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L INTRODUCTION

When a distant target is illuminated by a coherent light
source, the far-field backscatter intensity is speckled. In general,
there is a constant component and a spatially varying component.
Hence, the intensity measured by a backscatter detector (at the
illumination site) fluctuates as the target body turns. If the target
is a flat surface, a discrete Fourier transform (DFT) of the back-
scatter intensity indicates the decorrelation length for the random
phase variations of the reflected light at the target surface (due
to surface roughness, for example [1, 2]). 1If, however, the body is
curved in such a way that the surface always moves through the same
surface-of-curvature (e.g., a cone, cylinder, or sphere rotating
about the axis-of-symmetry), then the DFT will only yield information
concerning the target width, provided its surface is rough [3].

It is for this class of targets that the present formulation is
developed, and it is pertinent to monostatic laser radar applications.
The ratio of rms intensity fluctuation to average intensity is formed
from the measured data. This ratio is dependent upon the rms random
phase fluctuation of reflected light at the target surface and the
number of decorrelation cells on that surface. For the case where
the phase fluctuation is due to surface roughness, the equivalent
parameters are: (1) rms height fluctuation and (2) the product of
average roughness slope and the square root of the exposed target
surface. Both of these parameters can be uniquely determined if
measurements are made as a function illumination wavelength.

Figure 1 illustrates the measurement configuration. The angle o
is the orientation of the turning surface at any instant. In the
model presented in this treatment, the target's surface field is
assumed to vary from the average in a half-cycle sinusoid within each
decorrelation area cell. The amplitude and period for each cell is
independent of that in any other. The effective phase for each cell
is random with equal probability between the bounds - ¢m and ¢m.

The phase fluctuation statistics are assumed to be the same for all
directions over the body. The decorrelation area AsC = Qi defined

here relates only to fluctuations of the reflected surface field from
the average. It is further assumed that the number of decorrelation
cells on the body is large.

Polarization is not explicitly treated in this report. If the
polarization effect relates to the surface curvature (from the line of
observation), forming the ratio of rms intensity fluctuation to
average intensity cancels out its effect.

The Doppler effect due to target rotation is not included in this
treatment. Although the far-field intensity due to a given point on
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the surface is critically dependent upon the Doppler shift, there is

a compensating effect in the integration of the effect due to the

whole surface which greatly reduces its effect on the overall statistics
of the far-field. Thus, the treatment presented here is valuable
despite the exclusion of the Doppler effect. This, however, does not
imply that the Doppler effect is not important to the spread in the
frequency spectrum of the reflected light.

The present work is intended to be a guide to the understanding
and development of laser radar applications.

il. THEORY
A. General Formulation

A target body which rotates so that its surface always
passes through the same surface-of-curvature is considered. Examples
may be a sphere, cone, or cylinder rotating about their axes of
symmetry. The axis is assumed to be approximately perpendicular to
the line of observation. The distant target is illuminated with
coherent light, and the far-field backscatter is detected at the
illumination site. The electric field amplitude at the detector is

A= Aa + AA 3 (1)

where Aa is the average amplitude and AA is the fluctuation from the

average which occurs as the target rotates. Thus, a speckle field is
constantly sweeping across the detector. According to the Rayleigh-
Sommerfeld diffraction formulation [4], A is related to the surface
field a of the target by

A SR [a explikr - ®)) cos@@,p) ds (2)
S

where R is the distance from the detector to the nearest point of the
target surface, r is the distance to the surface at any given point
(average surface position at this site if the surface is rough), and
cos(n,r) is the angle between the surface normal and the line of
observation (Figure 1). The integration is over the exposed surface.
It is assumed that the integrand of Equation (2) can be expressed as

al(g) F(n,r) ,

S Rl e R, T s et - nre——
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where F(n,r) is cos(n,r) times a phase shift factor related to surface
curvature (a phase component which is due to the fact that different
parts of the target surface are not equidistant from the plane of the
incident illumination field). The al is the field amplitude which

would exist at the surface if the curvature could be neglected and thus
only contains a phase factor determined by the detailed surface
properties such as roughness, dipole irregularities, etc. The a
may depend on the angle n,r in some cases. For example, if fluctua-
tions in a, are due to roughness, then an exponent 2k h(r) cos(n,r)

is involved (h = height from average surface). However, there are
compensating aspects that allow one to assume an effective phase
change due to roughness of 2k hi for the i th decorrelation cell
(Appendix A). The assumption is made that the phase of the cells does
not depend on the surface orientation and fluctuates randomly with
equal probability between ¢m and - $m . Thus,

a, =a_ pexpj¢ , (3)

where a is a real constant representing the plane wave amplitude of

the incident field, p is the reflectivity, and ¢ integrated over a
decorrelation cell varies randomly between ¢m and - ¢m, depending

only on the region of the surface being considered (not its angular
orientation). Thus, a; is the surface field on the surface if it were

flat and normally illuminated.

