AELRZ {IST) ' 0009 4E90
98 BTL6I=PICH+AERR2LIST) * \ goons7an
99 ARIGI==-TFINL+BFRAZIIST) RO0GL710
100 AT (?1=0.C+AEPR2 (IST) - pooesz20
101 AR L7 I=0LEHAERR2 LIST) 00004730
1p2 5717i==FIOLsBERR2{IST) 00004750
103 BRIZI=TPIOL+BERRZLIST) ’ . 00904750
10k c YVYVHR 00004760

.
.

Figure D .6b = FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE ANTENNA




B
A i

T3l4L 01 02-15-75

185
106
197
i1aa
1919
119
111
112
1173 c
114
115
116
117
113
119
2c
121
122 c
123
12k
125

128
129
130
131 [4
132
133
13
135
136
137
138
139
140
141

23.092 A SUBROUTINE ANTENKA

ATLDI=ABIAS
AR(B)=0.5+4ERR2 (IST)
ATi{a)=8014%
BRI4=BEFFAL{LST)
LT19)SACTAS
AR (91=0,G+ARRR2 (IST)
A7i81=08143
ER(9I=PI+BERRZCIST)
VVVHI
AT {10)=5P]AS
AR EIC) SN .5 AERRZIIST)

ARI10) =~FT02+BERR2LIST)
AT(L1) =ALTAS
AT(11)=0,56+0ERRP2(ISTY
BT{111=691A5
BP {11) =FIC2+BERRZ({IST)
HVHHR
AT(12)=1.0-0B1aS
LR(1Z1=0.5+AERRZLIST)
Br(12) =018
83 (12)=8ERR2 (IST)
AT(13)=1,0-AR]AS
AR I1L3)=0.5¢AERR2(ISTY
aTl13)=BRTAS
2R (13 =P1+8FKERZ (IST)
HYHHY
AT {14)=1,0-A0TAS
ARILG) =0 .G+AERRZ{IST)

LTL15)=1,0-ARIAS
AR{15)=20.5*AERR2(IST)
ATI1S)=RIIAS

AR I15) =P TO2+BERRZIIST)
RETUEN

END

LABEL ANTENN PAGE

0B004770
00004780
Doao&?s0
pooueLd00
Q000sA10
coni4R20
00004830
po0DLALE
00004850
000K 460D
gan04AZD
g0g"4R80
00D94R90
anaeLc00
00004910
00004920
¢ooCn930
00006940
Dg0C 4950
GD904YED
000C497a
10094940
00004990
pecopscod
pa0gscin
goagdsozn
00965C30
DoRCstul
00065650
08065060
DB0G 5070
DCO0SC8D
00005090
00005100
Dooos11d
006005120
00005130

Figure D.6c — FORTRAN LISTING FCR THE
SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE ANTENNA
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23.093 SUBROUTINE FOEF

SU3ROUY INE COEF
SUDROUTINE COEF (C)
COMHON 7CHZ/ W{35), PONSIC15,9), POGSE(15,9)e PINV(9,9), SCIN,»
LAEELL1B)s AT(15Y4 AP{15) s BT{16)y 3R{15) s SINTN, COSTN.
KAy ITYPE
NIRENSICH CLS4hq15) )
THIS ROUTIMNE PREPARES THE ANTENNA PATTERN
FACTORS FROH THE ANTENMA GAINS AND FHASES SET
BY SURROUTINE AHTENNA

CO 10 I=1.15
AT1=1.0-0T(1}

SASZ2 D*EGRTLAT(II®ATI}
COT=SA®COSIETIIY)
TATsCACTINIAT(INY

AR 1=1.0-8R (T}

CA T ZL.0*TIRTIRR({I)®ARL)
ShF=SaetIN{ARIIN)
CRr=SA*CCS{RF (I}
CATCar=car+ior
CiusdaI) = COATCIR/2,0
LRZ2=P.0%ARITI~1.0
ET222.0°4TIT) =10
ATZARZ = ATZ®AFp

SIGHA-VYV

Clls14I}=ARLYAT]
Clts2eI3=a20110%aATLI)
Cl1, 2, I1=AR{YAT(II+ATI®ARITICLBTCER

SIGHA~HH

Ci2v1e13=Cl1,24 T}
Ci2v2eI1=C014141)
Cl2e3+410=Cl1,3.1)

SIGMA-YH

Cr3a1,13=C{1,3,13=ClanlsT}
Ci3,2sI12C3,1. 1)
CALL FYOPTI579141,40}
Cl3s3eT0172C%(C Ls1e]1) ¢+Cl14241)=2,5%CATCBR+AT2ARR)
CALL FRAOPT(RaT+Le0:01}
CA3.6s 1)2SATRSER/2.0

REAL SIGHA YyHH

Clusl e P)=CHETCEBR/ 2.0
SlheZeIdzCltiy1a.1

Clty3s I)=2.0"AT2AR2-CBTCBR
Clasbald=~Ci3464+1)

LABEL COEF

0405140
BRoOS5150
00005368
gguos17g
Dogas1Ap
na445190
goouszon
00005219
aoa0sezn
00005230
00096240
poacs259
0D0DS2ED
gooeszze
ooousS2Bn
GOngs799
aoes-200
aransiig
0005220
Doog%3xo
00095340
BoNrs25g
0949360
0a0Is2v70
00p3157ARp
cQpes3ga
tgansapn
rpdo5arn
qoao5420
popo&. 3o
pRpo0SuaLg
0n0n5450
0n005LEY
ga605uz7n
00005400
0poesL9p
otopseQe
9008 510
gagbss 29
000L5530
BO0E5Eu]
03passso
NAGNSE6D
Ba0c5570
DooGss4n
gopos594
DoDdss00
Boryse1n
Qrogsezy
nogcseldn
06005640
80005650

Figure D .70 — FORTRAN LISTING FOR THE

SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE COEF
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taius 01

53
Sh
55
55
57
58
59
1]
-3
62
63
60
3]
66
¥4
L]
69
e
71
72
73
74
75
76
7
73
79
80
81
a2
23

02~15=75

aoan o oo oo

aon

i0

23.092 SUBROUTINKE COEF

IHAGINARY SIGHA VVHH

C{Ssb4T) = (CBT«SRP+CBR*SATI/Z40
CU5454 I)==Ci{5sheI)

REAL SIGHS YyHY

CiGel+11=AR1¥COT+AT1*COR

CiRp1 e I)=ATLI) #CORCARCI) *CBT
ClBe241I) = =CiBe1,12

ClBy 39 1) = 30 LARZ¥CBT+AT2*CERY

IMAGTHARY SIGHA YVHVY

CiTehs IV ==[AR(I}*SBT+ATIII*5AR)
Ci745+1}=~(AR1*SBT+AT1*5BR)

FEAL SIGMA VHHH

ClRs1,I1=AT{I}*CAR+ARIII*CBT
CiBy2e13z2=Cih,1,1)
ClRyZ:T3==Cih.+3+1)

IHAGINARY SIGHA VHHH

Cly%sT2=CIT45+1)
Ci945411=C{7sb+ 1)
CONTINUE

FETURN

END

LABEL COEF

006005660
DO00SE7D
00005680
00005/90
00005700
09005710
¢to0s720
40005730
pooos?ug
ooees7sp
0900¢S760
Q0805270
00005780
94005790
c000SRO0
p0005A10
go00s4a20
08005830
GODDSNLD
Q0D05850
0nEs 360
00305470
00005840
(DLLETET]
oogssa0o
(LB HER S0
02605507
gdoessan
0L005940
00005950
060005960

Figure D .7b— FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE COEF
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T8ilut D 02-15=75 23.094 SUBROUTINE HATOUT LABEL HATOUY @AGE .9

b cHATOUT SUBPCUTIHNE MATOUT - 00905970
4 [ . 0Gpo598¢
3 C ROUTINE DISPLAYS BATRIX A BY ROWS AND . 00005990
'Y C COLUMNS OF 10. HMATRIX NAME APPEARS IN WORD LABEL 00006000
5 c . pONOROL0
6 SUBRRUTINE HATOUT (A,IRDIM.ICOIMTREIZECICSIZEoNAMES yNAHERD goepmre2d
4 GOHNCH ZCNEZ  HIL5)¢ PUUST(1549}y PCASEL15:90, PINVIO:9}, S5CLS), gepounio
] L LABELL10)y AT{15), AR(15) s BY(15) ¢ BR(15)y SINTNe COSVTNg 00006040
g L Khe TTYPE 08906050
10 JIHENSICN ALIRDTH,IGCOIND 000060640
11 C Y 0c006070
12 . 00 10 T=14ICSIZE.LD BCOOEDARD
13 N = J+9 gooD6090
14 IF {# +GT« ICSIZEN N=ICSIZE : o0oce10a
15 WEITE (£+1000) NAHEL¢NAFEZ.s (LABELIK) 4y K=I, N} 0C@3€110
16 1000 FORPAT (2760XABs1X0R6/71Xy*HEAS/GOEF*+v2XyAB29{6X 461 /77) 0DD0E120
17 LO 10 J=$+IKS1IZE 0Dro6130
in HRITE (6+20003) JotA{JyK}s KBI4N) * 00006140
19 20800 FORMAT (T4 43X 10E12~4) . 40006150
20 10 CONTINUE ' 0000E160
21 LETURN : 00DOELFD
R £no 600396180

