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1.0 INTRODUCT }ON

The work described in this Technical Report was performed
under (ontract F19628-79-C-0005. The purpose of this program was to
design, fabricate, and test a laboratory breadboard of a dual channel
IR radiometer having tailored modulation transfer functions. The MTF's
of the two optical channels were to be matched to suppress as
completely as possible all spatial frequencies in the object below
approximately 25% of the cutoff frequency.

The Background Optical Suppression System (BOSS), which has
been described in various forms in References 1 through 6, uses pairs
of matched modulation transfer functions to suppress the range of
lower spatial frequencies in a structured background, thereby
enhancing the detectability of point sources or targets seen against
that background. The MTF pairs are tailored to match as closely as
possible at low spatial frequencies, but must diverge significantly
from each other at higher frequencies. Then, by detecting only
fluctuations when the two images corresponding to these two MTF's are
alternately projected onto the common detector plane, the MIF's are,
in effect, subtracted from one another and the lower spatial
frequencies in the object are suppressed.

The program began with an initial definition phase in which
various design options were examined:

A.  Alternative methods for switching from one optical
channel to the other were examined, and the most
promising one selected for this application.

B. Suppression characteristics of various tailored MFT
systems (particularly, matched pairs of circular and
annular apertures) were examined and the most promising
pair for this application chosen.

C. Geometry trade-offs (aperture diameter vs focal length vs
detector size) were evaluated in order to optimize the
dimensions of the laboratory model.

D. Evaluation and specification of detector and electronics
for laboratory model were performed.

E.  Methods for fine-tuning the optical system to achieve
final matching of the MTF's and effective collecting
areas were examined.
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Following the initial definition phase, detailed design and
fabrication of the radiometer was performed.

The final phase consisted of a program of laboratory
measurments to determine the maximum suppression ratio (as a function
ot spatial frequency) which can be achieved with this instrument. At
this time, only preliminary measurements of the opticzl system
response at three spatial frequencies are available. These
measurements show that the instrument behaves qualitatively as
expected. At a spatial frequency of zero, a suppression ratio in
excess of 10U was achieved. At a relatively high spatial frequency
(59% of the way to cutoff), no suppression was observed, as expected.
At a spatial frequency 11.8% of the way to cutoff, in the region where
effective suppression was expected, a suppression ratio of about 7 was
observed. The suppression ratio here was probably limited by certain
shortcomings of the present apparatus, which are discussed in Section
4. Suppression ratios at lower spatial frequencies which are at least
an order of magnitude higher than this should be achievable with
additional work.

A condensed version of this report was presented at the 1981
Los Angeles Technical Symposium, sponsored by the Society of
Photo-Uptical Instrumentation Engineers (SPIt), and will be published
in SPIE Proceedings Number 268.

In the course of this work, a novel technique for achieving a
matched set of MIF's in optical systems with a single entrance pupil
was conceived and investigated in a preliminary manner. The matched
MTF's are produced by causing the image to undergo a programmed
sequence of high-frequency, small amplitude gyrations on the detector
face. This technique was described in a paper presented at the SPIE'S
Z4th Annual Technical Symposium and was published in SPIE Proceedings
Number 253. This paper is reproduced in the Appendix.

Section 2.0 describes the initial.definition phase of this
program, in which the various design options were examined.

Section 3.0 describes the laboratory apparatus which was
constructed.

Section 4.0 describes the preliminary measurements which have
been made using this apparatus.




2.0 DEF INITIUN PHASE

During the Definition Phase, the various design options listed
in Section 1.0 were evaluated, and the alternatives most appropriate
for this program were selected. The following paragraphs describe that
selection process.

The method chosen for switching from one entrance pupil to the
other used an arrangement of rotating and stationary polarizing
components shown in Figure 1. First, the radiation from the source
entering the entrance pupils was linearly polarized. A quartz
half-wave plate over one of the two pupils then rotated the plane of
polarization for this pupil by 90°. Then, a rotating analyzer prism in
front of the detector alternately passed the polarized radiation from
one pupil and then the other, with smooth transitions in between. This
part of the apparatus is more completely described in Section 3. Cther
switching techniques involving rotating apertures, solenoid operated
shutters, and tilting mirrors were considered. The advantage of the
polarization technique over the others is that the transitions are
performed smoothly, without disturbing transient effects or momentary
changes in the shapes and/or sizes of the pupils during the switching
phase. The polarization method is, of course, wasteful in its use of
the incident radiation. However, the main objective here was to
accurately watch the MIF's at low spatial frequencies, and efficient
use of the incident radiation was considered to be less important in
this phase.

The wavelength of the center of the radiometer spectral
passband was chosen to be 2.0 um because this was the longest
wavelength for which the fabricator of the halt-wave plate had
reliable data on the retardation value of crystalline quartz. Also,
2.6 uym is a converient wavelength at which to work because
satisfactory optical materials and suitable detectors are readily
available, and absorption by atmospheric gases is not a problem.

