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l 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
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 unrecognizable. 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 lasers working
in the visible region, in the microwave region with such systems as syn-
thetic aperture radars, in the infrared region when using lasers, or
even with ultrasonic imaging systems using coherent sound illumination.
It is also important in imaging using a small coherent beam scanned
over the object for illumination (Appendix A). 1In 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
incoherent illumination. Because a number of important advantages
accrue from using coherent illumination, it is important to understand
how speckle affects resolution and, in turn, the recognition and iden-
tification 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 [1-6]. Recently, Young, et al. [6] performed some
experiments, using a diffusely illuminated National Bureau of Standards
(NBS) target and an optometrists tumbling E chart, which showed that
speckle degrades resolution by a factor of five or more. The work
presented here extends those results. The aperture required to resolve
a coherently illuminated diffuse grating is determined and compared to
the aperture required to 'resolve the grating using incoherent illumina-
tion, In addition, an estimate 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
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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.

1. 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, Ll and Lz, 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 plane O 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
pinholes of 0.4 mm and 0.6 mm 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 nm; 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 conduct experiments using spatially
incoherent illumination, an additional diffuser is placed between the
light 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 plane 0 to insure that only one component of the light
field is used.

The object transparency, T, is placed in plane 0 and the image is
observed in plane I using a microscope. The image is directly recorded
by means of a 35-mm camera at plane I or, as an alternative, an auxiliary
optical system is used to relay and magnify the plane I for recording
of the image using a 4 < 5 Graflex back and Polaroid type 57 film. The
optical system produces essentially diffraction limited images for an
object field of over 2 cm diameter with resolutions well over 40 //mm.

.  GRATING IMAGING

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

i : . ; 0.1
where the spatial frequency ratio between successive targets is 10 :

Only two groups are of interest because of the spatial frequency capa-
bility of the optical system. These two groups have spatial frequencies
which vary from 1 to 10 #/mm and 10 to 100 Z/mm, respectively. Over
this range of spatial frequencies, the target very closely approximates
a periodic square wave.
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This object was imaged with spatially incoherent illumination
through a series of apertures of 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 fundamental frequency of one of the
fifteen-bar target square waves. These data are shown 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 photograph shows
the 5.0l £/mm target resolved at a very low contrast as would be expected
when such a target is photographed with an aperture of cut-off frequency
of approximately 5.3 £/mm.

The object was imaged through the same apertures but spatially
coherent illumination was used. Again, for each aperture, the image
was recorded on Polaroid film and these photographs were used to deter-
mine which target could be resolved. Three observers judged the reso-
lution by viewing the photographs from a distance sufficiently large
so that the speckle superimposed on the grating was poorly resolved and
thus appeared smoothed to the observer. The criterion used to judge the
resolution was that a target was resolved if a relatively continuous
grating structure existed over nearly the entire width of the grating
target. These data are plotted along the line marked COHERENT in
Figure 3. Figure 4(b) is a photograph taken through a 4.l1-mm diameter
aperture and shows the 5.0l //mm grating target which was judged to be
resolved by the preceding criterion. From an examination of these data,
it appears that the aperture of a coherently illuminated system must
be twice as large 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 reached based on a consideration of the
spatial frequency bandwidths of the two types of systems independent
of the type of object being imaged. However, it was felt that the
presence of speckle in diffuse imaging should make the size of the aper-
ture required larger than twice the incoherent aperture size and that
the observer, in the act of judging the resolution, was providing some
averaging of the speckle noise. This possibly was thought to exist
because the grating target was considerably larger in width than the
period of the grating.

The photographs 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
was placed over the photograph and oriented perpendicular to the lines
of the target. The grating structure was examined through this slit
and the question of resolution was determined by judging whether a
periodic structure could be discerned along the slit.

This effect can be seen in Figure 4(b) by placing a slit over the
figure; with the slit in place the third target from the bottom
(5.01 2/mm) is not resolved while the fourth target from the bottom
(3.92 ¢/mm) is resolved. The data obtained in this way are shown along




‘potaad Burjea8 ay3 o3 1enba y3zpim jo

ITTs ® ySnoayj urelzed ieq ayj Sutmeta £q pa8pnl uoranjossa Yatm 3urlewr jusisyod (g) :
Pue ‘uisjjed ieq a1Tjue a3 3utmeta Aq pa8pnl uoranjosaa yjm Buil8ewT Jusasyod (7) 2
‘ButSewr jusisyoout (1) 103 aanjaede walsds Ted13do Jo UoOT3dUNy B SB UOTINTOSdY °¢ 2iIn8Tg