The terms of Equation (1) are given by

1 .
A~ TR eprkr.[ a;, Fds (4)
and
~" AA = = kR [8a, F d (5)
A = T expj J- al s v
where
a, = <a> s (6)
8




and
dals A i g . (7)

The quantity Aal fluctuates as a random function of a. It is seen that

falaFds=alades " (8)

since ala is a constant over the surface.

The decorrelation cell is defined as the constructed surface area

for which a; locally departs from a .o either positively or negatively

(Figure 2). Thus, the decorrelation cell area is not necessarily
proportional to the square of the correlation length based on an auto-
correlation of ¢. Such irregularity in the behavior of ¢(a) exists

that a correlation of Aal with itself will fall off to an average of

zero for displacement of <1i> = QC. Even if Aal is varying sinusoidally

; " o >
[with higher frequency than ¢$(2)] because k ¢n1(¢m ¢max)’ the

derivative d¢/d% is assumed to vary sufficiently that the period of the

sinusoid fluctuates from one-half cycle of Aa1 to the next so that the

correlation function reaches its first zero at about 2 = EC and then

oscillates randomly with diminishing amplitude. Thus, each "peak"
or "valley" of Aal is held to be independent of any other.

It is important to realize that the decorrelation area defined
here refers to random fluctuations in Aal, however small compared to
as and not phase or ay itself. A reordering of the integration in

Equation (5) is performed such that Aa, runs smoothly from the highest

1
to the lowest value, and F fluctuates randomly about its average. The
number of cells N is taken to be sufficiently large that the fluctuating
F integrated over an incremental range of Aa1 (small compared to the

maximum value of Aal) is the same as the overall average. This allows
one to write*

P
<To be absolutely rigorous, the integral over Aa

1 is not independent

of F. However, the "average rms fluctuation" of-[Aal F ds/<F> as «

varies is the same as that for the integral over Aa1 alone. Since
this treatment leads toward measurements of averages, Equation (9)

may be assumed without error.

9
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-[Aal F ds = <F>j- Aa1 ds , 9)
where
1)
<F> = S fF ds . (10)

S is the total exposed area of the target. A clarification of Equation
(9) is shown in Figure 3.

Note that
N
fnal ds 2 Aa1i Asi ¥ ()
i=1
where Aali is the average value of Aa1 in the i th member of the N cells

and /\si is the correlation area of that cell. The area Asi fluctuates
independently of Aaii about an average value Asc. Hence,
g N
L S = § = . 2
f’\a1 ds /\sC Aal AsC Z Aali (12)
i=1

or, using Equations (9) and (10),

As

fF Aal ds = ]-F ds «55 GAal . (13)
where
N
-'SAal z Aali ¥ (14)
i=1
and
AsC/S =N . (15)

Thus, using Equations (4), (5), (8), (9), (10), and (13),

_ expjkR
Aa DR 2la F ds v (16)

11
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! and
8 = 9%$155 7 sda j'F ga (17)

Therefore, I = g A*A is given by

N 2 1 A
I(a) g <7§ I ].F dsl 'ala + N 6Aa1] 5 (18)

or

2
15 2 2 2 1 ‘ 2
I(a) g (KE) ]‘[F dSl [}la = ﬁ ala SRe Adl + ;E |6Aall ] , (19)

where the fact that sha, + 6Aal* = 2 SReba;. I is the far-field

intensity which fluctuates as the target rotates. Thus, one may write

b‘ I(u.) = <I> + Sll(t) + 512((’-) ’ (20)
where
R ( s e .1 2
<I)—g ﬁ ) FdSl ala+;1~2—<|6Aal| > ’ (21)
2
ST o A 22
SF, =g (AR) I_[F ds| N 31, SReda; (22)
and
1 B el 2 2
1, = & (%) | fF sl ;—E(IéAall - <lssa %) . (23)
Pw"""\"! ¥
Note that, since it fluctuates about zero, <6ReAal> = 0. The

averaging relates to the variable a.

