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B Y M I C H A E L C . R O G G E M A N N A N D D A V I D W . T Y L E R 

Unconventional imaging techniques have been stud
ied to improve the ability to obtain high resolution 

images of distant objects viewed through a random medium 
such as the atmosphere. In this paper, the term "conventional 
imaging" refers to the common case of opening the shutter of 
a large telescope, collecting photons on film or an electronic 
detection device, and accepting the result as the final product 
of the measurement process. Unconventional imaging is dis
tinguished from this definition by three key characteristics: 
(1) the need to obtain the highest possible resolution in the 
final image, (2) the use of clever measurement techniques, 
and (3) the use of post-detection image processing to recon
struct a high quality image from the measurements. 

Unconventional imaging techniques can be categorized 
by how the effects of atmospheric turbulence are corrected. 
Uncompensated techniques, such as the so-called speckle 
imaging methods1-6 use pure post-detection image process
ing to correct for turbulence effects. Real-time wavefront 
sensing and adaptive optics, referred to here generically as 
adaptive optics techniques, attempt to correct for turbulence 
effects before an image is measured.7 Finally, hybrid tech
niques combine both pre-detection correction using adaptive 
optics and post-detection image processing.8-10 All of these 
techniques have performance limitations imposed by the 
nature of the measurement, plus practical advantages and 
disadvantages. In this paper, we describe these three imaging 
techniques and give examples of their performance. 

In this paper, we show contour plots of the binary star 
referred to in the Bright Star Catalog as HR #7882, observed 
with the 1.6 m telescope at the Air Force Maui Optical Station 
(AMOS) observatory. The brighter component of this binary 
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p a i r has v i s u a l m a g n i t u d e 3.63; the d i m m e r c o m p o n e n t i s 
a p p r o x i m a t e l y o n e v i s u a l m a g n i t u d e d i m m e r . T h e A M O S 
o b s e r v a t o r y i s l oca ted a top M t . H a l e a k e l a , o n the i s l a n d of 
M a u i , H a w a i i . T h e o b s e r v a t i o n s u s e d he re w e r e m a d e o n the 
n i gh t of A u g u s t 2, 1991. C o n t o u r p lo t s a re d i s p l a y e d w i t h 
e igh t l eve l s e q u a l l y s p a c e d b e t w e e n the m a x i m u m a n d m i n i 
m u m v a l u e s o f the i m a g e s . 

T h e f i rst sec t i on of th is p a p e r desc r ibes the effects of 
a t m o s p h e r i c t u r b u l e n c e o n i m a g i n g sys tems . T h e f o l l o w i n g 
sec t ion desc r i bes s p e c k l e i m a g i n g t echn iques ; the nex t t w o 
sec t ions c o v e r a d a p t i v e op t i cs m e t h o d s a n d h y b r i d tech
n i q u e s , r espec t i ve l y . 

A T M O S P H E R I C T U R B U L E N C E 

E F F E C T S O N I M A G I N G S Y S T E M S 

T u r b u l e n t m o t i o n o f the a t m o s p h e r e causes a r a n d o m d i s t r i 
b u t i o n of t e m p e r a t u r e w h i c h , i n t u r n , causes the i n d e x of 
re f rac t i on of the a i r to v a r y r a n d o m l y . 1 A p l a n e w a v e e n t e r i n g 
the a t m o s p h e r e m u s t p r o p a g a t e t h r o u g h th is r a n d o m i n d e x 
d i s t r i b u t i o n w i t h the resu l t that, b y the t ime the w a v e reaches 
the g r o u n d , it i s n o l o n g e r p l a n a r . T h e r a n d o m sur face o f the 
w a v e p resen ts a r a n d o m aber ra t i on i n the p u p i l of the tele
scope that p r o f o u n d l y l im i t s i ts r e s o l u t i o n c a p a b i l i t y . 2 