1-2129 WODINW
(Ww) 39N1HIdY _
z L oL 6 8 L 9 S v £ z L o E
| [ [ [ I | | | | T [ 4
—v
(1178)
IN3¥3IHOD —{s
—Hz - _
2 :
w
LN3HIHOD = .
=
-9 = |
5 .
2 !
& |
3 |
—Joz 2 .
N~ LN3HIHOONI
—1z u
® ]
—{sz
® —ze |
{
1




‘@anjiade wu-T°4 B yarm ATjusaayod (q) pue
‘@anjiade ww-7°7 B yarm ATjusiayodur (B) padewr s3a8iel ieyg ‘4 2In31g

q e |
9 q
ww/y G6°L
wuw/y Lg9
ww/y L0S
. it
3% fJ .
ww/y gL'

i




7.95 2/mm
10.00 ¢mm
1259 ¢/mm
15.85 ¢/mm
19.98 ¢/mm
A=124 mm A=83mm
COHERENT

COHERENT

A=6.2 mm

A=4.1mm
INCOHERENT INCOHERENT

Figure 5. Incoherent bar target imaging compared with coherent bar
target imaging with a factor of two greater system resolution.
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the line marked COHERENT (SLIT) in Figure 3 and show that an increase

of 2.6 in aperture diameter over an incoherent system is required to
provide equal resolution in a system which images coherently illuminated
diffuse gratings.

It is well known that the mean value to standard deviation ratio,
. m/g, of a speckle pattern produced with coherent illumination is unity.
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/g¢

is equal to the ﬂ 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
placed in a different position in plane F. To insure independence of
the speckle patterns, the minimum distance between any two positions of
the anerture was equal to or greater than the aperture diameter. The
series of images produced in this way was recorded as equal increments
of exposure on a Polaroid film. The results of this experiment are
shown in Figures 6 and 7, where the number of independent speckle patterns
which were added to produce each panel of the figure is given below
: the panel. The panel marked N = « was produced using spatially incoher-
ent illumination. The aperture used to produce these photographs was
of a size required just to resolve the 3.98 Z/mm periodic target with
spatially incoherent illumination. Figures 6 and 7 were used to deter-
mine the spatial frequencies of the bar targets just resolved by the
slit criterion. These values of resolution are plotted as a function
of N in Figure 8. It can be concluded from these data that the addi-
tion of approximately 100 uncorrelated speckle patterns, a signal-to- T
noise ratio of approximately 10, is required to approach the resolution ‘
performance of an incoherently illuminated system.

IV. CONTINUOUS TONE IMAGING

Determining the effect of speckle on resolution when imaging
objects having a continuous spatial frequency distribution and range of
contrasts is not as straightforward as it is with gratings because more
subjective judgement is required to form conclusions. In an attempt to
minimize the requirement for subjective judgement, a technique was
devised in which an incoherent reference image was compared to a set
of coherently produced images and to low-pass filtered versions of
these coherently produced images.

11
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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
Figure 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 this reference image was 1.44 mm in diameter
producing an image with approximately 6.4 lines of resolution across
the height of the automobile in the foreground. This resolution,
according to the Johnson criteria [7], is at the average identification
level of object classification. The reference image is denoted "inco-

herent, A = 1.4 mm" in Figure 1 and Figures 9 through 1l4.

A set of images was then made using coherent illumination. These
images were prepared with the optical system of Figure 1 by using a
negative of the object transparency of the automobile and photograph-
ing the resultant image on 35-mm Panatomic-X film at the image plane I.
A series of images were obtained using apertures of 12.4, 10.4, 8.3,
6.2, 4.1, and 2.1 mm in diameter. Photographs of these images are
labeled '“‘coherent" in Figures 9 through 14. The 35-mm transparencies
produced in this coherently illuminated step were then placed in the
object plane of the optical system and imaged at Plane I through a
l.44-mm diameter aperture using incoherent illumination. The process
of forming these filtered coherent images is shown schematically in
Figure 15. This low-pass filtering operation reduces the resolution
of the coherently produced images to that of the reference image and
increases the signal-to-noise ratio by smoothing the speckle, making
the resulting photographs similar in appearance to the reference image.
The images, recorded using Polaroid film through the auxiliary optical
svstem, are labeled ''coherent, filtered" in Figures 9 through 14.
Because the resultant images have the same resolution as the incoherent,
A = 1l.4-mm reference image shown in Figures 9 through 14, a determination
can be made of which images are of a gquality comparable to the reference
image by judging whether the detail present in the reference image can
be discerned in a low-pass filtered image.