Now, turn to the derivation of SReAa, and |6Aa1|2 in terms of

1
surface properties. First, consider that the fluctuation Aal in the
| n th cell is
da, mS . PeEeXply. -8, P <expj¢>
13
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Thus,
N N
SAa1 = Aaln s p 21 (expjﬁn - <expj¢>)
n=1 n=1
Now, choose the set {¢n} such that ﬁAn] NAAIO = 0, and reorder th«

summation to produce the set {pi} which runs from highest to lowest,

but includes the same values as {¢1]:
X

N
§A: = = g 2XPj - <expj¢> - 24
a9 =0=a p Z (expjo, expjé$>) (24)
i=1
Now, let the surface orientation a change so that ¢. > ¢, + &9 (dha

Yy Y. ' ]

is no longer zero). Thus,

N
ﬁAal - 25 [expj(¢>i + 8¢i) ~ “expj¢*]
i=1

Reordering the terms such that the summation runs from highest ;i + :i-
to lowest (but keeping the same values) and calling this set {7h‘. ‘ZJ]
is expressed as
N
éAal a8, P 25 (expj¢h ~ <expj¢>) . (25)
h=1
Due to the reordering, the absolute difference between Qh and :i (i = h)
is |5¢h| which is much smaller, on the average, than [*¢if. Therefore,
N
= - = i + &¢ - sXp i
5Aa1 6Aa1 6Aa10 a p :L [epr(Q)i 'h) expj ]
i=h=1
becomes
N
(SAa1 ~a p 2{ [%xp]¢i (1 + J6¢h) - <expj¢ ]
i=h=1
or
N
~ j . 26
6Aa1 a p Zi (epr¢i) j6¢h (26)
i=h=1

14
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lse has been made of the fact that the sum over expj¢i is N <expjé>.

Thus,

N
Im \\Aal e 2{ cos¢>i 8¢h s
i=h=1
Im AAal ®a. B 25 cos¢)i (¢h Qi)pos
+ Z cosd (Qh ¢i)neg s
neg ¢
N/2
Ll C0B, = gg B.SeeRgs EE (o pos " neg) :
h=1

where the subscripts pos and neg denote the value for Qh for the h th
cell (positive @i region) and the h + N/2 th cell (negative ¢i region),
respectively. Defining
N/2
Flb B3 EE (¢h pos 5 ®h neg) (27)
h=1

enables one to write

Im 6Aal = a0 p <cos¢> 61¢ ‘ (28)
Also, since ué@h = Z¢h 5
N
[:"= Z ‘:’j )
J=L

where {¢j} is a random reordering of {¢h}. According to the formula

for the fluctuation of a sum of N fluctuating terms, the rms value of
&]¢ over all orientations a is

1/2 4.)

& =
(‘I¢)rms o j rms

15




Due to equal probability of all ,g,]_ < v;;m , the size-ordered array is

ms
the maximum value of d)j in the set of N(a) values which has been

linear, and it is simple to show that (¢])r = q)m/v"L_, where :/m is
averaged over all orientations (all values of a). Thus,
Ly /3 =
(6I¢)rms =N ¢m/ 3 - (29)

Attention is now turned to Re 6Aal. From Equation (26)

N
Redta) = - a p Z siné, o6, ) (30)
i=h=1
Re GAal= -a p <sin|¢|> Z O z 6y >

pos ¢i neg ¢>i

Re(SAal= = B P <sin|¢|> z (¢h pos ¢.)

1
pos ¢
i=h 5
X ) : (31)
neg ¢
i=h A

or

N
= - < o - - < [‘
Re 68a, a_p <sin|¢] 25 W non ~ Thney) O 1
h=1

o
(32)
Thus, defining 6R¢ as the term in brackets,
Re 6Aal .- F <sin|¢| > Sp? : (33)

16
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Now, define a set 0; such that ¢i = ¢h for 1 = h. Equation (32)
becomes

N
Re 6Aal =-a_ p <sin|¢|> zz (|¢i| = ‘¢i')
i=1
Since
N
ZI%I=N4M> ,
i=1
then
N
S0 = zs le;] - n<fol> .
i=1

By forming <6§> and noting that, for the rectangular probability
function, <|¢|> = /372 ¢rms’ it is straightforward to show

=

2 1
(6g9) =N ¢ //12 =5 (6:8) 0 - (34)

Whereas 5I¢ is a measure of whether a particular set {¢h} inclines
toward positive or negative values, 6R¢ is a measure of whether the
total range of {¢h} is greater or less than that of {¢i}. A study of
Equations (27) and (32) makes this clear. Thus, 61¢ and 6R¢ both
fluctuate about zero and have similar rms value, but they are

independent (random with respect to one another).