T h e r e s o l u t i o n of a la rge te lescope l o o k i n g t h r o u g h at
m o s p h e r i c t u r b u l e n c e u s i n g l o n g e x p o s u r e t imes is l i m i t e d to 
the r e s o l u t i o n o b t a i n e d f r o m a s m a l l e r te lescope of d i a m e t e r 
r0. E x p o s u r e s of a f e w h u n d r e d m i l l i s e c o n d s o r m o r e fo rce 
o p e r a t i o n u n d e r l o n g e x p o s u r e c o n d i t i o n s . T h e p a r a m e t e r r 0, 
ca l l ed the a t m o s p h e r i c cohe rence l e n g t h , i s a f u n c t i o n of the 
s t reng th o f the a t m o s p h e r i c t u r b u l e n c e . 1 , 2 A c t u a l v a l u e s fo r r0 

are a f u n c t i o n o f b o t h the s i te a n d l o c a l wea the r c o n d i t i o n s , 
bu t at v i s i b l e w a v e l e n g t h s r 0 c o m m o n l y var ies b e t w e e n 5 c m 
a n d 20 c m — o r m o r e o n rare o c c a s i o n s . A la rge te lescope has 
the l igh t g a t h e r i n g c a p a b i l i t y of i ts f u l l c lear a p e r t u r e , bu t has 
the " c o n v e n t i o n a l " r e s o l u t i o n o f a m u c h s m a l l e r , r 0 - s i z e d , 
te lescope. L a r g e te lescopes a l l o w v e r y d i m objects to be 
i m a g e d , bu t w i t h m u c h l o w e r r e s o l u t i o n t han d i f f r a c t i o n 
ef fects a l o n e w o u l d i m p o s e . 

A c o n t o u r p lo t o f the u n c o m p e n s a t e d l o n g e x p o s u r e 
i m a g e of the b i n a r y star d e s c r i b e d above i s s h o w n i n F i g u r e 
1. If d i f f r a c t i o n a l o n e w e r e l i m i t i n g the r e s o l u t i o n of th is 
te lescope , the i n d i v i d u a l c o m p o n e n t s of the b i n a r y w o u l d be 
c l ea r l y v i s i b l e a n d w o u l d each be a b o u t 0.5 m i c r o r a d i a n s i n 
d i a m e t e r . T h e ef fects of t u r b u l e n c e are c lear i n th is image : the 
i n d i v i d u a l c o m p o n e n t s o f the b i n a r y a re lost , a n d the i m a g e 
is m u c h l a rge r t han d i f f r a c t i o n ef fects a l one c o u l d accoun t for . 

A c o m m e n t o n the a n a l y s i s m e t h o d s u s e d fo r u n c o n v e n 
t i o n a l i m a g i n g i s a p p r o p r i a t e . It is na tu ra l to desc r i be the 
p e r f o r m a n c e o f these i m a g i n g t e c h n i q u e s i n the s p a t i a l fre
q u e n c y d o m a i n , that i s , the d o m a i n g i v e n b y the t w o - d i m e n 
s i o n a l F o u r i e r t r a n s f o r m of the image . T h i s is d u e to the 
r e l a t i o n s h i p b e t w e e n the op t i ca l t ransfer f u n c t i o n ( O T F ) , 
H(p), a n d the abe r ra ted p u p i l f u n c t i o n , P(X)exp{φ(X)} , g i v e n 
b y : 1 1 

(1) 

w h e r e P(x) is the te lescope p u p i l f u n c t i o n , P(x) e q u a l s o n e 

F I G U R E 1. C O N T O U R PLOT OF T H E BINARY S T A R H R #7882 , 
UNCOMPENSATED LONG EXPOSURE CASE. SHOWN IS THE AV

ERAGE OF TWO HUNDRED 30 MSEC EXPOSURES TAKEN AT A 
RATE OF 15 F R A M E S PER S E C O N D . 

FIGURE 2. CONTOUR PLOT OF THE BINARY STAR HR #7882, 
UNCOMPENSATED SHORT EXPOSURE CASE. EXPOSURE TIME 
WAS 30 MSEC. 

F I G U R E 3 . C O N T O U R P L O T OF THE S P E C K L E I M A G I N G R E C O N 

S T R U C T I O N O F T H E B I N A R Y S T A R H R # 7 8 8 2 . THIS R E C O N 

S T R U C T I O N W A S OBTAINED BY P R O C C E S S I N G A N E N S E M B L E OF 

T W O H U N D R E D 30 MSEC E X P O S U R E S .  



inside pup i l and zero outside the pup i l , Φ(x) is the phase 
aberration, and x and p, are two-dimensional position vec
tors. The shift vector, p, is related to the spatial frequency 
vector, v, by v = p/λd i, where di is the distance between the 
exit pup i l and the image plane. The statistics of the turbu
lence-induced aberration, Φ(x), are wel l -known, and analytic 
techniques exist to compute the statistics of the O T F from the 
statistics of Φ(x).2 Standard linear systems analysis tech
niques can then be appl ied to the problem of image forma
tion.1 1 

