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Nicholas George 

Speckle has been a great nuisance in 
the field of holography. In optical 
readers and other optical processors, 
too, we have learned to provide a 
"smooth" input format or else suffer 
the disaster of speckle. These limita
tions have been understood for a 
number of years. Still there is no 
simple, direct cure for speckle, and 
logically, no hope for one. Why then 
a Topical Meeting on Speckle at 
Asilomar? To be sure, it is in part to 
review these basic suppression 
techniques, even though we under
stand them fairly well. More impor
tantly, the meeting is planned to dis
cuss this basic noise phenomenon in 
optics with today's perspective. 
Recent formulations of the theory 
provide generality of result and ease 
of understanding. The primary goal, 
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however, is to b r ing together scien
tists who are now work ing on a 
variety of newer opt ical 
systems—systems in which speckle is 
a useful entity, or where speckle-
notions have guided the system con
cept, or where the use of part ia l ly 
coherent l ight is a convenient way 
around speckle. 

A m o n g these new discipl ines is 
speckle interferometry. In 
astronomy, Labeyr ie has successfully 
reduced the b lu r result ing f rom 
atmospheric turbulence. Interesting 
work is current ly under way on 
image retr ieval, real-t ime 
processing, large arrays of opt ica l 
elements, and adaptive systems. 

Speckle interferometry is also 
leading to methods for measur ing 
smal l displacements of diffuse 
objects. Related techniques for 
measur ing t ranslat ion, rotat ion, and 
tiny v ibrat ion are be ing studied at 
numerous laborator ies. 
Tunable- laser sources are being 
appl ied to the measurement of 
surface roughness, to the remote 
sensing of object shape as wel l as 
roughness, and to basic studies of 
resolut ion. In microwaves and 
acoustics, analogous speckle 
problems and system innovations are 
being explored at various 
laboratories. 

The program of the 
Asilomar Topical 
Meeting on Speckle 
Phenomena in Optics, 
Microwaves, and 
Acoustics begins 
on page 31. 

WHAT IS SPECKLE? 

The word speckle is now used to 
describe not only the spark l ing , 
granular , and highly contrasted 

Figure 1. The origin of speckle. A reference 
input transparency, backed by an opal glass 
diffuser, is copied in a simple imaging system 
using various illuminations and pupil diam
eters, (a) shows the test object at high resolu-
tion,//8, using white light. The disks have 
neutral densities of 0.3,0.6, and 1.0, starting 
from the bottom. (b) shows the resolution in 
white light at f/190 and can be compared 
directly with (c) for the speckle-limited case 
where a single-moded argon laser is used, 
again at f/190. 
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appearance of visible laser light 
reflected from a wall or other diffuse 
surface; but its usage has been 
generalized to include analogous 
spatial interference effects that occur 
with scattering from diffuse objects 
for all types of wave-motion 
phenomena. 

Speckle constitutes a basic noise 
phenomenon limiting the working 
resolution of coherent systems in 
acoustics, microwaves, and infrared 
and visible optics; and undoubtedly 
its manifestations in electron-

particle waves and ultraviolet will be 
recognized shortly. 

Generally, any wave with a narrow 
angular spectrum that is scattered 
from a diffuse object will exhibit 
speckle if: 

1. the spectral width is below a 
certain value and 

2. the object has textural rough
ness finer than, but on the order of, 
the size of a resolution cell or, more 
grossly, on the order of a wavelength. 

The origin of speckle is shown in 
Figure 1. Illustrating the test pattern 

used, Figure 1(a) shows a copy at f/8 
of a positive transparency of a 
statuette that also has three equal-
diameter discs with neutral density 
values, reading from the bottom to 
the top, of 0.3, 0.6, and 1.0. An opal 
glass diffuser is placed between the 
light source and the input trans
parency in order to create the 
speckle. Also, to make it large, the 
following speckle photos are taken at 
f/190, unless otherwise noted. 
Hence, the proper comparison with 
white light, unspeckled, is the rather 
blurred reproduction in Figure 1(b). 

Figure 1(c) shows the badly 
speckled image resulting from 
processing the diffuser-transparency 
combination in monochromatic 
light. This combination is a good 
simulation for the speckle problems 
that are inherent in the use of 
coherent processors for imagery on 
ordinary, rough paper or in 
recording holographically a diffusely 
reflecting object. It is particularly 
interesting to note the poor resolu
tion for low-contrast portions of the 
subject. 