From among the various possible pairs of matched MTF's
describea in the references, the pair consisting of a diffraction-
limited annulus and a smaller diffraction-limited circular pupil was
chosen, as shown in Figures 2 and 3. This was considered to be the
simplest and most easily implemented arrangement which could provide
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ANNULAR ENTRANCE 0.917 cm
PUPIL

CIRCULAR ENTRANCE / 1.100 o

PUPIL

- - 2,040 cm

Figure 2. Dimensions of the two entrance pupils.
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good suppression over a reasonable range ot lower spatial frequencies.
The area of the annular pupil is several times that of the circular
pupil, thus requiring that a neutral density tilter be placed over the
annulus to equalize the effective collecting areas. Unce again,
etticient use of the incident illumination was not considered
important in this laboratory program.

With regard to the geometry trade-otfs (aperture diameters vs
focal length vs detector size), the approximate aperture of the
circuiar pupil was constrained by the 10 mm diameter ot readily
available half-wave plates. Then, the requirement that the MTF's match
accurately out to about 25% of the cutoff frequency determined the
approximate dimensions of the annulus. The outside diameter of the
annulus used here was 2.040 cm. For a number of reasons, a relatively
long focal length for the objective lens is desirable. With a long
focal length, the effects of geometric aberrations of the lens, such
as spherical aberration, are decreased. Also, the size of the
diffraction-limited point spread function increases with the focal
length, allowing a Jlarger field stop diameter and relaxing the
mechanical precision required from the spatial scan mechanism. Also,
the depth ot focus increases with the focal length. For these reasons,
a focal length between 10U and 200G cm seemed appropriate. A single
element, plano-convex lens with a focal length of 1G5 cm was tinally
selected. In order to define shape and size o1 the field of view, a
circular field stop aperture was placed in the image plene, just 1in
front of the detector. The diameter of the field stop opening involved
a tradeoff between signal level, which increases with the diameter,
and contrast in the spatial scans of the higher frequency test
targets, which decreases with field stop diameter. It seemed
reasonable to choose a field stop diameter such that the first zero in
the detector transfer function would approximately coincide with the
cutoff frequency in the MIF of the ditfraction-limited annulus. The
resulting field stop diameter was 10U microns. This size proved to be
small enough to give reasonable contrast in scans of the higher
frequency test targets (such as the target with a spatial frequency
9% ot cutoff), while at the same tine yielding adequate signal
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levels. lhe field stop consisted of a thnin disk of nickel foil con-
taining the 1UL micron opening. The disk was centered on the detector
and then tacked in place around the edyes with an adhesive.

The detector chosen for these measurements was 3
Quantum-Detector Technology, Inc., 10U x 10U micron PbS detector. This
chioice was made because this detector 1is readily available, its
characteristics are familiar to Visidyne personnel, and it works well
at ¢ microns. Because the objectives of this program involved the
optical properties of the instrument, no attempt was made to choose
“realistic" detector electronics as would be used in an actual flight
system containing a detector array with a large number of elements.
Instead, near-ideal electronics were used, in the form of a Princeton
Applied Kesearch Phase Lock Amplitier, Model 126. The polarity of this
amplifier was switched synchronously with the rotation of the analyzer
prism. In this way, the output of this amplifier was made proportional
to the cross-correlation of the actual detector signal with a square
wave having the same frequency and phase as the expected detector
signal. This is probably the optimum method for extracting a periodic
signal from a noisy background.

The methods for fine-tuning the optical system to achieve
close matching of the MIF's at lower spatial frequencies involved
varying the outside diameter of the annulus and also adjusting the
etfective collecting area of the annulus by adjusting the tilt angle
of a thin metal vane. As stated previously, the effective collecting
areas of the two pupils were roughly matched by placing an N-D G.5C
filter over the annulus. Nominally, this left the effective collecting
area of the annulus about Y% greater than that of the circular pupil.
Final matching was performed by obscuring a portion of the area of the
annulus with the thin metal vane, as shown in Figure 4. The amount of
obscuration could be controlled precisely by tilting the vane. (The
long dinension of this vane was oriented perpendicular to the
direction of the lines in the test targets, so that its effect on the
shape ot the observed MIF of the annulus would be minimized.) This
matching was performed with the uniform test target (zero spatial
frequency) in place. It was then planned to observe the amount of
suppression at some higher spatial freguency within the region of
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TILTABLE i
METAL
VANE

- 4 — -

CIRCULAR ANNULAR
PUPIL PUPIL
(Half-wave Plate) (N-D Filter)

Figure 4. Entrance Pupil Assembly, with metal vane for fine
adjustment of the effective collecting area of the
annulus.