S P E C K L E IMAGING 

Speckle imaging techniques are pure post-processing meth
ods for overcoming the effects of atmospheric turbulence on 
imaging systems. Speckle imaging techniques derive their 
name from the appearance of uncompensated, very short 
exposure images of stars obtained wi th large telescopes. Such 
images are much larger than the diffraction l imited spot and 
contain h igh spatial frequency modulat ion that gives the 
imagery a speckled appearance. The term "short exposure" 
refers to the use of exposure times that freeze the atmospheric 
turbulence-induced aberration dur ing the exposure. A n ex
ample of short exposure image of the binary star described 
above is shown in Figure 2. 

Labeyrie was the first to recognize that the high fre
quency modulat ion i n speckled images contains useful infor
mation, 4 and proposed a technique for 
estimating the power spectrum of an ob
ject (that is, the squared modulus of the 
Fourier transform of the object) called 
"speckle interferometry," wh ich is wide ly 
used. Speckle interferometry works be
cause the average power spectrum of short 
exposure images measured through tur
bulence is non-zero at spatial frequencies 
approaching the diffraction l imited cut
off frequency of a telescope. 2 

The Fourier transform of an object is, 
in general, complex-valued. Thus, whi le 
Labeyrie's technique is useful for estimat
ing the object power spectrum, the Fou
rier phases of the object, called its phase 
spectrum, must sti l l be obtained to form 
an image. The approach to phase spec
trum estimation most often discussed in 
cur ren t l i t e ra tu re is c a l l e d the 
"bispectrum" or "tr iple correlation" tech
nique. 5 Phase spectrum recovery is based 
on the fact that the average Fourier trans
form of a specialized correlation of very 
shor t exposu re images , c a l l e d the 
bispectrum, is non-zero at spatial frequen
cies approaching the diffraction l imit of 
the telescope. 

U n f o r t u n a t e l y , the average 
bispectrum does not y ie ld the object Fou
rier phase spectrum directly, but rather a 
data object containing linear combinations 
of the object Fourier phases. The object 

Fourier phases must be extracted f rom the bispectrum, a 
diff icult problem due, in part, to the fact that the bispectrum 
phase can only be known modulo 2π, and i n part to noise 
inherent in the measurement process. Recent advances in 
phase spectrum reconstruction f rom the bispectrum may 
prove to have alleviated this problem. 6 

A reconstruction of the binary star obtained by using the 
Labeyrie and bispectrum techniques is shown in Figure 3. 
This reconstruction is much narrower than the uncompensated 
long exposure image. It is also elongated, hint ing at the 
presence of a binary star, but the ind iv idua l components 
cannot be resolved in this reconstruction. 

A major factor l imi t ing performance of speckle imaging 
techniques is the signal-to-noise ratio of the power spectrum 
estimate, SNR(v). The power spectrum signal-to-noise ratio 
for a single realization of a speckled image, SNR1(v), is bounded 
f rom above by one for med ium and high spatial frequencies 
for point sources, such as stars. For extended objects SNR1(v) 
can be quite small . To overcome this l imitat ion, mult iple 
frames are averaged to boost the power spectrum SNR(v) 
according to: 

(2) 

where N is the number of image measurements in the en
semble. Ensembles of a few hundred frames to a few thou-
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s a n d f r a m e s c a n be r e q u i r e d to a c h i e v e g o o d SNR(v) at 
m o d e r a t e spa t i a l f requenc ies . 