Figure D .8 — FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE MATOUT
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Toiak 01 02-15=75 23.095 SUBROUTIKE EXACT LABEL EHACT PAGE 1 .
1 CEXACT SUGRCUTINE EXACT ‘ O0BOEL90 |
2 [ . gootez0o !
3 SUBROUTINE EXACTI{PIN+POT +CeNl ooDRE210 '
4 c . DBOBER20 '
& [ THTS ROUTINF COMPUTES THE SCATTERDHETER POWER 00006230 X
& C GOHPONENTS FOR THE FIFTEEN STANDARD HEASUREM=- g0t0e2nud -
7 [ VENTS. £aCh COMPONENT WITHIN A MEASLREMENT 00086250 :
8 c 1S ASSOCIATED WITH CNE OF THE NINE SOATTVERING COEFFIw D0D06260
9 Cc GIENTS, TYPICALLY. THE INPUT ARGUHENY PIN COHTAINS ononezvo
10 [ THE PATTERN=-SURFACE HEIGHTE. WHEREASs THE DOOUEZAD
11 c OUTPUT PARAMETER POY CONTAINS ThE PCHER CQHPUHENTS; 004nez9n
12 c - IF PIN CONTAINS ONLY PATTERN WEIGHTS, 0G0GEe3oDn
13 4 THE CRSERVATION HATRIX WILL BE ccnsmucreu 0500E210
it c IN POT, THE SUM OF THE COMPCHENTS IS 0006320
15 c FORNED IN W, THE TOTAL RETURN POHER. D8906330 -
N 16 c . ' 06006240 :
17 CIMENSION PIN(G+1), B{1}, PCT(15,1), CU916415) onQo6250
18 [ FOR EACH HFASUREHENT. .4 D0O0DEIRA !
19 00 10 I=1,15 . [LLLER ) i
20 c FORM THE POWER COMPONENTS . 049006 %80 ]
21 DO 10 J=1,9 i 00006390
22 POTCI,d0=0.0 0G0ERLO0 ;
23 c £Y JSOLATING THE TFACE ELEHENTS 6eaGEn1D . :
24 20 10 K=1.46 enopeL20 -—
25 POT(T+ J)=POT (I} +C LI K, II*PIN(K,J) QCIDFEL3D :
26 10 CONTINUE 00006L LD
27 [ SUH THE ELEMENT IN THE TRACE BOD0ELS]
28 no 20 I=1415 J000E%L60
29 WiI) =040 peogeL?g
—— 30 [ T0 GET THE YOTAL POMER 0D00&NBO
~ 1n L0 20 J=1.49 00006490
52 12 HETI=H (T D4POT (L ) 0GOR6500 :
13 29 CONTINUE 10006510 =
3 PET .Ph Q0066520
35 END B0GdES3D

Figure D,9 = FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE EXACT
\
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[TETRT]
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02~145=-75
CHATRIX
c
c
G
c
c
c
C
L
i
G
10
20
30
4
35
40
3
1000
L
[
i
L
c
50

etk

23+09€

SUBRDUTINE HATPIX

SUBROUTINE HATRIX

L e A e e 18 e 4w s s e el s s e s g O U O

LABEL NATRIX PAGE

SUBROUTINE MATRIX 00006540

Figure D .10 — FORTRAN LISTING FOR THE

0BOOESSD

THIS ROUTINE ESTIMAYES THE MEASURED 00006560

SCAT COEFICIENTS BY THE MATRIN HETHOD, D0DNESTD

SINGCE THE SYSTEM IS OVER SPECIFIED 2 LEAST 0000E5480

SUYARES TECHNIQUE IS EMPLOYED TO INVERT THE ag006<90
MEASURENENTS., THE ESTINATES ARE COMPARED 00026600

HITH THE EXACY COEFICIENTS. 00006610
00006620

COHHON #CNE/ HU15), POBSI(1%,9)y POOSE(15:9)s PINVIZ:9). SCi9)s 00006630
LABEL (1LY, ATE252, AR(15)s BT{15)s BP{15}s SINTHy COSTH. (BTN
Kiy ITYPE ANODEESO
OIHENSION HPL9) ,SUMFS) JRHST9) WPSUNIT) 4FRAS(9} ¢ QEONE66D
FORK TPANSFORMED POKER HEASUREMENTS DO0OJEETD

1085 = ICBS+}1 ' 0g0GEE8D
00 10 I % 1,9 00D96F90
WPLTY = Qa0 0000700

£ 10 J = 1,15 00006710
HP{I) = HP(I)} + POBSELJ,I)*uld) . . 00096720
CONTINUE R 0009E730
GO 301 = 1,9 - 80006740
HUIY = 0.0 . BOO0ETSE

00 20 J = 1.9 0000€E7€0
WEI) = HLD) ¢ PINVAIJI*HP(J) 06006770
CONTINUE GOaPFTAD
ER® 3 H{I) = 5C{I} 00006790

SUM{TE = SUMII} ¢ ERR BOC0GEEDD

. PHSII) = RHS(T) + ERR*ERR 00095410
CONYINUE 07005820
RETURN 0009&p 30
SECOHNOARY EMTRY ODN0EALD

ENTRY HATSHOW 6000EA50
0O 40 I = 149 00096860
SUtIy = sumMilrsines DODGEY?O

FRUMII} = 100.0*SUH(IZSC LI D0g0éEnal

IF(T08S +Lv. 21 GO TO 35 800GEAS0

&HSEI) = SNRTLASSIRFSITII/T0BS=SUHII)*SUKITII}} 0000F900

FRPUS (I} = 100.0°RHS(II/SCIID 090LES10
CONTINUE , fogoREQ26
CONTIhUE 03096930
HRITECH+1000) I07Sy (LABEL (IS0 T Y 4SUNII) 4AMSLId, 0200&£95D
PSUMITI L FRMS (I 4T = 149) UNaEESSe
FORHAT{2/1¥%, *STATISTICS FQR THE MATRIX " Boan696n
PHETHOO GAGED ON®+Ths* O, - RVATIONS*/Z 0000£970
12+°SCAT CNEF* o« 3As *VALUE ® 98N+ *HEAN® 49X s *RH5"y 0a0eE<E0
THGVEMEANY s EX o *ZANT 7/ 00608990
(2%98642%03E12.3,2F12.3}) pogaz7ece
CLEAR SUMMING VARIABLES 0G0G7E1D

00 S0 I = £49 . gogo7029
: SUMIT) = Q.0 00807030

AHS I3 = 0.0 00007040
CONYTHUE 0pgn70s50
10B5 = 0 Gnoo7e6g
RETURN - 00087070
END 00007G80

SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE MATRIX

1
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S
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23.097 SUDRGUTINE OINTEG

SUBRQUTINE DINTEG
SUBACUTINE DINTEG ISUM 2Py HLPoY2P  YAP MUY ¢HNP+HHP)

THIS ROUTINE EHMPLOYS A QUASSIAN LEGENDRE QUADRATURE
{INTEGRATION) PROCEGUPE. INTEGHATICH QVER H-v SEGHENTS
ARE FERFLRMFLC AFTER TRAMSLATICN TO (=1411X{~1s1},

2P, H1P = YPPER aNL LOHER LIHITS OnN X

¥Y2P¥1P = UPPER AND LOMER LIMITS On ¥

HY = SEGHENTS IN Y

MyHP = DEGREE OF PRECISION IH X AWD Y, RESPEGTIVELY

COMMOM ZOHE/ §E15)1y PO9ST{15.9)y PODSE(1%5,9), PINVI9:9)s SCEGb:
LABELC1DYy ATHLL), AR(IS}, DBT(15), BRUA5), SINTN, GCOSTH.