Viewing the speckle pattern as 
random noise that obscures the 
desired image, one would expect an 
improved result if separate looks 
are averaged. These independent 
looks can be obtained in a variety 
of ways.1-5 Figure 2(a) shows the ef
fect of using an imaging system 
with a pupil that is much larger 
than is required by the object's 
detail.' Figure 2(b) shows the ex
cellent suppression that results 
when a slowly moving diffuser is 
used in cascade with a motionless 
one.4 Figure 3 shows the result of 
superimposing speckle patterns 
taken at different wavelengths.5 

THE PROBLEM OF THE 
RANDOM WALK IS CENTRAL 
TO UNDERSTANDING 
SPECKLE PHENOMENA 

"A man starts from a point 0 and 
walks L yards in a straight line; he 

Figure 2. Two basic methods for providing 
redundancy, hence smoothing of speckle, are 
shown using the same input transparency, 
diffuser, and one-tone laser source as in 
Figure 1 (c). Photograph (a) is prepared by 
using a large aperture (f/8) relative to the spa
tial content of the object; and (b) uses cas
caded diffusers with one in motion, again 
at f/190. 
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then turns through any angle what
ever and walks another L yards 
in a second straight l ine. H e 
repeats this process n t imes. I 
require the probabi l i ty that after 
these n stretches he is at a distance 
between r and r + dr f rom his star
t ing po in t . " 6 

W h e n a monochromat ic elec
tromagnet ic wave is reflected f rom 
a rough surface, wh ich , not in 
cidental ly, has some impr in ted text, 
the scattered electric f ie ld at an arb i 
trary observation point is analogous 
to the total distance in the prob lem 
of a random walk. The reason for 
this is that the total field is the super
posi t ion of components scattered by 
the inf in i tes imal surface contr ib
utors; these are at relative phases 
that f luctuate rapid ly i f the local 
surface heights vary by dimensions 
on the order o f a wavelength. The 
phase angles of the ind iv idua l terms 
correspond, of course, to the dif
ferent direct ions in the random 
walk . 

However, the speckle prob lem is 
inherently more complex than the 
random walk, as we can see by con
s ider ing a neighbor ing observation 
point. In calculat ing the total field, 
the phase delay for each in 
finitesimal of the scattering surface 
depends upon its radian-distance to 
the point of observation. Thus , i f 
the neighbor ing point is d isplaced 
suff iciently, one would expect the 
total field obtained by this summa
t ion to dif fer appreciably f rom its 
value at the in i t ia l point. Th is is 
the idea of spat ia l decorrelat ion of 
speckle patterns, or more s imply of 
speckle size. A sound quantitat ive 
understanding of the details would 
result f rom an appl icat ion of 
Fresnel-zone ideas, but this analysis 
is not pert inent herein. 

F o r t ransmission through a 
rough, phase-type dif fuser, ap
proximate formulas for the average 
speckle size on-axis in the Fresnel 
zone are given in F igure 4. Th is 
je l ly-bean appearance of the 
speckles changes in the transi t ion 

Figure 3. Smoothing of speckle is obtained 
with independent looks provided by multiple 
wavelengths from a dye laser source; (a) 2, 
(b)4, and (c) 16 wavelengths are used. An 
interval of 25 A is used, although for the opal 
glass diffuser 15 is adequate to decor-
relate the speckle. These photos should be 
compared with the badly speckled case in 
Figure 1 (c) and the white-light case at f/190 
in Figure 1 (b). All were taken at f/190 with 
plane-polarized illumination and a parallel 
analyzer in the recording. 
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to the far-zone region, i.e., the 
the longi tudinal var iat ion, d| |, d isap
pears as R ∞. However, the trans
verse d imension continues to sub
tend the fixed angle λ/D, where λ 
is the wavelength and D is the 
aperture size. F ina l ly , since this 
radian-distance to the observation 
point also depends inversely on the 
wavelength, we understand i m 
mediately that speckle patterns 
should exhibi t considerable sen
sitivity to wavelength changes. 

COMMUNICATION THEORY, 
CORRELATION FUNCTIONS, 
FOURIER TRANSFORMS, 
AND THE LIKE 

A deeper insight into speckle was 
obtained recently by several in 
vestigators work ing separately and 
fol lowing Burckhard t ' s analysis of 
speckle statistics based upon the 
formal ism, and hence ut i l iz ing well 
known theorems, of communica t ion 
theory. 7 

A br ief analyt ical statement 
about speckle serves to i l lustrate 
this idea most direct ly as well as to 
introduce some of the funct ions 
that occur. Two different speckle 
problems are reviewed. In one, the 
speckle results f rom a pure phase 
diffuser i l luminated in transmission 
and imaged by a lens of f inite 
diameter D. The speckle in the 
image plane is descr ibed. In the 
second, the speckle results f rom 
scattering or reflection of laser l ight 
by a rough surface. 