Examination of the results shows that the coherent, filtered
images in Figures 9 and 10 are of comparable quality to the reference
image while in the coherent, filtered images in Figures 11 through 14
there is a noticeable loss of some of the detail present in the refer-

ence image. These observations lead to the conclusion that for con-
tinuous tone objects the aperture of a coherently illuminated svstem
must be increased by a factor of approximately seven over the aperture
of an incoherent system to achieve equal performance.

[t is shown in Appendix C that the signal-to-noise ratio of the
low=pass filtered images of Figures 9 through 14 is given by the
expression m/c = 1.48 (D/d), where D is the diameter of the aperture
used in the coherent imaging step while d is the diameter of the
aperture used in the low-pass filtering process. This expression can
be derived by using a model of the two-step imaging process given by
Lewis [4] which considers the coherent and incoherent imaging steps

15
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as linear filtering operations and the intermediate recording of the
coherent image as a square law detection process. Using this expression
. to calculate m/o for the coherent, filtered images in Figures 9 through

' 12, 12.7, 10.7, 8.5 and 6.4 respectively, are obtained. The signal-
to-noise ratio for the filtered images in Figures 9 and 10, the images
considered of comparable quality to the reference image, is ten or
greater, while this ratio is less than 10 for the filtered images in

| Figures 11 and 12 which were judged to be of unacceptable quality.

This result is similar to that obtained previously in the imaging of

diffusely illuminated gratings.

By equating expressions for the signal-to-noise ratio for low-pass
filtered images, m/oc = 1.48 (D/d), with that for images formed by super-
position of N independent coherent images, m/c = \/ﬁ, it is found that

these two speckle smoothing techniques are equivalent for N = 2,18 (D/d)z.
| This expression was used to calculate values of N corresponding to the
H ratios of the apertures D and d used in recording the 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 the aperture was moved a
sufficiently large distance in the plane F to produce an independent
speckle pattern. The coherent, speckle averaged images formed in
this manner are shown in Figures 9 through 14 with the corresoonding
1 coherent, filtered images. A visual comparison of these speckle
averaged images with the adjacent filtered images in these figures
shows that the signal-to-noise ratio, resolution, and appearance are
comparable for each pair of images. This good agreement provides con-
firmation for the expression for m/c derived in Appendix C. A compari-
son of the reference image, incoherent, A = 1.4 mm, with the coherent,
speckle averaged images in Figures 9 through 14 shows that for N
greater than approximately 100 (Figures 9 and 10), the images are of
comparable quality. Therefore, for continuous tone objects, a coherent
imaging system can obtain resolution equivalent to an incoherent imag-
ing system with the same aperture by addition of approximately 100
imag es with uncorrelated speckle patterns.

X o

5 The image comparison test used to obtain the aperture ratio of
seven gives a result which may be too pessimistic. A direct examina-
tion of the coherent image in Figure 11 indicates that sufficient infor-
mation is present in this image to judge it comparable to the reference
image. Although the automobile is masked by the fine speckle pattern,
an observer can learn to ignore the effect of this pattern and can
identify sufficient detail in the image to be convinced that it is
comparable to the reference image. Some observers who were shown the
images thought that even Figure 12 contains sufficient detail to judge
it comparable to the reference image. These observations lead to the
concl usion that it is better to view a coherent image directly than

to view a smoothed version of a coherent image because the aperture of
the coherent system need be increased by only a factor of approximately
five, rather than seven, over an incoherent system for comparable
resolution performance,

23




e —gteta,

A question which t:e data presented here elicits is why can a

diffusely illuminated grating be resolved with a smaller aperture than

a continuous tone object? Although the reason for which this apparently

anomalous effect occurs is not fully understood, a possible answer can

. be proposed [8]. The grating is a simpler structure; it is basically

: one-dimensional and has a higher contrast than the continuous tone
object. Also, in the case of the grating, the observers were asked
only to determine if a periodic structure was present, whereas, in the
case of the continuous tone object, they were asked to make a more com-
plicated decision about whether as many details could be discerned in
the image as in the reference image. Thus, it appears the observer may
be able to make a decision about the grsting with less information than
is required for the continuous tone object, The complete answer to this
question awaits a more detailed analytical and experimental investigation
of resolution in the presence of speckle which is beyond the scope of the
present study.