A D A P T I V E O P T I C S 

A d a p t i v e op t i c s sys tems u s e rea l t ime w a v e f r o n t s e n s i n g a n d 
s o m e t y p e o f ac t i ve o p t i c a l e l e m e n t to sense a n d cor rect fo r 
the t u r b u l e n c e i n d u c e d phase a b e r r a t i o n . W a v e f r o n t sensors , 
s u c h as H a r t m a n n senso rs a n d s h e a r i n g in te r fe romete rs , 
sense l o c a l g rad ien t s i n the p h a s e a b e r r a t i o n . L o c a l g rad ien t 
m e a s u r e m e n t s are m a p p e d to ac tua to r c o m m a n d s t h r o u g h a 
r e c o n s t r u c t i o n l a w a n d a con t ro l l a w . A c t i v e w a v e f r o n t cor 
r ec t i on i m p r o v e s r e s o l u t i o n by d e c r e a s i n g the va r i ance o f the 
p h a s e a b e r r a t i o n te rm i n E q . (1). R e d u c i n g th is va r i ance 
inc reases the a v e r a g e O T F a n d r e d u c e s the va r i ance o f the 
O T F , w i t h the resul t that ce r ta in s i g n a l - t o - n o i s e ra t ios c r i t i ca l 
to i m a g i n g a re g rea t l y i m p r o v e d . 9 

A n e x a m p l e of a c o m p e n s a t e d i m a g e o f the b i n a r y s tar 
p r e v i o u s l y d i s c u s s e d i s s h o w n i n F i g u r e 4, w h e r e the effects 
of u s i n g a d a p t i v e op t i cs a re c l ea r l y v i s i b l e . T h e i m a g e p e a k i s 
s h a r p e r a n d the m a i n lobe i s c o n s i d e r a b l y n a r r o w e r t han i n 
the u n c o m p e n s a t e d case s h o w n in F i g u r e 1. T h e i n d i v i d u a l 
c o m p o n e n t s of the b i n a r y s tar are no t ye t d i s t i n g u i s h a b l e ; 
h o w e v e r , the i m a g e is c lea r l y e l o n g a t e d , i n d i c a t i n g the pres
ence o f a b i n a r y . 

W h e n a d a p t i v e o p t i c s a re u s e d , p h o t o n s m u s t be d i 
ve r t ed f r o m i m a g e f o r m a t i o n to p r o v i d e e n e r g y fo r the 
w a v e f r o n t senso r e lements . T h i s creates the need fo r a n 
e n g i n e e r i n g t rade-of f : l a rge s u b a p e r t u r e s a re d e s i r e d to 
co l lec t the m a x i m u m n u m b e r of p h o t o n s to a l l o w v i e w i n g of 
the d i m m e s t poss ib le objects, bu t the p u p i l m u s t be spa t i a l l y 
w e l l s a m p l e d b y w a v e f r o n t s e n s o r e l e m e n t s to o b t a i n a g o o d 
es t ima te o f the phase a b e r r a t i o n . T h e c o n v e n t i o n a l s o l u t i o n to 
th is t rade-o f f is to m a k e the w a v e f r o n t senso r e lemen ts a p 
p r o x i m a t e l y r 0 - s i z e d a n d to p l a c e d e f o r m a b l e m i r r o r a c t u a 
to rs a t the e q u i v a l e n t p o s i t i o n s o f the c o r n e r s o f the 
s u b a p e r t u r e s , w h e n b o t h the w a v e f r o n t s e n s o r a n d the 
d e f o r m a b l e m i r r o r are p ro jec ted i n to the p u p i l o f the tele
s c o p e . T h i s a p p r o a c h to d e s i g n i n g a d a p t i v e op t i c s i s s o m e 
t imes re fe r red to as the " f u l l y c o m p e n s a t e d " a p p r o a c h . 

A n a l t e rna t i ve s o l u t i o n to the p r o b l e m of p r o v i d i n g 
s i g n a l fo r the w a v e f r o n t senso r m e a s u r e m e n t s has recen t l y 
r e c e i v e d a t ten t ion : the use of laser g u i d e s ta rs . 1 2 , 1 3 A g u i d e s tar 
is c rea ted b y p ro jec t ing a laser b e a m in to the a t m o s p h e r e a n d 
m e a s u r i n g the re tu rned s i g n a l . T w o m e t h o d s of c r e a t i n g a 
g u i d e star h a v e been i n v e s t i g a t e d : (1) r e s o n a n c e backscat te r 
i n g i n the m e s o s p h e r i c s o d i u m l a y e r , 1 2 a n d (2) use of R a y l e i g h 
backsca t te r f r o m the a t m o s p h e r e . 1 3 O n e o r b o t h of these 
a p p r o a c h e s m a y s o m e d a y p r o v i d e su f f i c ien t s i g n a l fo r the 
w a v e f r o n t sensor to a l l o w o the r c o n s i d e r a t i o n s to d r i v e the 
d e s i g n of a d a p t i v e op t i c s s y s t e m s . 

