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I. INTRODUCTION

When diffuse objects which are illuminated with coherent radi-
ation are viewed , the appearance of the image is degraded by the pre-
sence of speckle. The effect of speckle is to superimpose a noise-like
structure which masks the spatial information present in the image . The

4 effect of speckle on image quality is demonstrated in Figure 1. The
transparency shown at the bottom of the figure was imaged using the mini-
mum optical system resolution (aperture) that would allow identification
of the vehicle in the foreground when incoherent illumination was used .
Images recorded when the transparency was illuminated by diffuse inco-
herent light and by diffuse coherent light are shown in Figure 1. The
speckle in the image formed with coherent illumination makes it diffi-
cult to determine that the object in the foreground is an automobile;
other objects in the image are also unrecognizab le. With incoherent
illumination , the type of automobile can be determined and other details
SUCh as the powerline and the structure of the tower can be seen .

Speckle occurs regardless of the wavelength of the illumination used
as long as the radiation is coherent. Thus, the phenomenon can be
observed in holography or in other imaging systems using laser s working
in the visible region , in the microwave region with such systems as syn-
thetic aperture rad ars, in the infrared region when using lasers , or
even with ultrasonic imaging systems using coherent sou~id ill umination .
It is also important in imaging using a small coherent beam scanned

• over the object for illumination (Appendix A). In all these systems ,
the effect of the speckle is apparently to increase the size of the mini-
mum resolution patch which can be obtained with a given aperture size
compared to that which is obtained from the same size aperture using
inc oherent illumination. Because a number of important advantages
accrue from using coherent ill umination, it is important to understand
how speckle affects resolution and , in turn , the recognition and iden-
tif ication capability of coherent imaging systems. A number of tech-
niques can be used for smoothing the speckle in coherent imagery in
order to improve resolution to approach that of incoherent imagery
(Appendix B).

The deleterious effect of speckle on resolution has been noted by
a number of workers 11-6] . Recently, Young , et al. [6] performed some
experimen ts , using a diffusely illuminated National Bureau of Standard s
(NBS) target and an optometrists tumbling E chart, which showed that
speckle degrades resolution by a factor of five or more. The work

4 presented here extends those results. The aperture required to resolve
a coherently illuminated diffuse grating is determined and compared to
the aper ture required to resolve the grating using incoherent illumina-
tion. In addition, an es timate is made of the degree of incoherent
averaging needed to improve the resolving power of the coherent image
to a point which approaches that of an incoherent system . The aperture
required to resolve diffuse continuous tone objects using coherent illu-
mination is determined . These results are again compared to those

3
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obtained using incoherent illumination and an estimate of the incoher-
ent smoothing required to approach the performance of an incoherent
system is made.

II. THE EXPERIMENTAL SYSTEM

The optical system used in the experiments is shown in
Figure 2. The imaging system consists of two Jaegers cemented astro-
nomical doublets , L1 

and L2, of 128-mm aperture and 629-mm focal length ,
f, arranged in an afocal configuration with an aperture at F midway
between the two lenses. In this arrangement , the object p lane 0 is
imaged with unity magnification at the image plane I and the aperture in
the filter plane F is used to control the spatial frequency response
of the imaging process. The aperture used is an iris with a circular
aperture which can be varied in diameter from 0.9 mm to 20 mm; circular
pinhole s of 0.4 mm and 0.6 rum diameter are used when apertures smaller
than 0.9 mm are required .

The diffuse illumination is supplied by an argon ion laser operat-
ing at a wavelength of 514.5 am; a linearly polarized plane wave from
the laser illuminates a stationary opal glass diffuser, D, placed just
to the left of the plane 0. To conduc t experiments using spatially
incoherent illumination , an additional diffuser is placed between the
ligh t source and the stationary diffuser . This diffuser is moved contin-
uously to simulate a spatially incoherent source. Because an opal glass
diffuser depolarizes the laser light , a linear polarizer is placed just
to the right of p lane 0 to insure that only one component of the light
field is used .

The object transparency , T, is placed in plan e 0 and the image is
observed in lane I using a microscope . The image is directly recorded
by means of a .;5-n~n camera at p lane I or , as an alternative , an auxiliary
optical Sv s t e n  is used to relay and magni fy the p lane I for recording .
of the image using a 4 ~ 5 Graflex back and Polaroid type 57 film. The
optical s v S L & n i  prod l l es e s s e n t i a l ly  d i f f r a c t i o n  l imi ted  images for an
object field ~f over 2 cm d iameter  w i th  r e s o l u t i o n s  well  over 40 c/ mm .

III. GRATING IMAGING

An Ealing High Resolution Test Target was used to determine
the effec t of speckle on resolution in the imaging of periodic gratings.
This target contains three groups of fifteen-bar high contrast targets

where the s p a t i a l  f r equency  ra t io  between successive targets is 100.1.
Onl y two g r o u p s  are of i n t e res t  because of the spa t i a l  f r equency  ca• a-
b i l i t y  of the  o p t i c a l  sy s t em.  These two g roups  have spa t ia l  f requenc ies
which var~ from I to 10 /mm and 10 to 100 7mm , respec t ive ly .  Over
t h i s  range of spatial frequencies , the target very closely approximates
a per iodic  square wave .

5
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This object was imaged with spatiall y incoherent illumination
through a series of apertures oc diameters varying from 0.4 mm to 12.4
mm and each image was recorded on Polaroid film. The diameters were
selected so that the spatial frequency response of the imaging system
was just large enough to pass the fund amental frequency of one of the
fifteen-bar target square waves. These data are shc~~n in Figure 3 along
the line marked INCOHERENT. Figure 4(a) is a photograph of the image
produced with an aperture of 2.1 mm diameter . This pho togra ph sh ows
the 5.01 2/mm target resolved at a very low contr~ast as would be expected
when such a target is photographed with an aperture of cut-off frequency
of approxiniatelv 5.3 2/mm .