suppression, such as at 2U% of cutoff. From the amplitude and phase of
the residual (unsuppressed) fundemental spatial frequency, a corrected
value for the outside diameter of the annulus could be computed. The
(.D. would then be so modified. (The stop which determined the C.D. of
the annulus was fabricated in several slightly different sizes.) Then,
the matching at zero spatial frequency would be repeated, the
suppression at 20% of cutoff would be measured again, and the process
repeated until suitable low-frequency matching of the MIF's was
observed. Due to problems discussed in Section 4, this process has not
yet been carried out in its entirety.
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THE APPARATUS
The tailored modulation transfer functions were produced by

3.0

matching a diffraction-limited circular entrance pupil to a larger
diffraction-limited annular pupil. Given a&n annulus with an outside
diameter of unity, it was found that a suitably matched pair of MTF's
will result if the outside diameter of the circular pupil is set equal
to G.450 and the inside diameter of the annulus is set equal to 0.54C.
The calculated MTF's for this combiration are shown in Figure 3. The
matching is very good out to 20% of the cutoff frequency, o, of the
annulus, with the largest calculated mismatch in this range being
G.005 at 10% of w.- Beyond 0.45 e the MTF of the circular pupil
(Lurve B) drops to zero, and the combined MTF (Curve A minus Curve B)
is that of the annulus alone.

The actual dimensions of the entrance pupils used 1in this
radiometer are shown in Figure 2. The two pupils were concentric, as
shown, and shared the same objective lens. The nominal value of we
referenced to the image-plane of the radiometer is 9.71 cycles/mm, as
calculated from the 2.040 cm outside diameter of the annulus, the 1(5
cm focal length of the objective lens, and the nominal 2.0 micron
wavelength of the radiation. The geometric collecting areas of the two
pupils were substantially mismatched, with the area of the annulus
being 3.5U times that of the circular pupil. This mismatch was
corrected in part by placing a metallic neutral density filter with a
nominal transmittance of 0.316 (neutral density 0.50) over the
annulus.

The major components of the apparatus are shown in Figures 1
and 5. As stated previously, the method chosen for switching
alternately between one entrance pupil and the other without producing
disturbing transient effects utilized a set of polarizing components.
First, incident radiation from the test source was linearly polarized
by reflection from an uncoated optical flat set at Brewster's angle,
and it then passed through the entrance pupils and the common
objective lens. The portion of the radiation passing through the
annuiar pupil was attenuated by the N-D filter, but its state of
polarization was not changed. Radiation passing through the circular
pupil, however, encountered the half wave plate, which was oriented so
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as to rotate the plane of polarization by 90°. (The region between the
inside diameter of the annulus and the outside diameter of the
circular pupil was blocked by a thin metal ring, as shown). A
Glan-Thompson aralyzer prism mounted in a rotating sleeve assembly was
located just ahead of the image plane. This sleeve, which was driven
continuously at 4.67 revolutinns/sec by a synchronous motor, rotated
about an axis coincident with the optical axis of the radiometer. In
this way, the image observed in the plane of the field stop consisted,
alternately, of radiation passing through one entrance pupil and then
the other pupil, with smooth transitions in between. For instance, if
the intensity of the images formed by the two pupils over the field
stop opening were identical, the signal corresponding to one entrance
pupil would vary as sin’qt, and of the other as cos®qt, as shown in
the insert in Figure 1. Thus the total signal from the detector would
be constant with time, and the output of the phase lock amplifier
would be zero. If, on the other hand, the intensities of the images
were different, the output of the phase lock amplifier would be pro-
portional to that difference. Switching of the phase lock amplifier
was synchronized to the rotation of the analyzer prism with a fiber
optic rotation sensor viewing a sector pattern located on the face of
the rotating sleeve. The polarity of the amplifier was reversed for
each 90° rotation of the prism.

The bandpass filter was an interference filter with bandwidth
of 0.U4 microns centered on 2.0 microns. It was necessary to restrict
the spectral bandpass because the half wave plate produces the
required A/2 retardation only over a limited spectral range.

The optical path length through the N-D filter (annulus) was
longer than the path length through the central pupil (half wave
plate) by approximately three times the coherence length of the
radiation, as determined by the bandwidth of the interference filter.
Thus, the images from the two entrance pupils were combined
incoherently in the detector plane, as desired.

The test source, seen in the background of Figure 5, consisted
of a set of backlighted Ronchi rulings located in the focal plane of a
paraboloidal collimating mirror. Backlighting was provided by a
tungsten-halogen lamp used with a condenser system. The Ronchi rulings

17
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were mounted on a motor-driven translation stage, allowing spatial
scans of the rulings to be made with time. The spatial frequencies of
the rulings, referenced to the image plane of the radiometer, ranged
from 1.1% cycles/mm up to 7.66 cycles/mm. An unruled region in the
test target plane provided a uniform field with a spatial frequency
approaching zero.