First , consider the image plane 
case. The input diffuser is modeled 
by the transmission funct ion exp 
[-iη) p(x)] in which p(x) is the random 
process of surface heights at the 
transverse posit ion x and 

η = 2πv n/c is the general ized 
temporal-frequency var iable, where 
v is the frequency of the l ight, An is 
the index-of-refract ion difference 
between the diffuser and the sur
round ing, and c = 3 x 10 8 m/s. 
The output electric field E(η,x) for 

imag ing by a lens system wi th i m 
pulse response z(x;η) is given by the 
fo l lowing convolut ion: 

Bo th space and wavelength de
pendences of the speckle can be 
studied i f one computes the fo l 
lowing correlat ion funct ions: 

where the brackets < ... > denote an 
ensemble average over the random 
process in texture, p(x). 

Subst i tut ing Equa t ion (1) into 
Equa t i on (2) and interchanging 
the order of integration and expec
tat ion lead to the form below, which 
contains the characterist ic funct ion 
F. Thus , Re is given by 

where an input plane of inf ini te 
extent is impl ic i t ly assumed. 

Fo l low ing the notat ion used in the 
theory of probabi l i ty , we have de
fined F ( η 1 , η 2 ) i n Equa t i on (4) as the 
fo l lowing expectat ion: 

wh ich is equivalent to the Four ie r 
t ransformat ion of the density 

where p1, = p(x'), p2 = p(x"), and 
η1,η2 are the frequencies int roduced 

by the t ransform operat ion. The 
roughness heights of the input dif
fuser are descr ibed by the joint 
density funct ion f ( p 1 , p 2). 

In the l i terature one finds E q u a 
t ion (4) descr ibed as fol lows: " T h e 
spat ia l and spectral autocorrelat ion 
of the speckle field in the image 
plane of a l inear space-invariant 
system is given by convolving the 
autocorrelat ion of the system's i m 
pulse response wi th the character
istic funct ion for the random process 
of di f fuser he igh ts . " 8 

I have dwelt on this topic at length 
in order to expla in the typical occur
ence o f the characterist ic funct ion in 
speckle problems. The use of the cor
relat ion funct ion provides a precise 
meaning for the average speckle size, 
ref in ing the discussion of F igure 4. 
Moreover , it provides a deeper 
understanding of the entire space-
and wavelength-dependences of 

Figure 4. Approximate characterization of 
speckle, on axis, in the Fresnel-zone region for 
monochromatic illumination incident on a 
rough diffuser. Transverse and longitudinal 
speckle sizes can be calculated from the above 
formulas for d j and d , respectively. The 
wavelength interval required for decorrela-
tion, denoted by λ, is given in terms of h 0, the 
r-m-s roughness of the diffuser, and the index 
interface n between the diffuser and its 
surroundings. 



Figure 5. The correlation function for in
tensity in the image plane of a phase-type 
diffuser is plotted versus distance offset and 
wavelength. With a fixed aperture and cor
relation length on the diffuser, the r-m-s 
roughness o is varied: (a) 1 µm, (b) 5 µm, 

(c) 25 µm. The wavelength decorrelation is 
quite sensitive to the diffuser's texture, but the 
speckle size is not. 

s p e c k l e . F o r t h e c o r r e l a t i o n f u n c t i o n 

R u (x 2 -x 1 ;λ 1 ,λ 2 , ) p l o t t e d n o r m a l i z e d i n 

F i g u r e 5 , i ts s p a t i a l d e p e n d e n c e is 

l a r g e l y c o n t r o l l e d b y t h e d i a m e t e r o f 

t h e i m a g i n g l e n s , w h e r e a s t h e w a v e 

l e n g t h d e p e n d e n c e is d o m i n a t e d b y 

t h e c h a r a c t e r i s t i c f u n c t i o n o f t h e 

d i f f u s e r h e i g h t s . 