The object was imaged t h rough  the same apertures but spatiall y
coherent  i l l u m i n a t i o n  was used . Again , for  each ape r tu re , the image
was r eco rded  on Polaroid  f i l m  and these  ph o t o g r a p hs  were used  to de t er -
mine which  t a rge t  could he reso lved . Three o b s e r v e r s  jud ged th e reso-
lu t i on  by viewing the photograp hs from a distance sufficiently large
so t ha t  the speck le  super imposed  on the  g r a t i n g  was p oor ly  r e so lved  and
t h u s  ap peared  smoothed to the  observer . The c r i t e r i o n  used to j u d ge the
r e s o l u t i o n  was t h a t  a t a rge t  was resolved if  a r e l a t i v e ly co n t i n u o u s
g r a t i n g  s t r u c t u r e  ex is ted  over n e a r ly  the en t i re  width of the g ra t ing
t a r g e t .  These da t a  are p l o t t e d  along the  l ine marked COHERENT in
Fi gure 3. Figure 4(b)  is a photograph taken through a 4.1-mm diameter
a p e r t u r e  and shows the 5.01 ,~/mm g ra t ing  ta rge t  which  was jud ged t o be
resolved b y the preceding  c r i t e r i o n .  From art examina t ion  of these d a t a ,
i t  appears  t ha t  the  ape r tu re  of a c o h e r e n t ly  i l l u m i n a t e d  system mus t
be twice as larre as that of an equivalent incoherently illuminated sys-
tem to achieve equal resolution. Figure 5 illustrates this point . This
is the same conclusion which is reach ed based on a cons ide ra t ion  of the
spatial freq tenc : bandwid th s of the two t ypes  of systems independent
of th e t y p e  o f ob je c t  be ing imag ed . However , it was felt that the
presence of s p e c k l e  in d i f f u se  imaging should make the size of the  aper-
ture required larger than twice the incoherent aperture size and t ha t
the observer , in the ac t of jud ging the resolut ion, was providing some
averaging of the speckle noise . This possibly was thought to exist
because the grating target was considerably larger in width than the7 period of the grating .

The photograph s produced in coherent illumination were then reex-
amined with an aim of eliminating the possibility of unconscious smooth-
ing by the observer . A slit of width equal to the period of the grating

4 was placed over the photograph and oriented perpendicular to the lines
of the target. The grating structure was examined through this slit
and the  ques t i on  of r e so lu t ion  was determined by judging whether a
pe r iod i c  s t r u c t u r e  could he d i sce rned  along the  s l i t .

Th i s e f f e c t  can be seen in Fi gu re ~~b) by p lacing a s l i t  over the
f i g u r e ;  ‘~‘i .th t i e  s l i t  in p lace the  t h i r d  ta rge t  f rom the  b o t t o m
( 7 . 0 1  /mrn) is not resolved while the f o u r t h  t a rge t  from the bo t tom
( 3 . 9 2  f /mm ) is resolved . The d a t a  obta ined  in t h i s  way are shown along

7
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the line marked COHERENT ( SLIT) in Figure 3 and show t ha t  an increase
of 2 .6  in aperture diameter over an inc oher ent  sys tem is  required to
provide equal resolution in a system which images coherent I’,’ illuminated
diffuse gratings.

It is well known that the mean value to standard deviation ratfo ,
rn/cr , of a speckle pattern produced with coherent illumination is unit- .’.
It is also known that this signal-to-noise ratio , m/O , can be increased
by adding together independent speckle patterns; the increase in m/O

is equal to the \/~ 
where N is the number of independent additions. To deter-

mine how resolution is affected by increasing the signal-to-noise ratio
of the speckle pattern , the coherently illuminated diffuse grating tar-
get was smoothed in this way . A series of coherent images of the grat-
ing was produced ; each was superimposed with an independent speckle
pattern. Each of these images was made with the aperture of Figure 2
p l a c e d  in a different position in plane F. To insure independence of
the spec le patterns , the minimum distance between any two positions of
the a e r t u r e  was equal  to or g rea te r  than the aperture diameter . The
ser ies of images produced in this way was recorded as equal increments
of exposure on a Polaroid film. The results of this experimen t are
shown in  Figures 6 and 7, where the number of independent speckle patterns
which were added to produce each panel of the  f igure  is given below

• the  p a n e l .  The pane l marked N was produced using spatially incoher-
ent i l l u m i n a t i o n . The a p e r t u r e  used to produce  these  pho tog rap hs was
of ~ s ize requi red  st to r e s o l v e  the  3.98 f/mm per iodic  ta rge t  wi th
s p a t i a l ly  incoheren t  i l l u min a t i o n .  Fi gu res  6 and 7 were u sed to deter-
mine the s p a t i a l  f r eq u e n c i es  of t i r e  bar t a r g e t s  j u s t  resolved b y the
s l i t  c r i t e r i o n .  These values of r e so lu t ion  are plot ted  as a f u n c t i o n
of N itt F igure  8. I t  can be concluded from these data that  the addi-
t ion of approx ima te ly  100 uncorre la ted  speckle  pa t t e rn s, a s i gna l - t o -

— noise r a t i o  of approx imate ly  10 , is required  to approach the reso lu t ion
p e r f o r m a n c e  of an incoherently illuminated system.

IV. CONTINUOUS TONE IMAGING

Dete rmin ing  the  e f f e c t  of speckle  on r e so lu t ion  when Lm a g in g
o b j e c t s  having a c o n t i n u ou s  spa t ia l  f requency d i s t r i b u t i o n  and range of
c o n t r a s t s  is not  as straightforward as it is w i t h  g r a t i n g s  because more
su b j e c t i c e  jud gemen t is required  to form c o n c l u s i o n s .  In an a t temp t to
m i n im i z e  t h e  r equ i r emen t  fo r  s u b j e c t i v e  jud gement , a t echn i que was
devised itt which an incoherent reference image was compared to a set

* of coherentl y produced images and to low—pass f i l t e red  versions of
these coherentl y produced images.
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The continuous tone object used for the experiment was an auto-
mobile . The object transparency of this automobile is shown in
Fig ure 1. A reference image was prepared from the transparency using
incoherent illumination in the optical system shown in Figure 2. The
aperture used to prepare t h i s  re ferenc e image was 1.44 mm in d i ame te r
p r o d u c i ng  an image w i t h  approx i m a t e ly  6 . 4  line s of r e s o l u t i o n  ac ro s s
t H e  h e i g h t  of the au tomobi l e  in the  foreground . -rh is  r e s o l u t i on ,
accord  Log to the J o h n s o n  c r i t e r i a  1 7] , is at the average i d e n t i f i c at i on
Level o f  ob jec t  c la c si f i c a t ion . The r e f e r ence  image is denoted “i ic ’-
heren t , A 1.4 mm ” in Fii~ure  1 and F igu r e s  9 th roug h 14.

A set of images was then  r o t i e  u S in g  coherent  i l lum i n a ti  on.  These
ima ~es ~:ere p i e  -ared w i t h  th e  op t i c a l  sg ste rn  of F igure  1 by u sing  a
ne Htti ’c of t i e  ob~~c-: t transparency c i  t h e  a u t o m o b i l e  and p h o t o  -ru i i —
log e r c s n l  ran t i~ 14e on 35— i a n a t o r ’ i i c — X  f i l m  at t i e  image l ane  I -