A possible future improvement to th. apparatus would be to
provide a test source having sinusoidal test targets instead of the
square-wave (Ronchi)} targets used here. The degree of suppression of
the fundamental spatial frequency can be determined in a spatial scan
of a square-wave target despite the presence of tne higher spatial
trequency components in that square-wave. However, when the objective
is to demonstrate large suppression ratios, it is more convincing if
those higher spatial frequencies are entirely absent from the target.
Hence, sine wave targets would be desirable.

18
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4.0 PRELIMINARY RESULTS

Initial alignment of the various optical components in the
radiometer and test source was performed using a He-Ne laser. The
radiometer was then focused by measuring the contrast in the image of
one of the higher spatial frequency Ronchi rulings for several image
plane positions. The detector assembly was then locked in the plane
having the highest contrast. Next, with the analyzer prism turning,
the orientation of the half wave plate was adjusted so as to rotate
the plane of polarization of the radiation passing through the central
pupil by YU°. This was done by blocking off the central pupil and then
maximizing the reading of the phase lock amplifier on the signal due
to the annulus by varying the phase adjustment on the amplifier. Next,
the annulus was blocked, the central pupil was opened, and the phase
adjustment of the amplifier was incremented exactly 90°. Then, the
half wave plate was rotated to maximize this second reading and locked
in place. Finally, with the spatially uniform test target in place,
the effective collecting areas of the two pupils were adjusted to give

optimum suppression (zero signal) at w=0. This was done by shadowing a
portion of the area of the annulus with a thin metal vane, as
previously described.

Figure 6 shows a spatial scan of the uniform region of the

test target. The observed signal from the phase lock amplifier is 0.0

+ 0.03 volts, compared to a signal level of +4.0 volts when the
central pupil was blocked and the test target was viewed through the
annulus alone. Thus, & suppression ratio in excess of 100 was achieved
at w=0.

Figure 7 shows spatial scans of the 1.15 cycle/mm target with
both pupils open (lower curve) and with the annulus alone (upper
curve). The fundamental frequency of this test target is U.118 Wwes and
thus is within the expected region of effective Ssuppression, as seen

in Figure 1. The scans do demonstrate substantial suppression, by
about a factor of 7. However, suppression ratios at least an order of

magnitude higher than this should be achievable. The suppression ratio
observed here 1is probably limited by certain shortcomings in the
present apparatus, which are briefly described below.

19
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figure & shows spatial scans of a 5.75 cycle/mm ruling, which
corresponds to U.5Y e The lower scan, made with the circular pupil
alone, shows no significant modulation. This is to be expected, since
the MTF for this pupil drops to zero well below this frequency. The
levels of modulation in the upper two scans, with the annulus alone
open and with both pupils open, are about equal, as would be expected.

Of the present shortcomings of the apparatus which 1imit the
suppression ratio seen in Figure 7/, one of the most important 1is
probably nonuniform illumination of the entrance pupils by the test
source. Among the possible causes of non-uniform illumination arc
mis-alignment of the condenser system in the source and
non-uniformities from point to point in the relectance of the
collimating mirror and two folding mirrors. The effect of such non-
uniformities is to distort shapes of the MIF's from the nominal shapes
which are shown in Figure 3. Then, in their distorted forms, they can
still be forced to match at w=U, but will in general be mismatched at
all higher spatial frequencies. Various techniques are available to
correct this situation. Diffusers could be added to the source, and
various states of adjustment of the condenser optics could be tested
to find the one which is most uniform. The mirrors invoived could be
re-coated. An incandescent lamp with a ribbon filament could be
substituted for the present coil-type filament. Other possible problem
areas are that the images through the two pupils may be spatially
displaced due to wedging in the N-D filter or the half wave plate, or
that the wavelength at which the half wave plate produces /¢
retardation may not coincide adequately with the passband of the
interference filter. These and other possible problem areas will be
examined in the next phase of this program, and it is expected that
substantially improved suppression ratios will be achieved in the
future. The objective of the next phase will be to demonstrate

suppression over the range of lower spatial frequencies by a factor of
100.
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Background suppression with variable modulation
transfer function {MTF) imaging systems

Theodore Zehnptfennig, Saul Rappaport, Richard Wattson
Visidyne, Incorporated, 5 Corporate Place, So Bedford Street. Burhington, Massachusetts 01803

Rbstract

A lechnique 1s described tor suppressing the iower spatial frequencies in the object using on optical
system with a time-varying MIF. lhe technique 1s applicable to wmwaging rvadiuvmeters operating in the 1nfrarec
region.  The required variations in the NIF are produced by causing the image tu move 1o programmed sequence
ot small amplitude circular gyraltions on the face of the detector. The yyrations are performed ot d frequency
hrgh comparea to the system frame rate. A sertes ot calculations are described which ndicate that, at low
Spatial trequencies, average supbression rdt1os ot at least LU to 1 catt be athieved with this technque.