¥A. ITYFE

BIHERSICH SUHLG)

JIMENSTCN SAMHLELB,8) COEFLB:B8)¢3X{0).SYLA)C(8,:8)

PEAL LArODA, KA

COTL CLGaHPLE(Ted) ad=148) oI22,8)/«0.577350269.057735026%,
DeBDyRe04B.0,M0.0+0.0.8.04

=0 e FIL59 L3RG 0a0 10 77U596655:0.0v0e090:0-0040s00+

=0, AR113E3:24=0,339981064,0.3393010284,0.0161136312,
0e0cluMTelelafioly

~0.97617C0LE =0,53B4693L 0000005384693 3040.90F5179846,
Galla0.84T400

w0, 412LE951 0, ~0,661209306,-0.23451%106,0.230619186,0.661209306,
04932009514, 0,0+0.04

w0, 9691079124 ~0,741531105,~00405855151,040, 0005065151
Ne7415311R5 +0.947007912,0. 0.

s P HER, - TGEHRELT 7 p = 5255320 10y= s 1034THEL2 04103530542,
0.525532410,0,790000LL77,0.762209056/

DA tCCEFI ) o dstoA) 0152481 /2000 1e0 00030209 0aDg0eBs005000,
0.5555595555 0. 000084887 +04555555558 o0a0s0e0s 0040000409
De307R56451,0,h52L45135 40652145155 104347085LB5L40e0,0.0:0400
Talye

D PR 26 ARG 0L THRZAGTA,0.5€AB0089,0.4786206710

0423 926AR6,0, 0.0 Tado

0,171324492,0, 36076157 3y BobETO13935,0.4067923935+0.360761573
0,17132ub02,0.0+0.0¢

Da1270upuths,0,27370539140.301030051 40417959184
Ja3H1A300351,0,2797053914001294849665040,
0,10122853540.222301030440.3537060606,0.352603783,0.362603783,
BeILITOLELGE,0,.22234203 0004101228536/

CLEAR SUMMING VARTABLES
[0 10 I=1,6
SUHLTI=10.0
COHTINUE

HE=ASSIGN [THPUT ARGUHMENTS

LABEL DINTEG PAGE

cogorogo
goopzion
goger110
00007220
goo07130
o0ppazrind
QOon715%0
Bro0Z160
anaoriro
00067180
goonrigo
oocarzoo
no0gaerezio
gpaoar22an
a0a07z 30
ponaraan
300372540
apo0ar2e0
AAGI727Y
GLAC?26E
gooar2a9e0
onoazIog
65007210
pofaziza
Bo007330
0037340
00077350
tr097 360
aooGrivo
0a00v2ad
DABCT Ig0
aNoc7uan
10997610
gnd97620
a0an7y 30
gonersL0
090g74u%4
0oan7e6h
08d0 770
naapr?4ag
Loar7a9d
DDC47SE0
paodrstd
pgeLznan
0000730
Daon7sL0
quoe7ssn
Qoag7sE0
00007570
poog7sed
00007594
00007600

Figure D.11a = FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE DINTEG
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8/1

7140 01

53
54

55 .

56
57
58
59
60
61
62
63
et
6%
66
67
6A
69
70
)
72
73
Th
75
76
77
78
79
an
a1
az
83
.1
85
85
a7
aa
a9
54
91
92
93
b
9%
96
97
EL)
99
100
101
102
103
104

02=-15=75

[+ X417

oof

290

Ha0

30

GO0

L1}
50

o060

(3 X1 21]

23.097 SUBROUVINE DINTEG
Y = MHY
NP & NNP
HP & HHE
COHPUTE LENGTH DF CELL STDES

YN = (X2Fe¢X1PI®0.5

DELX = #2P=X1P

HJELX 3 LELF¥D.5

DELY = (Y2P~ViP}/FLOAT{HY)
HOELY = CELY20.5

RJACOE = HDELXSHDELV

FORH SAHPLE FACTOR FOR M

00 20 I = 1.NP
SKII) = SAHPLE(NPo I} HOELXoXH
CONTINUE

FORM SAHPLE FACTOR FOR ¥

DO 30 T = 1,4P
SY(I) = SANPLEIMPSTIICHOELY
CONTINUE

FORH GAUSSIAN WEIGHTS

L3 50 I = 1.NP

DG 40 J=1.HP

ClIyJ) = COEF(NPLII2COEFL{HP oJ)
CONTINUE

CONTINUE

INTEGRATE IN STRIP ©F DELX

L0 9 T = 1,NP
Cosy = sx(I)
SInk = SCPT{1.0-COSX>COSK)

INTEGRATE ALCNG Y

VM = V1P = HDELY
G0 B M = t.MY

YH = ¥H + OFLY

00 740 4 = 1.¢P

PHT = SYlgr+vH

CALL SInCO%(PrI, SINPHI, COSPHIG
FAGTOPE SIMUPSINTN®COSPHICCOSHOCOSTN
LRGSKASSCRTI1.0«FACFORPP2)
PHIP=ATAN(SINROSINPRI, FACTOR)

CALL SINCOS ¢PHIP, SINPHP, COSPHPY

COSPSI=COSPHTSCOSPHP@SINPHI PSINPHPSSTNY N

LADZL GINTES

Jopo7ai1d
appd7&22
00C07&30
BDO07ELD
0gpaiesp
Q0007€50
g0007:70
0500708
60007690
pgaovzoo
gpo0a7rig
aapo7720
08037730
(G0077%60
gcperzsg
anno77e60
poogzrvn
GCO07700
Qoon?730
Bsoazalo
00007R10
gggo7nza
96007330
e00a7340
pcoarasg
g0057Aa60
0nou7H70
gcacznan
06007099
00007900
geopzain
pooo?g20
ga007330
00006790
00007450
600079€0
pooeza7a
DR IFE T (]
05087930
oo%uacng
goagacl?
goooapna2o0
0n0eA0 30
0000”040
pogcsalso
O0NALRT
0co0auz0
00068080
¢eoon090
06000150
800008110
a00a8120

Figure D, 1Tp ~~ FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE DINTEG
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T3146 01

105
136
107
128
108
i1
111
112
113
114
115
116
117
118
1149
120
121
122
121
124
12%
126
27
128

JA|

. oo
rwﬂﬁ 41004 0l |
A wova VNN

02~15~75

oon

[=1z N g}

L St e b it T - oo

1]
70
80
aa

100

L ol

23.097 SUBROUTIHE DINTEG

SINPSI=CCSH* (SINPHYI*COSPHP=COSPHI®SINPHP*SINTH) »
SIMXYCOSTH*SINPHE

P2C(I+JI*CNSE LAHRDAIITYPE,ARG)##2
SURTEI=SLHIBIF *
SUM(D)ISUHIS) +P*COSPSIee2

SUHTL) aSLHIL ) +PBSINPSIBR2

SUNIT) sSUHIZ N +P* ICOSPSTI** 2 *(SINPSTI®*2)

SUHI2) aSLHLIZ ) eF* (STHPSIv® 2} w2

CUBLI) sSUHI1) +P* ({COSF5Ive2) ve2

FORH PARTIAL SUHS

CINTINUE
CONTTINUE
ConTInyE i
CONTINUE

APPLY JACOBIAN

GO 100 I = 146

SUNLI) = RJACOB*SUH(I)
CANTINUE

PETURN

END

LABEL OIKNTEG PAGE

60000130
ooc00B140
popca1s0
0000R160
fungaivo
poo0B180
goona19g
Jecovs2go
ononRZ 10
goooh220
gaaops2so
00B0R26D
0DD0AZ5D
000oBZE0
06008270
ogon4280
00064290
0paos oo
0000A310
ggoca3an
00098330
060808340
00008350
Q0008360

Figure D.11e — FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE DINTEG
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TAlLks 01 02=15-75 23.099 SUBROUTINE DIFFER LABEL QIFFER PAGE

1 COIFFER CUBROUTINE CIFFER 0008A370

2 SUBROUTINE DIFFER Doanalan

3 c THIS ROUTINE ESTIHATES YHE HEASURED SCATTERING 00008290

4" ¢ COEFFICIENTS B8Y THE SO=CALLED QIFFERENCE ¢o00BLED

5 ¢ PFTIHOD. THE FSTINATES APE CCHPARED WITH 'THE ATTUAL 0005R410

6 c COEFFICIENTS AMD THF STATISTICS ARE ACCUHULATED. poopga4s2n

4 e 05008430

.} COHHDN ZCNE/ WU1S5h. POBSI(1%,9), POBSEL15,9)y PINVIG,9)s SCI9), BO0RALLD

q L LABEL(10), ATI15), ARU1G5Y, ET{15}, EBR(15), SINTH. COSTH. D000ALS]

10 L xa, ITYPE QLo0BLE0

11 . CIHENSICK SUTLIS)sRRS{9),PSUHIG) ,PRHS(G:} . 060IBLTD

12 LATA LABFLS VY *+*HH "y "VH *y'YVHHR ®¢ "YUHHI %« 0CDPRLBD

' 13 & *VVYHE Y, *VYUHT 4 "HVHHR *y "HVHHI *3*FOHER */ ) GE006490
. 14 1085 = 1onS+1 poooacon
. 15 c COMPAPE HEASLPED AGAINST EXACT 00008£10
16 00 10 I = 1,2 poooAs2z0

17 EFD = W{I}/PCOSI{I.I1-SCEI) . go0rRsan

18 SUMIIY = SUMLI) +ERR gl0pass0

19 #HS(1) = RHZIIV+ERP®ERR . 02008550

20 10 CONTINUE . BDY9RSED

21 6o 20 I =& 9 . 0ONOREZD

22 It = 2¥I=c 00qeRED

23 FPR = {HlII}=WIIT1+1 M) /2.0/PCBSILII,ZI=5C(E) geoons9g

26 SUMCIN = SUMII)*ERR 6600BE0O

25 EMst1) = AMS (1) +ERR*ERR 0000AEsD

26 20 CONTINUE afo0aE20

27 RETURH goooRe3a

2n ENTRY DIFSHOW ORODAELQ

29 4 SECONDARY ENTRY 0GHIAESD

— 3t €0 30 1 = 149 00 BE60
0 31 fUMLTY = SUMIV/IQBS Q0008&70
o 32 PLLA{I) = 10CL.O%SUMITI/ZSCHID) (DELEIA L]
1 IFCINBS «LT. 2F GO TQ 25 D0CNaF9g