A 5cr ! - s o f i - i a  - C s  ,cre  ou t  t in e - ’ u s i ng  a p e r t u r e s  of 12.4 , 1 1 .4 , 8 . 3 .
6 .2 , 4 . 1 , and 2.1 mi-’ in dia: le L e r .  P I l o r o g r a H i s  of these ima- ; , - s  are
ia ’e le d  “ coherent 1 in  I:i -o r e s  9 ti~r ’ugli U . Ih e  35—mm trans arencies

rou lcee in t h i s  c o l l er e n t lv  i l l : i - i in a t e d  s t e p  were then  p laced in th e
object plane of t i- c optical s i ~~ c . and L unged at Plane I r ou gh  a
1. ~4 —: : -;u diac~e t e r  ap e r t u re  u s i ng  i n coh e r e n t i l l u m i n a t i o n .  ho u - . ess
of  f o rm in g  t cese f i l ere-u coh eren t  hon es is shown sci~ematica11v in
F i g ur e  1 i . Thi s loi-.- —pass filter in- - o p e r at ion  reduces the r e s - i t i t i o n
o f - e c o h e r e n t l y  u L o d lce~ i n cs t o  that of tire reference i:ua - - and
increases t he  sL gn a l — t o — i i ’ise r a t io  by smoothing  tJ~e s~ eck1e , m a c i ng
t i re  r e s u l t i n g  ph o t o g r a p h s  s imilar  in a pp e a r a n c e  to the  r e fe re r i 5 c image .
The i n a g e s, recorded  us ing  Polaro id  f i lm t h r o u g h  t h e  aux i l ia r - ’u ~~ical
s :S 1 en . are labeled “ c oh e ren t , f i l t e r e d ”  in Figures  9 th rough  1
t ec ause  the  r e s u l t a n t images l ay  C the  san e r e s o l u t i o n  as the  i n c L ) I e L ’eIl t ,
A = I. — : i r l  reference i Ja-;e shun -i n in ‘ig lires 9 t h r o ug h 14 , a d c t e o - u i n : i  i n n
can he ade of whirl ijuayes are  of  a qu a l it y  comparable  to  t h e  r ef i r c ce
i :ua e b’ ’ ju d g i .n u  ‘ - ‘1 c - t h e ~ the  d e t a i l  re sent  in t h e  re fcr e ’i~ e i l - ape  c r m
He d i s c e r ne d  in a Ic ;— p a s s  f i l  t r o t image .

E :-:a:-iinaLion of the results shows tha t  the  coherent , f i l t e red
i:ua-~es in Fi t t i r e s  9 and 10 are of c o m p ar a t l e  qua li  t v  to the reference
i n  i~ e w h i l e  in t i l e  coheren t , f i l L  tired images  in F igures  11 t h r c t i p li I-.
L -er e  is a n o t i c e a b l e  loss  of some of the d e t a i l  p resen t  in the  r e f e r -
ence i :la ;e .  ho se  ob se rva t i ons  lead to t ire conc lus ion  t ha t  for  con-

i rm ’t i ’ ;  - ‘n o o b j e c t s  t i r e  a ion  nrc of a c o h e r e n t ly  i l l  tmina t ed  s — st em
uris -c I u-~ r u  scit by a f ac  tc’r o f  ap~~~~- . ic -It c i -  seven o v e r  t he  ape r i re
of  sri i ” c a i e r en t  s\ - s t e m  to acu t e -ce eq -a l performance.

o s  s jri in A endix C t h a t  t I - ,e s i g n a l — t o — n o i s e  r a t i o  ot  I C

to - .’— - - is~ f i l  er e d  images of  F l u e s  9 i l Ir ou g il 1- 1 is given by t i e
ex r e s s t - l n  u / p  = 1~ -~ 

— ( Dj H- , where I) is the  diameter of the a p er t u r e
used in the  c o h e r e n t  im aging  s t e p  co i le  d is the d iame te r  of t h e
aperture used in the low-pass filtering process. This expression can
be der ived by using a model of the two-step imaging process given by
Lewis ( 4] which  considers tire coheren t and incoherent imag ing Steps
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as linear filtering operations and the intermediate recording of the
coherent imag e as a square law d e t e c t i o n  process .  Us ing  t h i s  expression
to c a l c u l a t e  rn/a for the coheren t , f i l t e r e d  images in Fi gu res  9 through
12, 12.7 , 10.7, 8.5 and 6.4 respectivel y, are obtained . The signal-
to-noise ratio for the filtered images in Figures 9 and 10, the images
considered of comparable  qua l i ty  to the reference image , is ten or
grea ter , while this ratio is less than 10 for the filtered images in
Figures  11 and 12 which were j udged to be of unaccep tab le  q u a l i t y .
This result is similar to that obtained p r e v i o u s ly  in the imaging of
diff usely illuminated grating s.

By equating expressions for the signal-to-noise rat io for low-pass
f i l t e r e d  images , rn/a 1.38 (D/d), with  tha t  for  irna~ es formed by super-
position of N independent coheren t images , rn/a = s/N, it is found that

these two speckle smoothing techni ques are equivalent for N 2.18 ( D I d ) 2 .
This expression was used to calculate value s of N corresponding to the
ratios of the apertures D and d used in recording tile coherent , filtered
images in Figures 9 through 14. For each of these  values  of N , a series
of superimposed coherent images was recorded on Polaroid film using
the 1.4-mm aperture , d . For each exposure tile aperture was moved a
sufficiently large distance in the plane F to produce an independent
speckle pattern. The coherent , speckle averaged images formed in
th i s  manner are shown in Figures 9 th roug h 13 wi th the corresoonding

• coherent , filtered images . A visua l  compar i son  of these speckle
averaged images wi th  the ad j acent f i l t e r ed  imag e s  in these f i g u r e s
shows t ha t  the s i g n a l — t o - n o i s e  r a t i o , reso l u t i o n , and appearance  are
comparab le  fo r  each pair  of images.  Th i s  good agreement provides  con-
f i r m a t i o n  for  the expression for  m/0 derived in A pp endix  C. A compari-
son of the reference image , inc oheren t, A 1.4 mm , wi th  the  coherent ,
speckle averaged images in Fi gu res 9 through l-’t shows t ha t  for  N
greater than approximatel y 100 (Figures 9 and 10), the  images are of
comparable quality. Therefore, for continuous tone objects , a coh erent
imaging system can obtain resolution equivalent to an incoherent imag-
ing system with the same aperture b~.- addition of approximately 100
im~~es with uncorrelated speckle patterns.