Introduction

This paper discusses a technique ot background suppression on an gptical level by means ot suitably matched
or tailored pairs of noduiation transter functions which, when subtracted from one another, suppress the lower
spatial frequencies in the object scene. This, in turn, enhances the detectability of point sources or
targets n the presence ot structured backgrounds. The technique 15 1ntendea Lo be applied to mmage-formnng
radiometers operating at or near the ditfraction it in the infrared region ot the spectrum.

t1gure 1 shows a somewhat 1dealized pair of modulation transfer functions ot this type. lhe MUl labeled
T.(.; initially drups steeply, then levels otf, and finally talls to zero at the cutott treguency, .=l.U. The
M labelea T {.) closely matches 1, outto .=U.3. However, beyond this point, it continues to fall steeply,
actually beco&ing negative {(producing reverse contrast) over the range of higher spatial frequencies before
returning to zero at w=i.U. When subtrdacted from one another, the resulting Net MTE (1, minus [} results
effective suppression ot the lower spatial trequencies, while the tmayge contrast tor those hlgth spatral
frequencies which would charactertze a point source 15 preserved or actually enchanced.

Frevious work at Visidyne has concentrated on adapting this concept fur use 1 background suppre~ - o
imeging gouble-beam interferometers. (References 1, 2, 3, and 4)., /A double-beam interterometer 15, uwn
schematically in Figure z. The device has two entrance apertures, at A, dand A, and twu outputs, at L and
L., where detector arvays can be placed. The two moduiation transfer ténctwonf typically ere cetinea By
oftical components or stops placed at these two entrdance apertures. tor each guarter-wave motion ot the
moving roof reflector ¥, the jweye furmed on a given detector array 15 switched from radiation passing

’
thruugh one entrance upérture to that passiny through the other entrance aperture. The tio modulation trans-
fer tunctions are, in effect, subtracted by detecting only the fluctuations 1n the tmage as the root retiector
15 translated.
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BACKGROUND SUPPRESSION WITH VARIABLE MODULATION TRANSFER FUNCTION (MTF) IMAGING SYSTEMS

A nuber ot techmigues tor tatloring the MIE ot o given opticel system to the desired torm have been
vestigated.  These anciuae tntroducing control fod wimounty of various yeawetricel aberratiuns into the
system, stightly detocusing the system, aading central obstructions ot various diameters to the entrance
puprl, introvucinyg optical path fength changes ot A7z over vdarious areas ot the pupil, and causing the 1maye
Lo wndergo smal i amplitude Qircular gyrations ot high frequency on the detector tace. These techniques are
described n more detdil in the reterences.

Variable M1t radiometer

in the present work, we wish Lo adapt the tairlored modulation transfer tunction concept to 1maging radio-
meters, tor applications where the high spectral resolution ot en interferometer 1s not required or where the
bulk and cuiplexity ot an interterometer 1S not wanted. The main problen here 1s that, unlike a doubie-beam
interterometer, an waying radiometer normally has only once entrance pupil and, at any moment in time, only
one MTt. The concept coulu, huowever, be adapted tu o radiometer it the optical properties of this single
entrance pupli coulo L varied with time 1n order Lo switch trom one MIY to the olher. Thus, on alternate
trames, the Mit ot the radiometer would resemble that ot 1, (Mode A; in bigure i, and on the remaining frames
1t would resembie tnat of 1, (Mode B}. by detecting only Qhe 1made fluctuations, the net MTF would be the
gitterence between the twu knstantdneous MIF's. lo be practical, the changes 1n the MIF niust be effected
without najor mechdnical notions or major optical cumponent changes. For these reasons, techniques involving
various combinations ot simall anplitude gyrations ot the image on the detector face appear to be most promis-
Ny, and are cxaiined 1o detail in this pdper.

Frgure o 1llustrates the type of yyrations which are ot anterest here.  iThe solid curve represents the
profiie ot the tnstantancous grtfrdetion pattern produced by the gptical systew. By translating angsor
tilting one ¢t the optical cumpunents in the system, this ditfrection pettern 1s made to move in a circular
mot1on about on ax1s which, in this case, 15 located part of the way out tu the first dark ring. Thus, the
cashed Cirve 1s the protile of the diftraction pattern one-half of a gyration cycle later. It will be shown
that gyration radil nu more than several times the radius ot the first dark ring are sufficient to proauce the
required nwditications in the Mib.  Thus, the amplitude ot the yyrations 1s very small, being on the arcsecond
or sub-arcsecond level tor any real set of gptical system dimensions. The trequency of the gyrations must be
High compared Lu the system frame rate, so that the observed ML during any given frame will, in fact, be the
time-averaged MIF.  lypically, acoustical trequencies on the order of 10 kHe would be appropriste. The
gyrations coulu be driven by existing types ot actuators, such as a set ot plezoelectric drivers. An aavant-
dage of the yyration techniyue for tairloring the modulation transfer functions 1s that, by controlling the
actuators with o proyrammadle tunction generator, the optical system characteristics can be adjustec on a
softwere fevel.  Ihus, the radivmeter can be consicered to be an adjustabie spatial tilter whose filtering
chdracteristics can be tunced ot will. An additional advantdye 1s that the effective cullecting areas of the
optical system 1n Modes A and I are autumetically matched, since they time-share the same entrance pupil.
Matchea collecting areas are required fur etfective backyground suppression with this technique.