Therefore, |SAa is given by

1)
| 6aa fz

12 =% p? [fcos¢-2 (6,0)% + <sino]>? (5,00 ] , (35)

and, hence, defining

Beg (A]—R)z l]F T R (36)

17




and noting that aj, = <u[\ = <cos¢> a p» Equations (22), (23), (33),

(35), and (36) give

(81) -B 2 02 p2 L <COS¢>*%1HI¢I‘ S ¢ (37)
1 o N ; R

and

2
(61)2 B a(?; pz(%) {<cos¢>2 [(61¢;)2 = .'((S[q))z».]

<sin|¢|>2 [(6R¢)2 - <(<SR¢)2)]} ; (38)

+

Because 681 = (61)1 + (51)2,
1/2
(81) ypg = [< (61)2 + 2 D, 6D, + (61)‘;] : (39)

The product (61)1(51)2 vanishes upon taking the average since Sp¢

fluctuates about zero and (cSI)2 is a linear combination of constants,

and (6R¢)% and (6I¢)2 which is independent of 6R¢. Thus,

1./2
(0L} on ™ [<(61)i> + <(6I)§>] . (40)

2
To use Equation (40), the expression <[(6¢)2 - <(6¢)2>] > , where §
may be subscripted with I or R, must be reduced to one with known
parameters. Note that

2
(881" = 2 (50)° <(Bh)># <(bg)*> >

Lesor? - <n]

2
I = =(8) s

Appendix B shows that for 8¢ = 6;¢, this further reduces to

2 2
Len? - <o) s = a? - w @B (41)

18
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Since <¢i> = (¢i)rms = (¢m/ 3)" = ¢m/9 for 6I¢, and

(OO 1/2 (80) . (b > |¢i| - |¢i| for 6¢ + 8,¢), then
<(6,0)% - <(6 >2>2 = 16<(5.0) "> - <(8 o ™% - N ¢%/9
¢ ¢ & r? R? %
(42)

Hence, using Equations (34), (37), (38), and (42),
2 3. 4 Af1¥ 2 e
<(1)]> = 4 B" a_ p (ﬁ-) <cos¢>“<sin|¢|> N ¢./12 (43)

and

4
<(6I)§> = B2 ag p[‘ (%’) [(<cos¢>4 + A <sin|¢|>4) (N2 - N) ¢;/9] .

16
(44)
The cross-term 2/16 <cos¢>2<sin|o]>% [(6,0)% - <(6,0)%>11(8;0)° - <(6,0)%>]

has been omitted because each factor fluctuates about zero and is
independent; hence, it vanishes upon averaging.

Noting that aia = ag p2 <costt>>2 and using Equations (21), (34),

(35), and (36), <I> is given by

2
<I> =B [ag p2 <cos¢’>2 +(-:‘¢) az p2 (<cos¢>>2 + %— <sin|¢l>2) N ¢i/3]

or

<I> = B ag p? [<cos®>2 +-:‘i (<cos¢p>> + %— <sin|¢|>2) ¢§/3] . (45)

Using Equations (40), (43), and (44), (cSI)ﬂns is given by

. /)
(1) o =B 82 pz(%) nt/2 ®m//3— {<cos¢>2<sin|¢f>2
2 1/2
. (}13) (<cosg>” + ']}_6 <s1n|¢|>l‘) (¢i/3) (N - 1)}

. or
v 19
4
i
&
t
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5 %

e
1/2

2
(dl)rms = ha,r (3N)

{<cos¢>2<sinJ¢J>2

1/2
+ (<cosg>” + '1£6' <sin|o]>) (¢i/3) (—blg - -%—)}

N

Now,

¢

sing¢
<cos¢> = L3 j. cos¢ d¢ = —n
0 m

and

1 - cos¢m

¢

m

¢

¢m
<sin|¢|> = L j. sing d¢ =
=4

The spread of ¢ 1is * ¢m//ﬁ-, thus, for N 2 100, this spread is

negligible.