The image c o m p a r i s o n  t e s t  used to ob ta in  the ape r tu r e  r a t i o  of
seven gives a result w ich may he too pessimistic. A direct examina-
t ion  ‘f the coheren t image in Fi gure  11 indicates that sufficient infor-
marion is present in this image to jud ge it comparable to the reference
i m a g e .  A l t h o u g h  the a u t o m o b i l e  is masked b y the f ine speck le  p a t t e r n ,
an observer can learn to ignore the  e f f e c t  of t h i s  pa t t e rn  and can
identify sufficient detail in the image to be convinced tha t  i t  is
c om p a r a b l e  to the reference image. Some obse rvers who wer e sh own the
images though t t h a t  even Fi gure 12 con ta ins  s u f f i c i e n t  deta i l  to jud ge
it comparable to the reference image. These observations lead to the
conc lus ion  t h a t  i t  is b e t t e r  to view a coherent image directly than
to view a smoothed version of a coherent image because the aperture of
the  coheren t  system need be increased b y on ly  a f ac to r  of approximately
f ive , rather than seven , over an incoherent system for  comparable
r e s o l u t i o n  performance .
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A question which L e da ta  presented here e l i c i t s  is why can a
diffusely illuminated grating be resolved w i t h  a smal ler  ap e r t u r e  than .
a continuous tone object ’ Although T I C  r eason fo r  \~- 1 C I I  t i l l s  apparen tly
anomalous e f f e c t  occurs  is not f u l l y  u n d e r s t o o d , -a p o s s i b le  answer can
he p r opo sed 1. 81 - I l i c  g r a t i n g  is a simpler  s t r u c t u r e ;  i t  is b a s i c a l ly
one-dimensional  and n as  a h igher  c o n t r a s t  t h an  the  c o n t i n u o u s  tone
o b j e r t .  also , in the case of tH e g r a t i n g , the  observers  were asked
o u l - . to de te rmine  if a per iodic  st r u c t u r e  was present , n-llc reas , in ti>o
ca se of the c o n t i n u o u s  tone ob j e c t , t h e y  were a s T- ~ed to make a P o l e

- l i c a t c d  d e c i s i o n  a b o ut  w h e t h e r  as many d e t ail s cou ld be d i s ce rned  in
ti l e iza c as in the reference image. Thus , it appear s t h e ob ser ’.’er ma- ,-
he able to moPe a dec is ion  about the gr - .i ng wi th less in f o r m : i t  t on  than
is requi red  fo r  the c o nL i n u o u s  tone o b j e c t .  H e  c o m p l et e  an swer to t h i s
q u est i o n  awai t s  a mo re de ta i led  anal y t i c a l  and e xp e r i m e n t a l  i f l V c SL i g 3 t i L l P

of r e s o l u t i o n  in t u e  p resence  of spe ck le  w h i c h  is beyond t i m e  Scope of I dl
pr e sen t  s t u d y .

V. CONCLUSIONS

The et - 

~ct  of sp e c H i e  in t h e  imaging of d i f f u se l\ ’  i l l u m i n a t e d
gra t ing i - i  and c o n t i n l i l s  t - ’n e  o b j e c t s  was s t u d i e d . It  was f o u n d  tha t  when
in n ing di  f f l l s e  g r a t  d o g s , the ap e r t u r e  of a coh e r e n t ly  i l lu m i n a t e d  s- s—
tern p o s t  be 2 .6 t ime s as large as tha t  of an incoheren t  s- s tem to
ob ta in  compar able r e s o l u t i o n .  This  f a c t o r  m u s t  he increased to f ive
when i m a g i  n-p o b j e c t s  w i t h  a cant  inuous  spa t i al .  f r equ enc~.- d i st  i P i t t  on
and r ange o f con t r a s t s ; i t  p i st  be inc reased  to a f ac to r  of sp y o n  if
t i e  co h e r e n t  image i s  s u b s e q u e n t  lv l o w — p a s s  f i l t e r e d . A c o h e r e nt  3’ s-

‘N ,~ tern can ach -u i ey e  r e s o l u t i o n  which  is compar able to an in c o h e r e n t  sy st em
of equa l  a p e r t u r e  if the cohe ren t  im a g e  is smoothed so t h a t  t h e  mean to
st andard  dev ia t i on  r a t i o  of t h e  su et -P i e  is Len or more .

4
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Appendix A . SPECKLE WITH COHER ENT SCANNE D I L L U M I N A T ION

E x p e r i m e n t s  were  pe r fo rmed  d e m o n s t r a t i n g  speck le  in images ilLu’i—
na ted  hy a small spot of coherent light scanned over the objec t and a
compar i son  mad e between t h e image speckle resulting from coherent flood
illumination of the object with tite speckle resulting from scanned
illumination . An imaging system was assembled , similar to that shown
in Figure 2 u S i ng  an aperture in p lane , F , to c o n t r o l  r e s o l u t i o n .  The
t a r g e t  c on s i s t e d  of  a hi gh > c o n t r a s t  t r ansmis s ion  bar char t in contac t
w i t h  a g round  g l a s s  d i f f u s e r .  A p o l a r i z a t i o n  ana1v~ er was placed in
t he  i m a g i n g  sy s t e m  and o r i e n t e d  to - u s s  u n i v  t he  Co I l l i c i t p e r p e n d i c u l a r
to the  p o l a r i z a t i o n  of t i e  l eap : j r L  id ~n t  ‘n the  d i f f u s e r .  The specular
t r a n s m i s s i o n  th roug h  the  d i f f u s e r  ‘~-as I cue to re b l o c  ed and h igh  con t r a s t
speckles were obtained f r o m  t h e  ‘ne p o l a r  i z a t  ion comp onen L passed . A
1-leNe laser opera t ing  at ~2O~\ - -: 15 used  f ’ r  ill u i n a t i o n  and photographs
were made at ff40.

Images of tu e 10.00, 7.95 , ! .31 , and 5.nl c/ mm g roups  and a part
of the 1.26 ~ mm g roup  of th i e  L e s t  t a r p e t  are shown in Figure  A. The
photograp h labeled “not scanned’ shows tb>e bar char t illuminated wi th a
uniform coherent beam covering t h e  e n t i r e  c h a r t .  The two photograp hs
at the bot tom of the f i g u r e  were recorded  by scanning  an i l l umina t i ng
sp ot  over the bar char t in a r a s t e r .  The scanning so o t  size was made
t h e  same as Li t e  imaging sy s t em  r e s olu t i o n  soot  size to match the prac —
t ic  al r e q u i r e m e n t s  f o r  long n-n - -u l en g t h , ac Live iP ag m g  sy s tems . The
photograph on the  lower l e f t  Show s  the  result s when the ras ter  scan
l ine s overlap . In tb>e photo grap h in  t i e  l u - - e r  r i g h t — h a n d  si~t e  of F igure
A , the scan line s were separated to 5) 01,’ tb> e raster.