3. FMS(TY = SARTHAASIRNMS{I}/I0BS~SUHIII*SUNLI I} Qoocazoo

35 FEMS (LY = 100.N*RHSIEN/ZSGLY) B0O0CRT7YQ

36 25 CONY INUE 00008720

37 30 CONTINYE 62004730

3Ia WRITF R, 10000 O3Sy (LABELCTIsSCLEYSUMLI) «RHS(I}, 00N0A7 LD

39 L PRUMITIFRNSIT).I = 1, 040318750

L1 1000 FOUPHMAT(Z/1¥,*STATISTICS FOR YHE OIFFERENCE *o 000CB760

L} L "HETHON NASFN OH*4The* OISERVATIONS®Z/ 0Naoa?7a

uz L IXo*SCAT COFF* 430 VALUE" 48X, *HEAN® yIX o *QHS ", nonagreq

43 L 7X Y ZHEALS SN " 2245 S/ 90008790

" U (12X 86, 2% 3E12.342F42.30) ¢ngasson

45 c CLEAR SUHBHING VARIABLES 4 00008819

4t L0 40 T = 1,9 \ 0000AA20

7 SUM{I) = 040 00008R30

Ly _ FHSII} = 0,0 . 00008840

“3 [71)] CONTTHUE LDETEELT]

50 1085 = 0 00058860

51 PETURN 00008870

52 END 00008880

Figure D.12 — FORTRAN LISTING FOR THE
. SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE DiFFER
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02415=-75

CIDEAL

OO0

ooOoNan

10

20

=

23.3u0 SUBROUTINE IDEAL

SUDPOUTINE IDEAL

SUBRCUTINE IGEALLIPIN.PCTY
THIS ROUTIMNE PREPARES AN ANTENNA CQBSERVAYION RATRIX
AnD ITS ©OW SUH3 FOR THE ANTEBNA A4S PREVIOUSLY
SPECIFIED BY SUQROUTINE ANTENNA *

COHHON FOHE/Z 4H(15), POBSI(15+9), POBSE(15,a)y PINV(99Ys SCEDe

LADEL (187, ATUS)¢ AF 1Sy BT U150y QRI15), SINTNy COSTNs

KAy TTYPE

DIHENSIUKL PIN(9)POTCLGy1)

PIN=VECTOR CONTAINING #ATTERN OR PATTERN AND SCATVER
COEFFICTIENT EFFECT 1YW e23HHy 35YH 43 ViHRy SSYVHRI
E2YUVHR o 7SUYYHL o8 SHYHHR g9 =HVHNT
POT=VECTGF CONFAINING HEASUREMERY GOHPOFENTS
H =5UM GF ROW ELEMENTS IN POT

IMITIAL SOME PARAMETEPS

00 10 I=1,15
CATS5.B=ATL(I)
CaA%=1,.0=-AR211
CRr=2,0*50RT(CATAT(I )
SRR zZ2,0*SORT(CAR*AR L))
SP=SRT*SRA/2.0
COSER=CrI(BPILIN)
COSRT=COSATIINY
SIMAR=STHEGF (I}
STHOT=STHLRTI (I
COMPUTE THE HINE CONYRIBUTICNS
POT{T+1}=CAT*CARSPIN{L)
POTLE 21 =AT () en{E)*PINL2}
ENTL1,3Y=(AT (I CARSAP(TI}SCAT+

CR*CCSIBRITI=-BTUIINIPPING DY
FOT{T+6) SSR*COT{aRITIBTIIIIPPIN(LY)
FOTE145)==CKeSIN(QRITINT LTI ®PINIS)
POTHI 6= {CAP®SRT2COSBT+CATPSRR*CASERI®PINIGY
FOT LI 7= (CAR®SRT*SINAT¢CAT*SRA*SINGRI*PIN(Z)
FOT(I+B)=(AR(II*SAT*COSOT+ATLI} *SARSCASBRISPINGG)
FOTII 9=« (AR{TISSRTI*SINBT+AT(II*SRA*SINARY*FIN (T}
COMBPUTE THE TOTAL OBSERVATIONS

CONTINUE v

00 20 I=3.1%
Hil}=0.0

CO 20 J=1,9
RIIYAaH{II¢POT(IyJ}

CONTINUE

PETUKRN '

END

LABEL IDCAL

Dooonagl
¢00008300
0000D3L0
fopoasze
000043230
peo0assn
00008950
Ge008960
000083740
Goo0a9u0
goooasap
o0gococan
oopBoacLo
Go009629
00c09030
Doot99Lup
60009050
0009060
go009070
ca00%e60
cooeeeso
00009160
gpodgi1a
goon9qi2e
0000913¢
DGl 91LD
00029150
BEBO91E6D
00009170
000091480
0n009190
oooo9zoo
gnpr9z10
ggdo9220
ap003230
goo09zun
0p009250
Da009260
60R0=2270

poc0s280

000092340
goocsion
000093190
G6Eo09220
60009330
00099340

Figure D .13 = FORTRAN LISTING FOR THE

SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE IDEAL
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02=16=75
CSIGma
.8
[ 1
¢
5
&
- &
t
1]
c
[
c
c
c
C
10
R
20
14
L
t
25
30
40

23.10% SURROUTIKRE SIGMA

SUDROUTIHBE SIGHA
FUNCTION SIGHAII .8
DIKENSTION Claen)
DATA TEN, DEG /1040s 0.0174532925/
LATA ((CUIsd)euz1aB)oi=t,00/
“0,1E2hAE=02, 0.L1799E=-01s =0,39750E 00, D.16080E @1,
=0.1722Rf 01, «C.41559E 01, 0.13382E 01y 0.16117E 024
~0,22606E202, 0.59789E~01y ~0.59855€ 00 0.2711HE 014
-0.47098E 01, -0.11435E 0i, D0.50802F DO, 0,16:36E 02,
B.0 s 0.0 s ~0.4HAG?E-G2, 0.75403E=-0%y
~04+34650E 00y 0.39102E 004 ~04u7384F 00, =B.£1964E D2y
0,91318E~054+ ~0.39295E-03¢ 0.629€4E=02, ~0,u4B57LE-01,
0.19650E 00y ~0.63108E 00 0.51675€ 00+ 0.2R7L4E=02/

THIS POUTIME COMPUTES SCATTEPING COEFFICIENTYS
CF FIVE XINDSy I=132¢3,445+ CCRRESPOUNOING TO
UV EH it HE CUVIHHY 3 TRAGIVYHIY, THE REMAINING
COEFFICIFNTS ARE ASSUMED ZERO,

A = BITEN
G TO(L04+10+50425,20,00,404404400, I
IFCI aLTe 3 ofHD, B LT, 12,07 I=%
SIGHA = (CLERT{CeL 132 A¢CLI 211 A+CUL313%A+CiT kb1 o0
L1458 A0 0T, 61 ASCIT,7Y) TA4CIT (B3} /TEN

SIGHA = TEN®®S5IGHA

PETLRN

ARG = CLUCITEGIa.1)%0eC(n, 2 A+C(0s3)) %A%

Ll ud JoheCln 501 %A8C 4,601 9040 {0,702 %00 (4,8)) *DES
SIGMA = (CCUECICILa10%A2C (142025040 (143003045 {1 0] )"0
CL14S 12240 {1,611 %A¢CIL, 7} a+CIL+8))/TEN

IFtO JLT. 12.0) GO T0 25

STCHME 3 ((LLUGICL(2,13%A+C{2, 201230025301 %A4C12 L)) %00
CU245108R84CI2460 1 A4CI2,7 13 %820€2,0)) /7 TEN/2.0¢45IGHAZ240
IF{] .GV« 4t GO TO 30D

SIGRA = (TEN®®SIGHA)N®(COSLaRGY)

RE TURN

SIGMA = [TENP#SIGHMAY *(STHLARGY)

#E TURN

SIGHA a 1,0E~02 = 1.836T3uE-04%A%3

RETURN

FHD

\

LABEL SIGRA

000093580
00G09360
0000937
40003280
Do0G93q0
00009400
10009410
00069420
00009430
[ T ]
neae9Lsn
00009neD
000094740
Qcooyuad
pog09490
goocasen
040014510
apooes 20
80009530
ag0d9cut
onanacsn
00009<€D
ooosas 7o
00009%40
001005540
GUG09EGO
0000910
00aes620
0G0de6s 30
00009F 40
00DN09FSD
0000960
00on3670
B00GI6HD
60009690
0epa9700
0u G710
6000g7 2R
Boo0ae?3n .
00009740
00009750

Figure D.14 — FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE SIGMA
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[
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[

€

c

c

c .

c
80
]
[
]
]
&
3
[
4
3
&
&
&
[
4
4
[
[
.1
4
4
s
4
&

c

C

€

c

C

C

C

=

c

14,309 SUBROUTINE SOLID

SUMRQUTINE SOLIT
SUBROUTINE SOLID IFC!.Hl.HNl.KZPaR&PuHHlnNHPnsuﬂi

THIS RIUTINE EMPLOYS A DUASSIAN LEGENDRE QUADRATURE
CINTEGRATION) PROCEDURE; INTEGRATION OVER ¥ SEGHMENTS
ARE PERFQRHED AFTER TRANSLAYION TO (=3,8)Xt=1s13,
X2PaX1r = UPPER AND LOWER LIHITS ON %

NNX = SEGMENYS IN X

KNP a “EGHEE OF PRECISION IN K ]

DIHENSIO| SAHMPLE(B4B) ,00EF(B,8),5%{8),0(8)

DATA ((SAHPLE{IJJ)1J=1.310|°2lall-ﬁ 577350269:0,577350209,
0,02040:0, 000-040 0s0,.82

wf), 774596569 0,0,0, 774596669.0.0.0,0an Ge0:0s040s

"y 861136312:-n.359981064-0.339981044.0,8611363121

0,0:¢0,0,0,040

wD, 9061?9846.-1.536a5931o|o-un0.538469310-0-°0017984a|

0,010,19c042s )

an.932467514,-u.¢ﬁ1209aﬂe.-n.238619186.0.238619186:9.661209396.