MODE B

Paqure 4 heneral paltern ol gyrvat jons, Frgure 5.0 A <ot ot MTt modifying functions

qiving wodulation teanafer fanction, for the ayration pattern shown in tFigqure 4,
citbar Yo thase ol figure 1 v
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Calculations of gyration rdadid and dwell times

inour inmtial caleulations, we assumed that one MIE of the matched patr would be the MIE ot a stationary
or nun-gyrated optical system, and that 1t would be similar 1n shape Lo Ir(A) n bigure  i. we then attempted
LL ting ¢ pattern of yyrations which would transtorm 1, into a time-daverayed MIF sumilar to 1, { J.  lhe result
ot this attempt was that some ot the required gyrationS would have to be pertormed tor nvgdllb( pertods ot
tine.  he interpret this result to medn that [, can not be the MIE ot any stationary optical system, ang that
1t also nust be produced by applying a pdltcrn\uf gyrations to some other staliunary system with on MIb ot
1 [

A pattern ot gyrations which was tound to give pairs ot modulation transter tunctions ot the gestred torm
15 shown an bigure 4. This tigure i1llustrates the general torm ot the two distribution tunctions ot the
gyratiun radii.  tor those frame periods when the radiometer s to be mn Mode A with an MIE ot T,, o traction
of the tuwe 1s spent ygyrating at d rdadius K,, dand the remainder ot the time 14 spent dwelling ot o gyration
ragius ot Zero, as shown. tor the alternat? periods when bt as to be an Mode |owith an MIE of 1, the entire
time 15 spent gyrating at some other radius k Thus, the distribution tunclions bA\v; and b V} tor Lhe

gyration radll can be written as tollows: bt [
b'.‘\r) = toqr=b) o+ (1-t) ‘('"-RA) Vi
Vo= oip- )
b[,v\r/ \r kbl) (()

where  {r-K) 15 the delta tunctrion in cylindrical coordinates, anu t 1s the fraction ot the tine that the
systedn spends awelling at a gyration radius ot zero when L 1S in Mode A As 1L 1s uSed here, the delta
tunction 1n cylinerical covrdinates s defined to have the tolluwing property:

fr-K ur = 1/emk. 19)

in the calculations described bere, the transition times 1 switching trom one gyration radius tu gnother have
been assumed Lo be negligible, anc their eftects on the M1t have been neglected.

The Linie-averagec point spread tunction ot the gyrated optical systemis the <tationary point spread function
convolvec with the distribution tunction bir) of gyration radii. 1hus, the gyrated MIE, 1(.), 15 the product
ot the stationary Mit, 10\.), and the tourier Transtorm B(. ) ot b(rj:

Ty = Te b, {4)
Then, the modulation transter tunctions of tor Modes A and B are yiven by:
b= I 0 b

. Zm j'bA(r) J dnre)rdr

= TU‘
- . . ‘
= f]u(‘) + (i-ty 1b\,) Jh((nRA‘) ' )
1o T T T T T T A T T
I AR
}_
mr:
T \
N
| N
o N
W) Ty
S . Dt R
i+
1 L 1 . T 1 J
w - ' T
Cigure 6, The net MIE, “T(.), tound by Prguee 7.0 Gyration patterns with an
rultinlying the Mt ot a ditfraction addittonal gvraton vadiuy ”H' added
Timited annulus by “H(L) from Figure b, to Mode I8, ¢
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e .
IU\-A) \)U\Lni\[;i..»)

Here, J, 15 the Zevo vruer bessed function.s 14 we require thet 1, ano 1 welch at sume spatial trequenty
(as wel? as ol -=u), the condition tor matching can be found by LomblnlnL fquations L anu b:

u(“\Zan‘l.l‘) t o+ {(1-1) Jbu’nl('\»b). (7,
AUL» that tyuation / dues nol depend on Lhe stulionary Mit, Thus, when Lh1S cquation 1s satistica, 1.
and T, will wateh at U and regardless ot the stutlunary M?F which was chosen.  For this reason, 1t was
Lonslhcrcd tu be ore slgnltlcank to cdlculdte, 1mitially, a pair of MIF moditying tunctions fk“’ and }b“}

rather than 1, und l“. lHere:

A
AN AR R Y \e)
s = g 1L X7

Onice F,oand b, are kuown, then any desired 'U Call be selected, and the poir ot gyréeted modulation transfer
n ’
fuhctions can be caltulateu.