‘N the ST’L’cTdl e is ex p e c t e d  to he similar in b oth i  the  flood illuminated
‘N case and the scan illuminated case ; this is shown in Figure A. Only

that part of the d i f f u s e r  w i th i n  t i e  optical s--stem resolution spot on
tie object contributes to the speckle in the image . This is quite
d i f f e r e n t  f rom the non im ag ing  c a s e  in n-l i e )  each point illuminated on
the  o b j e c t  s c a t t e r s  li gh t  to  ey e ry  p o i n t  on t h e observation plane .
Lig h t  s ca t t e red  at p o i n t s  on :lie object separated by a few resolution
spot  d i ame te r s  will be imaged i n d e p e n d e n t  1- on the image p lane although
so~oe overlap of point spread function s occurs . As a first approxima-
tion , lighit imaged at ad j acen t resolution spots on t h e image arises from
independen t ensembles of scatterers at the C cr e sponding  spots  on the
o b j e c t .  T h e r e f o r e , the  speck le  at each > point on the image arises from

-j  the same ensemble of scatterers on the object i f  t h e  e n t i r e  ob jec t  is
illuminated simultaneousl y or point-h )v-poir l t wi th> a scann~.rmg spot. For
a sufficientl\’ fine grained diffuser as an object , i.e., a large num-
ber of scattering points wi thin th ie r e s o lu t i o n  spot , the speckle  size ,
t , depend s only on the imaging s~-stem limiting aperture , D, the focal
l eng th , F , and the i l l umina t ion  wavelength ~.:

(A-l)

25

5 ’ ’ C ~~~~ 
-

- - -, - -*C’ ~. ~~~~~~ -

- ~~~~~~~~~~~ 5-



-- — - - 5- - - -S--- - -- -__ -

-

NOT SCANNED

- 
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 

_ _ _

- - - - 11 - -1111
H - - OIIIIOIIMI - 

_ _  

-

.

1111111 1181111 - ____________________________________

OVE RLAP PING SCAN LINES NONOVERLA PPING SCAN LINES

Figure A. S -c c --i c vi thi coh erent Su anned illumination.
i l i e  s~ at o n i n g  spo t  s iu e  is the  s3nc as t h e camera- —_. res- lution.
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The similarity of the speckle for tie two t \ p e s  of i l l u m i n a t i o n  shown in
Fin ire A — l  con f i rm  the - -ti idit - , of this simule model.

So ic - l ~~creas, iv suecklc cen t : 1 5  t is  s :r ’ -’ed in  t I . e  ~ - l i l f l L  1 L —

,i n u t h-n c -os ~ ~l e to se-. - - : - T  — c ’ r - l e  r c L  t ’ - -~ t s S u c h  I - S Spe c  ( 10  n c r  i ~
l i e  entire ca- eva res1- lution s -c t is not itli ’ .’ ill mini u t e i l  d or i a -p  muc
of  L I e  t i n e  t h e  ilt :i:at i oi S p o t  f~~ ~c cd -- SIr it . I’Tcce tore , t h e
film r e c o  s a S I I p O L - O S L L 1 O T  of  t - e  s o y  Ho moLter o res :ltH:g f r o ’  i l l - i —

of t I e entire s— a t and t o  ant : ~- i c , ~ r c s : l t i n . :  1 m m  i l l i i i n i t t i c - a
of  p a rt s  o t ~ t oe  si - -at . lihe m r  po ar oat  ‘t overlap in ii lPH i n :  i- n :15
-e~ - l u t i e n  sp ot  i s  scanned Ic-ad s to  a lar :;e  amoun t ‘f c ’r r c l at i  ~i I  - t r i Y ~~~C’ i

in s t an t -ane u : s  - a t t u r ~ is  i -:) t i  e d e d -r e aS~ i i  c o n t r a st  h r  a m- c r a : i : g  i s
~s th an fo r  j ad e  c i v -  t a t  r e r n s .

‘N
- -
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Appendix B. SPECKLE AVERAGING TECHNIQUES

Speckle averaging b y superposition of coherent images wit ’ t uncorre-
lated speckle patterns was discussed previously in this report. In order
to decorrelate the speckle , it was found to be convenient to move the
aperture of Figure 2 to N positions in plane F that are separated by
a distance greater than or equal to thoe aperture diameter . However ,
other techniques can also be used .

For the thick opal glass diffusers used in these experiments , the
transmitted light is depolarized and the parallel and crossed polarized
components yield images with uncorrelated speckle patterns [9]. There-
fore , an image formed wi thout  an analyzer in the opt ical  system corre-
spond s to the addition of two coherent images with independent speckle
patterns.

Speckle patterns formed when the diffuser is illuminated at suffi-
cientlr- different wavelengths are also decorrelated 1 3] - The wavelength
separation required is dependent on the diffuser characteristics . For
the thick opal glass diffusers used in this work , a separation of iSA
is adequate [10]. Therefore , speckle reduction can be obtained by add ing
coherent images formed at a number of different illumination wavelengths.

The equivalence of polarization diversity and frequency diversi ty
for speckle reduction is demonstrated in Figure 8-1. Figure B-2 illu-
strates the equivalence between f requency  d i v e r s i ty  and angular diver-
s i t y  (d i sp l ac ing  the a p e r t u r e  in p lane F of F igure  2) . Note  th at the
signal—to—noise rat io and resolution appear to be the same for pairs

‘N of images formed by superimposing the same number of coherent images
with the speckle decorrelated by these thiree different techniques.
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Appendix B. SPECKLE AVERAGING TECHNIQUES

Speckle  averaging by superposition of coherent images wit ’ i uncorre-
lated speckle patterns was discussed previousl y in this report . In order
to decorrelate the speckle , it was found to be convenient to move the
aperture of Figure 2 to N pos it ions in plane F that are separated by
a distance grea te r  than or equal to t h e  a p e r t u r e  diameter . However ,

- - other  techni ques can also be u sed .

For the thick opal glass diffusers u sed in these experiment s , the
transmitted light is depolarized and tu e parallel and crossed polarized
components yield images with uncorrelated speckle patterns [9]. There-
fore , an image forme d wi thout  an analyzer in the optical system corre-
spond s to the addition of two coherent images with independent speckle
patterns.

Speckle patterns formed when the diffuser is illuminated at suffi-
ciently different wavelengths  are also decorrelated [3]. The wavelength>
separation required is dependent on the diffuser char acteristics. For
the thick opal glass diffusers used in this work , a separation of ISA
is adequate [10]. Therefore , speckle reduction can be obtained by adding
coherent images formed at a number oi different illumination wa\elengths .

The equivalence of polarization diversity and f requency  d ive r s i ty
for speckle reduction is demonstrated in Figure B—i. Figure t-2 illu-
strates the equivalence between frequency diversity and angular diver-
sity (displacing the aperture in plane F of F igure  2 ) .  N o te  tha t  the
signal— to—noise ratio and resolution appear to be the same for pairs
of images formed by superimposing the same number of coherent images
with the speckle decorrelated by these t h ree  d i f f e r e n t  techni ques.

4

29

- 4  ‘‘
~1-

- ‘ ‘~~D1 (5 
~‘—~ E i - ruc— : (JT 

~‘t LHtD - P

- 
- -  

- 
. - - - - - - - , 

~~~~~
- - - - 

~~~ ~~~~~~~~~ 
- -

L _ _ _ _



- -5-~~--_ 5- -S_5- - -

—

- .
.

. .~~

— 
- 

,
~.

. ‘ - -
- 

-
,

. ~~~~~.1~~ •~~~~~~ ~ 1.
I- - -: - .—

- - 
- , .~

. 
-
,-.