Thus, from Equations (45) and (46),

L

ms | (ON) N

m T . 1 AT S
1) S 1 [jcos&’ <ainfe|>" + (ccose>” + 16 <sinle|> ) (@mla) (N - ~—)

1/2

gL <cou>2 + %" (<coso>2 + % <sin|0|>2) 0:/3

(46)

(48)

(49)

Thus, the ratio of far-field intensity fluctuation to the average
is uniquely determined by the rms phase fluctuation = ¢m//§'and the

number of decorrelation cells N = S/Asc . Appendix C presents a

derivation of N in terms of surface properties.

Case Where ¢ is Due to Surface Roughness: A scheme will now be
developed to deduce the rms height variation and average absolute slope
of a surface (where ¢m =« 2k hm) by measurement of (GI)rmS/<I> at

different wavelengths. First, imagine a sweeping through a broad wave-
length band. Whenever ¢m =4 hm/A + m, then <cos¢> > 0 and

Equation (49) becomes

¢2 1/2
1 m 1 1
—= = |<sin|¢|> (~———)]
(GI)rms N1 z J [ N N2
<I> ¢2 4
% <sinf¢‘> j?
20




I A

which, for large N, is
e /3
et o 1 Wk A hom ok ER (50)

Thus, A 4V3 h is the condition on A for which (¢71) /<I> first
1 rms rms

reaches unity as X is decreased from larger values.
uniquely determines hr

This condition
ms”
Now, imagine A is increased well beyond 2 Xl. In this region,

g n/2 (or hm 65A3/8); hence, Qc is given by Equation (C-6) of

Appendix C. Thus,
2 dh g 2
N =S8/Aa8s =S/8° »S <|=—|> /h (51)
c (o dge m
Also, due to smallness of ¢m and 1/N, Equation (%49) becomes
1/2
¢)m 2 ik 2 /
(51) S T <cos¢> <81nf¢f>
'rms (3N)
s <cos¢>2
or
S[)rm§ : - <sin|¢]>
€T> (BN)I/Z <cos¢>
or, since ¢ is small and ¢m =47 hm/)\3 .
4 1 h
Se
(81) 4 1 h Z A
___rms . m 3
<I> N (3N)1/2 1
3
Further, using h = Y3 h and Equation (51),
m rms
(Al)rms 3(4n)2 h13-ms dh
S 173 5 "E‘E]’ Ay > 8/3—hrms (52)
2S X3
21
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An intermediate value of A, e.g., A2, is chosen such that

¢ = mw/2. At this point, A, = 8 h = 8/3 h and Equation (C-6)
m 2 m rms

again yields Equation (51). Also,
<cos¢> = <sin|o|> = 2/n

Hence, for large N, Equation (49) becomes

(61) ¢ 2(3N)1/2 [(2) ( ) (4)(3) ()]

iz ™ 1/( 2
3) v 36
2 N\2/) &)(®3)
or ;
(81) T h
Eme ., _ w2 . WS/ 1o Ay = BV5 B (53)
<I> (3N)l/2 2S1/2 2 rms

Any two of Equations (50), (52), or (53) can be used to solve for
h and <|dh/d&|>:

rms
A A
e (54)
4/3 8/3
and
A SI
<S> - 1:2 2 (( <1§“‘S> ; (55)
s/ <163, at A,
also,
<|i*l > = n? 2 (wl)rms) (56)
. 63 622 23N 1 S
3 3
where Al = A2/2 is the largest value of X for which (dl)rmg/<1> =3,
and A3 is any value of A which is much greater than Az.

A sketch of the behavior of (ﬁl)rmq/fl\ with A is shown in

Figure 4. Calculations used to aid in this illustration are presented
in Appendix D.
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V17/5

M=4/Th,

Figure 4. Behavior of I' = (bl)rms/<1>>versus N. NOTE: The per-
forated line is the behavior of I' when Qm is replaced by a spread
so that the probability density function for Qi does not have a
sharp cutoff at ®m. In the figure,

1/2

Ty =mh_ /(287'" <|dh/de|>)
and
W 5 2 2
Iy e B [1 + ln(Bﬂ_hrms/Ko):l /(4S <|dnh/de|>%y .