S C A T T E R I N G F R O M R O U G H 
O B J E C T S , P A R T I C U L A R L Y 
W H E N T H E Y H A V E A N U N D E R 
L Y I N G S H A P E , L E A D S T O A 
N E W C L A S S O F S P E C K L E 
P R O B L E M S 

N o w , f o r t h e s e c o n d p r o b l e m , c o n 

s i d e r a r o u g h o b j e c t o f h e i g h t h(x)= 
h0 (x) + p(x), w h e r e h0 i s a g e n e r a l 

s h a p e f u n c t i o n a n d p(x) is a r a n d o m 

p r o c e s s o f z e r o m e a n d e s c r i b i n g t h e 

s u r f a c e t e x t u r e , as i n F i g u r e 6 . T h e 

y d e p e n d e n c e i s i g n o r e d f o r s i m 

p l i c i t y . F o r a m o n o c h r o m a t i c ( laser ) 

b e a m i n c i d e n t a t a p o l a r a n g l e 

θO, o n e c a n s h o w t h a t t h e e l e c t r i c 

f i e l d s c a t t e r e d i n t o t h e f a r - z o n e is 

g i v e n b y a n i n t e g r a l o f t h e f o r m 

w h e r e i n t e g r a t i o n is o v e r t h e s u r f a c e 

S; a n d t h e w a v e n u m b e r k a n d t h e 

w a v e l e n g t h A a re r e l a t e d b y k = 2 Π / Λ . 

T h e o b s e r v a t i o n p o i n t is a t (x 1 ,o ,z 1 ) 
i n a c a r t e s i a n s y s t e m w i t h s i n θ1 = 
X1/r a n d r 2 = x1

2 + z1

2 . T h e c o r 

r e l a t i o n f u n c t i o n s h a v e a w a v e l e n g t h 

d e p e n d e n c e f u n c t i o n a l l y r e l a t e d t o 

F; a n d t h e i r s p e c t r a l i n t e n s i t i e s 

( t r a n s f o r m i n g w i t h r e s p e c t t o t h e 

w a v e n u m b e r k) d e p e n d o n t h e d e n 

s i t y f u n c t i o n o f h e i g h t s f( p1, p 2 ) . T h i s 

Figure 6. A n interesting new class of speckle 
problems arises when the scattering is from an 
extended, rough object that has a composite 
height h(x) = h 0(x)+ p(x), where h0 is the 
general surface profile and p is the texture. 
Illumination incident at an angle θO is scat
tered to observation points P1and P2 in the 
far zone. 
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is t h e b a s i s f o r m u c h c u r r e n t r e 

s e a r c h i n t h e r e m o t e m e a s u r e m e n t o f 

t h e d e t a i l e d h e i g h t d i s t r i b u t i o n o f 

d i f f u s e s u r f a c e s . 

M o t i o n o f t h e d i f f u s e r b o t h d u r i n g 

a n d b e t w e e n s p e c k l e m e a s u r e m e n t s 

is u s e d i n d i f f e r e n t o p t i c a l s y s t e m s . 

M e a s u r e m e n t o f i n - p l a n e d i s p l a c e 

m e n t , o b j e c t r o t a t i o n r a t e , a n d o b 

j e c t t r a n s l a t i o n a r e a f e w e x a m p l e s . 

A l t h o u g h a c o m p r e h e n s i v e s o l u t i o n 

o f t h i s p r o b l e m h a s n o t ye t a p p e a r e d , 

s o m e u s e f u l c o n c l u s i o n s c a n b e 

d r a w n a b o u t t h e f o l l o w i n g q u e s 

t i o n s . I f t h e d i f f u s e o b j e c t i s d i s 

p l a c e d i n - p l a n e b y a n a m o u n t A x , 

h o w d o e s t h e s p e c k l e p a t t e r n 

c h a n g e ? W h a t is i ts final f o r m ? 

T h i s p r o b l e m is t r e a t e d f o r m a l l y 

b y c o m p u t i n g t h e c r o s s - c o r r e l a t i o n 

f u n c t i o n o f t h e e l e c t r i c f i e l d o r 

i n t e n s i t y w i t h a s ta te I a n d s ta te I I 

p o s i t i o n o f t h e g i v e n m e m b e r o f t h e 

d i f f u s e r e n s e m b l e as t h e e x p e c t a 

t i o n i s c a l c u l a t e d . B u t , r e a s o n i n g 

d i r e c t l y , o n e c a n m a k e t h e f o l l o w i n g 

o b s e r v a t i o n s . A t first, t h e s p e c k l e 

p a t t e r n s i m p l y t r a n s l a t e s b y t h e 

a m o u n t A x . T h u s t he i n t e n s i t y p a t 

t e r n r e m a i n s h i g h l y c o r r e l a t e d , 

s p a t i a l l y , a n d t h i s w o u l d s h o w i n t h e 

f u n c t i o n R u as a p e a k a t x ≠ 0 . 