T h e f u l l y c o m p e n s a t e d a p p r o a c h to d e s i g n i n g a n a d a p 
t i ve op t i c s s y s t e m can l e a d to the n e e d f o r w a v e f r o n t senso rs 
a n d d e f o r m a b l e m i r r o r s w i t h seve ra l h u n d r e d to a f ew t h o u 
s a n d e l e m e n t s fo r the 3.5-8 m d i a m e t e r te lescopes of the 
fu tu re . T h e p r o b l e m s assoc ia ted w i t h f ab r i ca t i ng a n d c o n t r o l 
l i n g h a r d w a r e of th is c o m p l e x i t y h a v e not ye t been s o l v e d . 

H Y B R I D T E C H N I Q U E S 

T h e p r o b l e m s assoc ia ted w i t h d e v e l o p i n g f u l l y c o m p e n s a t e d 

F I G U R E 4 . C O N T O U R PLOT O F THE BINARY S T A R HR # 7 8 8 2 , 
C O M P E N S A T E D LONG E X P O S U R E C A S E . S H O W N IS THE A V E R 
AGE OF T W O H U N D R E D 3 0 M S E C E X P O S U R E S T A K E N A T A R A T E 
O F 15 F R A M E S P E R S E C O N D . 

FIGURE 5. CONTOUR PLOTS OF T H E POST PROCESSED COMPEN
SATED IMAGES OF THE BINARY STAR HR #7882: (A) LINEAR 
POST PROCESSING R E S U L T AND (B) S P E C K L E IMAGING POST 
PROCESSING RESULT . T H E S E R E S U L T S W E R E OBTAINED FROM 
AN E N S E M B L E OF TWO HUNDRED 30 MSEC EXPOSURES. 



adaptive optics systems for very large telescopes has moti
vated the study of hybrid systems that combine limited 
amounts of predetection compensation using adaptive optics 
with image post processing to reconstruct a high resolution 
image. The idea is to trade adaptive optics hardware com
plexity for image post processing to obtain high resolution 
images. The approach to simplifying adaptive optics hard
ware examined most recently involves so-called "partially 
compensated" systems that have a reduced number of 
deformable mirror actuators compared to a fully compen
sated system.9,10 Two image post processing approaches have 
been explored—a linear reconstruction technique9 and speckle 
imaging post processing.10 

Detailed analysis of the relevant signal-to-noise ratios 
has shown that even very limited amounts of predetection 
compensation provide large improvements in the perfor
mance of the estimators used in image reconstruction com
pared to the uncompensated case. 1 0 For fully compensated 
systems, speckle imaging post processing provides no im
provement in image quality over linear post processing. 
However, as the amount of compensation is reduced, speckle 
imaging post processing outperforms linear post processing. 
The primary advantages of linear post processing are (1) it is 
conceptually quite simple while providing improved perfor
mance, (2) it is simple to implement, and (3) its execution on 
a computer can be quite fast. 

Results of applying linear and speckle post processing to 
the binary star discussed earlier are shown in Figure 5. The 
linear reconstruction clearly shows the existence of a binary 
star. The speckle reconstruction shows even more clearly the 
location of the dimmer component of the binary. We estimate 
the angular separation of the binary components to be ap
proximately one microradian. 

S U M M I N G U P 

Unconventional imaging techniques allow high resolution 
images to be obtained when looking through atmospheric 
turbulence from ground based observatories. We have de
scribed three unconventional imaging techniques and have 
illustrated their performance with binary star data measured 
on the compensated 1.6 m telescope at AMOS. Of the three 
techniques discussed, speckle post processing of 
uncompensated measurements has received by far the most 
attention in the literature. As adaptive optics systems for 
astronomical telescopes become more widespread, we expect 
to see more attention given to post processing of compen
sated images. 
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Coming in May 
The May issue of O P N focuses on Ultrafast 
Optics & Optoelectronics. Guest Editor 

Anthony Johnson of AT&T Bell Labs brings the experts 
together with applications-oriented papers on 

modelocked semiconductor lasers, ultrashort pulse 
fiber lasers, ultrafast spectroscopy of semiconductors, 

optoelectronic sources of terahertz beams, and 
femtosecond near-infrared pulse generation. 

Ad reservation deadline: March 27 
Call LaJuanna Williams 202 /416-1959 
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