N is assumed to be very large.
23




i, DISCUSSION AND CONCLUSION

The far-field backscatter intensity measurements for a
particular class of rotating targets illuminated coherently from the
detection site are indicative of certain surface detail features.
This class includes cones, cylinders, and spheres. If (hl)rmg/'lv
is measured as a function of wavelength, then the surface roughness

; 12 ;
$ = k hrms can be obtained. Also, S / “ldh/dl]: can be obtained.
It is not possible to determine the average roughness slope unless
the exposed target surface area S is known. This may be estimated
from radar cross-section measurements or Fourier analysis of the far-
field intensity (which only yields overall size information for this
class of targets). For a cone or cylinder, S = u/2 Sa’ where Sa is

the cross~-section area; and for a sphere, S = 2 S . Thus,
8 = 1.7 Sa holds for a variety of shapes. ¥

Provided that the distribution function for ¢i is constant but
terminates abruptly at * $m,then, for large N (¢i/3N > 1), the
oscillations of I' as shown in Figure 4 for A :_XO are valid. However,
it is unlikely that the distribution function abruptly drops to zero
for I¢! > ¢m. In practice, the value ¢m should be replaced by a
weighted spread of ¢ about ¢m. For a sufficiently large spread,
<cos¢> remains approximately sin®m/¢m until ¢m » m. Beyond this

point, <cos¢> is very nearly zero. However, “sin[¢|> maintains a
larger value than <cos¢> and no longer has periodic zeros. The
result is that the expression for ' = (6I)rms/<1\ is very much the
same as derived except that I' * 1 for all A < Al.

If the reflectivity p is not a constant but varies smoothly with
% (not random), then it may be "lumped" with F under the surface
integral. Since the surface integral over F cancels out in forming
the ratio, it is not important in this analysis.
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Appendix A. JUSTIFICATION THAT ¢ = -2k <h> OVER A
DECORRELATION AREA CELL WHEN 0 > O AND PHASE
IS DETERMINED BY SURFACE ROUGHNESS

Consider a constructed surface [perforated line in Figure A-1(a)]
which represents the average surface observed at an angle 6. Examine
one decorrelation cell for A > 8 hm (where the surface departs from

h = 0 and then returns). Reflection from the real surface at distance
r_ appears to come from the constructed surface at distance r. The

path difference between the wave from the real surface and the wave
if it struck the constructed surface is

Now,

and

Thus,
P == 2 sin(Ze. = %) = ]
sin(o - 26, - = 3
i 2
or, using trigonometric identities,
- coszei
ot Gpem e cos(26i - 0)

This does not depart significantly from - 2 h except for 6 > n/4,
in which case (for small roughness slope relative to 6 so that 6, = 0),

i
<bp> = - 2 <h>, cosb, (A-1)
-— T "‘-Tr ¥ : '. 'Y '\\" =
27 ; : 1 Ry : ,.
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The Rayleigh-Sommerfield Diffraction formulation yields

A= ?lx ]a [exp(jkr)/r] cosb ds (A-2)
S

where the surface field a is given by
a =a_ pexpljkr +je(c)] , (A-3)

where a is a real constant representing the incident field, p is the

reflectance (includes a factor eJﬂ =~ 1 if the surface is metallic
and inverts the phase by 180 deg), and ¢ is the phase of a at the con-
structed surface due to roughness. Hence, dividing the surface into N
decorrelation cells and using Equations (A-1) and (A-3),

1

A=

N
EE Asi [exp(jk<r>i)/r]aO p exp[jk<r>i - j2k<h>i cosai] cos(},l
i=1

Examination of Figure A-1(b) will show that the intensity of the
reflected light at the constructed surface peaks above the projection
of the cell's midpoint on the constructed surface. Thus, fr>i is a

weighted average and is equal to ro + Ari, where £, is r at the projectec
midpoint on the surface and Ari is a small value. If h is negative,

Ari is positive; and if h is positive, the intensity peaks below the
projected midpoint and Ari is negative. The magnitude of /\ri increases

as h increases and/or cos6 decreases. Thus, A becomes

N
a p
. "o ¥ expjkR :E 3 3
A= % A R Asi exp[JZ(kri R) ]
i=1
- A-4
x exp] ( 2k<h>icosa1 + 2k Ari) cos8, ‘ (A-4)
The effective cell phase ¢i is defined as
¢i ==-2k [<h>i cosei + Arj(ei)] . (A-5)
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Due to the compensating nature of Ari, ®i does not fall off with cos8

as fast as 2k <h> cosf. The assumption is made that for CosOi suffi-

ciently large that the contribution to the integral is significant,
then
¢, = - 2k <h>, 2 (A-6)
i i
Thus,
N
a p
A ‘-jXR expjkR zz Asi F(ri,Gi) epr¢i 5 (A-7)
i=1
where
P(ri,Oi) = exp[jz(kri - R)] cosei (A-8)

is defined as the surface curvature factor.