~~~ i i I

‘ ~~~ :~~ ,~~ . _ ‘.
‘ 

>
-~~~~ ~~~~~:‘; . “

. ~~~~~~~- -5ij -:
- 

~~~~~~~~~~ 
- ,‘.r ~~ !~~ 3 k. .- ~~~~~~~~~~~~~~ E: 5:

.
~ 

,
—
.- - . 

. .  
~

- - ~ ‘. ~ ° 
- . - L ~~~~~~ ~ -

- -

~~~~~~~~~~~~.5- -

‘p .-
. 

~ 
-
. ‘ _A~I~

-
~:’ ~

‘N ~~~~~~ .

.
-
.

- - 4 V ) Q

~~~~~~~~~~~~~~~~ L~;~1L~~I
f. .. ( ,. ‘ ~~~~~~~~~~~~ 3.-

. _ ,  ‘4 ’~ -,.i~~~~~~ iW ; .
~~ 

-j

4 ~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~ ~
I’ ~~ 7 ‘l’~~

- 

30 

j5- -_ _ _ _  ~~-_5- 5-5- -S -S -~~~~ -



_ _ _ _  —5--—--_ _--~~~- - - - --- _ _ _

-

Il y

. -. . - .

- ,.I ~~
.
. - . ~ S • ~~ .

:- . ‘ ,~~~ ~~~~~~~~~ . , c ~~~- -:3 !~~~~~
. -

Ic . • ~‘ - v ~’ z -. ~5H ‘ -  A - • - -r . r~ • - —. z LU . - - . . 
. - I . .  ‘4-4- ,  .... - , .t O L I J  ‘ s.. ’ 

~ 
- -

.

)~~. 
.~ j .51~~ ~~~~~~~ ~~~~~~ 

;i, 
- 

- -  
s .. . 

~~~

•~--1~ e~-~9~- 
- 

. ~r - : .~~~ ~- .
,. • 

‘4 — 

~ - •;
~~~ 

- -
~~~~ 

— .
‘ P1.

I •~~~~ _j ç) 
~~~~~~ 

- •.. —-.~ -~ u
~~ - v  • . ‘ 34  -o

- ~J3. _j . S . .
• - 

- .-~~~ ‘ g 5  - ,,-. • , - .  , 
c~~~. - ~~~~~~~~~~~ -

— . • ~~ LU . — LU

j~~~~~~~~~~ W W  
~~~~~~~~~~ 

- ~~ ~~~ W W
. 1  • . ~ -~~~~

• 
- ~~~~~~~~ 

-
..lc_,%. . J~~) 

c#)~~~~ 0
“s. . - - 

0 - . 
‘~~ - . — 

. . - 0 
~—. ~- .  -~~ ‘ - . ~~~~~~ - — -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ri I
1 ’ 1 ,~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J 

~~~~~~

‘

~~: .~~~~~ ‘?Z ~~~~~~

- 
,

.
- 

•. .
~ ~~~~~~~~~~~~~~~~~~~- .-~~~~ ——.~ ~~ 

-
~~ ~ - - -. - - ~ r ,

~~~~~~~ • ~ 
E -, - -

a 
- > .. 

- - . M’1’~~~~” . - - -
- . . E~~ 

— - - . E - -

• - - -
‘

~ 
- . 4.. - - c~~

_
4 -.

•
. - . - -~~ - ‘ Lfl~~~~~~ N

~~d h .-
. . . 

~~~~~~~ - • . - —~~~~~~~<I 
~~~~~~~~~~~~~~~~~~~~~~~~~ I 

-
-

Il ~~~~ ~
31

S - - - - •

— 5 -  -S-- - ~~~~ 
I



r - - - ~~~~~~~~~~~ -- - - - -  - - -

- Appendix C. SIGNAL—TO—NOISE RATIO FOR LOW—PASS
F I L T E R E D  COH ER EN T IMAGES

m acohierent filtering of coheren t images is performed using the
- t e chn i que show n schemat ica l ly  in Fi gure 15. A p r imary  pho tograph ic

t r a l o s - a r e n c v , T 1, is placed in t~ie ob jec t  p lane x-v . A s ta t ionar y

d i f t i s e : -  is p laced behind th -te t r ansparency  and a monochromat ic  plane
- w a - -c from a laser is used to illuminate the diffuser and transparency

- - it: t he ob jec t  p lane . Lenses L
1 

and L2 , which are of equal focal length ,
- arc arran ied as an afocal system and used to image tue object plane x- --

- 
i n t o  an imag e plane x ’ -v wi th  u n i ty  m a g n i f i c a t i o n .  An ape r tu re , ‘laced
a i ’ -:a\ betwe en lenses L

1 
and L2 ,  is u sed to filter the image to c o n t r o l

th e  resulting resolution captured at x — - on a camera . This  in termedi-
ate i-nape is developed and used for further processing .

After development of th ie in age recorded at x ‘ —v ’ as described pre-
p - i v i s ly , the  r e s u l t i n g  i n t e r m e d i a t e  t r a n s p a r e n cy , T ,,  is p laced bac k in

the objec t plane x-y where it rep laces the or ig ina l  t r anspa rency .  The
intermediate transparency is illuminated with a monochromatic plane wave
which is further diffused by a moving ground glass to simulate spatiallr-
incoherent light .- This spatiall y incoherent object is imaged by the
afocal sr-stem through the filter into p lane x ’ -y ’ where the final image
is re corded . The resolution of this final image is controlled by the
size of the filter p laced midway between lenses L1-L2 as before.

The compound imaging process described can be modeled by the
following system diagram .

- COHERENT FILTER  INCOHERENT FILTER
Si 1 1 2 1  I 2 ~~~~ 

_ _ _ _ _ _ _ _ _

Figure C. System model.

The input s represents the amplitude transmittance of the combination

- 
of the transparency T

1 
and the stationary diffuser. The coherent fil-

ter with impulse response h 1 represents the filtering action of the
p aperture used in making the coherent intermediate transparency T

2
. The

block indicating the process of performing the magnitude squared oper-
ation approximately represents record ing the comp lex amp litude of the
coheren t image on photographic film. The incoherent filter with impulse
response w represents the combined action of the moving diffuser and the
f i l ter ing action of the aperture placed at the mid point of the afocal
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system in the second imag ing process . I t  can be shown that w =

where 1> is the coherent impulse response of the filter . That is,

W = H
2 * H2

* where W and H
2 are the incoherent and coheren t transfer

f unc tions , respectively, of the filter , * is the convolution operator

and * is the conjugation operator. The signals 
~1’ ~~‘ 

5~~, s~ , are
assumed to be functions of the two-dimensional space coordinates of
the optical sys tem . The input signal, s~ , is the complex amp litude

of the light field existing just to the right of the transparency T
1

while the signal, sz~ 
is the complex amp litude of the image to be

$ recorded after the first imaging process. It is assumed that the record-
ing process captures the squared magnitude of s

2 
l inearly and produces

an intensity transmittance such that the illuminance S
3 

p’oduced just to

the right of the transparency T
2 

in the second imaging process is pro-

por tional to 
~~ 

The output signal s
4 

is the luminance distribution

of the image produced in the incoherent filtering process. This lumi-
nance prod uces the output image to be evaluated here. The criterion
chosen for evaluation is the ratio of the mean squar ed value of the lumi-
nance to the variance of the luminance of the output  light dis t r ibut i on
S4. A value is to be found for this ratio which depends upon the input

signal s
1 

and the impulse responses of the coherent and the incoherent

f i l t e r s .  In order to proceed , it is assumed that s
~ 

is a complex valued

Gaussian random process which is stationary and whose real and imaginary
‘

~~
- parts have mean value zero.

The calculation of the ratio proceeds as follows. The mean squared
value of 8

4 
is by definition

m2 [ E [s )] 2
94

where E(x) is used to indicate a statistical average . The signal s
4

is obtained by passing 5
3 

throughthe filter with impulse response w.

Th us,

S
4 

= 5
3 

* w = ff s
3
(x-x ’,y-y ’) w(x’,y’ > dx ’ dy ’

-~~
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where * is the convolution operator . Performing the indicated averaging
operation , the following equation is obtained :

in E[s
4
] = m LI w(x ’ ,y ’) dx ’ dy ’ = m W (0,0) (C-l)

because the transfer function , ~~~~ is obtained by taking a Fourier trans-
form of the impulse response , w, as indicated below .

Jf w(x ,v)e~~
2 

