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This report contains the results of tests of an optical correlator
developed by the Defence Research Establishment Ottawa and Canadian industry.
This instrument was designed to correlate interferograms produced by
synthetic aperture radar systems. Its optimal operating conditions are
discussed and examples of correlated imagery shown.
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RESUME

. On présente les résultats de plusieurs tests effectués sur le
corrélateur d'interférogrammes de radar & antenna synthétique construit

1 avec la collaboration du Centre de Recherches pour la Défense Ottawa et

1'industrie canadienne. On en discute les conditions d'utilisation optimales

et quelques examples d'images produites par ce systé&me sont incluses.
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1.0 INTRODUCTION

h - Synthetic Aperture Radar (SAR) imagery is characterized by high

resolution and virtual independence of weather conditions and daylight. These
properties created great interest in perfecting techniques for processing SAR
interferograms.

The Defence Research Establishment in Ottawa was very interested
in this type cof imagery and established, with Dr. R. Lowry, a research program
aimed at real-time acquisition of SAR imageryl. The first step of this program
was to acquire an optical correlator. Its design was developed by Michael
Failes from Canadian Instrumentation and Research Ltd. and the lenses were
manufactured by Applied Physics Specialties of Toronto. This optical cor-
relator was entirely designed and built in Canada and was primarily intended
to correlate the interferograms from a SAR that was constructed by the Communi-
cations Research Centre using the incoherent APS-94D Motorola SAR. Also, the
feasibility of producing an airborne correlator was considered.

2.0 FOCUSING PROPERTIES OF SAR INTERFEROGRAMS

The high resolution of a SAR is made possible by the particular way
the data is processed and recorded?’®. The azimuthal data is obtained from the
processing of the Doppler effect of the return of each point reflector. The
phase of this azimuthal information is preserved and recorded on film (Figure 1).
The resulting azimuthal Fresnel zone plates have a focal length that varies with
range as shown in Figure 2.

In the particular case illustrated in Figure 2, a linear modulation
of frequencies was produced on the range axis to improve the range resolving
power. This procedure also produced a Fresnel zone plate, but in range.
However, the focal length of this zone plate is independant of the range and
azimuth coordinates.
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The information collected by the radar is written line by line on
a CRT and then transferred to a moving film with an imaging lens (see Figure 3).
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It should be pointed out that a Fresnel zone plate is the diffraction
b pattern of a point source located at a given distance from the observation .
L plane as shown in Figure 4. The information recorded on the film can then be -
' interpreted as a defocussing of images located at some distance from the film ..
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Figure 4. Interpretation of a Fresnel zone plate
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In the case being considered, (see Figure 5) the azimuthal informa-
tion is focussed at a distance Ra(r), which is a linear function of range. A

tilted azimuthal focal plane is then formed but the range information is
focussed on a vertical plane at a distance Rr from the film.

Another interesting characteristic of a SAR interferogram is that
the information is recorded with a different scale on the range and azimuthal
axes. The final image has then to be constructed from an interferogram bearing
no resemblance to the original scene (see Figure 6).

Images can be produced from interferograms by using digital or
analog sisnal processing techniques. The optical (analog) method was chosen
by DREO because of the relatively low cost of the lenses and peripheral equip-
ment.

3.0 DESCRIPTION OF THE CORRELATOR

The DREQ optical correlator for SAR interferograms is of the tilted
plane type®. The input film and the image are on a plane at a small angle
from the vertical.

The correlator is made from a spherical and a cylindrical telescope
placed in series (see Figure 7). Eleven lenses were grouped in two spherical
and three cylindrical elements. The location of the lenses within the elements
was fixed but the position of the elements was flexible. Each element was
mounted on an in-line optical bench and was adjustable to provide five degrees
of freedom.

In the following cases, shown in Figures 8 through 12, Rl and R2 are
respectively the left and right curvature of the lens, E is the thickness of

the lens on the optic axis and Ln is the number of each lens forming an element.

The spherical telescope images the range coordinate at the output
plane with unity magnification using the information in a vertical plane
located at a distance Rr from the object film (see Figure 5 and 13). The

spherical telescope was made from two spherical elements (#1 and #2) which
deviated the rays on both the range and the azimuthal axis.

The cylindrical telescope takes the azimuthal image formed ty the
spherical telescope from the tilted information plane located at a distance
Ra(r) from the object film. It then compresses it by the appropriate factor

'K' and images it in the plane where the range coordinate was imaged
(see Figures 5 and 14). This compression compensates for the different scale
factors used for the range and azimuthal axis during the recording stage.
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Figure 6. Aspect of a SAR interferogram
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Figure 7. The DREO optical correlator
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The experimental measurements were found to agree well with the
theoretical prediction. The tendency to observe a cut-off frequency larger
than expected came from the finite width of the harmonics which interfered to
form the image. The modulation disappeared only when all the light from onc
of the orders was blocked off.