It is also assumed that the cell slope deviation from 6 is suffi-
ciently small that shading due to height fluctuations is not signifi-
cant for cos6 sufficiently large that contribution to the surface
integral is important.
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Appendix B. EVALUATION OF <(5¢)% > — <(5¢)2 >

Let ¢i be the phase of site i. Alsc take §¢ as representing 6I¢.

§¢ = 2 :,l 5 (B_])

Thus,
N N
2 2
(69)° = z b o+ Z b, &, (B-2)
i s DR
ji=i i=1 j#1
or
N
5 e
0f =N+ > D g by (B-3)
i=1 j#1 :
so that
2 2
< (A’) > = N /@ij. ' (B—l&)
:\’SU,
N N 2 2
4 2 2 2
(59)" = N° <¢ +2No»z o, ¢, + z@ Zo
1] i j
i=1 j#1 i=1 jzl
(B-5)
Thus,
2 N * 2
<(6¢)A> = N2 <¢,i> + 0 4+ < z ¢i - R z ¢j = "
i=1 j#¥l

where the factors of the last term average separately because ¢1 and ¢j'
(j#1) are independent. Thus, using Equations (B-1) and (B-4), the
last equation becomes
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<(s0)*>
or

<(s9)*>
Therefore,

<(6¢)4>

2
N <¢§> + N (N-1) <¢§

2
@ N - N) <¢f>

2
<«n® = w? - m <op>

2

(B-6)

(B-7)

'




Appendix C. AN EXPRESSION FOR N = §/As,

The quantity ¢m is the average of the maximum value of ¢i in all
. 2 : - 1
decorrelation area cells /\si Lci' Let ¢ be piecewise linear so that

the surface field Re ay varies sinusoidally over a cell as shown in

Figure C-1. The amplitude and periodicity is random from cell to cell
For small $mi’ the periodicity of Re al is the same as that of ¢mi'
For large pmi’ Re a, may oscillate through many cycles as ¢i changes
and, hence, £ i is small.

c

Since ¢, fluctuates randomly about zero from - ¢m to ¢m’ then ¢mi

i
fluctuates from 0 to 2 &m

¢ 3 = (1 + 6i) ¢m B LA Gi Eeal - (Cc-

where S; is a bounded, random fluctuation from cell to cell, and the

average cell length is

1
2 =lf 2 ds' (c-
(o 2 e 5
-1
Defining zpvi as the surface distance for which ¢ rises linearly from
0 to P then one can see that Epvi is the distance from '"peak"

Re Aal to the '"valley" of Re Aa

small ¢m). Therefore,

1 in the region of the i th cell (for

i . - ! = = .
Small ¢m condition: 0 < ¢mi (1 + 6i)¢m < m o= lci lpvi 3
Large ¢ condition: m < ¢ = (1 +68")¢m < o= g =1/ £
mi mi i ci de ¥

Restating these conditions along with that of Equation (C-1) gives

i) ¢m < /2 condition: ﬁci = lpvi 3

m
ii) ¢m > n/2 , small 61 condition: =1 < Gi < e 1 => ZC = 9

33
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iii) ¢ > m/2 , large &' condition: —— - 1 < &' < 1 => ¢ __
m i ¢m i cd:

d
-/,
il

Thus, for ¢m < /2, condition i) implies

1
=1 ' ' g
QC 2 va(é ) dé&'= va % ¢m < /2 ~ (c-3)
-1
where £ is the average value of & .. For ¢ > n/2 , and noting
v pvi m

that |d¢/cm|i = ¢mi/;1pVi , conditions ii) and iii) imply

m/d_-1 1
1 m : £ f . ds’
2.o=3 .[ va(é ) dé m va(8 ) 5;3377 >
-1 /¢ -1
m
1
1 n tov ds’ 4%
Ec i ) va $~ [l ¢ ]- 1 & 8™ ’ (€-4)
m m oyl
or .a‘ﬁ\i.
2 ng 2
QIC = > ¢m [l + 4n ;7—5;] 4 @m > /2 . (c-5)

Since N = S/Asc = S/Qi, Equations (C-3) and (C-5) determine N in terms
of ¢m and va = ¢m/<ld¢/dQ|). A sketch of the behavior of L. with 5

is shown in Figure C-2. Only when ¢m is small is a decorrelation length
based on the autocorrelation of ¢ the same as that based on the auto-
pins correlation of Aa,.