~~~ dx dv

~h e  mean value of S
3 

can also be expressed in terms of the autocor re la -

tion function of evaluated at die origin as

in R (0 ,0)
~3

because by definition

E [s 7(’- x , -v)

and

‘N 
s
3

(x ,v) = 1s 2 (x ,v) , 2 
= ~~~~~~ s ) (X , V~

The spectrum of sn , namely S (~~,
-p), can be written in terms of the

spectrum of S
1 

and the  t r a n s f e r  f u n c t i o n  of the coheren t  f i l t e r  because

S
5 (~~,

- 1) = S (~~,--1) u l 1(~~, -~) 1
2

t h i s

R 5 (0 ,0) = JJ S ( ~~,1) d~ d11 = m

00
in = ff S ( P ,,-~) H

1(~~,
--~) 

2 
d~ d—

~ - ( C — 2 )

34

_ -



The transfer function of the incoherent fi l ter can be written in te rms
of the coherent tr ansfer function H

2 
as

= H
2(~~,

-r-1) * H2
*(~~,q)

or

— II H
2
(~ -~

’,~~--~~) H 2 , ~~
) d~~~ d~~’

thus ,

W(O ,0) = If I H2(~~,-1) 
2 

d~ d~ - (C-3)

Combining Equations (C-l), (C—2), and (C-3 ) , the mean value of s
4 is

given by the expression

m
5 (xi S (~~,~ ) IH1(~,~)[ 2 d~ dsi)

( 
f f  IH2(~~,i) 1

2 d~ d~1)

(C— 4)
The variance o f 3

4 ~~~5 by definition

= E(s~ J - (E(s
4~1) 2 

- (C-5)

To calculate the preceding equation , it is convenient to find the auto-
correlation of 5

3~ 
Th is is d ef ined as

R 5 
(a ,~ ) = E 1 s 3

( x-f~~, Y+ : ) s3
(x ,y)~ .

3

Using the relation s
3 

= [s
2 1

2
, this  quantity can be written as

R 3 
(a ,p -) = E ( s 2

(x4a ,~~~; - ) s2
*(x~~~, y+; ) s

2
(x ,y) s

2
*(x ,y) ] - (C-6)

1 -
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The signal 
~2 is the result of passing the signal 

~l 
through a linear

filter. T h u s , both s~ and s
2 
are stationary complex Gaussian random

processes; hence , Equation C-6 can be expanded b y using the following
theorem [ 11] :

E [x 1x 2 x 3x ]  = E[x 1x2 ] E {x 3x , ]  + E [x 1x
3
] E[x 2x , 1 + E[x

1
x
4J E lx 2 x 3

]

t h u s , E q u a t i o n  (C—c) cam be written as

R ( t , ,  ) = El s ) (x+:- ,\±  ) s
2

’(x+ - ,y+ - )) E[ s
2
(x ,v) 39

*(x ,v)]
3 —

+ EIs ,(x-f , + )  
2~~

” -
~~ 

L[s 9 (~~+ ,’+ ) s~~~(x ,v) ]

+ E[ s~~(x±~ ,~ + ~ ~2~~- , - ) l  E[ 
~2 

~~~~~~~~~~ ) s
7 (x , v ) ]  .

dec -au se  s
2 

is s t a t i o n a r y , the second term vanishes and the f i r s t  and

third terms become

2
R (a ,; -) = E[ s

2
(x , v) 1 2 

+ R (i~,~ ) R “
(~~

-
~~,~~~

-)
3 2 3

or

R ( 4 , ;) = R 
2 
(0,0) + IR ( i , .  ) 

2

3 ~2 2

The socc trtim of S
3 

is the Fourier transform of the autocorrelation

func t ~n R ( z , - )  . t h u s ,
3

S ( , - )  = R 
2 (o , )  ~~~~ + S (~~,

- )  S (-
~~~~,

- --
~)  , (C-7)

~- -here ~(x) is the Dirac delta function . Returning to Equation (C-5) ,
t h i s  equa t i on  can be expended by using Equations (C-l) and (C-2) and
the relationshii ps

E(s~ ) = f f  S (~~,- ) d~ d~
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and

S (~ , 4 ) = S 
~ ,~~

) C (t , - )  
2

3

to obtain

0 = ff S ( ,-~ W~~~, ~ 
d~ d- -~ - [w (o ,o) R ( 0 ,0)~~

2 
. (C-S)

hv -‘ ‘s t i t it i ng Equ it ion (C— 7) t i i t o  Equation (C—8) , the  f o l l o w i n g  is
o b t a i ned :

o 2 = g ~~~~),Q) 
~~~~~~~~~~~~~ 

+ S (
~ ,~~

) S 
- 

( -
~~

, - - i)  ~~~~~~~~~ ~~~~ d- -
~ii 

~‘2 s
2 S 2 J

- [w ( 0 , t )  
59 ]

~ y integrating t h e first term , the result is

R
2
(0,0~ W(0,0) ~ + f f { S  (~~,r1~ * S ( -~~,-i~) } (W(~~,~ )(2 d~~d~

- W2(0,0) R
2 
(0,0)

S
2

which reduces to

= J7 ~~ 
* 

~2 }  
w(~,~) I 2 

d~ d~ - (C-9)

By noting that

S ( ~~,- 1 ) = S ( ~~,-~) }h
1
(
~~,~1) 

2 
_~~~~~

and t h a t

= H2 ( - )  * f l (  , - )

37



the f o l i w i n o  is o b t a i n e d :

= i2 { S ( ~~, - )  
~~~~~~~~ 