D.9324A951490,73000

n0,949107942,%3,743931485,90,405B845154,0,0,0,40584515¢,

0,741%31185 ,0,94%407922,0,0¢

g, vanpaausa,-n.7966664?7.-0,525532410.-n.133¢3¢6¢2.u.183434642.

0.525532410.0 796606647740,9602089856/

DATA :ucnerll.r) Jag, BYe12248) F1,05 1,0, ©,040,020,0s 2,0.0,0,

UIUI

04555555556 +0,888A89089 ,0,555555556 30,000.000,020,0240,0,

0 0.34785405110,652145155 50852145155 40, 347554551-u.o-n 010+0s
0

u,gsaagaaas,u.a?aagesva.a.soeeaeanv,o.awaaasaru,

0;236926185‘U||n (L] ﬂ 0

L 171324492;0|1647615f3|0 467913935,0,46794393%,0,360761573,

$,171324492,0,040.0«

o.129434956.n.27910539:-0.381530051.a.41795918

Dy38183005420,27970539210,129484966,0,09

0 101220536|0.22336103410 513706ﬁ46.o.362683783.0 362683783,

031370664640 .2243&1034;0.1012285361 .

CLEAR SUHMING VARLABLE
SUH & 0.0
RE=ASS[GN INPUT ARGUHENTS *
HN & HIA
H = MA .
NX ® NyX
NP B NYP
COHPUTE LENOTH OF CELL SIDES

DEL¥ A [X2P=XiP)sFLOAT(NX)

LABCL 50LID  FaGE

aooosnzg
poogsEve
000056900
0000690
00084920
00006930
oaoDo940
00006950
05004940
Q0004970
00006980
00004990

* 00ap?000

ooon70%0
poco7ozo
o00o70s0
60007040
a0aazoso0
0gaa7onp
gooa?oern
00007080
ao007a%0
6a007100
ogonT11g
oopoo7Ldg
90007130
00007140
000971%p
DouaTL60
oooo7L?g
000071860
neoo71%9¢
00Go7200
pooo7240
onoa’22p
goQu’asg
poan724p

gaonrzon

00007260
00067270
00007280
00007290
goon’3ag
00007310
00007320
qou07330
00007340
640007350
60007340
poooz73aro
60007380
appo73vo

Figure D ,15a — FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — SUBROQUTINE SOLID
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A

17674 01 03e26.73

c
c
c

aaa aan

aoo0

20

30
40

16,339 SUBROUYIRE SOL1D
HDELX a DELKaD,D
FORH SAHPLE FAOTOR FOR X

DO 20 1 a .09

SX{1} a SAHPLE(NPs]ISHDELX
Ci1} =2 COEF(NP,I)

CONTINUE

INTEGRATE IN BYRIPS OF DELR
%H & KiF e HOELX
PO 40 N4 = LihiX
KM 2 ¥4 + DELX
TRANSFORY TO cHLL (=3;1)
DO 30 1 a2 LaNP
X m SX(1}exH
WNSIN a HHaSOQRT{3,0=XaX}

FORM PARTIAL SuHS

SUH = SUHeFCT(H,HNSIN}aC(1}
CONTINJE

CONTINJE

SUH = 0,5eNELXeSUN

RETURN

END

LABEL, 50LID

00407400
ao007440
00007420
80007430
00007440
0007458
apo0n7460
gaoogr4ro
onacrsng
0007474
aooo07s00
60007540
0060?7520
oonorssa
09007540
000075%0
00007560
00007574
4006075480
n00g75%0
0ooars0n
000074610
0ooeT620
0eop7850
00007640
00007650
gono7é69
0eon7s7o
nocov689

Figure D.15b — FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — SUBROUTIME SOLID
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T7874 01 04220e7%

O 0B O A5 e T RS

.

16,390 SYUROUTINE LAMBDA

ELAHBDA SURRGUTINE 1, AMBDA anoar4%0
REAL FUNCTION LAHHEA (MUY 0000?7700

c 20007750
c H 1S A7 {RTERGER WITH VALUE 2,243, OR & 60007720
c NEPEIDING QN ANTENNA TYPE, . 60007730
[+ 00007740
¢ 00007790
GO T0 { 400:200,300.400 YaH ag0e7760

t a0007270
c . H = 1 ILEANS ANTENNA TYPE g «1/2, . 60007780
c 00007790
200 1F f ADS(UY LT« 24Ew2? ) GO TO GO0 ] . 00007660
LAMBDA = { SINtU} /7 U jwe2 00007810

RETURN 00007820

c , ao0n07esg
c H & 2 HEANS ANTENNA TYPE g 1, . nooB?a40
c nGao7asn
200 LAHBOA » (2,0 » BJiXOXIU)}ea2 . ooon7680
RETURN . aD0eITaYG

c ) . 000976880
[ H = 3 MEANS ANTENNA TYPE » 3/2, 20007890
[ o - fpaed7eon
300 IF € ApS(Y) LT, 1,E=27 ) GO %0 600 00007910
LAHBDA ™ ® ( 3,0 7 { U = U ) & ([ SIN{UY/ U ) » COSIU} )ifa? 6007920
RETURN 00007939

[ : . no0a7940
c H a5 4 'EANS ANTENNA TYPE s 2, aoad7euo
4 40007060
400 IF { ABS{U} ,LT. i.Ee27 ) GO TO 600 00007970
LAHMBRA u { B,0/¢yeli} o ¢ 2,0 9 BJLXOX{U} v BJZEROLYI)Ia0Z onoo7980

RETURN 00007990

400 LAKGDA w 1,0 80008000
RETURN 00008010

END 00008020

iR

B

SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE LAMBDA

Figure D,16 — FORTRAN LISTING FOR THE

»
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981

V7374 03 0302573
CBJZERD

OBV SR

O Qo0 aaaa

ana

100

16,391 BUBROUTINE BJZEROD

SUBROUTINE BJZERQ
REAL FUNGYION DJZERD(X)

" COMPUTES THE BESSEL FUNCTION OF INTEGER OADER ZERQ,
USES A RQLYNOMEAL HETHOD,

RFAL ¥,T1,72

cuecg TO SEE WKICH APPROXIMAYION 1S NEEDED,
ggxe
IF U X .51, 3,0 ) 00 70 100 .

TL v 333333353 » X

i o TiaTl

BJZERD 5 {((({,0002200 * T4 = ,0039444)aTL & ,0444479)07T4
*  3163066)0TL & $,26%5208)a71 = 2,2499997)0T7L & 1.0
RETURN

X » 3;0

74 = 3,0/ %
BJZERQ & ({({{,000144765T1 =,00072505}aTL o ,0013723776T1 =
1000093121073 -,0552740)aTL = ,00000077)aTL ¢ 79788456

T2 o ((100(00p135590a78=,000293330714,00054129) 4 1+,00262573)
471w, 00003954)0T1=,00003654)8T1w, 04164397 )0 1w, 705398160X
BJZERO ®» BJZERD @« CDS{Y2) / SGRY{X)

RETURN

END

LABEL BJZZRO DPadG

00008030
20008040
00008050
00004060
LRI EDES
pooD8pan
oopodovn
aoooBsag
0poo#110
Dogod1ag
hIDELER ]
00000147
000DR15g

- aoponisg

DOGOB170
gopoB18g
800608190
agnoB20gQ
noppe21g
nopoA22g
00008230
00008240
0oppB2sq
0000b24Q
ooopBaTY
nopnBausg
neopeagve
poooB3og
00008340

Figure D,17 ~ FORTRAN LISTING FOR THE

SCATTEROMETER SIMULATION PROGRAM = SUBROUTINE BJZERO

F e s - JEOS.
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FI0TY B2 Da¥aa?3  40,p02 SUBROUTING BJLxON LABEL BJsdii  PaaR