F | i CONCLUSIONS

I The et .ct of speckle in the imaging of diffusely illuminated
gratings and continuous tone objects was studied. It was found that when
imaging diffuse gratings, the aperture of a coherently illuminated sys-
tem must be 2.6 times as large as that of an incoherent system to
obtain comparable resolution. This factor must be increased to five
when imaging objects with a continuous spatial frequency distribution
and range of contrasts; it must be increased to a factor of seven if
the coherent image is subsequently low-pass filtered. A coherent sys-
tem can achieve resolution which is comparable to an incoherent system
of equal aperture if the coherent image is smoothed so that the mean to
standard deviation ratio of the speckle is ten or more.




Appendix A. SPECKLE WITH COHERENT SCANNED ILLUMINATION

Experiments were performed demonstrating speckle in images illumi-
nated by a small spot of coherent light scanned over the object and a
comparison made between the image speckle resulting from coherent flood
illumination of the object with the speckle resulting from scanned
illumination. An imaging system was assembled, similar to that shown
in Figure 2 using an aperture in plane, ¥, to control resolution. The
target consisted of a high contrast transmission bar chart in contact
with a ground glass diffuser. A polarization analyzer was placed in
the imaging system and oriented to pass onlyv the component perpendicular
to the polarization of the beam incident on the diffuser. The specular
transmission through the diffuser was therefore blocked and high contrast
speckles were obtained from the one polarization component passed. A
HeNe laser operating at 6320A was used for illumination and photographs
were made at f/40.

Images of the 10.00, 7.95, 6.31, and 5.01 {/mm groups and a part
of the 1.26 £ mm group of the test target are shown in Figure A. The
photograph labeled '"'mot scanned'" shows the bar chart illuminated with a
uniform coherent beam covering the entire chart. The two photographs
at the bottom of the figure were recorded by scanning an illuminating
spot over the bar chart in a raster. The scanning spot size was made
the same as the imaging system resolution spot size to match the prac-
tical requirements for long wavelength, active imaging systems. The
photograph on the lower left shows the results when the raster scan
lines overlap. In the photograph in the lower right-hand side of Figure
A, the scan lines were separated to show the raster.

The speckle is expected to be similar in both the flood illuminated
case and the scan illuminated case; this is shown in Figure A. Only
that part of the diffuser within the optical system resolution spot on
the object contributes to the speckle in the image. This is quite
different from the nonimaging case in which each point illuminated on
the object scatters light to every point on the observation plane.

Light scattered at points on the object separated by a few resolution
spot diameters will be imaged independently on the image plane although
some overlap of point spread functions occurs. As a first approxima-
tion, light imaged at adjacent resolution spots on the image arises from
independent ensembles of scatterersat the ccrresponding spots on the
object. Therefore, the speckle at each point on the image arises from
the same ensemble of scatterers on the object if the entire object is
illuminated simultaneously or point=by=-point with a scanning spot. For
a sufficiently fine grained diffuser as an object, i.e., a large num-
ber of scattering points within the resolution spot, the speckle size,
¢, depends only on the imaging system limiting aperture, D, the focal
length, F, and the illumination wavelength A:
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The similarity of the speckle for the two types of illumination shown in
Figure A-1 confirm the validity of this simple model.

Some decrease in speckle contrast is observed in the scanned illu-
rination case due to second-order effects such as speckle averaging,
The entire camera resolution spot is not fully illuminated during muc
of the time the illumination spot is scanned over it. Therefore, the
film records a superposition of the speckle pattern resulting from illu-
mination of the entire spot and the patterns resulting from illu ati
of parts of the spot, Tl

cion

large amount of overlap in illumination as a
resolution spot is scanned leads to a large amount of correlation betwee:
instantaneous patterns and the decrease

less than for independent patterns.

in contrast from averaging is
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Appendix B. SPECKLE AVERAGING TECHNIQUES

Speckle averaging by superposition of coherent images with uncorre-
lated speckle patterns was discussed previously in this report. 1In 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 the 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 without an analyzer in the optical system corre-
sponds 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 characteristics. For
the thick opal glass diffusers used in this work, a separation of 154
is adequate [10]. Therefore, speckle reduction can be obtained by adding
coherent images formed at a number of different illumination wavelengths.

The equivalence of polarization diversity and frequency diversity
for speckle reduction is demonstrated in Figure B-1l. Figure B-2 illu-
strates the equivalence between frequency diversity and angular diver<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>