T h e r e a f t e r , t h e p a t t e r n d e c o r r e ¬

la tes s p a t i a l l y , b u t o n l y i f i t is t r a n s 

l a t e d a r a t h e r l a r g e a m o u n t , say b y 

X / 2 , w h e r e t h e d i m e n s i o n o f t he i l 

l u m i n a t e d p o r t i o n is L. 

T h e r e a s o n f o r t h i s is t h a t t h e 

o b s e r v e d i n t e n s i t y is m a d e u p o f a 

l a r g e g r o u p o f i n d i v i d u a l c o n t r i b 

u t o r s , s a y N. O f c o u r s e , i ts e x p e c t e d 

v a l u e is s m a l l , s i n c e t h e r a n d o m 

p h a s o r s a d d o n l y t o t h e t o t a l i n 

t e n s i t y , w h i c h w o u l d b e g i v e n b y 

√ N i n - p h a s e c o n t r i b u t o r s . S t i l l , 

w h e n a t i n y f r a c t i o n o f t h e N c o m 

p o n e n t s is r e p l a c e d b y o t h e r s c h o s e n 

a t r a n d o m , t h e p r o b a b i l i t y o f t h e i r 

g r e a t l y c h a n g i n g t h e o b s e r v e d i n 

t e n s i t y is q u i t e s m a l l . T h u s , s o -

c a l l e d e d g e e f fec ts a r e s m a l l . 

I n t h e r o t a t i o n o f c o m p o u n d 

s h a p e s , t he s p e c k l e p a t t e r n a l s o 

r o t a t e s . T y p i c a l l y , s e v e r a l h u n d r e d 

s p e c k l e s w i l l r o t a t e p a s t a fixed 

o b s e r v a t i o n p o i n t b e f o r e t h e p a t t e r n , 
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Figure 7. The possibility of remotely sensing an object's texture p and shape profile h0 is described in the text. These photographs 
show the light reflected back from three spheres of identical diameter, 25.4 mm, as follows: (a) roughened and illumi
nated with white light; and then in collimated laser light are: (b) the roughened sphere, and (c) a relatively smooth sphere. 

viewed globally, decorrelates. In 
this case, there are two factors that 
lead to decorrelation. The first is 
the removal of a fraction of the N 
scatters and their replacement by 
an uncorrelated equal number, as 
for the in-plane displacement. The 
second is that the random samples 
are assigned to a different phase-bin 
because of the change in the radian-
distance between the observer and 
the scattering centers as the object 
rotates. 

So in speckle metrology it is 
feasible to measure the rotation rate 
of diffuse spheres as well as the in-
plane displacement or velocity of a 
rough sheet by counting the number 
of speckles that cross a fixed 
observer. Additionally, it is feasible 
to sense object dimension by 
studying the decorrelation angle be
tween speckle patterns monitored at 
two observation points as the object 
rotates. 

Another current topic is the re
mote sensing of an object's profile, 
i.e., h 0(x), using frequency-modula
tion methods. For the flat surface at 
normal incidence, as well as for a dif-
fuser in transmission, the texture 
function p(x) dominates the 
temporal-frequency behavior of 

Re and Ru; but once the diffuse sur
face is curved, then the shape func
tion h0 (x) becomes the dominant 
factor. It is readily shown that this 
dominance by h0(x) is particularly 
strong at small values of k1-k2, the 
offset frequency. 

A visual comparison of the back-
scattering from ball-bearings of 
25-mm diameter is shown in Figure 
7. When the ball is rough, as in 
Figures 7(a) and 7(b), there is strong 
return from all illuminated regions. 
For the smooth ball, as in Figure 
7(c), the cw or steady-state return 
is limited to the specular zone. In the 
former case, it is readily understood 
how, by frequency modulating the 
laser, one can expect to deduce re
motely the shape features of an ob
ject. This remote sensing is an excel
lent application for the narrow-band, 
tunable dye laser. 

MORE ABOUT SPECKLE 

In this article the underlying ideas 
about speckle have been presented 
in terms of first principles, rather 
than as a chronological review. For 
those who would like to see more, a 
movie showing space and wave
length sensitivity and object motion 
effects has been prepared by the 

author and A. C. Livanos. It is avail
able for short-term loan upon writ
ten request. 

Finally, our aim also has been to 
provide some insight into newer 
topics of speckle research. For a 
comprehensive listing of such topics, 
consult the schedule for the speckle 
meeting at Asilomar; it is included in 
this issue of Optics News. 
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