The system symmetry was also checked by measuring the contrast of
the images for different object point lc~ations. The location of the object
points is shown in Figure 23 and the results in Table 6.

TABLE 6
Location in the Image contrast (lines/mm) Image contrast (lines/mm)
object field (azimuthal axis) (range axis)
(25 mm spacing) 20 30 20 30
A .83 .70 .86 .76
B .80 45 .77 .70
C .82 .70 .82 .71
D .82 .70 .82 .71
E .E2 .70 .81 -

5.0 QUALITATIVE EVALUATION OF THE SYSTEM ABERRATIONS

The aberraticns are one of the main factors of quality degradation
of the images made by an optical system. The identification of the aberrations
of the system was attempted with the correlator operating with a compression
factor other than the optimum.

The experiment involved the production of a plane wave front at the
entrance of the spherical and cylindrical telescope and the observation of
the beam distortions with a beam shearing interferometer. This method did
not permit a quantitative interpretation of the interference pattern. However,
Murty published a study of interference patterns associated with frequent aber-
rations of spherical lenses which were used to evaluate the experimental
results®. Unfortunately, such a study was never made for cylindrical lenses.

Initially the beam was checked for distortion at the output of the
collimator (see Figure 24), As expected, the regular, horizontal lines were
proof of the parallelism and the absence of distortion in the wave front.

The experiment was repeated with the interferometer situated after

the spherical telescope (see Figure 25). The shape of the fringes shows the
presence of spherical aberration.
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Figure 22. Fourier transform of a Ronechi grating
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the lenses are aberration free. The first lens of the system has a focal
length of 570 mm, and a square filter of 25 x 25 mm in the Fourier plane would
make the system space invariant. The maximum resolution of the imagery pro-
duced by the correlator would depend on the scale factor q of the range axis
and on the scale factor p of the azimuthal axis. The azimuthal and range
resolution are given by the following formulas:

R = q
r 2 x 35 x 1000

and

R = P
a 2 x 35 x 1000

where Rr and Ra are the range and azimuthal resolution in meters.

It was also possible to verify, during the collection of the data
used to construct Figures 15 through 18, that the sizes of the correlator
elements were optimized, meaning that no particular element of the system was
responsible for the cut-off.

The theoretical MIF's shown in Figures 15 through 18 were measured
experimentally and the results are shown in Figures 19 and 20.

The following procedure was used to perform the MTF measurement
experiment. The system was aligned to pass the optical signal directly down
the optical axis. A Ronchi grating of increasing frequencies was located in
various positions in the object field and the cut-off frequency was observed
for each location of the grating. Figures 21 and 22 show a Ronchi grating and
its Fourier spectrum. The central order (D.C.), second and higher order side
bands were blocked at the Fourier Transform plane by a filter, thus transmitting
only the first harmonics with sinusoidal amplitude variations imaged at the
output plane.

If, because of the position of the object, one of the two spatial
frequencies of the grating is blocked off by a system pupil, the modulation
disappears in the image of the grating. If the two first harmonics are trans-
mitted, the image intensity is:

e
R

A mia'ma

ie -10_ 2 2 2
I= lae *+ Ae | =4 A cos ©

L

AN 4
&oa o an'a e n b

where:
A = amplitude of the two first harmonics

O = angle of diffraction of the first harmonics

. ‘1I..

If only one harmonic is transmitted, the intensity is then unmodulated, and

I =A%
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Figure 16. Theoretical transfer function
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The cylindrical telescope elements act only as glass plates In the range axis
and do not deviate the path of the rays. However, the cylindrical telcscope
has focal power in azimuth.

The cylindrical telescope has a built-in zoom system that permits

changes in the azimuth compression factor K from three to six. The optimum
design performance for this correlator was for a compression factor of four.

4.0 BANDWIDTH AND RESOLUTION OF THE CORRELATOR

One of the most important parameters of an optical system is the
quantity of information it can process. This parameter is determined by the
diameter, the relative location, the focal length of each element, and the
aberrations of the system". An analytical calculation becomes tedious when
the optical system is made of more than two elements. To overcome this
problem, an interactive computer simulation of the correlator was developed on
a terminal screen and the path of the rays associated with point objects was
plotted at given spatial frequencies®. This technique enabled the cut-off
frequency for each point of the object field to be located, and to establish
which element of the optical system was responsible for the cut-off.