481

CAJLuOY SUBRDUTINE B.yudy geoa8sas
% 40 FUNCTION BJLx0% () 009332
3 JF{Y (G5F. 3,0} Gg TO 10 80096340
r e 00004356
E c 0 ,GE, X LE, 3 00008363
3 e 00044370
i ¥ o ;3333333330 aeoaulse
8 ¥ o Yoy 000393%0
g BJLUOX = {00!, 0000110608%=D,0003176430Y0,00443335%)0Ve 00808400
00 T B ,03954209)e¥,2109357310Y0,50240085)0Y0,9 LIERETIN
it HETURN 88008424
12 > 00008430
13 c % 467, 3 gonodaag
L8 ¢ ae0eH450
19 il ¥ oo 3,140 A 0000assg
16 RJLXON = ({€{tw,00R200330Y0,00113653)0Y0,0024983)eY¢ 00006479
7 2 y00017105)8Ye, 01659687 0Y0,00000156)0Y+,7978845% DT EELR
18 BJ1X0% a BJIIRON/ (N0SIRTN)Y 0000R490
PR 2 a (6t{{n, 00029268075 700079824000,00074348)pYa 000045340
20 2 10063787910V, N00E5650 10y 1249961210722 ,35617944%0) 46006514
2 BJL¥OX o BJLROXOCIT(Z) 30008520
22 HE TUAN 40008530
23 END 40004540

Figure D,18 — FORTRAN LISTING FOR THE
SCATTEROMETER SIMULATION PROGRAM — SUBROUTINE BJIXOX
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SCAT STUDY FOR VIEW ANGLE OF 10.0 DEGREES

et s e e

ANTENNA PARAKETERS
TYPE 14 ®IOTH GAIN CROSS RELA
tBEG) [3:1:}] 1081 PHASE ARAY BHAX
f.0 1A0.00 1.02 L5451 -40.00 a. ~13.00 Be
SIREP TmMETA - HEIGHTS FREGISION
1 B.0 O0.ALEF=0A (.691E=13 0,154E~10 [at58E-10 O0.847E~0B 0.849F~08 4
2 RS 0,E5LE=07 (O.b4198-11 OG<385E-02 D.3B9E=09 0.658E-07 (D+662E~07 &
3 940 CLEIEE-0H Be162E=10 0.1125~02 (Q.3l10E-00 0,637E-06 0.6386-06 &
69,5 Qe I41F~04 QaBAREE-10 D.29iE-07 0.292-07 OD.341E-04% 0O.341E-04% 8
5.40.0 O0.1D04E=-0Y (0.240E6-09 C.910E~87 Q.Gt2E~D7 O.104E~03 OQO.104FE~03 ] r
6 105 O0.356E=04 0O,T41E=10 0.20880=-07 0.ZH0E=07 £.354E-064 0.354E=04 8
7 11,0 J.E6BTE=06 D0.121E=10 3.102E=0F Q.103E-08 Q$+608E~06 D0,680E-0E 8
B 11.5 0.755E=07 DBe?73E~td D.3326-07 0.33LE~09 0B.750E-07 Q.762F-07 ]
9 12,0 D, 103E=07 O0.330E~13 JT.326E-10 0.126E=10 Q.101E~07 O0.3101E~p7 6

Figure D,19a — SAMPLE _UTPUT FOR
SCATTEROMETER SIMULATION PROGRAM
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68l

I0EAL anTEwns HEIGMTS AND POWER

HEAS/COEF vV

Be4363E-51
t.
G,
d.10858-01
C.1084F 01
G.1038E~01
0.104hEmO2
01.2172€-0%
G.2172¢-01
De2172E-01
D.2172E-01
L%
a.
g.
2.

HEAS/CCEF vy

N O SO A D e

0.0331€ 0D
9.

0.
G.20R3E QP
G«2081E 00
0.2Cn3F Qg
§.2081E OC
Tetlby. ™0
10,4165 Ou
f.L1E5E 00
D.LLESE QG
a.
O
9.
G.

Hu
0.
Puu3In3IE-02
O
0.1836E-01
0.1086E~01
Oe3D96E~04
0.,1C06E=D1
Q.
[
G
e
B.2172E-01
C.2172E~01
De2172E=-01
0.2172E~01

HH

B
0.033iF 00

d.
0-2083E OO
g.20a3€ G0
t.2a83g 6O
0,7013€ @O0
.38
B
9.
0.
0.04165€ 010
D.416%€ Q0
Get1B5E 00
D.u165¢ 00

HATRT:

DELTE MELIGHY

VH

[

Ge

Dabiu3iE~0%
B.1793¢ ~aC
Q1733714
Ge17Te3<10
De17M43f~10
Ds2L72E-0¢
Be2172F=03
D.21725-01
0.2172E~0"
DeZ172E=01
Ba2L172E~GL
Co2172E~D1
Be2172E-0 .

vH

0.
e
0,2521E-07
DetQttf-1t
0,t041F~11
G.10LLF=11
Dei1BULE~11
B.12h1F-02
B.12RLF=12
Bel261E~02
B.i263€6-02
0e12615~02
De1261E-g2
Fel2htF-n2

VUHHR YyHHE R YUVHR

0. 0. O«

L 0. :

0. De 0.
J.21FZE=-02 0. N.u3095-10
~1.2177E%0i =0.6309E-10 Q.
D.2144E~510 (CGe2172g-01 1D«
~GW30LAE-DG ~0.2L72E~01 O

0. 0. fou3eIEit
G 0. B h3uZE«{1
Ca Oa O« t2BTE-LD
2. 0. 0. u331E~LD
0. D. 0.

L n. [

0 [ 0.

0. D 0e

PLWER HATRIX
VVHHR VVHHI VYVHR

HY b. 0.

B I D.

D LI 0.

teu165E 00 0. Bet230£~12
~0.416%8 Q0 =0.,3753e-41 O,
Let1122+0% 0.,1691E-02 0.
“1.5731E~08 ~0,1091E-02 D.

te 0. D.L2EIE-0R3
0. 0. 0. u263E~03
0 [ 04209612
G. Q. B 4y255E~12
De. Be e

Be 0. G,

0. O L.

Oa {a Qs

J+12618~02

Figure D.19b — SAMPLE QUTPUT FOR

VUVHT

~06309E~LD
3.
L.
0.
~0.8610E+10
0+634,3E=-31
-0 6343E-01
0.
[
nl

=Bab230E-12
0.

0.

0.
-0, 0660E-12
T.42E3E~Q3
“De42EJE-0I
d.

b

B

ﬂl

HYHRR
G
Be.

LR
8.4309E=-10
0.
Ds
0.
0.
0.
ﬂ‘
R
Deb3GIE-DE
-0, 4343E=-01
0.~267E~10
Ga&331E~20

HYHHR

O«
L
Os
B.u230E=-22
Bs
0.
G.
0
0.
[
O
G.4263-03
“ ,4263E-03
Geu209F~12
Q.42%4p~12

SCATTEROMETER SIMULATION PROGRAM

HMyHHI

.

Ba

be

[
~0,4308F-106

T

O

C.

Oa

0.

0.

U
*5.B6IBE~LD

0.0363E-014
~Beu3L3IE=CY

=0 u230F~12
0.
0.
Q.
G
t.
[
0.
“D.B460E~12
0.42E3F-~03
=0atu?33E-03

POYER

C.4331F 30
C.RJ1IE J37
B.2521E=02
D+4331E O3
Qo230 =}5
G.%19S 0@
Datiauid B2
C.wina’ BO
.17l 03
B.utulf 0
J.6I74E C5
Cawi#2F OC
Ceti74E 20
fe.w1027 CO
Beul¥sE 0D



Ubj

ERACY ANTENWA BEIGHTS AND POMER RETURNS

MEASJCCEF Vv

0 uIJeE~DL
C»10725E~06
D.373RE=04
0.1086E~02
Da.10A2E-TL
B.10RUE=DE
B.1CBLE-O1
8.2170E-0L
0. 2iTIF-51
Qe 21796~01
B,2179t-01
0414718 =00
Ba18735-Du
0.1R7IE=0u
0.5073E~04

HEAS/CCEF WV

N.831€L QD
0. 215 3E-05
Be7178E=-03
9.2040% 0O
t.2075E QG
2.2trqE a0
0.2079¢ 0O
0.41E2E 00
D. 6120 00
0. 41£2E 09
0.41%2E 00
0.2%99E~03
0.3539E£-03
9,4599F =03
B.3599E=-03

BH
0.10495E~06
0.L3inE-01
0e273EE~00
0.10%E~0L
0.1042E=0L
C.10R4F-0%
B.1GRUE-DT
Do1R73E~04
0418710 =11H
D.1R7TIE-NG
0.1073E-04
D.21705~01
G.2170E=-01
0.2170e=-02
B.2170E~01

HH

D.2113E«05

BeaA316E [

0.7174€-03
0.2093E 00
0:2075E 00
0.2474€ a0
0.2573F 00
0+3539E=03
0, 3597F-03
G+1%99E-33
0+3599E-0%
0.%162F 00
0.4152E 00
0.L162E 00
00,4162 0D

Uiy

DELTA MEIGHT

VH YUHHR
De14494E=-03 0,7472E-04
GelbuF-03 G.74T2E~04
Deb328F=0L =D, TLT2E~LY
=0«4313£~09 0,2172E-01
0416345 ~53 =0.21R4E=01
De76472F~04 0.3736E=0¢
07472004 0,3736E=-04
0.2t72F-01 0.
0.21736-01 0.
§.2172¢=-01 O,
B.2L72E-081 Do
0.2572=01 Do
0?L72F=-0% D,
0.2172E-01 G
0.2172E-0L [«
POHER HATRIX

VH YVHHR
G.8a7TF=05 C.i43eC«02
DeB8677F=05 D.1436E=02
B«2513-02 =04.143BE-D2

=0.6366F=17 O0.41658 00
Q.A0T7£-D56 =0.6151E 00
Bets 354F =05 0,7178E-03
D«431RF~05 C.7178E-Q3
D.1251F~02 C,
0.1201F=02 0.
0+1261F=02 G
G.1261€-02 0,
B.1261E=-02 0.
0e1262E~02 (0.
0.1261E~02 G,
D.1261E=-02 0.