holding o tixed ot U.zU, g series ot calculations of 1 and |t were wade by varying the g‘yrgtlu‘ la(.l] ‘r,
and i, over a quu-llk( search pattern. Regiuns of the grid puLL%vn yrelding the best forns for -, ana”
the u#fftlt“( Al =t were explored 1n detarls The criterion tor selecting the best torns was tﬁuu %l

retid o as tlose to zu%‘i g% pussible trom .=U tou .=L.2U, anu then that 1L (b to as large 6 value es possibie
between LW ana s Lebiy. The n sults ot une uf the colcuictions Tn s series ore shown 1n bigure .

here, the yyration radin Eooania were Laolb and O.0be, respectively.  (Here, the units ot the gyration
radtt are Azb radians.  Ihbs, a vlﬁut tur )\ ut .6l corvesponds to yyretiun aboul an axis which s

Dolduy tece-bbie 0 the way Lo Lhe tirst ddrk Fing an the artfraction pettern tor a circulor operture ot dia-
WO Le) o Gependent vartablo o the caleulation was b, the traction ot the time spent in awelling ot @
ractlus G Jeru when the system 1s n hode A. Here, towas LSS, b and | are Seen Lo match quiie wois it
2y to thecby With o saxtmun wistiateh of -.Ul27 al w=U.ih. Leyond”thvs pgiut they diverge, reaching o
waxbwune Grtference ab ot dou /4 gt 2Uo/ 3. Thus, at this spatial trequency, thie net MIE would actueliy be
ehhonces wver the stal tonary M by aboul i/

in o bigure 6 the tunctaon A trow bigure S has been multipited by the Bl ot e stationary, Giftraction
Thintea annubar aperture having o central obstruction equal to S0% of 1ts dlamcters  (An annuler apertore was
chose o ere bocause gty actual uptical systen ot this Lype woulda probably have o seculdary narrer, and eisv
because the Steeply tabisng MIE ot an annulus helps Lo reduce the deviation of the net MIF tron Zero between
Ueab dald Lodt . il resullang net Mty al, shows eitective background suppressiun out tu . =L.ZL, with a
Max e deviation trob zery at - 006G el - tGolb. AL spatial frequencies beyonu G.t, the net MIE shcwS cunsi-
drrable enhancanert over tuat b o dittraction Pudted crrcular aperture, whitch 1S indiceted by the deshec

Prne n this figure. —T T [ T 9
ot L‘
[ ! . ! ! T 1 T *'v——] ;
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Wy retion pattern Shown in Pagqure 7. ordinate <cale expanded to <how the behavior

't the function at Jow spatial frequencies.
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Figure 10.  The net MTI found by multi- Prgure T1o Ao MU siaditbye tanc o 410
slying the MIE of a dittraction Phe wovpron ot o bea Vv up v o et o
Citited annulus by CH( ) trom fiqure 2. Yo ohither cataal e e

.

.t the ygenerdl pattern of gyrations 1s restricted to the torne shown o Figure sy then the M5 ot
tunctions an Bigure Y are probebly the optimum or near-optimum sel which can bhoe toune. o0 oo 1o g
rurther Inprovemsents 1n backyrounc suppresston at lTower spattal trequencres whinle vetanr g oo e ot
the tigher trequencies, an additional degree ot trevdom 15 needed o the gyralion pallerne  ac bea e i
that the uptical system an Fode A glternete between two gyrdation rad 11 sero ene oo Thorotore | oveair ing
the system in Mode b to alterndte between two yyralion radii as well s probably not o corigus aeaiton
complication.  tigure 7 shows the yeneral pattern of gyrotion radin with this adertione! gyretyon racio
adoed tu Mode E. The gyration distribution function tor Mode B then becames:

Lotr) = go(r-g + (1=t L=k N
\ ) g { 'l}l} ( ) \ 1;L)
whore v the traction of the tiwe the system spends gyrating ot R whoen 10 s bode T weih the wen -
Uronal degrece of frocdom provided hore, 1L 0s posstble Lo meteh i Yhe: Pooal nurc otherpatiat be ety
I eddition to the previous o« Then, the conditten tor matching ‘pn-vv"’..’, Glven I b nat ron Wl Lo
rej laced by the tollowing Lwo expressions:

9%"‘""14‘1)’ + (i-yy ub\('ﬂl" ) o= f 4 Ll-1y .1“l'cnl\‘[‘

Y

Le L

‘:’UU\Z“RBA‘L’ + 1l-y) ub(cnla o=t -ty J('(znl'