This technique was used to calculate the modulation transfer function
(MTF) of the spherical telescope (see Figure 15) and of the cylindrical tele-
scope (see Figure 16). These curves were made for a compression factor K of
4,

Some characteristics of the cylindrical telescope MIF were
especially interesting: its spatial frequency response varied between 40 and
60 lines/mm but, surprisingly, its maximum response was for an object located
10 mm from the optical axis. Usually the MIF is a maximum for an object on
the axis. For the more conventional azimuthal telescope the MIF was maximum
on the optical axis and decreased linearly towards the edges.

The theoretical MIF of the azimuthal and range axis of the correl-
ator are shown respectively in Figures 17 and 18. From these curves, we
concluded that the range axis, because of the large variations of the transfer
function, was highly space-variant.

It is desirable to have a space-invariant system to be sure to
obtain the same results independly of the position of the object in the object
field. It is possible to make the system space-invariant by specifying input
dimensions and Fourier plane filter size so that the frequencies that are
not transmitted on the whole object field are blocked at the Fourier plane.
The dimensions of the filter can be defined from a quick look at Figures 17
and 18. It is concluded that 35 line/mm is the maximum frequency that can be
transmitted by the system with an object field of 50 mm x 50 mm assuming that
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In R1(mm) R2(mm) E (rm)
L1 569.5 ~339.42 12
L2 -281.7 281.7 6
L3 410.2 -548.0 12
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Figure 24. Beam Shearing interferogram after the collimator

Figure 25. Beam Shearing interoferogram after the spherical
telescope

BT S P P I A S S P P A P A O . U U WL, DU T WL D, UPEP. QL SR U WP v



AR B AN I S e ar-al SIS P e g T R T T TR =2 — P e S S Sive e Jhase Sate st Jhase Saath et et
t? 24

- Finally, the interferometer was placed at the output of the cylin-
i! drical telescope. The cylindrical telescope was then adjusted successively,
using compression factors of 3, 4 and 6, by setting the distance between the
cylindrical lenses to the values determined previously by the computer simu-
lation. The Beam Shearing interferogram corresponding to the k values are
- shown in figures 26, 27 and 28, respectively.

It may be observed that the interference fringes suffer severe
distortion and that the situation was worse at the edge of the interferogram.
It was unfortunately impossible to go further in the analysis because of the
lack of prior information about interferograms produced by cylindrical lenses
with aberrationms.

ULV SR S S
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6.0 OPTIMAL USE OF THE BANDWIDTH OF THE SYSTEM '

It has already been shown that the correlator can readily transmit 1
30 lines/mm on a 50 x 50 mm object field, which represents 2,250,000 resolu-
e tion elements. It 1s implicit that this bandwidth is symmetrical about the
axis of the correlator. But the information from a SAR interferogram is
always on a carrier, (see figures 29 and 30). The ceutre of the spectrum cf
the information to be processed tends to diverge from the optical axis (see
figure 30) therefore, it is likely that some useful information centered on the
carrier would not enter subsequent elements of the system, especially if the band-
width information was just slightly smaller than the bandwidth of the optical
system. To avoid this problem, and optical system with elements large enough to
transmit the central order, the carrier and the information spectrum would be
] built. This solution is not economical, the cost of lenses being a rapidly growing
- function of thelr diameter.

The center of the spectrum of the information to be processed by the
3 correlator is located on the carrier. Let us consider the propagation of an
- azimuthal carrier frequency through the optical system.

- A less expensive approach and a simpler solution is to construct a

" correlator in the shape of an "L" using a corner mirror to superpose the

® carrier frequency on the ¢ptical axis (see figure 31 and 29 b). We will first
- discuss the technique to superpose an azimuthal carrier on the optical axis.

3 It should be noted that the CRC and ERIM, X band, SAR have an azimuthal carrier.

Referring to figure 32, let us consider o as the angle between the
carrier frequency and the D.C. component of the spectrum. A mirror at 45°
@ between the Fourier Transform Lens(l) and the Fourier plane causes the
' diverging carrier to intersect on an arbitary plane Az at point D. By rota-
ting the mirror, the carrier can be made to follow the dotted ray. This ray,
however must be shifted laterally to cause the beam to centre at point A and
run parallel to the optic axis. This was achieved by moving the mirror along

the optic axis L . The distance "3" between the optical axis and the point
@ A can be calcula%ed the following way
o b = (f-d)a
- — ¢ (faya

1+0
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Figure 26. Beam Shearing interferogram after the cylindrical
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Figure 28. Beam Shearing interferogram after the
eylindrical telescope (K=6)
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L Shaped correlator




Figure 32. Azimuthal @ffset Mechanism of the DREO
Optical Correlator
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where £ is the focal length of the lens and a is considered a small angle.
Now, we move back the mirror on the axis of the system to locate the central
order on a point B at a distance b from the optical axis. This procedure
superposes the bandwidth of information of the image on the bandpass of the ;
system and maximizes the capability of the optical system.