VUKRHY
0.
ul

Ba

0.2868E-12
~0.6302E~180

0+2168E~01
-0.2168E~01

0.

Qe

nl

0.

o.

G

'

0.

§.1808E-13
“0.370EE~11

0.1800E~-02
-0,1p88E=02

0«

1

0.

0.

0«

B,

Q=

B

VVVHR

0

uﬂ

0.

D+ 4302E=20
[\

0.

0.

Da.t32¢ =01
=00 LI2LE~D1
0.4269E~-10
Deu3L2E=L0
0.1120E-03
«l.1820E-03
0.1105E~12
0.1117E~12

VYVHR

0.
0.

G
0.4223E-12
0.

1)

138
0.42H5E~03
=D uZHu5E~03
0.&i20E~12
0s4233E-12
0+1099E~05
=1,1099E=0S
0.1085E~14
Be1096E=1y

VYUY HVHHR

0, Ge

O Oa

0. 0.

0. 0.4302E-10
-0 .6309E=10 D,

t. Ge

[ e

2. G.,1120E-03
=0,8613iE-10 “0.1220E~0X
DeO339E~01 G.1105E-32
-0 4339E~08 DeL1177~-12
(e D.4324E=01
={ s 7H35E=13 *04324E~(1
N.3747E=-0% 0.,%269E~10
=0.3747E=-04 OG.4312E~10

YVVHT HYHHR

0. L.

0. Ga

(1 Y L

3. Dah223E-12
=0.42305-12 0.

0. 0.

0. 1

0. 9.1099E-05
=0,8453E~-12 «0,109%~05
Ba4259F-03 0.1085E=-14
=0.4259€=03 0.1096E=14
B. D 42L5e~03
=0 47298E~15 =0.4245E~-03
0.3678E-06 0.190E-12
~0,367RE~-06 0,w233E~12

Figure D.19¢ — SAMPLE OUTPUT FOR
SCATTEROMETER SIMULATION PROGRAM

PYHHI

s Y

e

O

Qs
- .4309E=40
[: 3%

Ge

e
~ReTLISE=L3

0.37L7E«QY
=0 +ITuTE=D4

B
=0.0611E-18
0.6339E=01
~0+43IBE~L

HYHHI

D«

Os

0.

0s
=0.4230E-12

0.

[

13
=0.7299E~15

E.36F0E-06
~0+367BE-05

0.
=0.6453E~12

Q4u259E=-03
=0.u259E~03

POYER

C.A331E QD0
0,8331E 90
0.25136-02
0.9331F 00
0.L295=-04
0.4134% 0O
FauiLeE gn
D.utf2c g0
DauiThi 20
0.4182E 0O
Q.%174F 00
0.6182E B3
D.417LE 4D
B.w%62E 0O
0.4178E 0D




SYATISTICS FpA THE DIFFERENCE HETHOO BASER OM £ OBSERVATICNS.

SCaT Cogs VaALDE #FAKR PMS XHE AN “RES

v D+192F 02 G+276E-02 8.F32E-85 QeD1% 0.

Y Gai92e g2 Geg?£E-02 0,762E-05 Da.054 Bs

WH GoSnif=01 «0,P07F-03 0.L23E~07 ~3.367 G.

VVHHR 8..:25 B2 0.235E=02 B.550E8-08 G.012 0.

YVHKT §.8726=-01 ~0.216E-03 0. 468E~07 =0.248 0s

uyyno 1.4B2F~02 =0.1T73E~0% 0.29%i=09 ~0.176 Da

UVYHT 9.8820+02 ~p.309E-06 0.956E~13 ~0.003 O '
HYHHR 0.,982E~92 =0.173E~06 0.2920-09 P Qe

MYHKHI 0.382r=02 «0,3J09F=06 B+35HE=13 ~0.083 0.

STYATISYICS FO8 THE MATRIX METHOD BASEL ON I CEBSERVATICNS

SCat COEF VALUE MFAN EML LHE AN %RHS

vy 0.:92E D2 0.256F-02 0+ E56E=(5 B.013 Ge
+H Q41975 Q2 b.256L~02 O.es7E-05 0,613 1
WH Te5812=01 =0,786F«05 Ore10E-10 -0.014 O
VVHHR Re192C 02 Qe25hE=-02 B ESBE~DS J.013 0.
¥vHH1 Qa272€-01 ~=0.E62E-34 0.433E-018 -0.076 De
VUYHR 0.%82E=-02 ~0,330€-06 0.109E-12 -0.043 0
VUVYHT G,9822-02 ~0.294E-06 C.B55E~-13 -0+003 D«
Py KNk G.202E-N2 ~(0.359E~(p 0.129E-12 0,004 Qe
HYHN] 0e582E~02 =0.317c~06 0. 1B1E-12 ~0.003 Go
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Figure D.19d — SAMPLE OUTPUY FOR
SCATTEROMETER SIMULATION PROGRAM
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cél

HOKTE CARLO STuDY

APPL BIASz =40.G DS

PHASE BIAS=

0« QEG

STATISTICS FOR THE DIFFERENCE METHOD BASED ON

SCAT CCEF

vy

HH

vH
YVHHR -
T o
VY VKR
VUVHE
HVHHR:
FUHn]

_ VALLE

"04192E 02
. 0.192€ 02
0.CPIE-QY

0.3492E 02
feA72E-01
Be9n2Ee02
P.9825+02
Ca4d2E=-02
0.9827=-02

PEAN

0. 317E~02
D.318E=02
J.106E=-D2
«0,€76E~01
=0.2356=02
0,171E 00
Qe3utF =01
G.162E 00
~N.224E=02

FHS

0s113e=-05
G.119E-05
Be3nBE~0S
B.553E=-01
DeatAE=D01
0.362E 00
0.299E 03
B«3I77E 0O
04359 00

STATISTIGS FOC THE HATRIX MFTHOD BASED ON 150

SCAT CCEF

w
HH

uH
GUHHR
YYHHY
VVVHE
VYVHI
FUHHR
HY¥HHI

VALUE

0. 192F 02
0.197< p2
DeZE1E=01
0,192E 02
Da.B872C-02
0.387E-02
0.342E-02
0.3A2E=-02
U.5825=-02

FEAU

=0,192E-0%
DulSEE-QS
=0+ RESE=(2
~0.E75E=01
=0.c21E~02
0,171 [0
04345E-01
0.163€ 40
=0,83LE~02

FMS

G.222€ 00
D.222E DO
0.226E DO
0o EGLE=DY
QabtYE~DL
be366c 00
04,3992 0C
Be37dE OC
04359 GO

RAKDON AHPL® =30.0 BB

150 OBSgRVATIONS

AHE AN

0.017
Q.017
13.530
~0,352
~2,.701
1739.78¢4
350 .817
653,317
-84.259

QBSERVATIONS

LHE AN

-G.100
0.C82
-14 ,889
=(a35¢
=2,533
1763.189
351.193
1656.123
-84.675

Figure D,19e — SAMPLE OUTPUT FOR
SCATTEROMETER SIMULATION PROGRAM

%RHS

f.000

G. 000
0.005
0285
S1.418
J691.119
L062.HE8
3839.045
3654711

“RFS

14155
1.156
389.728
0.289
51,506
wT04.870
40664069
as3.521
3657.770

RAKDCH PHASE=

Be

0£G6




£él

AHTENNA BITH BIASES CKNLY

APPL BISS® 40,6 O

MEASSCCEF vy

T
N oY~ OVE N

-
W&

0.A%15€ B
Be2s5iE~05
D A0LEE~0S
0.23%3¢ QO
g.2975¢ 00
g.20730 CO
0.2971E N9
de41sle 0O
J.ultlf GO
C.4151E 0O
Oate3FLlf 03
0ull159e=03

» IB72E-03
f.42155=03%
QanliSE~-DY

STATISTICS FOP THE

PrASE pIASz 6

HR

0:.2551E~0%
0.8315¢ 00
0.6011E-03
9.2093E 00
g.207sc 0O
G.P079€ OO0
L2079 LG
D, 4154903
0.8 72€=-03
0. 4015E-02
G 4D ISE-TS
G.L161E OO0
f,L141E 00
Beb151F 00
Bek1fH2E 00