2 
~~~~~ ~ 

H
1
(-~~,- )

1 2}

(C-b )

I H~~(~ , -~~) 
H
2
(~~, ~ 

2 d: d-

To c-ilc;late the mean square to var iance ratio of the out put image
E q u a t i o n s  (C-  ~ and (C-b ) can he combined to obtain

-~~ ( I1ss~. H1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ f J {~~
. ) H~( ~ . ) S ( - ~~, - b )  I~~~

( -  tI~(~ ,- ) ~ H9(~ , ) d~

(C—il)

If it is assumed that t h e spectrum of 
~l 

is vh~~te , then S (E , ) is
I

a constant which can be taken Lu be S (0,0). This constan t can be
1

removed from the integrals of Equation (C-li) ; hience , the equation can
be rovritten as

= 

(fi H
1(-~,

-) 2 d~ d’-)
~ (J7

H
2~~ ~ 

2 - - d~1)

j j  
~~~ 

2 
* H

1
(--~,-- ) 2} { I H 2 (

~ , -~
) H~~( -~ , -i) 

- 

d~ d-

(C-12)

If  the spa t i a l  ex ten t  of  H 1(~~, - 1 ) i s large compare d to t I e  s : - at i a l

extent  of E
2

( r , ),  i . e . ,  a s u b s t a n t i a l  amount of i ncohe ren t  i n t e g r a t i o n

or smoothing is done, then H
l

(~~ ,~~) j
2 

* !H 1
-~~,

- ) I
2 can be considered

a cons t an t  in the i n t e g ra l  in the  denomina tor  of E q u a t i o n  (C -12)  and the
p constant can he taken  o ut s i d e  the  integral sign. T h u s , if the  pea l- :

value of

{H 1
2 

I~~i I 2 }  = H~ (~~,-~) ,~~ dF  d--
max 

-
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is used , the ratio can be re wr i t t en  as

(~i H
1
(~~,s1) 

2 
d~ d~ )2 

- 

(LI ~~~~ ,~~~~~ 

2 
d~ d~
)— 

~:‘ jH 1(~~,1) i~~ d~ dq ff H~(~ ,-~) H
2(-~ ,-~) 

2 d~ d~

(C-13)

Equation ( C - l3 )  can be rewritten in another form using the following
relation. Let

Q(
~~~

-
~
) H

2
(~~,- 1) * H

2
(—~~,—~)

then by Parsev al ’ s theorem ,

H Q(~~, - )  
2 

d~ d-1 = H q(x,v) 1
2 

dx dv

- -mer e q ( x ,v) is t h e  inverse  F our i e r  t r a n sf o r m  of Q( : , ) - -~s E q uat i
( C — l 3 )  become s

m
2 (il H

1
(~~,-~) 

2 
d~ d~~) 2 (L7 1h 2 (x ,y )  2 dx

= (C-l4)

ff fH 1
(~~,- 1) ~ d~ d-1 ff h 2 (x , v)  ~ dx d v

To calculate actual values of m 2~ 2 
the forms of the coherent  and5

4 ~~
incoherent apertures must he specified . The case of interest here is
one in which ci r cu la r  a p e r t u r e s  are used for  both  the cohe ren t  and
incoheren t  imaging.  Thu s , assume H

1 
and 112 , the Four ie r  t r a n s f o r m  of

h
1 

and h
2 

r e s p e c t i v e ly  are c i r c u l ar  a p e r t u r e s  of diameter d and d /- ’. ()r

1 
~ ~~d/2

H
1
(f ,f )  = 

- 

(C-IS)

f < d /2
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and

1 f l  
~~~~

-
~~

--

H 2 ( f p~ f e) = 
p 2~ (C—16)

0
0 2~

The Fourier  t r a n s f o r m  of H 2 
is given b y

j2~t(f x+f v)

hi
2
(x ,v) = f f H

2
(f ,f~)e 

X 

~ dx dy

or because H2 is circular l symmetrical ,

d/2J’-
h
2( 

) = 2r~ j  r J
0
(2rt r ) dr

Let r ’ = 2o r , then wh en r d/2 ~ , r ’ = n d/ - , and

~d. - /i~
= l/2ni

2 f r ’ J
0
(r ’ ) dr ’

and bec ause

~ J1(~) = J ~ J0(~ )
--d 2 J 1

( i- cd /a)
h
2
( - )  = 

, 2 Ttd /~ 

( C -l7 )
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S u b s t i t u t i n g  Eq ua t i o n s  ( C - i S)  and (C-17) into Equation (C-l4) yield.,

2 

— 
(-~ 

d/ 2  

f dt  d f )  [
~
f j (~

2) 
( J ( ~~(1 

) )

2 

d ]2

2 2~ Ji2 
f d~ df f ~~~ 

4 

(

~~~~~~ d / 

-
- 

d d
0 0 0 o \ 2~~~/ \ ~ / 

/ -

‘ ‘ l u  i c h i  Si0 1) li l i e d  t o

[ f_~~~~~
2

- I ~ I r d r
2 \ r /

= 7~ 
( -18)

s ~ 
i J  ( r ) \

j  I 
~ 

) r d r
0 

r

uc jnte:: 01 in t h e  :i~ 5-:~- r i :  -r  can  -c -~~~ aluiatcd dl r e 4  t i ;  as

( i ~~~)
2

d ) 2

hu e a! ue of tie intenr al in t h e  deuiominac i- can 0 ~
- a] : l a t  ci by not in.~

diaL circ i r) and J
1
(2-t 

~ 
i .  are -ou rier t r u :~ for::i pairs , \- icre circ( r) = I

fur r ~ 1 and is equa l to 0 I 1e rwi se .~~ Thu ; ,

0 

(Ji
(r)

) 

~ 
r d r = 7 1

~~~r~~ t)
2
~ circLr~~

1

2 
r dr

• Bec l : s ~ [ 121
a ________________

-l / 2
c ircf t)  ci rc f r)  cu s  ( /2)  - J2  J l  - ( /2)_

2v

~The i n t e g r a l  was evaluated by Robert Bayma in a private cominuni-
cation.
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~ (

~ 1(r)) 
~ 

r dr = 0 .r [cos l()/2) - (hI2) ~i- ~P/2~
2] 

d -. -

By substituting p = 2 cos ~, the fol lowing is obtained:

. 00 it

~~ 
(J 1( r ))

4 

r dr 
0’ [~ - ~~~~~]sin a dx

=~~~ - -~~~~~ 0.05745
3

Csin~ L i e s e  r e s u l t s , i t  fo l lows  tha t

2

= 2 .18 ~~ = 2.18 (C-l9)

w i - e t c A ts the area of the coherent ape r tu r e  and a is t h e area of the

ap~ ;e ase~l for the incoheren t  low—pass  f i l t e r i n g .  F ina l ly , the
fol~~wtng can oc written:

m

= 1.48 (C-20)

wher e D is the diameter of the aperture used in the coherent imag ing

step while d is the diameter of the aperture used in the incoheren t low-

pass filtering procesS.
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