A similar procedure can be used when the interferogram is recorded J
with a range offset (see Figure 29(c), and Figure 33) as is the case with the [
ERIM 4-~channel SAR., But it is impossible, in that case, to superpose the ﬁ
carrier on the optical axis. The best that can be achieved is to place the -
carrier parallel to the optical axis in a vertical plane which passes through K
the optical axis. We have in that case: g

3
h=os - 22— =~ g5 #
o + 2

Then the mirror is moved backward, parallel to the optical axis, a distance
"d" to place the carrier in a plane vertical to the optical axis. The distance
"d" is given by:

7 TV

S (12 S(],2

d=20— =2

o{,2+2

7.0 EFFECIS OF THE LIQUID GATE AND OF THE QUALITY OF THE MIRRORS

It was demonstrated in a preceding section that the efficient use
of the bandwidth of the system requires at least one mirror. Several more
would need to be incorporated if the correlator was designed for in-flight
operationlo. Plane mirrors are important parts of the system and it is use-

ful to define their quality specifications.

A beam shearing interferometer was used to evaluate the quality of
the wave fronts at the output of various arrangements of mirrors. Two kinds
of mirrors were examined, good quality mirrors, made by Interoptics Ltd.,
Ottawa, polished to A/10 flatness and poor quality front surface aluminum
mirrors made by Edmund Scientific having no specifications of quality.

A photograph of the interferogram of the sheared beam after the
collimator is shown in Figure 34, This is to be compared with the interfero-
grams of beams having being reflected by a good quality mirror (see Figure 35)
and a low quality mirror (see Figure 36).

®
)
]
2
>
p

The interpretation of the result is obvious. The good quality mirror
produces almost no aberration of the wave front, but the poor quality mirror
distorts the beam such that the fringes are doubled in number and rotated 45 ®
degrees. The wave front is then examined after two reflections (see Figures :
37 and 38). Little change is observed in the quality of the wave front B
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Figure ?4. Beam Shearing Interfero- Figure 35. Beam Interferograrm after
gram after the collimator. reflection on one good quality mirror.

-

\

Figure 36. Beam Interferogram after reflection on one poor mirror.

l

Figure 37. Beam Shearing Interfero- Figure 38. Beam Shearing Interfero-
gram after reflection on two good gram after reflection on two poor
mirrors mirrors
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after two reflections on good quality mirrors, (Figure 37), but this is not the
case after two reflections on poor quality mirrors (Figure 38). The aberrations
are considerably increased with each additional mirror.

We also examined the quality of the wave front after the spherical
telescope when two good quality mirrors were used (see Figure 39) compared with
two poor quality mirrors (see Figure 40). The effect of the quality of the
mirrors on the output beam is also obvious.

Another source of degradation of the wave front comes from the
thickness variations of the emulsion of the film. It is possible to cancel
those thickness variations by putting the film between two parallel and very
flat plates of glass. The space between the film and the plates of glass is
then filled with a liquid having the same index of refraction as the emulsion
of the film. The film now looks optically flat and does not introduce unwanted
phase shift in the wave front.

The effect of the presence of an appropriate liquid in the liquid
gate was studled by looking at the beam sheared interferogram after the liquid
(see Figure 41) without a liquid and after a properly filled liquid gate (see
Figure 42). The liquid gate consists of two 1/4" thick plates of flatness
A/4, clamped together with a spring action. The improvement shown by the use
of this liquid gate is apparent by comparing the number of fringes on Figures
41 and 42. The swaller number of fringes on Figure 42 is an indication of the
improvement.

The results shown in Figures 34 through 42 demonstrate the need for
high quality reflecting and transmitting surfaces to preserve the original
characteristics of a wave front, especially 1f many surfaces are used in the
correlator design. The use of a liquid gate is also highly desirable to avoid
deterioration of the wave front.

8.0 THE CORRELATOR AS AN ANAMORPHIC COPIER

In a preceding section, image production was examined from inter-
ferograms where azimuthal and range information were focalised in different
planes. A case of interest occurs when the information is focussed on a film
for each axis. The correlater, then, acts like an anamorphic copier.