“/\' t ! e

be b

tor convience 1noour further caleulations, we oot | equal to ‘b‘i'

sets ot MIE nuditying tunctions were cateulatead tor various combinations ot i 0 ko oand i o The resulty
tor une ot these combinalions are shown 1o Figure be hore oowas sl cqual o ConMAne thas © coie ot
that, with the added degree ot frecdon, the fow Spatigi h'-q\irm,y characturintie, ot b cne sabRtantaioy
mpreved uver Figure Y, with the tmaximum geviation from zero below - -Lodh beang recuced trom -0t to oo,
nobigure Y, the ordingle scale of Figure o hes heen eapanded Lo show detarls of the hehavior ot A at cow
spatiul trequencies. In bigure [0, the MIE ot Lthe previousty described annulus s been Solace g Showing
the net ™17 ot the optical systeme  again the dashed Tine shows, tor compartson, the Moot g cittracten
It Circuiar aperture.s  The maxtium devigt ton from zerg helow - Godl of —ouboe anet ates thet oo fhecry,
sverage suppresston ratios of 506 to { oor greater gre posstble over the Yoew cpatial froguoncy ronge with this
teennigque.  Attempting to improve the theoretical suppression rotio beyona thos pomnl waes et coratderes tode
worthwnt e, since actual suppression rati1os wili probably be Tunited to values of thio craer by aeh Things gs
optieal compunent Ltolcrances, alvgrment. tolerances, ang the etfects o the St transaatren Do needes Lo
switch from one gyrdation radius Lo another.

focestred, the region of ettective backgroune suppresston can beocatoneod to brghor pat tal fregquene tes,

inobrgure Lo, Ly hao been rarsed to boctee The renulting MIE moditying function ndicates that spatial fre-

guenctes vut Lo . =Uesh ot Laesh would be ettectively suppressed.
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dplencentation of the techrigue

Iwo ways in which this bdckground suppression technigue could be mplenented are shown scheiaticaily
Figure le. A tasseyrain oplical contiguration 1s indicated here, aithough in tact 1t mght be a Schmat
systeth Or sowe other catadioptric contiguration. N dny Case, the systen woulu probably incluge a secondary
mrror. In bigure lea, the seconddary uarrur 1s swunted uh g sel of plezoeiectric actuators .oiich produce the
reyuired gyrations of the imaye on the face ot the detectur array by wobbiing the secondary so that its
optical ax1s traces out a circular cone with times  This motion ot the secondary will also tilt the 1maye
plane with respect tu the detector face.  However, since the yyrdations are to be on the arcsecond or sub-
arcsecond level, the resulting detocusing ot regions ot the wage will be negligible.  In Figure 1¢b, the
seconddry mirror is tixed, dand the dctuators dre used to drive a plandr airror jocated just in front of the
detector array.  The driven anrrvor an this contiyuration woulu probatly be smaller gand less massive than the
driven mirror in blgure lea, dithough the awplitude ot the wolions wouls have to be greoter because ot the
shorter optical path tu the detectur. As andicoled, the gactucstors would Le driven by a proyrammable function
generator.  ihe tunction generator would produce wavetorms ot the type t4 sin .t and #+A cos .t, where the
awplitude A would correspond Lo the particulaer ygyration radgius reguived ot oy glven moment .

| Lunclusions

The calculations described here andicate thol very cttective suppresston ot the lower spatial trequencies
noan object soene can be vbtaned on an optical tevel e single-puptl systems with g techniyue which requlres
only micruscopic sotions ot one ol the opticel components.  The actual suppression 1at1os which el te
achoreved will probably be bimnted by component and dbignent tolerances, dang by the tinite time required to
switch from one gyration radius to another. However, we expect that the ettects of some of these practicei
Nimitations can be guninished by tine tuning the systen by weans ot minor dadjustments 1o the gyration regii
and the dwel! times. A labordlory measurciients proyram Lo evdludte this technique 18 presently being

conducted.

Ih1s work was suppurted an part by the Arr Porce Space bivision and the Arr burce Geophiysics Laboratory
under Lontract tiY6ed-/9-L-0uLY.
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i uestion

it the spatial tiltering technique described were tu be applied to detedling moving targets, would you
propuse tollowing 1t with the usual temporal filtering techniques sugyested, such o trame Lo trau
subitraction?

I
: 1. Janssens
Aerospace Lorporation

Answer

Lenerally, one would want Lo take advantage of all the relevant technigues which would amprove the detec-
tion process. The variable MIE technique used 10 conjunction with trame to trame sublraction may wake the
latter easier to mmplement, since most of the backyround 1s eltminated prior to using frame Lo frame sub-
traction. That 15, it wmay decrease the precision with which frame to frame subtractron must be pertormed 1n

i order to reach a given overail level of background suppression.
‘ Question

Loes this system cope only with circularly synmetric types ot backyrounds, or does 1t cope equally well
with an edge or other non-symmetric teatures?

Answer

) It is not limited to circularly synmetric features. The background suppression chdracteristics dare
1sotropic, and do not depend on the orientation of the spatial treguencies which make up a glven feature an
the object. This is one advantayge ot this type ot spatial tilter over types using yrilles or reticles, which

' generally have a preferiental direction.
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