Consider the case where the variation of ¢ is due to surface
roughness. For this case, ¢m = 2k hm = 47 hm/x. Equation (C-3)
becomes

= = d—l
lc Il’pv ¢m//<|dzl>

or

34
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dh
3, - hm/<[-d—2|> » h < 1/8

(C-6)
Equation (C-5) becomes

x 8 h

£ = se————epeaa L 4 S i ,h >\/8

(o4 dh A m
8<|5]>

(c-7)
2
and N is given by S/ic_
The quantity h_is related to the rms height variation (from
zero) by o
h__=h//3 (c-8)
rms m

i
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Appendix D. THE BEHAVIOR OF (5 1), c/< 1> WITH A

Consider ¢m > m, but N sufficiently large that @m/N « 1. Using
Equations (47) and (48) with Equation (49) and dividing numerator

and denominator by sin2 ¢m gives

25 AfF " 9] e
(1 - cos¢ ) (1 - cosd ) |4
m m m
o v ]
Ffl)rms E Y e L 16 ?}n a
gt - e . 9 g
i I (- coso ) el
L+ |14+ —m———— |y
| 4 sin” ¢ 3

: e |8 o )
From trigon:metric identities, 1 - cos¢m = 2 sin ¢m/2 and

sin¢m = 2 sin:m/z cos¢m/2. Therefore,

e ey
a - coa@m) sin ¢m/2

2 2
sin @m cos ¢m/2

which has a minimum value of zero at ¢m =0 NN Desin s =R O3 )i

Hence, using Equations (C-7) and (C-8) and the fact that
¢m =4 7 hm/% , one obtains

2
(6I)rms ¢i "2 h12:ms 8fiﬁhrms
———— N e = e—— ——————— Qn-———— o5
<I> 3N 48 dh 2 1+ A Y (D=1)
<|==|>
de

where A = 2/3 h___/n.
_ rms
When ¢m/2 +nm+ 1/2, n =0, 1, 2, 3, ..., then sin2(¢m/2)/cosz(¢m/2)

+ o and

(dl)rms

- 1 ’ (D-2)

Hence, for ¢m > m but ¢m/N &1 (Gl)rms/<1> oscillates between the

limits given by Equations (D-1) and (D-2).
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Now, for @m so large (A so small) that ¢m/N > 1 , Equation (49)

becomes [using Equations (47) and (48) ]

1/2
:
(6D __ [1 +T16_sin4(¢m/2)/c054(¢m/2)-l

=5

<i» 1+ %-sin2(¢m/2)/cosz(¢m/2)

s (D-3)

which oscillates rapidly with A and is bounded by 1 and /17715, If a
spread in ¢  exists, then cos(¢m/2) ~ 0 for large ¢ (or small 1)

and (6I)rms/<1> + 1 with no oscillations.

Whenever A » « Thus,

, then ¢ - 0 and, hence, (&T) /<I> - 0.
m rms
1 (ﬁI)rmq/<I> falls off from unity and approaches zero.

for A > A

The sketch illustrating these mathematical points in shown in
Figure 4.
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LIST OF SYMBOLS
Far-field electric field amplitude
Variation of A from the average A,1

Electric field amplitude of light incident on (reflected
from) the constructed surface of the target

Electric field amplitude of reflected light at constructed
surface without phase factor due to curvature

Variation of a, from the average a

1 la

Constant for given wavelength and surface shape and size

Factor which depends only on constructed surface size and
shape at any point

Constant-of-proportionality between 1 and A*A

Distance between actual target surface and the constructed
surface along the path of reflected 1light

Deviation of surface "height" from the constructed surface
(for which <¢> = 0)

Maximum value of the cell-averaged-h over the exposed
target surface

Far-field light intensity upon reflection
Variation of I from the average <I>
Imaginary part of —

Magnitude of light wave vector

Average decorrelation length -tin based on autocorrelation
of Aal

"Peak-to-valley'" distance for /\al at small b

Number of decorrelation area cells on exposed target surface

Surface normal vector

Reflectance of target surface
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Path length difference between incident and reflected
light at constructed surface

Distance from observer to nearest point on target

Distance from observer to a point on the constructed
surface

Real part of —

Exposed surface area of target
Cross-section area of target

Surface orientation angle for target

Ratio (6I)rms/<1>

Fluctuation of —

Range factor for variation of i

Angle between r and n (for large distances)

Phase change upon reflection due to detailed surface
property fluctuations

Maximum value of ¢ over the exposed target surface

Angle between light reflected through the constructed
surface and the line from that point to observer
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