The correlator was adjusted to produce a compression factor of 4.
The object was a resolution target and examination of the original negative
shows both axis with a resolution of 32 lines/mm (see Figure 43).
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Figure 39. Beam Shearing Interferogram after the spherical
telescope mounted with two good quality mirrors.
R
k
Figure 40. Beam Shearing interferograms after the spherical
telescope mounted with two poor quality mirrors.
Figure 41. Beam Shearing interfero-  Figure ¢2. Beam Shearing Interfero-
gram after an empty liquid gate. gram after a liquid gate with proper

index matching liquid.
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9.0 CURVATURE OF THE AZIMUTHAL IMAGE PLANE

The azimuthal curvature of the image is caused by the cylindrical
lenses which act only as glass plates in the range axis but vary in thickness
along the azimuthal path thickness (see figure 44). A range Fresnel zone plate
in the object film was expected to be imaged on a concave curve when displaced
on azimuthal axis, because of the effect of the variation in the converging
length of a converging beam as it goes through plates of glass of different
thickness (see Figure 45). Next an object consisting of a grating with its
structure along the range axis was used. The position of the range image plane
for various azimuth locations was measured. These variations in position are
extremely small and it is difficult to locate the image plane precisely. The
experimental results (see Figure 46) show small variations in the location of
the image. These variations are within the depth of focus of the system. The
calculation of the depth of focus "d" of an optical system, with 207 loss is
given by Ref. (8):

::l —
d=3

where:

d = depth of focus

i

wavelength of laser light (6328A)

N e

= half angular opening of the output beam

A calculated depth of focus of the order of 0.88 mm on the range
axis was obtained which indicated that the depth of focus of the correlator
was greater than the experimental measurement of image field curvature.

10.0 IMACERY PRODUCED BY THE CORRELATOR

The ultimate evaluation of the correlator must rest with the quality
of the imagery it can produce. The correlator was used to make images from
computer-simulated interferograms, X and L band interferograms from the 4-
channel ERIM SAR and from the CRC-modified Motorola APS-94 SAR.

The system was checked initially with interferogram simulations
described in Ref. (9). At this time the modified APS-94 SAR had not produced
any interferograms and the purchase of ERIM interferograms had not been
negotiated. The images from the binary and grey level simulations are shown
in figure 47 and 48 respectively.

An examination of the imagery with a microscope shows that the
segments in the images were well resolved, that the size of the segments were
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Figure 44. Azimuthal curvature of the image field . d
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Figure 45. Focal length variations of a converging beam
propagating through a glass plate.
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corrcet and the required compression factor K accurately predicted. At a
later date, a correlated image was made from interferograms produced by the
CRC modified APS-94 SAR (see Figure 49). This is an image of an ice field.

An evaluation of the DREO correlator was also made with the purchase
from ERIM of high quality interferograms. The correlated images produced by
ERIM from the same interferograms were also available for comparison with the
DREO results. These comparisons are presented in Figures 50, 51, 52 and 53.

11.0 CONCLUSIONS

The important parameters which affect the performance of the DREO
correlator were studied with the conclusion that it is essential to use good
quality optical components.

It was also found that it is very important to have many degrees of
freedom at the input liquid gate and for each element to facilitate focus
system alignment. The relatively low optical quality (see Figures 26, 27 and
28) of the cylindrical lenses was a limiting factor in the system.

A comparison of imagery produced by ERIM and the DREO correlator,
using both L and X-band radar data, clearly demonstrated the excellent per-
formance achieved using the DREO correlator. It is important to note that
because of the flexibility built into the DREO correlator, that the correla-
tor was not optimized to use ERIM parameters. In fact, the DREQ correlator
design, although constrained by cost, produced imagery which is competitive
with the more complex and expensive ERIM correlator and provides a flexible
research test bed to study and design more advanced systems..

With the advent of the SEASAT Satellite program, the design of a
more advanced system will be required and the experience gained using the
existing correlator is invaluable.
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Figure 49. Image from the first interferogram of the
modified APS-94 radar
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Figure 50. Image prod ced by the DREO correlation from an
X~-band Interferogram bought from ERIM
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Figure 51. Image produced by the ERIM Correlator from .
the Interferogram used to produce the image
shown in figure 50.
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o Figure 52. Image produced by the DREO Correlator from
o an L-band Interferogram bought from ERIM
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Figure 53. Image produced by the ERIM correlator
from the Interferogram used to produce
the image shown in figure 53.
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