PO
v

B«S6TRE-OF
D967l =05
0.,2913€~02
04 36hE-LT
PeRHTT -3
Euh33RF-1745
Cats13RF~05
De.124LF~02
F.L12365-C2
B-12hiE-52
B+12hig =02
Gai280F-02
B.133GE~52
D.i?61E-02
Delhtie-07

DIFFERENCE METHOD BASTO

1134

FR  HATRIM
VVHHR

J.1601E~-02
GelFDLE-D2
=0.1269E«62
0,4165F RO
=0+4151F 00
Ca717AE=03
d.717p2-03
0.8301E=-02
~0.A3IGIE~-DZ
S.B195E~11
CuR27AE~1L
C.U30LE=-02
=D 4301F~0Z
GeG195E~11
D .HETHE LY

YYHET

O«

n'

Oe
0.1800E-13
“Bs ATGCE~11
p.tdBRE~02
-J.1868C~02
Ge

veeHn

G.1696E=-04
G -4566E=07
0.8511E-05
O« 4223E~12
Y
ul
e
DL u2BTE-032

=0e7LIZE+LT «0.L2ZNZE~0T

D.3776E-D6
~DW37TEE«DY

t.
~0eTUGIE~L]

Oedr7bE-04
~0.377EE=~0n

akw 1 OBSERVATIONS

SCAT COEF vaLUE HEAN FRS ZME AN irig
uy 0.54928 02 9.3170-02 f.101E-05 0.017 0«
- HH 01928 @2 B.31RE=Q2 T1E=06 a.l17 Ge
vh Q. ER§E=01 G« TERE 02 Denl7E~0% 13.534 Qs
YVUHHR C,1i0?E 02 0,236-02 0,:545=-95 b.o12 Q.
YVHHI CeB72E~-01 <04 21RE-93 e 4BHE=G7 ~Be2 4B 0.
YUVRR D.3F2E=-02 Dei92F 0 0.3T0E-D% 1959,587 B
WWYHI e, 86 F=13 0.755E~06 8.852 O
HyHHA 0. 19¢2 00 0. 370E~08 1259600 Be
MyHHY 0.9828~02 O« REIE~03 0.,753£-06 8.852 O«
STATISYTICS FOR THE WATRIR PETHOD BASED ah 1 OBSERVATIONS
SCaT COEF VaLUF PEAN RHS KHEAN LRHS

uy t.1928 02 C,133e-02 9.199E-0% Q.0a7 B
Hh 0.142E &2 0.138E-02 0. E30E-05 Q.9L7 0.
vH G.ERIE-01 BaI74E=D2 Os14DE~C4 Bl 22 G
YV HHR J.1c02¢ g2 0.259F=02 0.564E~GE C.UL3 [
vvHHI B.R725-01 ~D.EB2E-D& {44TRE=QH -0.0%8 1
YYYHR 0s942E-D2 0-493F 08 6.371E-0UL 19635.240 L)
yYuHl V.982E-07 beEGIE-03 01,7550k 8.352 Qe
HYHHR 0.362E=-02 0« 1}3E 08 De371E-QL 1963,164 Qe
HUHHT 0.982E=-02 0,86%E~93 0+755F=06 5.852 e

0.0256E~05
0aLZ2SEE~05
B.5397£-05
0.3114E-0%
b,4256E-05
0.4256E~05

vyung

“F.4z30E~12
O»
'

T»
=0 AGE2F=12
0.4259E=-G3
=~ o4259E~03
0.
=0.81543E~15
De4l04F~06
*0a4106E=06

Figure D, 19F — SAMPLE QUTPUT FOR
SCATTEROMETER SIMULATION PROGRAM

BUHHR

Geu565E-07
0.164AF =06
D« G511E-05
D.L2RIE~L2
B

0.

0.
D.55017C=09
B.3114E~05
0. 42%6E~05
3.6256E-05
0.%Z87E~03
=~0.4202E-03
0.4296E~0%
D+4256E=05

nvnl

~Geli230g=42
Dl
e
0.
“GeBin3IE~1G
BobilWLE~0p
=2.4iGLE=DE
'
~BBu52E=-12
0.u299E-03
+«$.62590=013

S UHELR

0.8 331F
G+N355E

g0
a3

D.28F3E~02

0as3 131K

Q.1295E~

D+41RLE
QL 4lLEf
QoulCEE
0sw03CE
Butin3E
Oabti? 3E
Dub2B0E
0 a090E
Ge4183E
Tahif2E

0g
12
93
1]
]
63
%3
P
9t
a0
]
to
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APPENDIX E
Routine WHERE

1.0 PROGRAM DESCRIPTION

Fortran program WHERE was developed to compute the sampling points for aperfures
having maximum dimensions X and Y, across the x and y axis, respectively. The program

will compute and list (©

@ ) for m=0 and n>0 out to values of m and n restricted by
mn’ “mn

0.9 < cos 6 < 1.0 (E~1)

If the voluz of m or n exceeds 48 the value is restricted fo 48 to limit the storage and

printed cutput to a reasonable amount. The lisiing of the program is shown in Figure E=1,

2.0 EXAMPLE RUN

The maximum aperture dimensions (xo , yo) and operating wavelength (A) form the
program inpuf requirement. These must be dimensionally in the same units, An input
data cord containing these parameters must be prepared in accord with the read statement
and its accompanying format statement,

An example output of the program is illustrated in Table E.1 for an aperture having
a maximum dimension of 1,1760 meters and illumindted at a .02158 meter wavelength.
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GHUEFE

aaaanoada

oapoo

10L0
iSﬁG
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300

LRyl ]

15’

2000

.30"5

ROUTINE HHEWE

CANTENHA PATTTRM FA#FLING SOIATS A3y 4PECIFIEN ¢0R
B PeQTANSULAR MPZTHSF 0F WINATY 3T AND LENHTH YRST.
THE THEQRY T3 325e0 Th GOES TH 23b=1 Y Jo Py GLOASSEN.
WAVELERGTH [LAMICA) N3 APEITUES JIMEN3IONG BUST. BE
SPECIFIED IN Saug uNTTS,

DIMENSTON KRIUBY « THILALABY, PHT (44, 548)
REAL LAMeDA
DATA TrMaX, DEC/D.AS559s 2,08764572926/7

SOECIFIED 2PECTUCE DIMENSIONS AN HAVELENTH
{DIMENSTING QUL AED IN PIGHT~HANIZD COORDINATE
SYSTEY a=¥=7)

QEAD {So1f0%) XNOT.YLOT.LAVACA

FORMAT {TFLT,F}

UATTE (56,1600 VHOT, YhTT, LAMEDA
FORﬂAT£3¥"t"'PLL-uq1¥.'V"'F" .IY,'LAHBD‘"'FLG-bi

"STADLISH VALID JOHlﬁh PE SANBLING
HOT TQ EXCEED A 4A8+b4% WMATRIX

HMAY = 2 O*SIN{THUMAYYSZNIT/LANROS -
IF (FHAX WfT. L) MY =64

HHAX = ?-ﬂ‘SINlThHuxl‘Y{uTILAMB“S

IF INMAX oGTas uB} MME¥=GY

DETERVINE SAHPLIHG FOINTS
HLAR = LBHZGA/2.D

00 18 I=1,4M8x
R a2 I=1

00 1 Jul.MHAY

RH = J-l
FORM SIN(TH=TAIIQJI)

-SINTH = HLAMASOFTI(Ix “IY"DTI°“24(5NIYIDT!"Z)I.;
IF tSINTH 4GE. £.5) G0 72 47

THEY W d) = ATARISINYH/IOTT (4, L=STLTH® ZINTHY) DEG
IF (T «EQs oilDa J oEf. Lt} 50.TC &

PHI(Tyd? = ATAMZ (RK*xNOTFHSYHOTI /D26 .
60 Ta 10
C PHI(Tod? & well
cout'nua

DIS“LQ? SAMPLYING FOINTS

ufy 20 ¥= ivaﬁﬂiﬂ
I3 et
CIF AW W67, hﬂnvl N hHﬂA
00 15 X = T.H
CREIRY = K=1
CONTTINUE
WEITE (6420071 YHOT, ¥YNO0T, LAMBDA, (KXKIK)K=ToHY
FUPHAT (LH1,457,*SA4PLING MATOIY (THTTA, PHII®,
FHNK A "COR . AFERTUNS Y yF1% ¢ Gy® BY*4F12.6¢" AND HuWEL-QGTH°
FLOW G /Y g "M TR 7142
0o 2¢ J—iqﬂFAK
Ho= J=1
“917: [T RA R ] ﬂv|THIJvKl¢P“I(JQKl|K tv
. ERDYET (Iﬁvﬁf‘ariﬂ(th 1y2”: ch.iol"lil
GONTIRYUE & : .
STOP -
0]

~ FIGURE E-1, FORTRAN LISTING OF PROGRAM WHERE.
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